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n e u t r i n o ' 7 2  (opening address)

G.Marx, Department of Atomic Physics,Roland Eötvös University in Budapest

We may now celebrate the 40th anniversary of the discovery o f neut

rino. The understanding of weak forces acting in  Natúré was always d i-  

rectly  connected with the investigation of this tin iest and simplest 

piece of matter. The four decades of neutrino research form a b r i l l ia n t  

success story. Pauli told at the beginning of neutrino Science that neut- 

rinos would never be detected. Bút Fred Reines and Clyde Cowan taught us 

the way of experimenting with neutrinos. To-day sophisticated neutrino 

eyes are watching at the glowing of different sources in several labora- 

tories.

NEUTRINO EXPERIIÍENTS

from reactors: Hanford 1953

Savannah River 1955

Brookhaven 1956

from accelerators: Brookhaven 1962

CERN 1964-

Batavia 1973

from cosmic rays: Home Stake 1965

Kolar Gold Field 1967

Utah 1969
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Doing fundamental research is  a hard job in  our age. Fór tremen- 

dous e f fo r ts  Natúré pays only with very fa in t  and very p rovis ional r e 

su lts . Bút weak; in teractions helped us in obtain ing valuable b its  o f 

exact information about the fundamental p roperties  o f matter. The la s t  

discovery o f a s t r ic t  conservation law was that o f the lep ton ic  charges 

/1952/. The G V C  theorem b u ilt  a bridge from e le c t r ic i t y  to  béta decay 

/1957/* The weak in teraction  taught us, what was the essen tia l d iffe ren - 

ce between l e f t  and r igh t /1956/* p o s it iv e  and negative /1957/» pást and 

future /1964/.

The Universe is  crowded by neutrinos. They are more p le n ty fu l, than 

protons or e lectrons. Neutrinos are nőt only the sim plest, bút alsó the 

most common forms o f matter. We learned them to know e a r l ie r ,  than the 

neutrons or positrons or mesons. Bút neutrino Science is  fa r  from being 

closed. Just the opposite statement is  true: i t  is  ge ttin g  more and more 

puzzling in  the recent years. We have several we11-formuláted questions, 

which are w aiting fó r  answer. We discovered the muon long ago, bút we 

did nőt understood i t  up to now. / Its  existence contradicts sharply a l l  

o f our c la ss ic  ideas about the o r ig in  o f p a r t ie le  masses./ On the other 

hand, we t r ie d  hard, bút we are unable to discover the W boson. /Con- 

sequently we s t i l l  do nőt know, i f  f i e ld  theory is  v a lid  anywhere bút 

quantum electrodynam ics, or nőt./ And we have alsó naw puzzles: We ob- 

served the decay o f the K£ meson in tő  ” , what we did nőt want

to observe. /We learned, that Natúré is  asymmetric w ith respect to time 

r e v e rs a l, bút the only statement we are able to formulate is  that this 

asymmetry is  superweak and almost unobservable./ We did nőt observe the 

decay o f k£ intő what we needed desperately. /In th is

hide-and-seek game around the k£ meson we do nőt see, i f  there i s 

any connection between the p o s it iv e  and negative surprises/. The neu^" 

rino eyes do nőt see the sunshine e ith er.
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We have these tr ick y  probléma, because we asked Natúré on the 

sophisticated language o ffe red  by the modern experimental technique.

Bút the systematic knowledge about weak in teractions and the experimen

ta l a b i l i t y  to handle neutrinos w i l l  help us at the new fron tié ra  o f 

exact Science, what we have reached: at the deep in e la s t ic  fr o n t ie r  in 

side the hadrons, at the supernova s in gu la rity  in  the la té  s te l la r  evo- 

lu tion  and at the Big Bang s in gu la rity  at the beginning o f time. There 

are good hopes, that the t in y  neutrinos may show the way to the pioneera 

in  these v ir g in  lands.

The l i t t l e  o ld  neutrinos may come again to the headlines o f scien- 

t i f i c  Journals. Fee ling  th is , P ro f Zatsepin ca lled  a spec ia lized  meeting 

to  Moscow in  1969* in  order to  discuss the problems o f cosmic neutrinos. 

P ro f.B ernard in i and P ro f.R ad ica ti ca lled  another meeting on s te l la r  neut

rinos to Cortona in  1970. On the Cortona conference we agreed to organize 

the th ird  European neutrino conference in Hungary.

In our organ izing work we enjoyed the sponsorship o f the European 

Physica l S oc iety , the p o s it iv e  in te res t o f the Joint In s titu te  o f Nuc

lea r  Research /Dubna/, CERN /Geneva/, In ternational Centre fó r  Theoreti

ca l Physics /Trieste/ . The main sources o f the fin an c ia l support were the 

Hungárián Academy o f Sciences, the Hungárián Physical Society, the Roland 

Eötvös U n ivers ity  and the Central Research In s titu te  in  Budapest. Bút the 

Hungárián e f fo r t s  were nőt enough, to  overcome a l l  the d i f f ic u l t ie s  in  the 

organ izing work. We made a strong use o f the Triangle Collaboration . This 

s c ie n t is t 's  co-op started  four years ago, according to  the suggestion o f 

Walter Th irring . The corners o f the o r ig in a l Triangle were formed by the 

p a r t ie le  physics groups in  Vienna, B ratis lava  and Budapest, bút in  the 

meantime a lsó  other nearby s c ie n t i f ic  centers joined us.

This is  about the organization o f th is  conference. Let the Moscow, 

Cortona and Balaton Meetings be fo llow ed by several Neutrino Conferences!



THE TRIANGLE COLLABORATION 
IN PART/CLE PHYSICS
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REPORT ON THE BROOKHAVEN SOLAR NEUTRINO EXPERIMENT*
R.Davis J r . ,  J .C .Evans, V.Radeka and L .C .R ogers , 
Brookhaven N a tion a l Laboratory , Upton

(Abstract)

A solar neutrino experiment has been in progress since 1967 to

observe neutrinos from the sün by the neutrino capture reaction 
37 37C l(v ,e ") Ar. 380,000 lite rs  of perchloroethylene, C2C1̂ , are used

37as a neutrino capturing médium. The radioactive Ar (35.1-day h a lf- life )

is removed from the iiquid by purging with hélium gas, purified, and

counted in a small low-level proportional counter. Argon-37 decay

events are characterized by the energy of the event, and the rise-time

of the counter pulse. The results of six experiments performed during
37the last two years w ill  be given. The Ar production rate in the 

detector was 0.18 + 0.10 per day, close to the production rate expected

from cosmic ray muons. The experiment places an upper lim it on the
37 — 36 — 1 3 7 “ 1production of Ar by solar neutrinos o f 1 x 10 sec ( Cl atom)

*“36This lim it can be compared to the currently predicted rate o f 9 x 10 

-1 37 -1sec ( Cl atom) from solar model calculations of Bahcall and Ulrich, 

and Abraham and Iben.

A solar neutrino detector based upon the neutrino capture reaction 

37 - 37C l(v,e ) Ar was bu ilt in 1964-1967 and has been operating since early

1967. The in it ia l experiments [1] showed that the totál flux-cross section
— 36 —1 37 —1product was less than 3 x 10 sec .( Cl atom) . This conclusion was

Research performed under the auspices of the U.S. Atomic Energy Commission.
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substantiated by additional experiments performed during the period 1968-1970,
37and reported in a series o f reports [2 ]. In these experiments the Ar

decay events were characterized in the proportional counter by observing the

energy of the Auger electrons emitted following the decay. The recent
37experiments that w ill be reported here, the Ar decay event in the counter

is characterized by the energy (pulse height) and rise-time of the pulse [3].

37This added discrimination fór Ar events has lowered the counter background 

37fór Ar-like events permitting a more sensitive search to be made fór the

neutrino radiation from the sün.

This report w ill present a b rie f summary of the c r it ic a l experimental

tests that have been performed to demonstrate the efficiency of recovering 

37Ar from 380,000 lite rs  of perchloroethylene, the rise-time counting 

system, and the observations that have been made over the last two years.

The detector was arranged so that i t  could be shielded with a water shield 

with an average thickness of about 2 meters to eliminate the e ffec t of 

fást neutrons from the surrounding rock. Three experiments w ill be reported 

with this water shield in piacé.
»

The Detector

The detector consists of a 380,000 l i t e r  tank of perchloroethylene 

(C2C14) ,  a pumping system fór circulating the liquid and purging the liquid 

with hélium gas, and a gas absorption system fór removing argon from the
2

circulating hélium gas. The detector is located at a depth of 4400 hg/cm 

in the Homestake Gold mine at Lead, South Dakota. The arrangement of the 

apparatus underground is shown in Fig. 1, and a schematic diagram of the 

extraction system is shown in Fig. 2.

Argon-37 produced in the liquid is removed by purging with hélium gas. 

Two 1700 liter/min pumps circulate liquid from the tank through a series of
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40 eductors that draw hélium from the gas space at the top of the tank, 

and distribute i t  through the liquid in the form of small bubbles. The

20,000 lite rs  of hélium in the tank at 1.3 atmospheres pressure is circulated 

through the liquid every 2 minutes by the pumping system. TVo eductors are 

used to draw the hélium from the tank through a condenser at -35°C, a 

molecular sieve adsorption trap, a charcoal trap cooled to 77°K, and finally  

returning the hélium to the tank. Hélium flows through the extraction system 

at a rate o f 310 liters/min. The hélium flow rates depend upon the gas 

pumping rates o f the eductors, and these rates have remained constant at 

the values given above.

The efficiency fór extracting argon from the 380,000 lite rs  of 

was tested in several ways.
3

(1) In es<h experiment a measured volume (0.05 to 0.10 cm ) o f isotopically
36pure Ar is introduced intő the tank to serve as a carrier gas and to

36measure the argon recovery achieved in each experiment [1].. The Ar

carrier is introduced at the beginning of the period of irradiation and
36is recovered several months la ter by the hélium purge. The Ar content 

of the hélium gas in the tank was analyzed, and from the relative volumes

of the gas and liquid phases we calculate that approximately 95 percent
36 36of the Ar introduced dissolves in the liquid. The recovery of Ar

as a function o f the volume of hélium circulated through the system was

measured. The volume of argon remaining in the tank decreases

exponentially with the volume of hélium circulated [1]. With the fixed

flow rates, a 95 percent recovery can be obtained in a 22 hour period.

37 37(2) An analogous test was made with Ar. A sample o f Ar activ ity  in

hélium gas was prepared, introduced intő the tank, recovered during 22
37hours o f operation extending over a 2 day period, and counted. The Ar
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activity introduced was 10.0 dis Ar/day, and the recovered sample

37contained 11.0 + 1.8 dis Ar/day corrected to the time i t  was introduced.

This experiment was performed May 19, 1972, and the counting of this

sample and the analysis is nőt yet complete. However, this preliminary

37result does demonstrate the recovery o f Ar is consistent with recovery

36based on the Ar carrier method.

(3) The 380,000 l i t e r  tank is provided with a reentrant pipe that extends

to the center o f the tank. A Ra-Be neutron source was placed in this
37source tűbe to produce Ar in the liquid by the successive nuclear

35 35 37 37reactions Cl(n,p) S followed by Cl(p,n) Ar. The y ie ld  fór this
-7 37neutron source test was 7.4 x 10 Ar atoms per neutron, and i t  was 

37shown that the Ar produced was removed in successive purges along with
36 3 7the Ar carrier [1 ]. The y ie ld  of Ar activ ity  obtained in this

experiment was compared to similar neutron irradiations of containers of

37perchloroethylene with smaller diameters. These yields ( Ar atoms/ 

neutron) and diameters were: 3.0 x 10 7, 29 cm; 6.A x 10~7, 120 cm;

7.4 x 10 7, 600 cm.

37These experimental tests demonstrate that Ar produced in the

380,000 lite rs  of perchloroethylene is e ffic ien tly  removed by the hélium 

purge. This result is entirely reasonable based upon the chemical behavior of 

argon. The neutrino capture process forms an argon ion that recoils from its 

parent C^Cl  ̂ molecule. The argon ion rapidly reaches thermal energy in the

liquid, capturing an electron from adjacent m°lecules becoming a
37 37neutral Ar atom. This neutral Ar atom is identical chemically with the

36dissolved Ar carrier atoms present in the liquid at a concentration of

5 x 109 atoms/cm3. The recovery o f 36Ar from the liquid is  therefore a valid
37measure of the Ar recovery. Our colleagues at Brookhaven [4] have made a

37
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search fór the formation of complex argon-C^Cl^ ions in a high pressure mass

spectrometer source. No evidence was obtained in these experiments fór the

formation of stable C Cl Ar+ ions. Evidence was found fór a charge transferm n
process that proceeds with a rate coefficien t at least two orders of magnitude 

greater than an upper lim it fór the rate coefficien t fór the reactions 

producing Ar-CmCln+. This is evidence fór rapid charge transfer in the gas 

phase and supports the assumptions made above concerning the charge transfer 

process in the liquid phase.

Counting

The entire argon sample recovered from the tank was placed in a small 

proportional counter that has already been described [1], In the experiments 

reported here the rise time of the pulse and the pulse height was measured

fór each pulse. The 2.8 keV Auger electron produced in the electron-capture;
37decay of Ar has a rangé in the counter gas of approximately 0.1 mm. Hie 

ion pairs produced in the gas are localized in a small volume of the counter, 

and therefore they reach the center wire nearly at the same time giving a 

fást rising pulse. Background events from more energetic Compton-electrons, 

betas or muons in passing through the counter gas, produce ion-pairs more 

widely spaced, and hence reach the center wire over longer periods of time 

giving a slower rising pulse. By measuring the rise-time of the pulse one 
37

can distinguish Ar decay events, X-ray absorption events, and tritium 

decays from background events produced by gamma radiation, betas, and muons.

A fást charge-sensitive preamplifier with a 6 nsec pulse rise-time 

response feeds an Ortec model 410 timing f i l t e r  amplifier that integrates 

(10 nsec) and differentiates (10 nsec) the charge pulse. The shaped pulse 

is then fed to a pulse-stretching amplifier fór acceptance by an analóg to 

d ig ita l converter. This d ig ita l Information is  plotted on a y-axis o f a two
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parameter plot and is designated the amplitude of the differentiated pulse 

(ADP). The pulse from the preamplifier is alsó separately routed to a 

conventional RC shaping spectroscopy amplifier and subsequently analyzed by 

a second analóg to d ig ita l converter. This d lg ita l Information is displayed 

on the X-axis as the energy. The arrangement is  shown schematically in Fig. 3. 

Each time the counter functions the ADP and pulse height (energy) is written on 

a paper tape along with the clock time, and a sequence o f test pulses fór ADP 

and pulse height (energy). The system is autómatically checked once every 

1000 minutes with the test pulses, and at this time the anti-coincidence 

counter rate is recorded. The counting system is capable o f recording , 

events from four separate counters.

The counters are calibrated with an "^Fe X-ray source. The location

of region of fast-rising X-ray pulses is determined by recording on a separate

pulse height analyzer the ADP pulses gated in coincidence with a narrow

energy region selected by a single channel analyzer. This measurement is

carried out at several different energies to define the region of X-ray

pulses. The lines drawn on the two parameter plot define the X-ray region.

The indicated region contains approximately 95 percent of the fást X-ray
37pulses. The location o f the position of Ar on the linear energy scale was

55 37determined from the Fe X-ray peak position. The Ar resolution (fu ll width

at half maximum, fwhm) was taken as 1.45 times the "^Fe resolution.

The discrimination against pulses produced by gammas, was measured by 

piacing a 6°Co source near the counter and recording the ADP pulse distribútion 

corresponding to particular energies. The fraction of the area under the ADP 

spectrum exteriőr to the X-ray region is  a measure o f the e ffec tive  rejection 

of pulses arising from energetic betas, gammas, and muons. In the experiments 

reported here there was a variation in the rejection ratio that depended upon 

counter f i l l in g  (argon pressure, percent CĤ ) and the dimensions of the counter.



II

The lowest rejection ratio was 82 percent, and the highest achieved was 99 

percent.

Results

Three experimental runs (Nos. 18, 19, and 20) were made with the 

unshielded tank, as in a ll previously reported experiments. The two-parameter
e

plots fór these three runs are shown in Figs. 4 and 5. The periods of

counting are indicated on the plots, and correspond approximately to a 

37h a lf- l i fe  o f Ar (35.1 days). It  may be observed that 5, 9, and 3 counts,

respectively, were observed with the correct ADP and an energy within the

37half-width of the Ar peak position. The samples were counted fór

37additional periods to see i f  these Ar-like events decayed away with the 

35.1-day h a lf- l i fe  period. The data are summarized in Table 1 where the 

nunfoer o f fást counts observed in the energy intervals 1 to 2.4 keV, 2.4 to

3.2 keV (fwhm) , and 3.2 to 7 keV are given. I t  may be seen that there was

satisfactory decay in runs 18 and 19 to a background counting rate o f « 2  

and ^  3 counts per 36 days, respectively, bút l i t t l e  evidence fór decay in 

run 20.

Following these experiments the tank chamber was flooded with water

to provide a neutron shield. Fást neutrons above 1 MeV energy can produce 

37Ar in the liquid by the successive reactions mentioned earlier. A small
238flux o f fást neutrons arises from spontaneous fission o f U and (a,n)

reactions from alpha decays o f the uránium and thorium and their daughters

present in the rock. The fást neutron flux was measured by a sensitive

radiochemical technique based upon the ^Ca(n,ot) ~^Ar reaction. These

37measurements indicated that the Ar production in the 380,000 l i t e r  tank was 
37about 0.04 Ar atom per day, too small to be observed. However, the water 

shield should completely eliminate any possible fást neutron background 

from the rock wall.
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production rate from muons in 380,000 lite rs  of at a depth of
2

4400 hg/cm is approximately 0.12 + 0.04 per day. Argon-37 can alsó be

produced by cosmic ray produced muon-neutrinos, v^, by the reaction 

37 _ 37Cl(v^,p ) Ar. The production rate from this process was estimated to be 

0.024 per day [5].
37Somé attention was devoted to the possib ility that there is Ar in the

earth's atmosphere. In the processing of the 380,000 lite rs  o f C^Cl  ̂ an 

40excess o f Ar is found in each experiment, and this is attributed to the

37inleakage of atmospheric argon. Quantities of Ar have been found in the

atmosphere that are two orders o f magnitude higher than the amount produced

by cosmic ray interactions [6 ]. The leve l was high during the period

corresponding to our run no. 19, however the specific activ ity  was a factor

of ten below that observed in the run 19 argon. The air in the Homestake

mine was monitored during the period March (19 71) to March (1972) bút the

37Ar content was in generál low, <0.15 dis/min l i t e r  of argon.

Conclusions
37The cosmic ray muon background must be subtracted from the Ar

production rate lim it of 0.18 + 0.10 given above. The resulting rate that
37could be attributed to solar neutrinos is then 0.06 + 0.11 Ar atoms per

day. We then conclude that the solar neutrino production rate is less than
370.2 Ar atoms/day. The corresponding flux-cross section product lim it is

then,

This lim it can be compared to the currently calculated flux-product from 

standard solar models of

„oí _ i q -j _ 1
I<|>o (theoretical) = 9.1 x 10 sec ( Cl atom)
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The significance of this discrepancy between observations will be discussed 

by Dr. J. N. Bahcall in a paper presented at this conference.

Our conclusions may be sumnarized as follows:

(1) The totál flux-cross section product fór solar neutrino capture in
37 8 7Cl is  a factor of 9 below the totá l (B , Be , and PeP) rate

predicted by standard solar model calculations, and below the rate

predicted from ^Be decay and PeP reaction neutrinos

8 6 •“ 2 1(2) The flux of B solar neutrinos is less than 10 cm” sec

(3) The sün produces less than 3 percent of its energy by the CNO cycle.
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Table 1 

Summary of Results 

Without Water Shield

Fást Counts
Run
No. Exposure Period Counting Period 1.0-2.4 keV

Ar37 FWHM 
2.4-3.2 keV 3.2-7 keV

18 Apr 12 to Nov 14 I 39 days 10 5 5
(1970) I I 35 ff

9 5 9
I I I 34 tt

12 3 6
. IV 36 If

6 1 9
V 39 ff

11 2 11

19 Nov 14 (1970) I 36 days 6 9 3
to Mar 6 (1971) I I 39 II

5 5 13
I I I 37 II

7 5 12
IV 41 II

20 4 8
V 37 ff

20 3 8
VI 36 ff

7 3 5
VII 34 ff

5 4 8

20 Mar 6 to June 17 I 40 days 3 3 2
(1971) I I 30 ff

7 1 2
I I I 37 ff

15 3 7
IV 38 ff

8 0 3
V 51 ft

13 1 6
* VI 36 ff

7 3 3
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Table 2 

Summary of Results 

With Water Shield

Run
No. Exposure Perlőd Counting Perlőd

Fást Counts

1.0-2.4 keV
Ar37 FWHM 

2.4-3.2 keV 3.2-7 keV

21 Jan 17 to Oct 2 I 39 days 5 0 7

(1971) I I  34 " 8 1 8

22 Oct 2 to Dec 13 I 35 days 6 2 3

(1971) 11 36 " 9 2 5

I I I  40 " 9 3 6

23 Dec 13 (1971) I 40 days 4 3 5

to Mar 2 (1972)
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ARE THE SOLAR-NEUTRINO EXPERIMENTS SUGGESTIVE OF THE EXISTENCE OF A 
RESONANCE IN THE H e 3 + H e 3  SYSTEM ? (üISCUSSION REMARK)
V .N .F e t is o v , P .N.Lebedev P h ys ica l In s t i tu t e ,  Moscow,
Yu .S . Kopysov, In s i t i t u t e  fó r  Nuclear Research, Moscow

/Presented by A.E.Chudakov/

As is  known according to Davis at a l .  [ l ]  the experimental

counting rate  of so lar neutrinos (^6) "* (V.S’± i) 10 seo.* per C l ^

atom is  much lower than the theoretical onei -  ($í'5')*IO*

j e t ' a r o r i  ' [ % ] •

This discrepancy causes us to analyse the methods of calcu- 

la tion  of cross sections in chains of nuclear reactions of the 

hydrogen cycle in the Sun which lead to emission of neutrinosi

The usual nonresonance method of extrapolating the cross sec

tion of the He^(He^, 2p)He/|’ process measured only up to 80 keV[3] 

to the region of lower energies arouses somé suspition. We w i l l  

show that in the Be6 nucleus in the v ic in ity  of the threshold of 

break-up intő 2He one can expect the existence of a narrow level 

with 7 0 t T-l  and, consequently, the resonant eDergy de- 

pendence of the reaction cross section ( 1 ) ,

Now turn to the experimental data on the leve ls  of the Li^  

and He^ nuclei* According to the analysis [4 ]  in He^ there exist  

dipólé states with 2 ' - 1 , 1-1  having the she ll configura- 

tion >  in the excitation energy in terva l 27f:50 MeV

(  H e  * 2 p  )  He- *

( o / j  H z

( i )

(2)

(3 )
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and a lower monopolé exclted state with 1" *  0 , 7"= 0 at 

E*= 20.2 MeV. From the experimental data on photonuclear reactlons 

In Lt6 [5 ]  and írom the experiments [6 ]  on quaslfree scatterlng  

of protons by LI*7 it  is knovin that at E * -  18f20 MeV in the Li^  

nucleus there are excltatlons with the ls*p3> configuration cor

responding in cluster terms to the dipólé exc ltatlon  of an -
C. /L

p a rt ie le  in Li [7J . Using the data on the speetrum of He we 

f lnd  that when go Ing from the dipólé Inner excItat Ion of the 

-c lu ster  to the monopolé one the corresponding le v e l with V=

T-0  In L l6 f a l l s  wlthln the region located 7fl0  MeV below the 

group of dipólé le ve ls , I .e .  somewhere around E  (Li )  = 12 MeV. 

Since Be and He have Isospin T- 1 , there Is no analogous state

In these nuclel. However, In a l l  the three nuclel vslth A=6 there 

must be a similar leve l with (9% T - i  a r ls ln g  from the excL- 

tat lon  of a quasldeuteron Intő a s lng let  cluster state w l t h T = ^  

with the conservatlon of the monopolé excltatlon  of the o( -c lu s 

te r .  In the Ll^ nucleus the f l r s t  0+- le v e l  with T= 1 and 

5 . 5  MeV arlses just from the sim ilar exc ltatlon  of the quasldeu

teron j> ] . Add Ing ~  3«5 MeV to the energy o f the monopolé

excltatlon  of the o( -c luster  we flnd that In Be^ and He^ the 0+-  

le v e l f a l l s  wlthln the region of the threshold fór the formát Ion 

of 2 He^ or 2H  ̂ c lusters . The reduced wldth of decay of this state 

vla the He^+ZN channel due to break-up of the -c lu ste r  must be 

much smaller than the reduced wldth of decay vla the 2He^ and 2Ĥ  

channels. In addltlon, we note that there are Indlcatlons of the
/- y -

exlstance of a posltIve-parLty le v e l  In L i at E ^  15.8 MeV [ 9 ]« 

Beturnlng to the astrophys Icjal aspect of the developed argu- 

ments favourlng the existence of new leve ls  In nuclel with A=6, 

we may assume that the 0 - le v e l  of the Indlcated natúré f a l l s
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wLthln the region of the Gamov peak located in the regLon of
6 *>20 KeV above the threahold of break-up of Be Lnto 2He . In such 

a caae, I f  the poaltlon of the resonance Eh and Ita to tá l wLdth 

T aatLafy the condltLons  ̂ ^

are the poal.ti.on and the ha lf-w idth  of the Gamov peak) one can 

expect a conaLderable Lncreaae in the reactLon rate (1 )  and, aa 

a oonsequence, a decrease Ln the neutrLno yLeld vLa the channela 

(2 )  and (5 ) .

FLg. i  shows the rs t lo  La the product
y'^HOKires.

of the croaa aectLon by the veloolty averaged over the Maxwell 

dLatrLbutLon at the temperature of the SunT^s l .^ . iO ^ 'K  [2] ) 

between the ratea of the resonance and nonreaonance reactLona aa 

a function o f reaonance parametera and P • Tu obtaLn the maxi-

mum e ffec t  the reduced wLd-oh of the entrance cbűnnel was tökén
31 ^to  be equal to the WLgner ILmLt fó r the channel radlus

K
B=^.4 fa .

The uuoreaae Ln the countLng rate due to a drastLc enhance- 

ment Ln the rate of the reactLon (1 )  can be estLmated fór the

Davis* detector by eq. — foó) [ lO ]  • In the moat favour-
res. nonn*.

ab le  case the countLng rate thus evaluated may decreaaed by a 

factor of 16.

We a lsó  note that Ln the case of the resonance wLth t = 1 

a decrease Ln the countLng rate by saveral times can a t l l l  be ob- 

talned notwLthstandLng a decrease Ln the penetrabllLty of a P-wave 

by a factor ~  102.

One may attempt to fLnd the accurate posLtlon of new levels  

Ln the nucleL with A=6 fó r  example uaLng LnelaatLc electron scat-  

terLng by LL6 or the reactLona * (f>)+*
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The authora wish to thank Drs. ri.A.Eramzhyan and Yu.F.SnLr- 
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After this conference profeasor A#E.Chudakov kLndly Lnform- 

ed us that in an unpablLahed paper by Ponler [ l l }  a posslb le  

explanation o f the Davis* ejcperinents by the Lnfluence of a 

reaonance in the He^+He^ system was alao dLacuaaed.
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SOLAR NEUTRINOS: THEORY
J .N .B ah ca ll'* , In s t i tu t e  fó r  Advanced Study, P rin ceton

I. INTRODUCTION

The most important fact about the subject I am reviewing is that 

there is a large discrepancy between calculation and observation, the 

latter being represented by the Brookhaven experiment Dr. Davis has 

just described. The origin of this discrepancy is unknown. I have at- 

tempted to organize this review so that you can see fór yourself what 

is being tested and how. The firs t two sections concerning cross sec- 

tions and solar models are based on a review  article by m yself and 

R. L. Sears that w ill appear in the Annual Review of Astronomy and 

Astrophysics, Vol. 10. The last two sections include my personal 

opinion as of May 1972 on the questions of whether or nőt solar neutrinos 

reach the earth and on what one should do next to under stand the origin 

of the discrepancy between theory and experiment.

The basic reason fór doing solar-neutrino experiments (and the 

associated theoretical calculations) is to test quantitatively the theories 

of nuclear energy generation in stars and of stellar evolution. Because 

of the small photon mean free path in stellar m atériái, photons (which 

are the subject of conventional astronomy) come to us from the outer- 

most layers o f a star. Neutrinos, because of their large mean free 

paths ( »  a stellar radius under normál astronomical conditions), can 

reach us from  the deep interior of a star where the temperature is 

highest and the nuclear reactions, which are believed to be responsible

fór energy generation and stellar evolution, occur. We of course know
Research sponsored by the N a tion a l Science Foundation,
Grant GP-16147 A 1.
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more about the sün than any other star because of its proximity and 

because of the fact that it is in the simplest stage of stellar evolution 

(the quiescent main sequence phase). The Brookhaven Solar Neutrino 

experiment of R. Davis, Jr. , and his colleagues which is designed to 

observe solar neutrinos is therefore a critica l test of the theories of 

stellar evolution and nuclear energy generation in stars.

II. CROSS SECTIONS FÓR NEUTRINO CAPTURE

The observed counting rate in any neutrino experiment is the

- 2  - 1,
integrál o f neutrino flux per unit energy interval, (p dE (in cm sec ),E

2
times absorption cross section (in cm ) of the target. The counting 

rate is J c p ^ u (E)dE. The calculated absorption cross sections fór

sose o f the most frcquently discussed tcrgets are lis ted  in  Table 1.

Fór the convenience o f the user, ve fo llow  the standard practice of 

giving the cross sections evercged over the appropriate neutrino energy 

spectrum associated -vrith a particular source (e .g . ,  or decays). 

Scattering cross sections fc r  the reaction v + e~ -* v ' + e" are ava il- 

able as a function o f energy in sevcral sources (e .g . ,  Bahcall 196Ud, 

Reines & Kropp l^oU, Ponteccrvo & Zatsepin 1970).

VT
Because o f the surprising results o f the Cl experiment, the 

question has erieen as to vhether or nőt the calculated absorption croso
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sections (Bahcall 195Ua,b, 1966) fór th is experiment could be the cause 

o f the discrepancy betveen theoi-y and observation. In  our opinion, this 

is  nőt poEBible. The cross sections fór the neutrinos from p + e + p -*• 

h  ♦  v , V  13» ,  and 150 a l l  depend only on the ground state transition

37 37from Cl to A. This ground state transition is the inverse of the

37 — 37 37vell-stud ied  laboratory decay o f A ( i . e . ,  e + A -* Cl + v) and a

negligible error (< 10$) is introduced by the translation of the labora

tory experiments intő neutrino absorption cross. sections using the 

established theory of nuclear béta decey (e .g ., Konopinski 1966) .

The evaluation by Bahcall (l96Ua,b) of transitions from the ground 

state of 37C1  to various excited states of ^A  increaced the calculated 

crosB section fór this reaction by a factor of eighteen. This theoret

ical stép caused considerable discussion vhen it  vas first  made bút 

sübsequent experimental atudies have confirmed the accuracy of the orl-

ginal calculation.. In fact, the diBcovery (by Kardy & Verrall I 96U,

37
Reeder, Poskanzer & Esterlund I 96I+) o f the isotope 20Ca17 (whoBe exia”  

tence and decay l i fe t ic e  vere predicted by Bahcall 196Ua,b) has made
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absorption
possible the calculation af the cross sections fór Cl neutrino/from

essentially experimental data (see Bahcall 1966) .  The essential point

37 V7to recognize is that ^ C a ^  is the mirror nucleus to ypl-20> 1,e*»

37 T7nuclear structure of Ca is the same as that of Cl because of the

ve ll established synimetry betveen neutrona and protons in nuclear

37 V7physics. Béta decays frcza  ̂ Ca to the excited states of the

37mirror nucleus of Rre ajval°S°’>i3 to neutrino-induced tranaitions

37 37from Cl to the excited states of A. Thus, the measuremento (Poskanzerj

McPhercon, Eoterlund & Reeder 1906) of the decay rateö of ^Ca -» 4*

e** + v allcv ona to largely de tenni na experimant&lly the required ^ C l

absorption cross sections. I t  should be noted alsó that about five per-

8cent of the totál B cross section arises frotn the ground state transi- 

37 37tion betveen Cl and A and about sixty-five percent from a s u p e r a l l o w e d  

transition vhose absolute value is knovn on the basis of generál nuclear 

physics considerations (the precise location of the analogue level, 

vhich is d ifficu lt to calculate or measure to better than two hundred 

kev, is unimportant since the cross section muot be averaged over the

• g

neutrino speetrum of B vhich is lU MeV broad). The remaining twenty-
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five percent is parcelled out among various excited státe transitions; 

the parcelling is constrained experimentally by a number of measured 

parameters including the measured (Poskanzer et a l 1966) branching 

ratios in the ^Ca decay, the spins and paritien of the states 

(Goosman & Kavanagh 1967),  and the observed totál ^Ca and decay 

lifetimes. Bahcall ( 1966) estimát ed an overall uncertainty of the

O
order of ten percent in the calculated cross section fór B neutrino

37absorption by Cl and this estimate s t i l l  seems reasonable,

m . SOLAR MODEIfí 

III. K CONSTRUCTION (3F STANDARD SOLAR MODEIS

One does nőt need a detailed model.of the internál constitution 

of the sün to predict the totál number of solar neutrinos reaching the 

earth per cm2 per sec. In fact, this totál number is 2 h j (25 MeV • Un 

(1  au)2) -  101 1  cm’ 2 sec”1, since on the average the basic fusion reac

tion Up -* a + 2 c+ + 2v releases ~ 25 MeV. However, the proposed methods
A

of detection recocrd only a portion of the neutrino energy spectrum, which 

ranges trcm zero to more than 10 MeV, and the cross section fór detection
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depends strongly on the neutrino energy. Moreover the form o f the neu

trino energy spectrum is  a sensitive function o f temperature, density,

and composition (e .g .,  the .production rate o f the important high-energy 

8neutrinos from B decay, f i r s t  discussed by Fowler (1958) and Cameron

13(l9pS), varies roughly as T ) .  Thus in  the pást ten years a considerable 

e f f  őrt has gone intő the construction o f accurate solar models and the 

coraputation of the neutrino energy spectra they imply.

Table 2 iüustrates the main process currently believed to conrvert

H to He in the sün, the protcn-proton chain. The form of tha neutrino
\

energy spectrum depends on the re la tive  frequencies o f the three branches 

by vhich the chain is cccpieted and a detailed solar model is  required 

to determine the branchlng ra tios .

Ve shall b r ie fly  desc^ibe the construction o f solar models because 

the present disagreement betveen calculations and observation may de- 

pend on one or more assuaptions or parameters o f the models. The stan

dard theory o f main-sequence stars (Schvarsschild I 958, Cox fi: G iuli 

1963, Chiu 19-53) assumes, at each point in the star, ( i )  hydrostatic 

equilibrium betvreen gravitational force and pressure gradient (rad ia l,
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fór a spherically symmetric star), ( i i )  energy transport "by radiation 

and convection, and ( i i i )  energy production by bydrogen burning. These 

assumptions may be stated as four first-order ordinary differential 

equations, together with appropriate boundary conditions and constitu

tive relations. The latter include ( i )  the equation of state which 

connects prescure, density, and temperature; ( i i )  the radiative opacity 

(which is a function of chemical composition); and ( i i i )  the nuclear 

energy-generation rate, involving the cross sections fór the several 

reactions (see Cleyton 19S8 fór a clear and a thorough treatment txf

the nuclear reaction processes). As described by Schwarzschild ( 1958, 

pp. 96- 8 ) the only data required to obtain a solar model are the totál 

mass and the distribution of chemical composition throughout the star. 

We forego a deocription of the standard numerical techniques (see, e .g«, 

Sears & Brownlee 19^5» Kippenhahn, Weigert Se Hofmeister 19^7); the re

sults that emerge from the computer include the march of physical 

variables throughout the star, the totál radius and luminosity (ergs 

per second), the distribution of the energy-production processes, and 

the central temperature. The calculated neutrino spectrum is detér-



mined by numerical integration crver masa bIís ü b  .

In the case o f the sün the to tá l mass is  accurately known ( I .989 x

3310 g ) bút the distribution o f chemical ccmposition is  nőt knovn a 

p r io r i. The conventional assumption in  most recent vork. has been to 

adopt a homogeneoua in i t ia l  composition and then to construct an evolu- 

tionary sequence o f models (Schvrarzschild 1958, pp. 98-IOO). In any 

one evolved model the helium/hydrogen ra tio  is  greatest at the center 

and fa l ls  o f f  to the primőr d ia i value Beme distance av*ny from the center, 

v ith  the usual asouaption o f no rrbíing. A further dátum required, then,

is  the age o f the sün, usually taken as about Ív.7 x 109 years (see 

Bahcall & Shaviv I 908 fó r references). One constructs an evolutionary 

sequence o f a half-dozen or so models, ending v ith  "the" solar model,

q
vhich is required to have the present-day luminosity a fter U.7  x 10 

years. In the case o f the sün a s tr ic t  requirement on the computed 

radius is  nőt useful because the calculated value depends on the uncer** 

ta in  structure o f the convective envelope; fartunately this uncertainty 

does nőt s ign ifican tly  a ffe c t the calculated deep in terio r structure 

(Schvarzochild 19í$> pp. lUlj— ̂ j Sears 196^ ).

36



The question of vhich in itia l homogeneous composition to adopt is  

a critical one. The composition is conventionally őescribed by X, Y,
•* ' 0 

and Z, respectively the mass fractions of tydrogen, hélium, and heavier 

elments (Z »  1-X-Y); thus orúy tvo free parameters appaar. Once values 

of the composition parameters axe adcpted, a solar model can be ob

tained. I f  the luminosity of the model differs from the observed lumi- 

noslty then one uoually changes slightly one of the composition párá

mé ters—because the calculated luminosity is sensitive to Z via the 

opacity (roughly, L ~  ^**^) and is sensitivo to X and Y via the opacity

and the mean atomic veight per free pariidé  in the perfect-gas equa-

7 5 "tion of state (roughly, )• Hence one approach (Sears 196U,

1966, Bahcall & Shaviv 1963, Bahcall, Bahcall & Ulrich 1969) has been

to adopt the value of Z/X given by spectroscopic observations of the

solar photosphere and to pick successive values of Y, computing an

evolutionary sequence fór each, until a sequence is obtained in vhich

the final model reproduces the observed luminosity. Note' that this

approach yields Y, the primordial hélium content of the sün, as a

theoretical result vhich can be conpared vith chromospheric determina-
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tions, solar cosmic rays, and the prlmordial abundance from a variety  

o f cosmologies. Another approach, advocated by Iben (19^8, 196^), has 

been to adopt ab in it io  a value o f Y that one believes in  on the basis 

o f othsr astroncaical evidence and to vary Z u n til one obtaina a luml- 

nosity f i t .

III. 2 RESULTS CiF STANDARD SOLAR MODELS 

III. 2.1 Review o f Re cent Models 

The earliest det&llsd solar model used to  calculate solar neutrino 

fluxes vas described by Bahcall, Fowler, Iben & Sears ( 1963) .  Another 

early model was used by Pochoda & Reeves ( I 96U) to  estlmate a neutrino 

energy spectrum. The f i r s t  systecatic study o f solar models fó r the 

purpose o f predicting neutrino fluxes and their uncertainties was that 

of Sears (190*0 • The baslc parameters o f his preferred Model J vere an 

in i t ia l  conposition parameter z/X »  0.028; the mass (1.939 x 10^ g ); 

and the age o f I+.5 x 10  ̂ years. The equation o f state was that o f an 

ideál gas, including electron-degeneracy pressure; the opacity was based 

on the tables o f Keller & Meyerott (1955); and the energy-generation 

rate [including the small gravitational contraction term (Schwarzschild
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1958# Eq. 12.10)] involved the pp-chain and the CN cycle, with the cross

section factors In the former from Parker, Bahcall & Fowler ( I 96U). Aa

described in the preceding section the model was fitted to the observed

33Bolar luminosity, 3»90 x 10 erg sec” . The resulting in itia l hélium

8  8  content waa Y ■ 0.27 and the resulting B neutrino flux was <p( B)

7  - 2  « l1*9 x 10 cm sec • The principal p aramé tér 0 of this ( 196h) model

are listed in Table 3• Bahcall (l56Ub)adoptcd an average over several 

of Sears's models which gavo Cp(̂ B) *» 2.5 x 10*̂ , and this, plus a small

7
contrlbution from the Be electron-capture neutrinos, led to a predicted 

number of neutrino captures at the earth of Z(<p<r) = 36 SNU.

Bolar models obtained by Ezer & Cameron (1965) and by Weymann & 

Sears ( 1965) contained minor improvements, primarily in the use of Los 

Alamos opacities (Cox & Stewart 1966, Cox, Stewart & Eilers 1966) .

Since these are lower than the Keller-Meyerott opacities in the deep in-
; .

terior the resulting hélium contents and neutrino fluxes were slightly

reduced compared to those of Sears ( I 96I+). Bahcall (1966) combined

fluxes he calculated with the aid of the improved solar models and new

7  8experimental Information on the maos-37 system and on the Be(p,r) B
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croso eection to find a neutrino capture rate o f Z (c p a )  = 30 SNU.

The next major development vas a substantial increase (a factor 

o f f iv c )  in the reported lov-energy experimental cross-Eection factor 

fó r the ^líe (^Ke, 2p) ^He reaction in the period 1965-67 (Dwarakanath

& Winklcr 1971* Bacher fis Tcmbrello 19^3; see Tombrello 19&7, Earnes 

1971, and Kavanagh 1972 fó r rev ievs ). This enhanced the branching

through termination I  o f the pp-chain (see Table 2) and lavered the 

predicted neutrino flux; the f i r s t  modelo incorporating the név ex

perimental reBults vere reported by Shaviv, Bahcall & Fovler (1967) .  

General uncertainty in the lov-energy cross sections at that t i me led 

Bahcall, Bahcall, Fovler & Shayiv ( 1968) to construct tvo models based 

on assumed extreme values fór four inportant cross-section factors in 

the pp-chain. A preferred model, incorporating the be6t parameters 

then available, vas constructed by Bahcall & Shaviv ( 1968) ,  vho found 

£(cpo) = 22 SNU. They alsó discussed the e ffec ts  o f Beveral parameter 

variations.

Shortly aftervards, in eorly 1958, tvo név developments stimu- 

lated furthcr model building. A redetermination o f the h a lf l i f e  o f

40
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the free neutron by Cbristensen et a l (1967, 1971) and a refinement in 

the calculation of various nuclear parameters led to an increase in the 

cross-section factor of the proton-proton reaction (Bahcall & May 1968, 

1969)* A redetermination of the solar photospheric chemical camposition, 

by Lombért ( 1967a,b, 1968) ,  Laxnbert & Warner ( 1968a,b ,c ), and Warner 

( 1968) ,  gave a new lower value of z/x «  0 .019, thus suggesting a de

crease in the solar interior opacity. Both of these developments inplied

a further reduction in the predicted neutrino flux and new models were 

obtained by Bahcall, Bahcall & Shaviv ( 1968) (see alsó Torres-Peimbert, 

Ulrich & Simpson 1969) • At the same time the firs t  results froui the 

Brookhaven experiment became available: Davis, Harmer & Hoffman ( 1968)

found an observational upper limit to the solar neutrino capture rate 

of 2(</?cr) = 3 SNU. This upper lim it was less than that 

predicted by the most probable nodel of Bahcall, Bahcall & Shaviv ( 1968) :  

2(<?<r) = 7. 5 SNU.

The model work of the latter authorB was refined by Bahcall, Bahcall

rr 0
& Ulrich ( 1969) ,  who incorporatsd reviscd values fór the Be(p,r) B cross 

section and fór the ^Be(e",v) \ i .  capture rate, both of which tended to



. lover the predicted value. Their (19&9) model (see Table 3) gave

a capture rate of Z(^cr) = 6 SNU, only a factor of two above the observa- 

tional limit. Their paper gave an extensive discussion -of parameter 

variations, including effects of pcrturbations on the oapcity and on the 

equation of state.

Another diocucsion of the f ir s t  results of Davis et al vaa given by 

Iben (19o8, 19^9a) vho constructed a large number of models to illufl- 

trate the parameter dependence of neutrino fluxes. He utillzed Y, the 

primőr d ia i heliua content, as the compositicn parameter rather than 

Z/X, the observed heavy-elenent-to-hydrogén ratio derived from the pho- 

tosphere. Iben cmphasized that consistency vith the experimental re

sults could almost be achieved vith values of Y considerably belov those 

determined in other objects in the galaxy. This conclusion is s t i l l  

possible at the present time although la tér developaents have modified 

the argusients in Iben ( 1969a ) . Kis paper is particulariy useful be

cause of the extensive illustrations and physical descriptions of the 

effects of parameter changeo.

The next tvo dcvelopnenta vere a sűbstantial increace in the Fe

4 2 -
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abundance in the photo6phere from revised f-value determinations (Garz,

Holweger, Kock & Richter 1 9 ^ 9 1 Martiné js-Garcia, Whaling, Mickey &

Lawrence 1971, Wolnik, Berthel & Wares 1971) c f . Ross 1970, Cowley 1970,

19 7 1 ) and the inclusion o f electron-correlation e ffec ts  in tbs opacity

(Diesendorf 1970). Watson (19^9, 1970) pointed out that an increaae 

by a factor o f 10 in  the iron number abundance would lead to a sübstan-

t ia l  (~ 3056) increaae in the opacity o f the eolar core and thua an in-

crease in the predicted neutrino flu x . The electron-correlation

e ffe c ts , as Diesendorf noted, tended to decrease the opacity. A név

model incorporating these e ffects  vas canputed by Bahcall & U lrich (1971);

see Tahié 3* At the same time név resultB frcm the Brookhaven experiment

became available (Davis, Rogers & Radeka 1971): a positive detection o f

37A, 72(<pcr) = 1. 5 ±  1. 0 SNU was suggested. The model pre-

diction by Bahcall & Uilrich (1971), 2(<pcr) = 9. 0 SNU, was greater by a

factor o f s ix ; sim ilar results vere reported hy Abrahara & Iben (1971)

and by Ezer & Cameron (1971).

III. 2.2 Dependence o f Predicted Neutrino Fluxes on Parameter Values

As noted ahove, the e ffec ts  o f parameter changes have been explored 

in many papers. We shall nőt give a detailed discussion, partly  to



avoid repetitlon and partig* because of the posBibility that a qualita- 

tively név development may changé the present situation.

The dcpsndence of tte predicted counting rate in the 37o l experiment 

on most of the relevant parameters is succinctly illustrated by the re- 

lation

l&<?)» 1.35 x 10"36 sec’ 1  per 3 Ĉ1  atom

The denomlnators ere the paremeter values used by Bahcall, Bahcall & 

Ulrich ( 1969) (see Table 3); X^^(O) is  the ^B3 electron-capture rate 

from Bahcall £•. Moeller (l9o9) • Equation(l) vas derived numerically by 

Bahcall, Eshcall & Ulrich (19o9) frca a comparison of many models. 

Setting the ratios equal to unity gives their standard value, 6.0 SNU 

(Table 3) ia 19^9• Thü slgns of the exponents give the directions of 

the dependences vhich are nőt obvioua in a l l  cnses (usually because of
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the strong influence of the boundary condition that the calculated present 

luminosity equal the observed luminosity; see Section III. 1). More 

detailed discussions of individual dependences are given in a number 

o f papers (Sears 1964, Bahcall, Cooper & Demarque 1967, Shaviv, Bah

call & Fowler 1967, Bahcall, Bahcall, Fowler & Shaviv 1968, Bahcall & 

Shaviv 1968, Bahcall, Bahcall & Shaviv 1968, Iben 1968, 1969a, Bahcall, 

Bahcall & Ulrich 1969, Bahcall & U lrich 1971). Most of these papers 

have graphs illustracing the dependences.

The various factors in Equation (1) enable one to find the indi--

vidual effect of each of the input parameters on the predicted counting

rate. Fór example, the effect of the five-fo ld  increase in the

3 3 4He( He, 2p) He cross-section factor, was to reduce the 1964 counting

rate by a factor o f 0. 57. Other effects were, in order o f decreasing

importance, the decrease in Z/X (0.68), the increase in S^ (0.75),

7
the decrease in JLq  (0. 84) and the increase in Be electron-capture 

rate due to bound electron-capture (Iben, Kalata & Schwartz 1967, Bah

call & M oeller 1969) (0.87). The increase in assumed age led to an 

increase in predicted counting rate by 1. 06; the increase in S t by

1.23. Multiplying all the factors together gives a totál reduction of 

0. 3 which is the ratio of Z(<p<r) (1971) to Z(<p<r) (1964) in Table 3. The 

calculation from  Equation (1) does nőt include refinements in the equa

tion of state, which are minor, or changes in opacity. The gross de

pendence of opacity on Z is o f course included, bút the specific in-
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crease in opacity (hence in (p{ B)) due to the increased iron abundance 

(Watson 1970) is nőt; evidently this is nearly balanced by the decrease 

in interior opacities between the K e ller-M eyero tt and Cox-Watson tables 

and by the electr on-cor r elation effects. Incidentally, we note that Bah

call & U lrich (1971) have shown that solar-m odel calculations by dif

ferent workers with the same parameters give the same results to an 

accuracy of ~ _+ 10 percent.

III. 2. 2 Most Recent Results 

The most recent calculations by Bahcall, Huebner, Magee,

Merts, and U lrich (1972) have used revised Los Alamos opacities.

The results (nőt yet in final form ) with all other paremters having their

standard values [Bahcall and Ulrich 1971] are: E(<pcr) ^  6 SNU, with

8 7
4. 2 SNU1 s coming from B neutrinos, 0. 83 from  Be neutrinos, 0.26

13 15
from  pép, and 0. 26 from N and O. It appears that the earlier MIT 

opacity corrections were invalid. When meson exchange effects on the 

p-p reaction are included [M. Gari and A. H. Huffman (1972); D. O. 

Riska (1972)], (meson exchange) ö (1. 09)S (Bahcall-May 1969)),
g

we find 2(<p<r) = 4. 35 with 3.15 coming from B neutrinos, 0.74 from 

7Be neutrinos, 0. 26 from pép, and 0. 2 from  13N and 150. These latter 

calculations take intő account the revised Los Alamos opacities and 

estimated meson exchange effects fór the p-p reaction.

We conclude that refinements in the input data fór standard solar 

models are nőt likely to eliminate the present large discrepancy be- 

tween calculated and observed neutrino fluxes. Most notable in the
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improvements  o f  the pást decade has been the remeasuremerit  o f  the 

various pp-chain cross  s ec t ion s - -by  now each crucia l  react ion has been 

rem easured  (or reca lcu lated )  at leas t  twice by dif ferent groups with good 

agreement  throughout [see  the exce l len t  rev iew s  by Tom bre l lo  (1967) and 

Kavanagh (1972)].

III .  3 Non-Standard Solar Models 

The preced ing  discussion has been concerned with standard 

solar  mode ls .  Since the f i r s t  exper imenta l  results o f  Davis et al. (1968) 

revea led  a d iscrepancy  with standard theory, many suggestions have 

been o f f e r ed  and debated. We l is t  somé of  these suggestions below.

The poss ib i l i ty  o f  m ix ing ,  which could maintain a high amount 

of hydrogen in the center and thus lower  the Central temperature com- 

pared  to the standard mode ls ,  was f i r s t  suggested by E ze r  & Cameron

(1968), who found that complete m ix ing  over  the entire l i fe t im e  o f  the

g
sün could reduce (p ( B) to one-fourth o f  the standard result  (see a lsó 

Shaviv & Beaudet 1968, Iben 1968). Various arguments have been g iven 

against the l ike l ihood o f  maintaining such extreme mix ing [see Bahcall,  

Bahcal l & U lr ich  (1968) and Shaviv & Salpeter (1968, 1971)]. A lsó  U lr ich

(1969) showed that a rapid ly  rotating so lar  core  had l i t t le  e f fec t  on the 

calculated neutrino fluxes. Iben (1969b, c) invest igated the poss ib i l i ty  

that the sün had a convect ive  core  and concluded this was unlikely to



significantly change the calculated fluxes.

The effect of a large-scale interior solar magnetic field  has been 

explored by Bahcall & UIxich (1971) [c f. Iben ( 1968^ Abraham and Iben 

(1971)], who find (taking the primordial z/x from observation) that the 

predicted neutrino flux increases.

Diffusion of heavier elements toward the solar center (Allec &

Chapman 1960) would tend to increase the predicted neutrino flux.

Schatzman^(1969,1970) has suggested turbulent diffusion of ^He, bút the

sign of his efxect has been questioned by Shaviv & Salpeter (1971) (who

showed it  was small) and by Bahcall & Ulrich (1971).

Kocharov & Starbuncv (1970, a .b ) , pointed out that i f  the sün

presently contains enough 3Ke so that 3He(3He, 2p) \fe is the major

energy source,.the central temperature would be too low to produce

solar neutrinos detectable in the 37C1 experiment. Abraham & Iben (1970)

have constructed models to check this suggestion and find that the in i-

t ia l mass abundance required is X = Ö.09, which they note is  sub-
He

atantially lsrger than the values found in II I I  regiona, in meteorites,

48
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and in cosm o log ica l  mode ls  (see a lsó  U lr ich  1971).

The poss ib i l i ty  o f  a secu lar  ( thermal )  instabil ity, in which the 

observed  luminosity  might nőt equal the energy  production rate  on a 

Ke lv in -con trac t ion  or  photon-d if fusion t ime scale , has nőt been 

thoroughly exp lored .  An invest igat ion by A izenman & Perdang (1971) 

o f  a s light ly  m o r e  m ass iv e  evo lved  mode l  did nőt revea l  any growing 

modes of thermal  instabi l i ty.  Most  recen t ly  Harm and Schwarzschi ld  

(1972) have shown that there a re  no thermal ly  unstable radial modes 

with per iods g rea te r  than 10 years  and L i tt leton et al. (1972) have shown 

that longitudinal waves  are unimportant fór  energy transport.

The poss ib i l i t y  that the gravitat ional  constant G might decrease  

on a cosm ic  t ime scale  has been incorporated intő so lar  models  by 

s eve ra l  w o rk e r s ;  E z e r  & Cameron  (1966) found that a vary ing-G  model 

(Brans & Dicke 1961) would have four times the cp( 13) of a standard 

mode l  (see  a lsó Shaviv & Bahcall  1969). A  model  by Rouse (1969) im- 

pl ied that the CN cyc le  dominates in the sün; this was a lready  ruled 

out on the basis of  the result  of  Davis et al. (1968) by Bahcall,  Bahcall

& Shaviv (1968) (provided the neutrinos reach the earth). It has been 

suggested that quark catalysts might be important in the sün (L ibby & 

Thomas 1969; cf. Salpeter 1970).

Nőne o f  the above suggestions has been w ide ly  accepted.
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IV. IM P L IC A T IO N S  OF THE OBSERVATIONS

37
The implicat ions of  the Cl exper iment  are best appreciated

when one distinguishes the various counting leve ls  at which di f ferent

things are  being tested. I f  the entire energy  source fór  the sün w e re

37
the CN cyc le ,  then the counting rate in the Cl exper iment  would be 

35 SNU independent of  m ode l  param eters  (Bahcall 1966). Thus at the 

l e ve l  of  tens o f  SNU 's  one is dist inguishing between the pr incipal  energy  

source mechanisms (pp-chain or CNO cyc le ) .  Modern solar mode l  ca l-  

culations al l  suggest that the pr incipal  energy  source fór  the sün is 

the pp-chain and that, with present ly  accepted param ete rs ,  the expected 

counting rate should be ~ 4 - 9  SNU (Bahcal l & U lr ich  19^1, Abraham & 

Iben 1971, Bahcall ,  Héubner, M agee ,  M er ts ,  & U lr ich  1972 ). M ost  o f  

the calculated counting rate with present param eters  is due to the ra r e  

g
B react ions (see Table  2) that have no e f fect  on the structure of  the sün. 

On the other hand, the basic te rm inat ions , pp I and pp II (see Table  2), 

contribute (along with a smal l  amount ~ 0. 3 SNU f rom  the CN neutrinos) 

a counting rate ~1 to 1. 5 SNU which is insensit ive  to m ost  parameter  

variat ions (Bahcall ,  Bahcall  & U lr ich  1969). Thus a counting rate be low 

1 SNU would be in confl ic t with the bas ic  ideas of s te l lar  evolut ion as 

descr ibed in the standard books of, fór  example , Schwarzschild (1958) 

and Clayton (1968). The basic  idea that nuclear fusion among light e l e 

ments is the energy  source fór main sequence stars guarantees (assum- 

ing v flux conservat ion)  a counting rate o f  0. 3 SNU (Bahcall,  Bahcall

50
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& Shaviv 1968). The var ious l e ve ls  o f  meaning of the Cl exper iment

are. summarized  in Tab le  5.

We r e ca l l  that Davis et al . (1968) have set an upper l im it  to the

solar-induced counting rate of 3 SNU (see equation (1)). Comparison of

this experimental l im i t  with Tab le  5 leads to the fo l lowing oonclosions:

(1) the CNO cyc le  is respons ib le  fó r  l e s s  than three  percent  o f  the totál

, , , /0, •_ a Hiscrepancy between present model
luminosity of  the sün; (2) there is a P

7 * q
j  f í v p  and ( 3 )  the B f l u x  from

calculations and observat ions o f  the or er

.6 -2 -Xthe sün is <10 c m  sec .

Three poss ib le  as trophys ica l  explanations fór  the d iscrepancy 

have been m os t  s t rong ly  advocated in r e cen t  years .  (II the B p 

tion cross sect ion is s e r ious ly  in e r r o r ;  (2) neutrino osci l lat ions occur;

i ■. „ f  flip heavv  e lement abundance, Z,
and (3) the so lar  in te r io r  value of  th y

is much less than the sur face  va lue o f  Z.

The exper im enta l  l o w - e n e r g y  c ross  sect ion factor fó r  the c r i t i -

cal reaction 7B e ( p . y ) 8 B  is plotted in F igu re  3 as a function o f  incident

proton energy. The data shown a re  f r om  the exper iment  o f  Kavanagh,

Tombrello. M o s h e r  & C o o s m a n  (1969) and w e  are greatly indebted to

these authors fór  p e rm is s ion  to display the ir  a . - y e t  unpublished data.

• fVio * » »r l ie r  results of Kavanagh 
The data shown a re  in good ag reem en t  with th

1965 and Aurdal  1970)1
(1960) and P a rk e r  (1966a, b, 1968) (cf.

r i i a lm e r s ,  Kohler  & Chase (1971)the higher-energy data of Vaugh ,
«.v, - . „ „ H ó  of  Kavanagh et al. (1969) byare systematically lower than the
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about twenty- f ive  percent.  N eve r th e le ss  it seems f r om  F ig .  2 highly

unlikely that the extrapolated l o w -en e rg y  c ross  section factor  fór the

7 8B e íp .y )  B react ion  could be off  by the factor  o f  ten or  m o r e  required  

to f i t  the observa t ions .

The poss ib i l i ty  that a tiny amount o f  lepton nonconservation 

would lead to osc i l la t ions on the sca le  o f  the so lar  sys tem  between 

e lectron  neutrinos and muon neutrinos and a consequent d ec rease  in 

the observab le  e lec tron-neutr ino  flux at the earth has been proposed by 

Pon tecorvo  (1968) and Gr ibov  &c Pon tecorvo  (1969) [see  a lsó  Pon tecorvo  

1958 ]; Pontecorvo  &: Zatsepin 1970 and K ocha rov  & F e r g b e r g  1970]. 

However  this hypothesis leads to a m ost  probable d ecrease  in counting 

g
rate  due to the B neutrinos o f  only a factor  o f  two when averaged  ove r  

neutrino energ ies  (Bahcall  & Frautsch i  1969). Fór  a spec ia l  value fór 

the dimensionless rat io  of  var ious pa ram e te rs ,  one can (see  F ig .  1 o f

g
Bahcall  & Frautschi  1969) lower  the calculated B flux by a factor  of  

f ive  or m o re  (and the flux o f  lower  energy  e lec tron  neutrinos by a 

factor of two) bút there is no theoret ica l  just i f icat ion fór this a p r i o r i  

unlikely value.

Bahcal l & U lr ich  (1971) have pointed out that i f  the p r im ord ia l

_  i
heavy e lement abundance in the so lar  in te r io r  sat is f ied  Z < 10

in te r io r
_  2

(we have today Z ~ 2  x 10 ), then the in ter io r  opacity  is s ig-suríace  r 7 °

nif icantly reduced and the calculated counting rate is only  ~1.  5 SNU 

[meson-exchange correc t ions  to the p-p rate m ay  reduce this s lightly] .
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The calculated p r im ord ia l  hélium abundance is , however ,  uncomfortably  

small  (Y  = 0.1). N eve r th e less  it is important to investigate further 

whether or nőt it can be excluded that in the ea r ly  stages of the f o r -  

mation o f  the sün the heavy elements w e r e  la r g e ly  expel led f rom  the 

in te r io r  (by radiat ion pressure  or by co l lec t ion  in somé dúst cloud).

V. DO SOLAR  NEUTR INO S  R E A C H  THE E A R TH ?

13In o rd e r  to reach  the earth, so lar  neutrinos must trave l  ~10

3 6
cm (= 1 A.  U. = earth-sun distance) and t ra v e r s e  — 10 e lectrons (or

. -2 (" A u n  . (-.36 -2
protons) per  cm I n dí ~10 cm It is at least  conceivable

- o
that solar neutrinos do nőt reach  the earth. I f  this w e re  known to be 

true, the upper l im its  of  the Davis exper iment  would have to be inter-  

preted as constraints on the physics o f  the e lec tron 's  neutrino, nőt the 

so la r  in te r io r .

There  are  three p rocesses  by which solar neutrinos might be 

prevented  f r om  reaching the earth: absorption, scatter ing, or decay.

As  long as we r e s t r i c t  ourse lves  to par t ic les  that have a lready  been

d iscovered ,  nőne o f  these p rocesses  are possib le  with the required

- 36 2cross  sections (~10~ cm at 1 M e V )  or  half  l i fe  (< 500 sec. ) An 

amusing poss ib i l i ty  which I have considered is strongly forward-peaked 

e las t ic  scatter ing,  so fo rward -peaked  that most  o f  the interactions are  

nőt detected by exper imenta l is ts  who work  at appreciable  momentum 

trans fe rs .  Even this is nőt near ly  enough given the exper imental  con-
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straints [Cundy et al. (1970); Re ines et al. (1960)], as one can eas i ly

show using, fór  example,  an assumed d i f f ract ion scatter ing  law f (q )  oc 

, 2exp - bq .

We have recen t ly  suggested [Bahcal l ,  Cabibbo, & Yah i l  1972] 

that e lec tron  neutrinos of 10 M e V  energy  may be unstable with a ha l f  l i f e  

< c (the distance between the earth and the sün) ~  500 seconds. The 

various poss ib i l i t ies  w e r e  discussed in our o r ig ina l  paper,  bút a generá l  

requ irem ent  of  a l l  the proposa ls  is  that they requ ire  a p rev ious ly  un- 

known interaction or p a r t i d é .  One m ay  a lsó  consider the poss ib i l i ty  

(Regge  1971) that there are  part ic les  present  in the sün (bút nőt yet  ob

se rved  on earth) which in teract  strong ly  with neutrinos bút only v e r y  

weak ly  with ord inary  m at te r .  The astrophys ica l  consequences of this

latter  suggestion are somewhat mode l  dependent so I w i l l  r e s t r i c t  my-

f
se l f  to a discussion of  neutrino decay.

There  are three d irec t  astrophys ica l  consequences of the hy-

pothesis that the instabil ity o f  v is respons ib le  fór the unexpectedly

37
low counting rate in the Cl exper iment.  These consequences are:

37
(1) the Cl exper iment  should y ie ld  a result  consistent with 2(<pcr) = 0;

(2) attempts to detect the as trophys ica l ly -guaranteed  pép neutrinos [e. g. ,

7
by the proposed L i  e x p e r im en t - - see Bahcall  (1969)] should fail ;  and

(3) all  astronomy with w i l l  be im poss ib le  ( i . e . ,  e lec tron  neutrinos

from  black hole formation or supernova co l lapse w i l l  a lsó nőt reach us).
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The basis fó r  these predict ions is the r em ark  that i f  neutr ino-instabil ity 

is  the explanation o f  Davis '  result  then the t é r r e s t r ia l l y  observed  flux 

o f  solar neutrinos with energy  E, <p(E _ ,  sat is f ies

*earth(E> ’ * Su „ (E) Í « P -- (E) .

where  a (E) = [ (earth-sun distance)/c T j (10 M e V ) ]  (— '̂ ) and a^lO M eV )  >
2 ^

g
2 because o f  the absence o f  B neutrinos. The energy  dependence of 

ar(E) is due to t ime-d i lat ion;  l o w -en e rg y  part ic les  decay m ore  rapid ly

g
than their h igh -energy  counterpar ts . I f  the higher energy  B neutrinos

decay, then the lower  energy  ^Be, ^N, O, and pép neutrinos must

37 .certa in ly  do so. The Cl exper iment  o f  Davis probably  has an ulti-

mate sensit iv i ty  ~ 0. 5 SNU compared  to a predicted counting rate ~

5-10 SNU. It is ex t rem e ly  unlikely that the param eters  fór v  decay

are  just such that most  of  the neutrinos decay in 1 A .  U. bút énough are

37
le f t  over  to p e rm i t  a detectable counting rate in the Cl exper iment.

Of course i f  neutrinos f r o m  the sün do nőt reach  us, then v 's f rom
e

much m o r e  distant as tronomica l  sources w i l l  a lsó decay along the way 

(the anticipated energ ies  are  nőt v e r y  d i f ferent f rom  those of  solar neu

trinos bút the distances a re  m o r e  than a m i l l ión  t imes la r g e r ) .

In the absence o f  exper imenta l  in formation,  I ’would l ike to 

sum m ar ize  the arguments,  pro and con, as to whether or nőt solar 

neutrinos reach the earth. There  are  two "argum ents "  supporting the 

suggestion that they do nőt reach the earth: (1) the suggestion " s o l v e s "

the so lar-neutr ino  problem; (2) there have been other surpr ises  in weak
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and superweak interactions so why nőt this one. The arguments against 

decay are:  (1) a new interact ion or par t ie le  is requ ired ;  and (2) the idea

is suggested by astrophysica l  considerat ions (and no as trophys ic is t  knows 

enough about the systems he invest igates  to plausib ly  suggest m od i f ica -  

tions in the conventional f o rm  o f  physica l  laws ) .  This  last  argument, 

which is  based on the complex i ty  of  as tronom ica l  sys tem s,  is frequently  

made by theoret ica l  physic ists  and seems to m e  to have a lót o f  m e r i t .

We reca l l ,  however ,  that there a re  f a r é  bút important exceptions, e. g. : 

Newton 's  d iscovery  o f  the law of grav i tat ion  f r o m  the motion o f  the planets; 

the in ference by R o e m e r  o f  the finite v e lo c i t y  o f  l ight f r om  the motion of 

the moon 's  o f  Jupiter; the d is co ve ry  o f  hélium in the sün; and the p re -  

cess ion  o f  the per ihe l ion  of M e r c u r y  and its connection with the deve lop-  

ment o f  the theory of  General Re la t iv i ty .

VI.  W H A T  N E X T ?

I am frequently asked where  I b e l ie ve  the trouble l i e s ,  in the 

physics o r  the astrophysics .  My answer is: I don't know and don't even

have a strong opinion. It seems to me that m o re  theoret ica l  work  on 

poss ib le  instabil it ies in the so lar  in te r io r ,  on opac it ies ,  and on other 

fundamental assumptions and ingredients of the theory  o f  s te l lar  evolu- 

tion is required  be fore  we can be " s u r e "  that something is nőt se r ious ly  

wrong with our understanding of the sün. The theory o f  s te l la r  evolu- 

tion does nőt have an im p ress iv e  r e c o rd  of successfu l  pred ict ions;  it 

seems to m e  we are  entitled to question its foundations (see  Bahcal l 1971).



On the other hand, I think it is a lsó conceivable  that so lar  neutrinos 

do nőt reach  the earth. A  poss ib i l i ty  worth keeping in mind is the idea 

that the so lar-neutr ino  puzzle  m ight  be l inked to one of the other current 

m ys te r ie s  in part ie le  physics: C P  nonconservation, the absence o f  K  —♦
J—<

fi+ + |jl , or the p rob lem  o f  constructing the c o r r e c t  Weinberg  theory.

I hope that h igh -energy  physicists w i l l  at least  consider this poss ib i l i ty .

Further work  on m eson ic  correc t ions  to the p-p react ion are  alsó needed.

The ult imate answer must o f  course come f r om  experiment. The

2
f lux at the sün of pép neutrinos [ f r o m  p + e +  p —* H + v  is about as 

w e l l  known as the so lar  luminosity  in photons. Exper iments  designed 

to detect pép neutrinos would distinguish between the two present ly  co- 

exist ing bút antipodal hypotheses that the or ig in  o f  the discrepancy is 

in our inadequate astrophys ica l  theory o r  in our inadequate theory of 

leptons. I f  pép neutrinos are  nőt observed  at the predicted flux leve l ,  

then we w e l l  know that the prob lem  must l ie  in our lack of understanding 

o f  the neutrino. I f  pép neutrinos a re  detected, then we w i l l  have to find 

somé fundamental correc t ion  to the theory o f  s te l lar  evolution in its 

s imples t  applicat ion.
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TABLE 1. Totál cross scctionG fór neutrino capturea

Neutrino
Emitter

37C1

Target

7L1

(lO'^cm2)

87Rb ^Ga

JH-p 0 0 7 E+l 3 E+l 0

p+«”+p 1.7 E+l 5.9 E+2 5.5 E+2 6 E+l 0

7Be 2.9b 1.6 E+lb 2.5 E+2 1.5 E+2 0

8b 1.35 E+U 4.5 E+U 1 e+4 7 E+3 1.2 E+4

13n 2.1 U.5 E+l 2 E+2 1 E+2 0

7.8 2.3 E+2 3.5 E+2 2 E+2 0.1

öThe notation E+X means 10+* . The ^7C1 cross sectlons are frem
n

Bahcall (l96Ua,b, 1966) and the Li cross sectlons are from 
d

Bahcall (196^  with the exception of the p-e-p source which vas
O rr

calculated fór this paper following Dómogatsky ( 1969).  The Rb

71cross sectlons are from Bahcall (1964c), the Ga cross sectiona 

fjram Bahcall (1967), and the *Tí cross sectlons from E llis & 

Bahcall (1968) .  See alsó Sunyar & Goldháber ( 1960), Kuzmin & 

Zatsepin (1965, 196*1), Domogatsky, Gavrin & Eramjan (1965),

Kelly & Uberall (1966), Zumin ( 1966), and Kopysov & Kuzmin (1967* 

1968) .  An asymmetry parameter, ct, that gives the directional 

sensitivity possible in a given experiment i f  the direction of 

the produced electrons is measured can easily be calculated (see 

Bahcall I 96I+C, 1967), given specific assumptions regarding the 

incident neutrino energy speetrum.

•h 7Does nőt include the fact that only ninety percent of the Be

reactions produce neutrinos above threshold fór capture.
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TABU2 2. The proton-proton chain

Reaction Percentage Maximum Neutrínó Energy (MeV)

p+p -  2H+eH "+v 

or

p+e”+p -*

(99.75*)

( 0.25* )

0 .h 2 0

1.W+ (monoenergetic)

^ p  -  ^He+r

I .  ^He+̂ He -  Síe+2p (86*)

or

^He+^He -  7Be+r

7 - 7  I I .  Be+e -* 'Li+v

7 *4-Li+p -  2 He ( 1  ki )

0.861 ( 90* ) ,  0.383 (10*)
(both monoenergetic)

or

7
I I I .  Be+p -  B+r

rr-i 8„  *  + on -*■ Be -i-e +v 13

8 *  b Be -  2 He (0.02*)
U .06

The numbers in parentheses are  the percen tages  at which var ious r e 

actions a re  calculated to occur from the standard mode l  o f  Bahcall & 

U lr ich  (1971).
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TABLE 3. Propertles of somé recent solar modelsa

1961* 1969 1971

INPUT PARAMETERS CJF SOLAR MODELS

Mq (I033g) 1.989 1.989 1.939

Age (years) U.5 x 109 U.7 X 109 U.7 x 109

Lq (1033 erg sec**1) 3.90 3.83 3.81

z/x 0.028 0.019 0.019

Sn  (lO“22keV-b) 3.36 3-78 3.78

S33 (keV-b) 1100 5000 5100

S3U (keV-b) 0 .U7 0.U7 0.61

S1? (keV-b) 0.03 0.035 0.030

S0M2 OUTPUT RESULTS OF model CALCULATIONS

X 0.708 0.767 0.726

Y 0.272 0.218 0.260

Z 0.020 0.015 0 .01U
/8_\ / -2  -1\ <p( B) (cm cec ) 1 .9  X 107 3.5 X 106 5-U x 106

23ö>o) (SNU) 29 6.0 9.0

Tc (106 °K) 15 .7 1 U.9 15-3

^he I 96U results are from Sears ( I 96U), the later results are frora Bahcall, 

Bahcall & Ulrich (1969) and Bahcall & Ulrich (1971). The cross-section 

factors S . w h e r e  1 and J are the masB numbers of the reacting particles,1 J

are d irectly  related to the cross sectlons (see Fowler et a l 1967, p. 539» 

or Clayton 1968, p. 297)• The values o f X, Y, and Z given are the inferred 

primordial values.
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£
TABLE U. Calculated neutrino fluxes

Neutrino Source Flux

8b
5 .k EA

p+p 6.0

p+e”+p 1.5 E-2

e"+7Be U.5 E -l

13h 3.3 E-2

« 0 2.7 E-2

6i 10 2 A ll fluxes are given in units of 10 per cm

per Bee at the earth's surface (10"X s E-X) and

are taken from the standard model of Bahcall &
O

Ulrich (1971) • The calculated B flux should be 

decreased by a factor of ten or more (see Section 

IV) vhen computing expected counting rates fór 

future experiments.
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TA&LE 5» Levela of meaning of the Cl experiment37

Countlng Rate (SNU) Principle or Idea Tested

35 CNO cycle vs. pp-chain

9-4 best current predictions

1-1. 5 basic ideas of etellar evolution

0.3 nuclear fusion among light elements 

as the energy source of main sequence 

8 társ

LEGENDS FÓR FIGURES

F IG U R E  1. Solar neutrino energy  spectrum, f r o m  the model

o f  Bahcall  & U lr ich  (1971). Solid l ines: pp-chain neutrinos. Broken

- 2 -1l ines:  CN cyc le  neutrinos.  Fluxes a re  in units o f  no. cm  sec

-1 -2 -1
M e V  fó r  continuum sources and no. cm sec fór  l ine sources.

F IG U R E  2. The l ow -en e rgy  cross  section factor  fó r  the c r i t ica l

7 8 
react ion Be(p.-y) B , la r g e ly  f r om  the data of Kavanagh, Tom bre l lo ,

M osher  & Gossman (1969) (see a lsó Kavanagh 1972), is exhibited. The

smooth curve is a norm a l ized  rep l ica  o f  a theoret ica l  curve g iven by 

T om b re l l o  (1965). The boxes a re  the data of  P a rk e r  (1966a, b, 1968). 

The data o f  Vaughn, Cha lmers ,  Koh ler  & Chase (1970), in the reg ion  

> 1 M e V  (nőt shown he re ) ,  a re  sys tem at ica l ly  low er  by about 25 %.
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THE BACKGROUND EFFECTS IN THE SOLAR NEUTRINO EXPERIMENT

R.Davis, Jr., Brookhaven National Laboratory, Upton
A.W.Wolfendale and E.C.M.Young* , Department of Physics, University of Durham,
Durham/Presented by E.C.M.Young/

ABSTRACT

The background effects in the solar neutrino experiment are investigated.
The expected rate of Ar37 production by cosmic ray muons as a function of depth 
underground is calculated and compared with measured values at shallow depths.
The muon background at the main detector at U»UOO m.w.e. is then estiffl&ted.
The expected background from cosmic ray neutrinos is alsó estimated.

It is shown that upper limits to the photonuclear cross section up to 
energies~150 GeV can be derived from this estimate.

1. Introduction
The problem of the detection of neutrinos from the sün and the 

possibility of determining the temperature of the solar core from a 
measured neutrino flux are well known. During the last few years Davis 
et al. (196U, 1968, 1971) have mounted a large underground experiment at 
a depth of U,UOO metres water equivalent to search fór solar neutrinos ^  
by detecting radioactive argon atoms from the reaction Cl ( Ve, e ) Ar , 
the Cl37 being contained in 10^ gallons of C^Cl^.

Inevitably there is a background against which the signal is to be 
detected and in this case it is provided mainly by the reaction Cl 
(p, n) Ar37, the protons being derived from local interactions of fást 
cosmic ray muons. The electron and muon neutrinos produced in the 
atmosphere by cosmic rays alsó contribute to a smaller extent to the 

background.
When the experiment was conceived the background was expected to 

be at least an order of magnitude below the neutrino signal bút the 
signal has in fact turnéd out to be very much smaller than predicted 
(Davis, 1971, 1972). The reason fór this low value is still the subject 
of much debate amongst astrophysicists and a number of explanations have 
been pút forward (e.g. Bahcall et al., 1971.)

*On leave from the University of Hong Kong
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What concerns us in the present paper is the relevance of the 
37measurements of Ar production to our understanding of underground 

cosmic ray phenomena. If the whole of the signal is attributed to 
muon and cosmic ray neutrino backgrounds, that is it is assumed that 
solar neutrinos give a negligible contribution, then an upper limit can 
be pút on the magnitude of the muon cross section fór interactions in 
which secondary protons and neutrinos are produced. Such a limit has 
interest fór two reasons:

(i) Two experiments performed recently have suggested the 
existence of aoomalies in the underground muon characteristics, namely, the 
Utah project (Bergeson et al., 1968, 1971) in which the angular distribu- 
tion of muons above 1000 GeV is found to be nőt as expected, and the Turin 
work (Baschiera et al., 1970, 1971) in which an apparent excess of 
stopping muons is observed.

(ii) In the absence of anomalies, the source of the muon back
ground is muon interactions by way of the Virtual photon flux 
accompanying the muon. The yield of secondaries is related to the 
magnitude of the photonuclear cross section and there is thus the 
possibility of máking an indirect determination of the magnitude of 
this quantity, averaged over quite a wide rangé of energy, at energies 
above those available in conventional accelerator studies.

In previous work (Ryajskaya and Zatsepin, 1965; Wolfendale, 1969) 
attention was directed towards predicting the expected muon background 
at h,hOO m.w.e.; in the present work predictions are made as a 
function of depth and comparison is made nőt only with the data from 
the main detector at U,U00 m.w.e. bút alsó with measurements with 
subsidiaiy detectors at shallower depths. The cosmic ray neutrino 
background, which does nőt depend on depth, is alsó estimated.

2. Muon Background

As has been remarked alreaoy, the muon background arises from 
protons associated with muons. These protons come from a number of 
processes, viz: protons produced in p. capture, and fást muon inter-

35 35actions, and protons from neutron interactions: Cl (n,p) S , the
neutrons coming from the same processes. The contribution from 
li” capture falls quite rapidly with depth, following the diminishing
stopping/penetrating muon ratio (fór example in a target of 100' g cm—2
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Grupen et al., 1972, estimate ratios of 6.8 x 10 , 6.5 x 10 , and
1.3 x 10 3 at 25, 300 and U,U00 m.w.e. respectively). The measurements 
of Short (1965) and the characteristics of the n~ capture process and 
fást p-star production have been used to estimate the contribution from 
the former as a function of depth. At 25 m.w.e. it is estimated that 20% 
of the measured background comes from p. capture and at the greater 
depths the p. capture contribution is found to be negligible.

In what follows we consider the problem of predicting the expected 
variation with depth of the background due to fást muon interactions.
There can be no question of making absolute predictions since the details 
of the energy distribution, and cross sections fór interaction, of the 
protons and neutrons in the C^Gl^ are nőt known with sufficient
precision. It is illuminating to consider that the efficiency of produc-

37 -7ing Ar atoms with neutrons from Ra-Be source is only x 10 atoms per
neutron (Davis et al. 1968) whereas, working back from the predicted count
at the greatest depth and knowing the number of penetrating muons and
details of their interaction cross section (Short, 1965) it appears that
the efficiency here is ~7 x 10-^ atoms per secondary proton. There is
thus a considerable difference in efficiency of protons and neutrons.

Protons will alsó be produced in (Y,p) reactions, the Y's arising 
from electromagnetic cascades coming from muon-electron collisions, 
direct pair production and bremsstrahlung.

Protons from all sources will be generated more efficiently the 
higher the muon energy and the variation of this efficiency with energy 
and thus with depth is required. Estimates of this variation are based 
on the following results:

(i) the predicted variation of neutron yield with muon energy 
(Ryajskaya and Zatsepin, 1965).

(ii) the measured neutron yeild from muon interactions in thick 
targets (Meyer et al. 196U; Ailkofer and Andresen, 1968).

(iii) the predicted variation of slow pion secondaries with muon 
energy (e.g.:Grupen et al. 1972).

aAll tne variations can be represented as E , where a is a slowlyM-
varying function of E , and the different processes all give a - 0.7

M- _

fór the rangé of muon energies in question: ~5-300 GeV. In the

-2
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present work we adopt the predictions referred to in (iii) which give 
a = 0.88, 0.77 and 0.67 fór E = 10, 50 and 300 GeV, respectively.
Insofar as pions, like protons, are produced in the secondary cascades 
it seems reasonable to take this component although the results using 
the neutron component would nőt be significantly different. The relatíve 
Ar^  rate then follows as R(d) = f ^iCűjd) Ea(e,d). 2n sin 9 dO

J  0 ^
where 0 is the zenith angle. This integrál has been evaluated using the 
well known relation I (0) = 1^ cosn ö, where n is an increasing function 
of depth, and the variation of with depth given by Craig et al. (1968).

Fór the variation of vertical intensity, Iy, with depth the values 
given by Osborne et al. to 1000 m.w.e. and the recent survey of Groom 
(1971) at greater depths have been used. Fór example, the intensities 
are 1.90 x 10 ^, 2.90 x 10 ^ and U.UU x 10 ^cm 2s ^sr ^ at 25, 300 and 
U,U00 m.w.e. respectively. After correcting fór the 20% p.-capture at 
25 m.w.e. R(d) has been normalised at that depth with the result shown 
in Figure 1. This curve then represents our estimate of the muon back
ground as a function of depth.

3. Comparison of Prediction with Experiment

The theoretical predictions are compared with the experimental values
which have been obtained with a smaller tank containing 1850 gallons of

37C^Cl^ exposed at several depths. At these shallower depths all the Ar 
production rate is due to muon interactions. Agreement at these depths 
will give greater confldence of the prediction at the main detector at 
U,U00 m.w.e.

As the ground surface above the detector tank locations is nőt fiat,
the vertical depths must be corrected fór the change in muon
intensities fór the same zenith bút different azimuthal angles. These

37corrections have been made and the experimental values of the Ar 
production rate at depths 275, 1'08, 620 and 1080 m.w.e. respectively 
are shown in Figure 1 where the predictions are compared. It can be
seen that agreement is good. At the depth of U,U00 m.w.e. the
predicted background from muon interactions is estimated to be 0.065 
per day per 10^ gallons of C^Gl^.
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Cosmic ray neutrinos contribute to the background through the following
processes: Cl^( V Cl"^( y_ , e-) k r^ . Here the main contribu-

M- e
tion comes from neutrinos in the energy rangé 200-800 MeV. In this energy
rangé, the neutrínó intensity is affected by the local geomagnetic cut-
off rigidity. In the present calculation the low energy neutrínó spectra
given by Tam and Young (1971) have been used with appropriate corrections
fór the geomagnetic effect. The cross sections fór the above processes are
different from the well-known cross sections (see, fór example, Young,
1967; Budagov et al., 1969) fór free nucleons, fór two reasons; firstly,
reactions can occur only when the recoil proton achieves a momentum allowed
by the Exclusion Principle and, secondly, the recoil proton may be so
energetic as to escape from the nucleus - the resulting nucleus will nőt
contribute to the background. Allowance has been made fór these effects
using the results of l/vseth (1963) and Bell and I/ívseth (1961|.). The
result is a considerable reduction in the cross section when the nucleons
are bound in the nucleus.

The background from the cosmic ray neutrino interactions has been
37estimated and the totál contribution to the Ar production is found to 

be0^02Uper day per 10^ gallons of C^Cl^.

5. Discussion
The prediction fór the muon background is based on the assumption

of a constant photonuclear cross section at photon energies above a few
GeV. Any experimental excess above the predicted background can thus 
be attributed to a photonuclear cross section, <T,, higher than that 
pertaining to muons at 21? m.w.e., solar neutrinos or somé anomaious 
behaviour of the muon (or a mixture of all three).

Adopting the first possibility, values of <Ty can be derived,
and are shown in Figure 2. The value of is taken to be a little less
than É|j/2, this being the médián energy of the Virtual photons 
responsible fór the interactions which give the background. Alsó shown 
in Figure 2 are the recent values of 0 \  from the underground experiment 
of Bezrukov et al.

U. Cosmic Ray Neutrínó Background
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present work we adopt the predictions referred to in (iii) which give
a = 0.88, 0.77 and 0.67 fór E = 10, 50 and 300 GeV, respectively.M'
Insofar as pions, like protons, are produced in the secondary cascades 
it seems reasonable to take this component although the results using 
the neutron component would nőt be significantly different. The relative 
Ar^  rate then follows as R(d) = f ^2l(9,d) Éa(9jd). 2n sin 9 dO

J  0 ^
where 9 is the zenith angle. This integrál has been evaluated using the 
well known relation I (9) = Iy cos11 9, where n is an increasing function 
of depth, and the variation of E with depth given by Craig et al. (1968).

Fór the variation of vertical intensity, Iv, with depth the values 
given by Osborne et al. to 1000 m.w.e. and the recent survey of Groom 
(1971) at greater depths have been used. Fór example, the intensities 
are 1.90 x 10 2.90 x 10 ; and U.UU x 10 ^cm 2s 1sr 1 at 25, 300 and
U,U00 m.w.e. respectively. After correcting fór the 20$ p^capture at 
25 m.w.e. R(d) has been normalised at that depth with the result shown 
in Figure 1. This curve then represents our estimate of the muon back
ground as a function of depth.

3. Comparison of Prediction with Experiment

The theoretical predictions are compared with the experimental values
which have been obtained with a smaller tank containing 1850 gallons of

37C^Cl^ exposed at several depths. At these shallower depths all the Ar 
production rate is due to muon interactions. Agreement at these depths 
will give greater confidence of the prediction at the main detector at 
U,U00 m.w.e.

As the ground surface above the detector tank locations is nőt fiat,
the vertical depths must be corrected fór the change in muon
intensities fór the same zenith bút different azimuthal angles. These

37corrections have been made and the experimental values of the Ar 
production rate at depths 275, b08, 620 and 1080 m.w.e. respectively 
are shown in Figure 1 where the predictions are compared. It can be
seen that agreement is good. At the depth of U,U00 m.w.e. the
predicted background from muon interactions is estimated to be 0.065 
per day per 10^ gallons of C^Cl, .
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Cosmic ray neutrinos contribute to the background through the following
processes: C 1 ^ ( V  and Cl^( )/_ , e”) Ar^. Here the main contribu-4 e
tion comes from neutrinos in the energy rangé 200-800 MeV. In this energy
rangé, the neutrino intensity is affected by the local geomagnetic cut-
off rigidity. In the present calculation the low energy neutrino spectra
.given by Tam and Young (1971) have been used with appropriate corrections
fór the geomagnetic effect. The cross sections fór the above processes are
different from the well-known cross sections (see, fór example, Young,
1967; Budagov et al., 1969) fór free nucleons, fór two reasons; firstly,
reactions can occur only when the recoil proton achieves a momentum allowed
by the Exclusion Principle and, secondly, the recoil proton may be so
energetic as to escape from the nucleus - the resulting nucleus will nőt
contribute to the background. Allowance has been made fór these effects
using the results of i/vseth (1963) and Bell and I/Svseth (196U). The
result is a considerable reduction in the cross section when the nucleons
are bound in the nucleus.

The background from the cosmic ray neutrino interactions has been
37estimated and the totál contribution to the Ar production is found to 

be0r02iiPer day per ÍO'’ gallons of C^Cl^.

5. Discussion
The prediction fór the muon background is based on the assumption

of a constant photonuclear cross section at photon energies above a few
GeV. Any experimental excess above the predicted background can thus 
be attributed to a photonuclear cross section, <rY, higher than that 
pertaining to muons at 25 m.w.e., solar neutrinos or somé anomalous 
behaviour of the muon (or a mixture of all three).

Adopting the first possibility, values of CTy can be derived,
and are shown in Figure 2. The v&lue of Ey is taken to be a little less
than ÉJ2, this being the médián energy of the Virtual photons 
responsible fór the interactions which give the background. Alsó shown 
in Figure 2 are the recent values of 0 \  from the underground experiment 
of Bezrukov et al.

U. Cosmic Ray Neutrino Background
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present work we adopt the predictions referred to in (iii) which give
a = 0.88, 0.77 and 0.6? fór E = 10, 50 and 300 GeV, respectively.M*
Insofar as pions, like protons, are produced in the secondary cascades 
it seems reasonable to take this component although the results using 
the neutron component would nőt be significantly different. The relatíve 
Ar^  rate then follows as R(d) = f ^^iCöjd) Ea(0,d). 2n sin Ö dQ

J  0 ^
where Q is the zenith angle. This integrál has been evaluated using the 
well known relation I (6) = 1^ cos11 0, where n is an increasing function 
of depth, and the variation of E with depth given by Craig et al. (1968).

Fór the variation of vertical intensity, Iv , with depth the values 
given by Osborne et al. to 1000 m.w.e. and the recent survey of Groom 
(1971) at greater depths have been used. Fór example, the intensities 
are 1.90 x 10 2.90 x 10 ^ and U.UU x 10 ^cm 2s ^sr at 25, 300 and
U,U00 m.w.e. respectively. After correcting fór the 20% p-capture at 
25 m.w.e. R(d) has been normalised at that depth with the result shown 
in Figure 1. This curve then represents our estimate of the muon back
ground as a function of depth.

3. Comparison of Prediction with Experiment

The theoretical predictions are compared with the experimental values
which have been obtained with a smaller tank containing 1850 gallons of

37G^Cl^ exposed at several depths. At these shallower depths all the Ar 
production rate is due to muon interactions. Agreement at these depths 
will give greater confidence of the prediction at the main detector at 
U,U00 m.w.e.

As the ground surface above the detector tank locations is nőt fiat, 
the vertical depths must be corrected fór the change in muon 
intensities fór the same zenith bút different azimuthal angles. These 
corrections have been made and the experimental values of the Ar^  
production rate at depths 275, L'08, 620 and 1080 m.w.e. respectively 
are shown in Figure 1 where the predictions are compared. It can be 
seen that agreement is good. At the depth of U,U00 m.w.e. the 
predicted background from muon interactions is estimated to be 0.065 
per day per 10^ gallons of C2C\ ‘
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Cosmic ray neutrinos contribute to the background through the following
37 37 37 í 37processes: Cl (V ,p.")Ar and Cl ( , e~) Ar . Here the main contribu-fi e

tion comes from neutrinos in the energy rangé 200-800 MeV. In this energy 
rangé, the neutrino intensity is affected by the local geomagnetic cut- 
off rigidity. In the present calculation the low energy neutrino spectra 
.given by Tam and Young (1971) have been used with appropriate corrections 
fór the geomagnetic effect. The cross sections fór the above processes are 
different from the well-known cross sections (see, fór example, Young,
19ó7j Budagov et al., 1969) fór free nucleons, fór two reasonsj firstly, 
reactions can occur only when the recoil proton achieves a momentum ailowed 
by the Exclusion Principle and, secondly, the recoil proton may be so 
energetic as to escape from the nucleus - the resulting nucleus will nőt 
contribute to the background. Allowance has been made fór these effects 
using the results of l/vseth (1963) and Bell and I/$vseth (196U). The ' 
result is a considerable reduction in the cross section when the nucleons 
are bound in the nucleus.

The background from the cosmic ray neutrino interactions has been
37estimated and the totál contribution to the Ar production is found to 

be0^02UPer Per 10^ gallons of C^Cl^.

5. Discussion

The prediction fór the muon background is based on the assumption 
of a constant photonuclear cross section at photon energies above a few 
GeV. Any experimental excess above the predicted background can thus 
be attributed to a photonuclear cross section, <rv  higher than that 
pertaining to muons at 25 m.w.e., solar neutrinos or somé anomalous 
behaviour of the muon (or a mixture of all three).

Adopting the first possibility, values of CTy can be derived, 
and are shown in Figure 2. The v&lue of Ê . is taken to be a little less 
than É^/2, this being the médián energy of the Virtual photons 
responsible fór the interactions which give the background. Alsó shown 
in Figure 2 are the recent values of 0~y from the underground experiment 
of Bezrukov et al.

U. Cosmic Ray Neutrino Background
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present work we adopt the predictions referred to in (iii) which give 
a = 0.88, 0.77 and 0.67 fór E = 10, 50 and 300 GeV, respectively.H*
Insofar as pions, like protons, are produced in the secondary cascades 
it seems reasonable to take this component although the results using 
the neutron component would nőt be significantly different. The relatíve 
Ar"^ rate then follows as R(d) = f ^ 2l(ö,d) Ea(0,d). 2n sin 9 dQ

J  0
where Q is the zenith angle. This integrál has been evaluated using the 
well known relation I (6) = I cos11 0, where n is an increasing function
of depth, and the variation of É with depth given by Craig et al. (1968).H*

Fór the variation of vertical intensity, 1^, with depth the values 
given by Osborne et al. to 1000 m.w.e. and the recent survey of Groom 
(1971) at greater depths have been used. Fór example, the intensities 
are 1.90 x 10 2.90 x 10 ^ and U.UU x 10 ^cm ^sr ^ at 25, 300 and
U,U00 m.w.e. respectively. After correcting fór the 20% p-capture at 
25 m.w.e. R(d) has been normalised at that depth with the result shown 
in Figure 1. This curve then represents our estimate of the muon back
ground as a function of depth.

3. Comparison of Prediction with Experiment

The theoretical predictions are compared with the experimental values
which have been obtained with a smaller tank containing 1850 gallons of

37C^Gl^ exposed at several depths. At these shallower depths all the Ar 
production rate is due to muon interactions. Agreement at these depths 
will give greater confidence of the prediction at the main detector at 
U,U00 m.w.e.

As the ground surface above the detector tank locations is nőt fiat, 
the vertical depths must be corrected fór the change in muon
intensities fór the same zenith bút different azimuthal angles. These
corrections have been made and the experimental values of the Ar"^ 
production rate at depths 275, 1'08, 620 and 1080 m.w.e. respectively 
are shown in Figure 1 where the predictions are compared. It can be
seen that agreement is good. At the depth of U,U00 m.w.e. the
predicted background from muon interactions is estimated to be 0.065 
per day per ÍO'’ gallons of C^Gl^.
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Cosmic ray neutrinos contribute to the background through the following*5'7 0*7 07
processes: Cl (V ,̂M- )Ar 1 and Cl ( Vg , e ) Ar . Here the main contribu
tion comes from neutrinos in the energy rangé 200-800 MeV. In this energy 
rangé, the neutrino intensity is affected by the local geomagnetic cut- 
off rigidity. In the present calculation the low energy neutrino spectra 
.given by Tam and Young (1971) have been used with appropriate corrections 
fór the geomagnetic effect. The cross sections fór the above processes are 
different from the well-known cross sections (see, fór example, Young,
1967; Budagov et al., 1969) fór free nucleons, fór two reasons; firstly, 
reactions can occur only when the recoil proton achieves a momentum allowed 
by the Exclusion Principle and, secondly, the recoil proton may be so 
energetic as to escape from the nucleus - the resulting nucleus will nőt 
contribute to the background. Allowance has been made fór these effects 
using the results of i/vseth (1963) and Bell and I^vseth (196U). The 
result is a considerable reduction in the cross section when the nucleons 
are bound in the nucleus.

The background from the cosmic ray neutrino interactions has been
37estimated and the totál contribution to the Ar production is found to 

be 0 JO2k per day per ÍO'’ gallons of C^ Cl^.

5. Discussion

The prediction fór the muon background is based on the assumption
of a constant photonuclear cross section at photon energies above a few
GeV. Any experimental excess above the predicted background can thus 
be attributed to a photonuclear cross section,<J~., higher than that 
pertaining to muons at 25 m.w.e., solar neutrinos or somé anomalous 
behaviour of the muon (or a mixture of all three).

Adopting the first possibility, values of <Ty can be derived, 
and are shown in Figure 2. The value of is taken to be a little less 
than É^/2, this being the médián energy of the virtual photons
responsible fór the interactions which give the background. Alsó shown
in Figure 2 are the recent vslues of 0~y from the underground experiment 
of Bezrukov et al.

U. Cosmic Ray Neutrino Background
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Apart from the point at the greatest depth, the assumption that
fást rmions provide virtually the whole of the background is very
reasonable and the agreement between the values of CTy derived by the
two methods gives confidence in the method. There is thus nőt much room

37fór uncertainty in the predicted background at U,UOO m.w.e: 0.09 Ar
atoms in 105 gallons of C^Cl^ per day. „The measured production rate 
is 0.18 *0.10 per day (Davis, 1972), i.e. less than one standard 
deviation above the background. Clearly, at the present time there is 
still no firm evidence that solar neutrinos have been detected.
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Fig 1 Ar production rate vs depth

Fig.2. Photonuclear cross section vs photon energy
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THE INVESTIGATION OF THE BACKGROUND IN THE SOLAR NEUTRINO PROPORTIONAL 
COUNTERS (DISCUSSION REMARK)

I.R.Barabanov, A.A.Pomansky, Institute of Nuclear Research of the USSR 
Academy of Science, Moscow

Colar neutrino experiments require counters with an extreme 
low intrinsic background / < c i count per day/. The counter background, 
like that of any detector, deponds on I/the radioactive contaraination 
of the counter material; 2/the ^radiation of natural radioactive 
isotopca being preaent in the laboratory environment; 3/cosmic raya.

All the calculationa and experimental data preaented in this 
paper are obtained fór the counters with 30 mm length, 5 mm diameter 
and 0 .3 mm wall thiclcnesa, becauae just the counter of thia type 
haa been used to count Ar in Davis’ experiment. The obtained 
result3 could be appxied to any detector.

The background of radioactive contaminations in counter materiale 
depends mainly on /3-activity because activity ia of the aame 
order bút the efficiency of quantura regi3tration in the counter 
ia about l'/o . The main /3-activity dependa on the iaotopes of the 
uránium and thorium radioactive families and potasaium 40. Totál 
count rate in all region of pul3ea fromy3-activity

Ng =I.5xI0^o<y ^counts/day; =1.3xI0"W ̂ count3/day

N/Ar37/ Htotal-
37 —9v/e shall have I count per month in Ar region if o< ̂  1°

g/U,Th/ and c*K < i o -5 gK in one gramm of the counter material.
The background of^-rays from ambient materiala.

The material3 of u3ual laboratory rooms /concrete, briclc etc./ 
contain uránium and thorium in a quantity of 10 g/U+Th/ and

_ppotaasium in a quantity of 10 gK in one gramm of ambient materials. 
Totál count rate ia

=0.85x1 0 ^0^y Thcounts/day; N̂ > =4.3x 1 0 ^ 0< ̂ counta/day.
'.Ve 3hall have that I count per month in A r ^  region r- |uires the3shield attenuating outer ^-background more than I0-\
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Cocraic ray background.
This lcind of background is due to direct muon penetration through 

the counter as y  or corpuscular emission produced by interactions 
of muons. The cosmic ray background of the first type may be excluded 
by an anticoincidence system, therefore we shall talce intő con3Ídera- 
tion only the background of the second type. y  -emission results 
from: electromagnetic interactions of muons; capture of f*  

inelasting scattering and radiation capture of neutrons produced 
from -capture and photonuclear interactions of muon3;
brems3trahlung and following annihilation of po3itrons produced in 
yw+-decay; production of y -active isotopes taking piacé at cap
ture and thermal neutron capture.

^  -ray background being in equilibrium with muons has been determi- 
ned experimentally and was equal 1/40 counts per hour. The calculation 
of the totál background resulting from muon interactions gives 
N* =2.4 counts per day. To decrease this type of background the 
installation should be placed underground.

The experimental study of counter background.
37Besides usual active and passive 3hields the background in Ar 

region may be decreased by using the rise-time di3crimination. V/e 
have carried out the calculation of the pulse shape fór the case of 
point and track ionizations. The calculation has shown that rise- 
time of an initial part of the pulses was equal to 20 nsec fór 
point and -v/ 50 nsec fór track ionizations at wire diameter 8/* • 
Experimental study of the pulse shape ha3 confirmed the calculations.

It is reasonable to piacé the counter at great depth underground 
because in this case the necessity fór an anticoincidence disappears 
due to small flux of muons. It must essentially simplify the construc- 
tion of the shield from surrounding radioactivity to obtain

0 25 50 75 100 125 /50

n sec
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NEW APPROACHES TO THE SOLAR NEUTRINO PUZZLE*

K.Lande, G.Bozóki and C.K.Lee, Physics Department, University of Pennsylvania 
Philadelphia
E.Fenyves, Physics Department, University of Texas at Dallas

I. Introduction *■

The attempt to ve r ify  d irect ly  the nuclear fusion power 

soitrce of the sün, the search fór solar neutrinos, has reached a 

dramatic and unanticipated stage.

Recently Davis^^ has reported an upper lim it fór the inter-
37 —36 37

action rate o f solar v with Ct  o f 1 x 10 interactions/Cie
sec., compared with the predictions of the standard solar

/ 0\ _ Q
models o f 9 x 10~ interactions/Cjí sec. These results can-

not be understood in terms o f the usual solar models or in any

(3)reasonable variations of them .

Two classes o f suggestions fór explaining the puzzle o f the 

missing solar neutrinos have been proposed. One o f these suggests

(3)that the solar neutrino production rate is time dependent and 

that the problem therefore l ie s  in the natúré o f the solar model.

This time dependence could either involve the nuclear energy gen- 

eration rate and therefore may manifest i t s e l f  in a time variation 

o f the solar constant, or i t  could involve a time dependence o f 

central solar temperature and thus mainly e ffec t  the neutrino
O

emission rate from B decay and to a lesser extent the formation 

o f Be7 and so its  subsequent electron capture.

We do nőt propose to engage in the construction o f solar 

models bút rather w i l l  merely explore the terres tr ia l e ffects 

that might result from such solar behavior. A variation of the
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so lor constant, o f course, w i l l  cause a change in the ea rth 's  

111 enn temperature and hence we are immediately led to an examina- 

tion o f the e a rth 's  temperature h isto ry .

I I .  Temperature History o f the Earth

There appear two c lea r patterns; one involves a long term 

p er io d ic ity  consisting o f warm periods o f about 2.00-250 x 10^ 

years long in terspersed  with short cold periods o f the order o f  

10 x 10^ years^ ’ "*’ ^  (See F ig. 1 ). The other pattern consists
4

of a fin e  structure w ithin  these cold periods with a 9 x 10 

year period , the v a lle y s  o f which correspond to the ice  ages .

At present we are in a cold period near a fin e  structure peak.

At least two previous cold periods have been estab lished  

and the existence o f a th ird  and fourth one is  suspected.

The evidence fó r the fin e  structure is  w e ll estab lished  

only fó r the present cold per i od^7 . There i s ,  as y e t , no 

c lea r ind ication  o f i t s  ex istence^ '* during previous cold  

periods, nor, indeed is  there any reason to b e lieve  that i t  i s ,  

or is  nőt, present during the warm periods.

There are severa l g eo lo g ica l models to account fó r the fin e  

structure on the bas is  o f various t e r r e s t r ia l  e f f e c t s W e  

wish, however, to focus on the long term p e r io d ic ity . Nőt only 

have no te r re s t r ia lly -b a s e d  theories been advanced to account 

fó r th is phenomenon, bút there is  no t e r r e s t r ia l  time constant
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that approaches 108 y ea rs ( U ) . It  is  d i f f i c u l t (12) , i f  nőt im- 

possib le , to demonstrate any causal re lationshrp  between the 

earth 's  temperature v a ria tio n  and the nuclear reaction rate  in 

the so lar core. In order to e s tab lish  such a lin k , i t  would be 

necessary to f i r s t  e s ta b lish  the e a rth 's  neutrino bombardment 

hlstory and then to co rre la te  that h isto ry  with the time depend

ence o f the e a rth 's  temperature va ria tion  corrected fó r the -10 

years time lag  between the thermal and neutrino tran s it  times o f  

the sun^^ - a form idable task.

I I I .  Neutrínó Archeology

The in tegrated  neutrino f lu x  incident on the earth during 

i t s  h is to r y  i s  recorded in the nuclear tran sition s induced by 

these neutrinos. Of p a rt ic u la r  in te rest is  the simulated 

double béta  decay which involves

fo llow ed  by

+ AZ -  AZ+1 + e'

*7
, c  aZ+1 > mass o f  A . A measure o f  thefó r  cases where the mass o f  A

r r A Z + 2  ín  nifi ores  o f  AZ p rov ides  an in teg ra -f r a c t io n a l  amount o f  A in  o ld  ore& oj. f

tion o f the incident » e f lu x  over the age of. the őre. The

analysis techn iques in v o lv e d  a re  s im i la r  to those employed by
(15) , 128 

Kirsten et a l . (14 ) and Takeoka and Ogata1- to  measure the Te ,

Te130  and Se82 double béta decay life t im e s . By examining various

elements AZ with d if fe re n t  energy thresholds and ores o f d i f f e r -
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ing ages i t  is p o ss ib le , in p r in c ip le , to e stab lish  both the

neutrínó speetrum and the time dependence of the flu x . Unfor-

— 18 Z4~ 2lim ato ly , the s e n s it iv it ie s  required, about 10 gms o f A" per 

Z
gm o f A J, are severa l orders o f magnitude g reater than those in -

volved in the te llu rium  and selenium experiments. Recently, a

jo in t  General E lectric -L o s  Alamos g r o u p ^ ^  has carried  out a

244successfu l search fó r traces o f  Pu in an old  precambrian Cesi-

-19iim őre. They were ab le  to detect a concentration o f 10 gms 

244Pu per gm o f ő re , an order o f magnitude greater s e n s it iv ity  

than required fó r the so la r  neutrino induced double béta decay.

One more point should be made with respect to the earth 's  

temperature h isto ry . The average warm period temperature has 

been about 10°C. higher than the present average earth tempera- 

t u r e ^ ^ ’ ^ ^  . I f  we assume that the earth is  in rad ia t iv e  equi- 

librium  with the sün and that the earth 1 s albedo is  the satne now 

as i t  was during the warm periods, then the 3$ increase in 

ea rth 's  temperature im plies a 12$ increase in the so la r  constant 

and so a 12$ increase in the sun 's typ ica l cen tra l temperature. 

Recai’se o f the high power dependence o f neutrino production, es-
g

./ccially from B , on cen tra l so la r  temperature, during the warm 

periods there may have been e ffe c t iv e  so la r  neutrino induced 

tran sition  rates an order o f magnitude greater than those pre

dicted by the present so la r  models. This thought at least  

harbors a l i t t l e  hope fó r attempting neutrino archeology.
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IV. Neutrino P e c u lia r it ie s

Tho second e lá s s  o f  su ggest ions  to  e lu c id a te  the so la r

neutrino puzzle proposeschanges in n eu tr ino  ch aracter  in the in -

terval between production  in  the sün and a r r i v a l  a t the earth  so

that the s o la r  n eu tr in o  no lon ge r  behaves l i k e  a u at the

(19)earth . One o f  these  p rop osa ls ,  by Bahca ll e t a l . ,  y po in ts

out that we cannot exclude the p o s s i b i l i t y  that the decays

w ith  a mean f r e e  path o f  ~1 0  ̂ km, a d is ta n ce  la r g e  compared w ith

t e r r e s t r ia l  dimensions bút sm all on the s t e l l a r  s c a le .  This

decay process r eq u ir e s  a new, ex trem ely  weak in t e r a c t io n  that

v i o l a t e s  lep ton  co n se rva t ion .

Another approach that a ls ó  in v o lv e s  lep ton  nonconservation

( 20 2 1 )
is  a su ggest ion  by P o n te co rv o v ’ tha t th e re  occur neu tr ino

o s c i lla t io n s  between v and u analogous to  K °, K° o s c i l l a t i o n s .
e jx

These o s c i l l a t i o n s  have the e f f e c t  o f  reducing a v & beam to  an

average o f  1 /2. o f  i t s  o r i g in a l  in t e n s i t y  a t  d is tan ces  la r g e

( 22 )compared to  the o s c i l l a t i o n  p e r io d .  R e ce n t ly ,  P on teco rvo ' 

has extended th is  id ea  to  a system o f  N lep tons  so that the u 

beam is  e v e n tu a l ly  reduced to  l/N o f  i t s  o r i g in a l  in t e n s i t y .

The decay and o s c i l l a t i o n  hypotheses d i f f e r  in  t h e i r  exper- 

imentaj d.-í e c t a b i l i t y . I f  a g e n e r a l i z e d  n e u t r in o -e le c t r o n  

s c a t t e r in g  in t e r a c t io n  e x is t s  w ith  comparable s tren g th  fó r  a l l  

neu tr inos , then a d e te c to r  based on ,,-e s c a t t e r in g  w i l l  nőt 

be e f f e c t e d  by n eu tr in o  o s c i l l a t i o n .  The s i tu a t io n  fó r  such a
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doLec io r  in the case o f  neu tr ínó  decay may be q u ite  d i f f e r e n t .

The rad io -ehem ica l d e te c to r ,  however, is  rendered in s e n s i t i v e  

by both p roposa ls .

V. Neutrino Astronomy

The long c h a r a c t e r i s t i c  lengths  inheren t in  these sugges- 

t ion s  e l im in a te  the l ik e l ih o o d  that the phenomena in  question  

can be in v e s t ig a t e d  w ith  t e r r e s t r i a l  n eu tr in o  sources. We must 

thus r e l y  on s t e l l a r  sources , e i t h e r  steady ones such as the 

sün, or pulsed ones such as c o l la p s in g  s ta rs .  An absence o f  

d e tec ted  n eu tr inos  from e i th e r  o f  these  c la ss es  o f  sources 

would le a v e  u ncerta in  whether th is  lack  o f  n eu tr in o  s ign a l 

should be a t t r ib u te d  to  the c h a r a c t e r i s t i c s  o f  the rea c t io n s  in 

the source or to  the b ehav io r  o f  the neu tr inos  between source 

and d e te c to r .  The d e te c t io n  o f  n eu tr in o s , on the o ther hand, 

would im m ediately e l im in a te  the decay hypothes is  and would 

l im i t  the o s c i l l a t i o n  p o s s i b i l i t i e s .

Collapsing stars represent the primary source o f s t e l la r  

neutrino pu lses. The frequency o f such events in our galaxy has 

a lower bound o f 1/30 per year set by the frequency o f supernova
/ O/ or \

occurrence ’ , a l i k e l y  va lu e  o f  ~ l /3  per yea r  based on
/ oz:\

the s t e l l a r  popu la tion  and mass d is t r ib u t io n s  , and an upper

bound o f  ~ l/day based on the p o s s i b i l i t y  that the sources o f  

(27)Weber pu lses a re  a ls ó  in ten se  sources o f  neu tr ino  pu lses .

The f e a s i b i l i t y  o f  such searches has been discussed by
*
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Zatsepin and co llabo ra to rs . They stress the necessity of

using large  volume detectors and o f operating in a background

f r e e  environment. Furthermore, the use o f a technique, sim ilar

(29)to that employed by Weber , involving corre lation s between 

widely separated detection stations w i l l  insure that detected  

pulses are o f an e x t r a - t e r r e s t r ia l , and nőt lo c a l , o r ig in .

Since the required techniques are now in hand and adequate 

background reduction is  fe a s ib le ,  only the uncertain ties in the 

predictions o f neutrino pulse in tensity  and th e ir e ffe c t  on de

tector volume stand in the way o f th is  program o f neutrino  

astronomy. I t  is  exc itin g  to look forward to such observations 

and to th e ir contributions to the understanding o f the so lar  

neutrino puzzle.

( 28)
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Oeneratized climatic trends in middle latitudes.
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DOUBLE BÉTA DECAY

E .F io r in i,  I s t i tu to  d i F is ica  d e li 'U n iv e r s itá  d i Milano 
Is t i tu to  Nazionale d i F is ic a  Nucleare - Sezione d i Milano

1. Introduction

The history of double béta decay is  almost as old as that 

of the neutrino . I t  was.in fact only one year a fte r  the Fenni 

theory of béta decay that Maria Goeppert Mayer (^ ) su^ested  

the existence of a process where " a metastable isobar can 

change in a more stable one by simultaneous emission of two 

electrons". In these 37 years a number of usually very sophi_ 

sticated experiments have been carried out to search fó r  this  

elusive process , which has however never been "seen" d irect ly .
•I

I t s  existence has been proved rather unambigously by "indirect"  

methods.

Since the beginning the problewiof double béta decay has been 

s t r ic t ly  connected with the highlights of weak interaction  

physicsjlike  difference between neutrino and antineutrino, 

parity non conservation , lepton non conservation , neutrino 

mass and po larization  and even , as suggested recently , CP 

non conservation.

Let us consider a nuclear t r ip le t  (A ,Z) , (A,Z+1) and (A,Z+2), 

where the single béta decay of (A ,Z ) intő (A ,Z+ l) is  either  

energetically  forbidden , or at le s t  strongly inhibited by 

large change in the spin-parity ground states of the two nuclei. 

Double béta decay is  a transition  where the charge of (A,Z)
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changes "by two units with the emission of two electrons.This  

reaction could in principle  occur in  two channels :

(1 ) (A ,Z ) (A,Z+2) + 2 e"

( 2 ) (A ,Z ) (A,Z+2) + 2 e‘  + 2 vT

where the presence of channel ( l )  would imply , of i t s e l f ,  

lenton non conse^vation . This neutrinoless n  decay could 

occur according to the scheme

( 3 ) n p + e“ +

( 4 ) n ^  p + e"

where ^  is  a Virtual neutrino which , interacting with
the intermediate nucleus , induces its decay with the emission 
of a second electron.

Clearly other decays with double change in nuclear charge 

could occur like :

(5 ) (A ,Z ) —■> (A ,Z -2 ) + 2 e+ ( + 2 ) (double positron emissiofl

( 6 ) 2 e” + (A ,Z ) (A ,Z -2 ) (+ 2 V - ) (double electron capture)

(7 ) e + (A ,Z ) ->  (A ,Z -2 ) + e ( + 2 V j )  (eloctron canture

and positron emission)

The comparison with experiinents is  however much more d i f f ic u lt  

fó r  these decays, where the predicted lifetim es are in generál 

much larger ( ) .We w i l l  lim it ourselves here to double béta 

decay.

The direct detection of double béta decay would a.lready be

a great success ex;nerimentally , since the present experiment a 1
20 21lim its on hn.lf l ives  are of 10' -  10 years. I t  would be

however even ™ore important to nrove the existence of reaction

( 1 ) , whose rate should dominate on that of reaction ( 2 ) i f

KOSWWIX
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the t'-'O m átrix elements are comparable. In fa c t  the phase space 

avai.lp.ble to  decay ( l )  would be much la rg e r  , since th is  decpy 

is  mediated by a V ir tu a l neu trino whose ener-^y can be as high 

as 30-40 r<1eV , namely many times the enert<Ty a v a ila b le  to  

the two neutrinos in  two-neutrino j£|3 decay.

In  rea c tio n  ( l )  the two e le c tron s  share the t o t á l  tra n s it io n  

ener.íry , s ince the r e c o i l in g  energy o f the nucleus is  n e g li_  

p;ib le.A  peak should th e re fo re  appear in  the spectrum o f the 

sum o f the two e le c tro n  en erg ies .

2. bV a lu a tion  o f  the l i f e t i mes fó r  two neutr in o  and n eu trin o less  

double bet a decay

I  w i l l  nőt en ter  in tő  th e o r e t ic a l l  d e ta ils  on double béta

decay s ince lep ton  non conservation  w i l l  be considered theore_

t i c a l l y  in  the ta lk  by p ro f.G .F a rx .t  w i l l  only remind here
2 ^that two neu trino double béta decay is  a lways p o ss ib le  ( ) ,

even i f  lep tons are nőt conserved. This process has been eva_ 

luated as a second order e f f e c t  o f the fa S=0 , f i  Q = + 1 

in te ra c t io n  which is  resnonsable , in  the f i r s t  order , o f 

s in g le  béta decay.

The h a l f  l i fe t im e s  fó r  tw o-neutrino double béta decay are 

renorted  in  Table i f o r  a l l  p o ss ib le  "nuclear t r i p l e t s " . In  th is  

ca lcu la tio n  a l l  nuclear m átrix elements have been assumed to  

be the same and i t  is  in  fa c t  the u ncerta in ty  on these m átrix
, O

elements which is  respon s ib le  f ó r  the la rge  ( 10— ) e r ro r . 

N eu trin o less  double béta decay has been evaluated rec en tly
» C

both as a " f i r s t  order" ( ) and as a "second order" ( ) e f f e c t .
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In  both approach&the decay could in v o lv e  the r o le  o f A , 

resonances , whose precence in  the nucleaus has been recen tly  

in d ica ted  ( ^ ) .  Reactions l ik e  :

( 8 ) A  p + e + e and

( 9 ) n —> + e“  + e “

should enhance the p ro b a b il ity  f ó r  n eu tr in o less  double béta 

decay desp ite  the low p ro b a b ility  fó r  the presence o f these 

resonances in s id e  the nucleus. D eta iled  ca lcu la tion s  on neutrino_ 

le s s  double béta  dexzay on the basis  o f the "second order in te ra c tio i 

approach have been ca rr ied  out by H .Prim akoff and S.P.Rosen( ) .

X have computed from th e ir  form uláé the l i fe t im e s  fó r  

n eu tr in o less  decay w ith  and w ithout resonance reported  in  

Table I  . A lsó  rep orted  in  Table I  are the va lu es based on the 

assumption th a t the l i fe t im e  experim en ta lly  found fó r  ^3^Te 

(s e e  la t e r )  be due only to  n eu tr in o less  p^decay , and that a l l

nu clear m átrix elements be the same. Both assumptions have ve ry
7 8poor ju s t i f ic a t io n s .  In  fa c t  V .A .Khodel ( ) and A.N.Huffmann ( )

have shown that m átrix elements can d i f f e r  among themselves

by up to  an order o f magnitude.

As po^ted out by H .Prim akoff and D.S.Sharp (^ ) lep ton  non

conservation  could be co rre la ted  to  GP non conservation  • The

lep ton  current in  a s in g le  ^ decay could be w r it te n  in  the form

(10 ) L a =  -CV t f j v C ^ - n T s ')  +

where 'Y^describes the e le c tro n  and the neu trino ( a la

Majorana) and the im aginary part o f the complex parameter 

g iv e s  CP non conservation  , w h ile  i t s  modulus g iv e s  lep ton  

non conservation .
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3. Experimental repült.?

The many experiments ca rr ied  out so fa r  on p ^ decay have

been based on " in d ir e c t "  methods , con s is tin g  in  chemical and

mass spectroscon ic  an a lys is  o f samples o f known T e o lo g ic a l age

and on "d ir e c t  methods.

The most recen t experiments w ith  g e o lo g ic a l methods were

on decays o f ^ S e  , ^2^Te and Tej to  ^ K r  , "^^Xe and

^^X e , r e s p e c t iv e l.y . K rip ton  and Xenon have been ex tracted

from rocks o f known g e o lo g ic a l  age and analysed w ith  a m.ass

spectroscope to  d e tec t abnormal ahoundance o f the daughter

iso top es  w ith  respec t to  the atmospheric composition o f K rip ton

and Xenon. The age o f the rock , which in  the e a r l ie r  experiments

was only determiried by g e o lo g ic a l methods is  p resen tly  obtained

a ls ó  from the ahoundance in  the rock o f ^He and ^ A r  from

Uránium and Potassinm decays.

In  the experiment by E .K .G erlin g  e t  a l  ( 10) la rge  excesses

o f Xenon iso top es  128,129,130,131,134 and 136 have been found,

bút the presence o f iso top es  1 2 9 , 1 3 1 , 1 3 4  and 136  has been a t t r i _

buted to  rea c tion s  other than double béta decay, l ik e  sponta_

neous and neutron induced f is s io n  o f uránium , which is  contained
128ra th er aboundantly in  the rock . The presence o f Xe could be

127 128 odue to  the rea c t io n  I  (n  , ) I  fo llow ed  by a s in g le
128decay o f I .  The authors g iv e  th e re fo re  only a low er l im it

128
o f 7.7 x 10 years fó r  decay o f Te. The presence o f

^ °X e  has on the contrary been a ttr ib u te d  to double béta decay, bút

the h a lf  l i fe t im e  is  d i f f i c u l t  to  eva lu ate due to  the p o s s ib i l i t y
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th at somé Xenon may have excaped from the rock as a re s u lt  o f

hydrothermal a lte ra t io n s  during i t s  pas i h in to ry . A d e ta iled

ca lcu la tio n  o f the p ro b a b ility  fó r  Xe to  have d if fu s e d  from
po

the rock g ives  an h a l f  l i f e t im e  o f ( 3 + 0 . 4 )  x l O  years fó r

^ ^ T e .  This va lue i s  lówör than the l im it  o f 3.3 x lO ^ y ea rs

p rev iou s ly  obtained hy R.J.Haiden and M.G.K.Inghram í 11) ,  and
12a lsó  lower than the va lu e found hy K irs ten  e t  a l  ( ) .  I t  should

he taken w ith  somé care due to  a p o ss ib le  öve ié tim á tion  o f the 

Xenon lo s s .

S im ila r experim ents have been ca rr ied  out by N.Takaoka and 

K.Ogata í 1^) and by N.Takaoka í 1^) on variou s samples conta in ing 

Te llu riu m . Excesses o f Xe iso to p es  128,129,130 and 131 have 

been found . The "^^Xe fin d s  no exp lanation  apa.rt double béta

decay o f ^ ^ T e  v/ith an h a lf  l i f e  o f ( 8.0  + x 10 2(̂ years,
0 • 9

The p o s s ib i l i t y  o f xenon lo s s  due to  hydrotherm al a lte ra t io n s

should be can ce lled  by the fa c t  that the K-Ar method has been

used to  eva lu ate the age o f  the rock . In  fa c t  Argon should have

excaped more than Xenon , hűt a comparison w ith  the age o f the

rock determined g e o lo g ic a l ly  in d ica te s  th a t th is  e f f e c t  should
128be n e g l ig ib le .  The p o s it iv e  r e s u lt  on Xe r e q i i r e s  a more

c a re fu l study o f the background : f ó r  instance the mass

spectrom eter has somé "memory e f f e c t "  fó r  Xenon and somé 
128Xe was added to  the atm ospheric Xenon to  t e s t  the apparatus.

1 pO
ro reo v e r  the excess ive  - Xe could be due to  neutron capture

127by I .  There is  th e re fo re  in  my op in ion  no r e á l  evidence fó r
128 2 2double béta  decay o f Te , even i f  a va lue o f 6 x 10 years

was suggested , Th is has been taken as evidence fó r  neutr-mole

double béta decay.
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This la s t  r e s u lt  is  nőt confirmed by the la te s t  experiment 
12by K irs ten  e t a l  ( ) . These authors could use an ex ce llen t

sample o f almost pure -  (99.4 + 0 .6 ) $ -  n a tive  Tellurium  w ith 

a n e g l ig ib le  contam ination by ra d io a c t iv e  elements . A very  care_ 

fü l  mass sp ec troscop ic  an a lys is  in d ica te s  no abnormal d is tr ib u t io n  

fó r  Xe iso top es  other than ^ ° X e ,  whose aboundance is  50 times 

the natúru l abounda,nce in  atmospheric Xenon. The "therm al 

h is to r y "  o f the rock in d ica te s  that somé Hélium , bút no Argon,' 

has escaped by d if fu s io n  ; a Xenon lo ss  tan th e re fo re  be 

excluded "a f o r t i o r i " .  The h a lf  l i f e  fó r  l3 °Te is  2.2 x io 21±0*12 

y ea rs .
15  82 $ 2A s im ila r  experiment ( ' ) on the tra n s it io n  Se -  Kr

a lsó  g ives  a p o s it iv e  r e s u lt  , w ith  an h a lf  l i f e  o f 6 x 1 0 ^ — 3 

y ea rs . These are up to  now the only p o s it iv e  evidences fó r  n  

decay ; they should be confirmed by experiment based on d ir e c t  

methods fó r  at le a s t  two reasons :

a) i t  i s  i  iposs ib le  w ith  g e o lo g ic a l  ; ethods t ó ' d is tin gu ish  

c le a r ly  between n eu tr in o less  and two neutrino double béta decay, 

since the th e o r e t ic a l  va lues fó r  h a l f  l iv e s  are , a t le a s t  fó r  

the moment , u ncerta in  by up to  two orders o f magnitude;

b) many other phenómena , which could produce the daughter 

iso top es  and th e re fo re  an "apparent double béta decay"should 

be considered . Somé o f them , l ik e  fó r  instance the rea c tion  

^Te(V  ,e ” ) I 12  ̂ and l3 °Te ( y , e ” ) I 130  by sün neu trinos, w ith  

subsequent decay o f the I  iso top es  in tő  Xe^arí; d i f f i c u l t  to  

be com pletely ru led  out. As poin ted out by K.Lande a t th is  

conference "apparent " double negatron and p os itron  decay can 

in  p r in c ip le  be used to  determine the flu x es  o f neutrinos and 

an tin eu trin os  from the sün and from the ra d io a c t iv e  m ateria ls
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on the Earth , r e s p e c t iv e ly í1^ ) .

Almost a l l  d e tec to rs  , w ith  the excep tion  o f "bubble chamber,

have been used to  search double béta  dexzay. Let me quote nuclear
17emulsions, cloud chambers( ) ,  G eiger and p rop o rtio n a l counters, 

s c in t i l la t o r s  , spark chambers and s o l id  s ta te  d e te c to rs .

A rev iew  o f the o ld e r  experiments can be found in  re feren ce
2

( ) ; l e t  me l im it  m yself here to  th ree t i p i c a l  recen t experiment 

which gave l im its  comparable w ith  those obtained w ith  g e o lo g ic a l 

methods.
A R  A ft

An underground experiment on the t r a n s it io n  Ca -  T i has

been ca rr ied  out w ith  the apparatus shown in  P i g . l  by Bardin
18 4.8e t a l ( ) .  A th in  source o f 10.6 g r  o f  97?° enriched Ca ,

deposited  as CaP^, i s  sealed  to  form the C en tra l p la te  o f

a d ischarge chamber in  a f i e l d  o f 400 Gauss .The chamber was

tr ig g e re d  by means o f two s c in t i l l a t io n  counters a rrays,

which were a lsó  used to  measure the e le c tro n  en erg ies  , w h ile

the p ic tu res  o f the diecharge chamber were mainly used to

" v is u a l iz e "  the events and to  determine the s ign  o f the tra ck s .

In  1150 h o f running time , only fou r  events were found w ith

a sum o f the two e le c tro n  en erg ies  o f more than 3 MeV and only

one w ith  a sum com patible w ith  the t ra n s it io n  energy ( a . 267 +

0.009) MeV (^ ) .D u e  to  the presence o f background th is  r e s u lt

can be used only to  se t a low er l im it  on the l i fe t im e  fó r

n eu tr in o less  n  decav ( 2 x 1 0 ^  years w ith  80 $ confidence

l e v e l ) . The two e le c tro n  events in  th is  experiment g iv e  a

continous sum spectrum o f the two e le c tro n  ene 'g ies  , as expected

fó r  tw o-neutrino double béta decay. However the conroarison
40w ith  the spectrum obtained w ith  a dummy source o f Ca shows 

th a t a sm all contam ination o f Rádium w ith  an a c t iv i t y  as low
48as one p ico cu r ie  is  presen t in  the Ca source. Tty l im it in g
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the a n a lys is  to  event? w ith an ener.qy o f more then 2.2 I:eV,

where the bPckground due to  th is  c ont ami na ti.on irt n e g li/ d b le ,
19one can se t a low cr l im it  o f 3.6  x 10 ve ars fó r  the l i f e t in e  

o f t - ’o neu trino j^j^deca.y.

^he o+her two e.meriments are qu ite  d iffer|\t botwecn 

them selves in  technique , hűt ra th er s im ila r  in  ph ilosonhv: 

the use o f a double ^eta a c t iv e  sample hoth as sourcr and

a .9 d e te c to r  o f the deoav. >3.dér Mateosian and F.Goldháber (2
have used as s c in t i l l a t o r  a GaF c r i s t a l  w ith  na.tural Oalcium

and la t e r  Gap c r is t a ls  enriched in  ^ C a  and ^ C a  ( the la t t e r
4Pfó r  background measurements). As shown in  F ig . 2 the Ga and

^G a fletecto^s were placed s ide by side w ith in  a n la s t ic

s c in t i l l a t o r  onerated in  an tico in c id en ce  w ith  both d e te c to rs .

The e n t ir e  apnaratus is  p laced w ith in  a sec tion  o f a naval

gun to  p rov id e  a d d it io n a l sh ie ld in g  aga inst lo c a l  r a d io a c t iv i t y .

The spectra  o f pu lses from the d e tec to rs  are shown in  F ig .2;
48no neak appears fó r  the Ca sample in the reg ion  corre_

sponding to  the t ra n s it io n  energy . The l im it  on n eu trin o less
20f? decay was 2 x 10 y ea rs . A new experiment w ith  a c a re fu lly

■nurifieá ^ C a  sample to  reduce ra d io a c t iv e  im pu rities  and a

b e t te r  an tico in c id en ce  sh ie ld in g  is  in  progress ( + ) and the
21

l im it  is  p re sen tly  in c rea s ed .to  10 y ea rs .

A s e r ie s  o f th ree  experim ents has been ca rr ied  out by A .Pu l_ 

l i a  and m yself in  co lla b o ra t io n  w ith  the Nuclear Chemistry 

D iv is io n  o f Euratom ( I s p r a ) .  In  a l l  experiments de (L i )  

c r is ta ls  were used both as source and d e tec to r  o f  the neu trino_ 

le s s  t ra n s it io n  :

(11 ) 76Ge —^  76Se + 2 e "

( t )  P r iv á té  communication by S .der Mateosian
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The choice o f these so lir i s ta te  d e tec to rs  is  based on the 

fo llo w in g  reasons :

76 rf*
a) G-e is  contained in  natup.1 Germanium w ith  an is o to p ic

n  r
aboundance o f 7.67 $ ' i t s  t ra n s it io n  energy to  Se is  

(2.045 + 0.004) MeV;

b) the mass o f G e ( l i )  d e tec to rs  can reach a few hundreds 

grams , thus p rov id in g  a reasonable amount o f ^ ^ a c t iv e  iso top e ;

c) these d e tec to rs  are remarkably fr e e  from im p u rities  due 

to  the way they are prepared : they do nőt req u ire  windows, 

which could contain  ra d io a c t iv e  elements e t c . ;

d) the energy re s o lu t io n  o f these d e tec to rs  is  e x c e lle n t ,

and th is  can be very  u se fu l to  search n eu trin o less  decay.

In  these experiments d e tec to rs  o f d i f fe r e n t  s iz e s  were 

sh ie lded  from lo c a l  a c t i v i t y  w ith  la y e rs  o f mercury, copper, 

low a c t iv i t y  and normál lead  , and w ith  la ye rs  o f p a ra ff in  

and cadmium to  moderate and absorb the neutrons.A  t y p ic a l 

set-up is  shown in  F i g . 3 .Pu lses from the d e te c to r  were sent, 

a f t e r  a m p lific a t io n  , to  a m ultichannel ana lyser . The d etector 

and the e le c t r o n ic  chain were ro u tin e ly  te s ted  by ex t-’a s tin g  

the d e te c to r  from the sh ie ld in g  ahd by exposing i t  to  rad io_  

a c t iv e  sourcea.A  b r ie f  d e sc r ip tio n  o f the th ree experiments 

fo llo w s  :

a) in  a f i r s t  experiment a t sea l e v e l  a 17  cm  ̂ u se fu l

dimension d e te c to r  was used fó r  a t o t á l  o f 712  h o f running
21time ( ) .  No peak was found in  the pulse spectrum from the

d e te c to r  in  the reg ion  corresponding to  the t ra n s it io n  energy;

the corresponding low er l im it  f ó r  neutr no less decay is
203 x 10  years w ith  a 68 i» con fidence l e v e l .
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b) A second experiment was ca rr ied  out w ith  a s im ila r  set-up

and a 24 cm3 u se fu l dimension d e tec to r  in  the under/rro’ ind labo

ra to ry  "Fonté de i Capriuccini" a t a depth o f 70m o f water equi

va len t . No evidence fo  n eu tr in o less  f f  decay was found in

the spectrum obtained in  2800 h o f running time , w ith  a l im it
21o f 1 . 2  x 10 years a t a 68 con fidence le v e l .

c ) A th ird  experiment has been ca rr ied  out w ith  a 66 őm3 

u se fu l dimension d e te c to r  and an improved set-up in  a labora tory  

s itu a ted  in  the Mont Blaríc tűnnél connecting I t a ly  to  Francé.

The depth (about 4300 m w .e . )  com pletely e lim in a tes  the back_ 

ground due to  cosmie ra d ia t io n  . This fa c t  and the use o f

a spectrum s t a b i l i z e r  connected to  a new 4096 Laben analyser 

perm its a d e ta ile d  study o f the spurious counting due to  the 

presence o f r a d io a c t iv e  contaminants in  the m ateria ls  immedia_ 

t e ly  surrounding the d e te c to r  and perharis-in the d e tec to r  

i t s e l f .  In  the f i r s t  s e r ie s  o f measurements t o t a l l in g  about 

2100 hours o f running time , the supnort o f the d e tec to r  was 

made o f 1100 A l and the vacuum cup o f the cryos ta t o f e l e c t r o l i t i c  

copper . The re s u lts  are shown by the upper curve o f F ig s .4 , 

where many peaks appear, which c le a r ly  in d ica te  the presence 

o f the and 232Th s e r ie s  and o f ^°K. This rad io_

a c t iv i t y  is  however ve ry  low , 6nd caiv be seen only because 

the background due to  cosmic rays is  com pletely e lim in a ted . Ar 

an example the c le a r  peak a t 2.615 FeV corres-nonds to  only

0 . 2S counts per hour. No nea.k appears in  the region  o f neutrino__ 

le s s  double béta  decay , where the áverése co m tin g ra te  is  ( 4 .3  

+ 0 .2 ) x 10" 3 counts (k eV )- 1 h-1 . The corrésponding l im it  on 

n eu tr in o less  ^  ^  decay is  2.8  x 102  ̂ years w ith  68 $ confidence 

l e v e l .
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In  order to  reduce the background we su bstitu ted  both the 

aluminum o f the sunr>ort and the copper o f the cup w ith  oxigen- 

fr e e  h i gh -co n d u ctiv it ’' copner. The re s u lts  obtained in  2300 hours 

o f running time are shown by the low er spectrum o f F ig s .4 » 

where the contam inations from uránium and e x p e c ia lly  from the 

thorium s e r ie s  apnears to  be considerab ly  reduced.The average 

counting ra te  in the reg ion  o f n eu tr in o less  ^^3 decay is  now 

(2 .0  + 0 .2 ) counts (keV) 'Sí \  No peak apnears a t 2.0*5 MeV ; 

the cori^ponding l im it  cm n eu tr in o less  ^  decay is  4 .£ x ÍO^1  

years w ith  68 $ con fidence l e v e l .

4 . l im it s  on lep ton  non conserving amplitude based on double 

béta decay

P o s it iv e  r e s u lts  on double béta  decay have been obtained only 

f ó r  13°Te ( 'ujj = ( 2 . 2  ±  0 . 6 ) y ea rs ) and fó r  ^2Se ( ^ 1^ =  ( 6+^

19 xx 10 yea rs ) w ith  g e o lo g ic a l methoés. They are both compatible

w ith  the th e o r e t ic a l  p re d ic t io n s  o f Table I  f ó r  two-neutrino

decays i f  the e rro rs  in  the eva lu a tion  o f nuclear m átrix

elements are taken in tő  account . The r a t io  between the two

experim enta l life t im e s ^ lO ^ "*^  w h ile  the expected

r a t io s  fó r  tw o-neu trino decay , and n eu tr in o less  decay w ith

and w ithout resonance in s id e  the nucleus are 10^ * ^ ,  10^
0 29and 10 * r e s p e c t iv e ly .  In  a l l  cases these p red ic t io n s  are

in  good agreemnt w ith  experim ents i f  the la rg e  u ncerta in ty

in  nuclear m átrix  elements are taken in tő  account.
128Since the evidence f ó r  abnormal aboundance o f Xe has 

la t e r  been d isproved exp e r im en ta lly , no p o s it iv e  r e s u lt  e x is ts



4

III

on neu+rinolesp double béta decay. I f  the /reological results  

on ha lf  lifetim es are taken as lim its fó r  neutrinoless decay^ 

one obtains the following lim its on the lepton non com^ving 

parameter /jr̂ :

48Ca 76C,e "''S e ^ T e
,„ -3 .6 + 1  . -2.8+1No resonance 10 — 10 —

Resonance 10 10 ^

p?Se 130,

10  2*4+1 10 "

10 "  3 + 1 10 "

48Ga and possibly

others , are probably overestimated. due to "unfavourahle" nuclear 

structure . We can conclude from the preceding lim its that the 

lepton non coná^rving amplitude should anyway be lower than one 

percent ; such a tiny v io la tion  cannot be detected , at present, 

in any experiment with elementary partic les  ( ) ,  and could

eas ily  be collocated , as GP non conservation, in a milliweak 

or a superweak theory. Yrtiile experiments have been pushed to 

the lim its of technical f e a s ib i l i t y  , theoretical calculations 

could be , in my opinion^ much improved to take advantage o f 

the impressive lim its of many experiments.
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Fig. 2 EXPERIMENTAL RESULTS BY E.DER MATEOSIAN AND G.GOLDHABER
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NOTE ON UNIVERSITY OF CALIFORNIA/ IRVINE DOUBLE-BETA-DECAV EXPERIMENT 
(discussion remark) 
M.Moe, D.Lowenthal, F.Reines, University of C a li fo rn ia ,  Irvxne

Our group is prepariivj an experiment to attempt an observatxon of the 
double béta decay of Ca48. The best experimental lower limit to date on^ 
the half life, fór the lepton-conserving, two-neutrino mode, > 3.6 x 10 
years has been set with a streaiuer chamber in a salt mine by C. S. Wu and 
her collaborators at Columbia.U) This limit encroaches on the theoretical 
value of ~  1021±2 years suggested by Primakoff and Rosen, bút background
difficulties prevented a definitive experiment.

Sources of background recognized by the Columbia group were o£ two 
types, each producing double-beta-like pairs of electrons* 1) Gamma rays 
from surrounding materials induced multiple scatterings within the calcium
source, and 2) contamination within the source, mostly Bi , produced
, , - , coatterina of the electron or gammabeta-gamma cascades followed by single s y
ray.

. the double scatterings of external gammaFór a given source area, tne
fho cnuare of the source thickness, rays can be expected to decrease as the q

j j ua hooe to reduce the source thicK—sxnce two interactions are required. we nop
ia—Fold reduction in this cause of ness by a factor of 4 with a resultmg 16 foia reaut-x-x

background. In our approach, the source area will nőt be increased to ac-
commodate the reduction in thickness because the reduction is achxeved by
the removal of inért material only, nőt caleium. [Hopeful design.

3 24.8 x IC)"3 gm/cm2 Ca, 0.2 x lo' gm/cm Al]
j r-nni-ribution from caleium impurities will The beta-gamma cascade contrinution

e aniirce thickness since only a singleőecrease as the first power of the sou
interaction is  involved. In addition, the Bi cascade is
164 „s by a 7.7 HeV alpha p a r t i d é  which will have an 80% probabüity of
escaping the thin source. The use of a cloud chamber with its longer

I

* Supported by the United States Atomié Energy Commiss
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sensitive time w ill make the delayed alpha v is ib le  so allowing rejection 

of most bismuth-produced background.

Since the cloud chamber cannot be cycled much faster than once a 

minute, i t  was necessary to devise a triggering scheme to discriminate 

strongly against unwanted events. We are using a large number o f internál 

proportional counters operating in the cloud chamber gas. Preliminary 

tests indicate that the trigger logic confines the rate to tolerable levels . 

Monté Carlo calculations indicate a reasonable effic iency fór double-beta 

detection. Based on this e ffic iency i f  the half l i f e  is f iv e  times the 

lim it set by Wu, we can expect about 150 recorded double béta events per 

year above a few hundred k ilovo lts.

The 20cm deep, by 51cm diameter cloud chamber w ill operate with a 

He-A f i l l in g  in a 1500 gauss magnetic fie ld . I t  appears that the back

ground in our campus laboratory can be adequately controlled with the help 

o f somé very clean lead shielding, and salt-mine or underground operation 
may nőt be necessary.

The various components are now being assembled and tested. Ten 
48grams o f separated Ca have been obtained on loan from 0a> Ridge. We 

hope to begin gathering data within the next year.

(1) Nucl. Phy. A 158, 337 (1970)

(2) Alpha-Beta- and Gamma-Ray Spectroscopy, K. Siegbahm, ed. 
(North-Holland, Amsterdam, 1965), 1499.
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LEPTON CHARGE CONSERVATION

G.Marx, Department of Atomié Physics,Roland Eötvös University in Budapest

A fter a b r ie f review o f the d iffe ren t defin itions fó r  the leptonic 
charge the experimental accuracy of the conservation laws is  given. 
The hypothetical milliweák: or superweák v io la tion  of the conservation 
law is  discussed. The dependence of the strength of the superweak 
charge asymmetry on cosmological time is  suggested, it s  astronomical 
consequences are considered.

The number o f the exactly conserved quantities is  very lim ited in 

Natúré. According to our present knowledge one has the ten classica l 

integrals o f motion /energy E, momentum P, angular momentum J, speed of 

center o f mass V/. We have alsó the CPT inversion, related to the former 

quantities by the celebrated CPT theorem. A completely independent conser

vation law is  that of the e le c tr ic  charge Q. Our generation contributed 

with the conservation law of the baryonic charge B and -  just 20 years ago-

-  the lepton chargesL were discovered. A fter a b r ie f review of the pást 20 

years I  am going to discuss the reopened question: can we be sure indeed 

that the lepton charge is exactly conserved?

The leptonic charge was introduced by several authors independently 

and i t  was distributed among leptons o r ig in a lly  in two d iffe ren t ways.
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Lepton charges

l=:V L,

L ’ = V L

r
jr

P = / - ! /  V  
L

/Marx [ l ]  1952/

/Zeldovich  ̂Konopir iki-ivlahmoud [ 3J 195?/ 

/Cabibbo-Gatto £VJ , Feinberg-Weinberg [V|/

A fter the discovery o f parity  v io la tion  in 1957 one learned, that in 

a certain sense L is  the more natural d e fin ition : i t  associates le f t  

ch ira lity  with positive sign, righ t ch ira lity  with negative sign. On the 

other hand, L’ is  independent of ch ira lity , so the L* and J conservatic 

together resu lt in more re s tr ic t iv e  selection  rules.

The problem of the two d iffe ren t defin itions was solved by proving 

experimentally in 1962, that essen tia lly  both leptonic charges are con- 

served. The lepton charge conservation sp litted  intő two independent con

servation theorems.

I t  was asked very early , how necessary is  to introduce two absolute 

additive conservation princip les, two superselection rules fó r  leptons?
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Are these firm ly  demanded by the experiments? Or can one weaken the 

stricktness of the lepton charge conservation principle? Three alternatives

independently.

II.One additive and one m u ltip licative conservation ru le: L and P^

are conserved.

III.One additive conservation ru le: L ’ is  conserved.

Let us have a look at the experimental ve rifica tion s . The best way of doing 

this is  to compare the coupling constant G* of a lepton non-conserving 

four-fermion interaction with the G o f the conventional lepton conserving 

weak interaction.

i
are worth of discussion:

I.Two additive conservation rules: L„ and L are conservede

L L’ P.L

no no yes

yes no no

no yes no

yes no yes
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/Here rneans the hadrons, i . e .  the hadronic currents./

One can conclude from these data, that nőt only Version I ,  bút alsó

Version I I  seems to be in accordance with a l l  the experiments. / An ' L 

and PL conserving, bút L’ v io la tin g  coupling may be as strong as the 

conventional weak interaction i t s e l f  The easiest experiment to prove 

proposal I I  is  searching fó r  an evidence o f the Z Z ju ?  e~vj, reaction.

The Version I I I  is  in a "centiwéak'* position: according to the present 

evidence, by having L* s t r ic t ly  conserved, L may be broken by a 
G’< 0,01G coupling. To checlc th is version, the best way is  searching fó r 

positrons in ytc and >?t capture r^eactlona.

The conservation lav; of ^at least one) lepton charge seems to b'j in 

an excellent shape from phenomenological point of view. In spite of th is 

b r il l ia n t  look the p o ss ib ility  of a fa in t v io la tion  of the leptonic charge 

conservation turnéd up in the last years. The experimental hints were 

rather ind irect:
128 f ia. The l i f e  time of Te against double D decay was measured to

be about 1000 times larger than expected from the theory of the LQ- 

conserving weak interactions N -

b. The neutrinos, produced at the center of the Sun, do nőt seem to

reach South Dakota !>]•
c. A strange new interaction of a very low inbensity has been

discovered, which v io la tes  the time reversal invariance T^>lJ.

By seeing these, the existence of a ne w  fa in t asinmetric force has been

s u g > - e s t e d ,  which v io lates the T symiaetry and the lepton charge conser

vation at the sarae time.

1. Primakoff suggested the existence of a milliweak force ( g ’ =10 g) ,

which vio la tes T symmetry in the A S= 1 channel and vio lates L

conservation in the A Qiepton= 1 channel C 10j*
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/ ~ i0 \2. Pontecorvo suggested the existence o f a superweak force l G’ =10 Gy, 

which vio la ted  T symmetry in the A  S=2 channel and v io lated  L 

conservation in the A Qle p^on= 2 channel \_ 8,22j.

I t  is  evident that a milliweak or superweak breaking o f L conser- 

tion  is  nőt excluded by the present experimental evidence. I t  must nőt be 

overlooked, that the conservation of the e le c tr ic  charge Q is  ve r ified  

only up to the same accuracy. The l i f e  time of the electron has been found 

to be of the order or longer than ÍO^1 years and this is  just the

order of magnitude of the double fh> décay l i f e  times. I f  we assume a 

hypothetical e v f >  v y  coupling , i t s  strength is  lim ited with similar 

accuracy: G" <  10 '°G (  See alsó [ 7]  .) I f  one wants to prove or disprove

the p o ss ib ility  of a .simultaneous superweak T, L and Q breaking, one 

should increase the knowledge about the electron s ta b ility , too. ^The 

conservation of the baryonic charge B has been ve r ified  up to a much higher 

accuracy [ » ] . )

The experimental indications fó r  a superweak vio la tion  of Lq conser

vation became fa in ter in the last monthes. Kristen remeasured the 128Te 

l i f e  time and i t  turnéd out to be d e fin ite ly  longer (  t  >  10 ‘ instead

of t=1022'5' ÍÖ ' ír years )  [̂ 6 "J . Davis found the neutrino rays o f the 

Sun fa in ter (̂ 25 J than predicted by the Ve ^  osc illa tion  theory|23,26j

This new development does nőt mean, that the solar neutrino puzzle has 

been solved. I t  became even more puzzling than ea r lie r . The in s ta b ility  of 

s t i l l  o ffe rs  the simplest explanation:

oL. v>e decays intő ligh ter  partic les : V e V , +x [27]

f i .  Ve osc illa tes  between several y ?  states •. Ve

The solar neutrino puzzle cannot be solved by giving up only the lepton 

charge conservation. We would need new partic les , even i f  Le could 

changé.
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Instead of giving up the s tr ic t  lepton charge conservation, an 

alternative astrophysical explanation of the fa in t solar neutrino flux 

could be the low He content o f the orig ina l Sun [ 29]  . y=10% He concent-

ration would give a v> in tensity , which were in accordance with the Davis 

experiment. (The assumption of the unstable neutrino p re d ic ts^  0 SNU, 

the assumption of the low He concentration predicts cca 1 SNU rate fór 

the Davis experiment.) This low He concentration is ,  however, in sharp 

contradiction with the conventional cosmology, which supposes a Hot 
Universe 10 b i l l ió n  years ago.

A low He concentration would resu lt from the Big Bang i f  one 

attributed a high nonvanishing (positive^ ) lepton charge to the universe

M -  

L ^  io*B> > o

d explain even y=l%. So we have two charge asymmetries in Natúré:

A superweak charge asymmetry in the physical interactions, 

observed now in láb in the KL decay.

ü  A Siant charge asymmetry in the state of our world A> »  B > o/» 

which originated 10 years ago.

Can these two phenomena have the same root? Let us suppose, that tbe

gt f  the charge asymmetric coupling is  decreasing in cosmological 
time, e .g .

q '~ A 
u  ̂t  >

as in the Dirac-Dicke theory of gravity  or in certain theories of weak 
interactions [ 5ÍJ . The charge asymmetric force is  superweak today, in 

our oldish world;but i t  might be w ild ly  strong in the f i r s t  moments of # 1  

erse. An interference with the charge symmetric strong nuclear 

force could result in a faster concentration and evolution of antimatteí*
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than that of matter. I t  might happen, fchat at the dawn of the universe 

much more black holes were formed from antimatter. In these black anti- 

holes a tremendous amount of negative baryonic charge and lepton charge 

disappeared^Jhat survived th is charge asymmetric éra, was a universe with 

positive e ffe c t iv e  L and B . The present Sun is  dark fó r  our neutrino 

eyes, because i t  is  poor in He, and this astronomical fact rnay be relabed 

to the C and T symmetry breaking ^but L conserving^ force, which 

is  superweak now, bút v/hich might be strong long ago.

The change in the value o f G’ can be explained with a T-odd scalar 

f ie ld  C^(^= -T Cp(y) T in the Hamiltonian, e.g. in

H' =  l  & . q><V) [ $ »  ^ C * )  -  í x M

which possesses a nonvanishing expectation value £

Gr0 < ö l c f C O l ö >  =
. i, - 

G is  a combination of masses and ^dimensionlessjcoupling Constanta,

having bhe dimension sec. Once upon a time the universe was so hot, that 

a l l  the partic les  were extrem r e la t iv is t ic , the world was scaling in - 

variant |*35 | • This time the T-odd quantity G^ had to be of the form

*  ~
t

where t  is  the cosmological time.

I t  is  hard to prove the - prehistoric -  time dependence of the super

weak coupling. One indication would be the observation of a scalar 

p a rtie le  with charge parity =-1 (consequently with a very complex

quark structure) . I ts  fin a l states can be only complicated many -  pion -

-  states, penetrating high centrifugai barriers, like
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I t  may be vvorth to search fó r  such an exotic resonance.

The world of the hadrons is  a very w ild and a live  jungle, in sharp 

contrast with the cool land of leptons. The eight leptons are separated 

by unpenotrable superselecting barriers.

v e í!

r

Q

V'v | / 

Q

l-- jlÁ/

I t  is  a b it  curious that i f  we were able to add two neutrinos with 

vanishing to tá l S, p and J to our world, we would arrive at a 

completely strange new world, iso lated  from ours fó r  etern ity . Do the Lg 

and h p  conservation laws generate superselection rules indeed? Or is  

there a very narrow path, connecting these nearby and s t i l l  faraway state 

vector spaces? Should we long fó r  a conserved or fó r  a very slowly changioí 

lepton charge? Or is  the other question the righ t one: is  the charge 

asymmetry o f our world a consequence of an unchangeáble in i t ia l  condition, 

or is  i t s  orig ina l charge asymmetry hidden behind. the lace of the dyna- 

mical evolution?

T.D.Lee to ld  once Í3^1, that in certain cases a broken symmetry pro-
O

duced a more es te tic  impression, than the boring exact symmetry. Let me 

dare to mention an other thesis: in certain cases a hidden symmetry may bfl 1 

more a ttrac tive , than an open one^f '£ ) é
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x An other possible experiment to look fór neutrinos with a shorter oeaB 

path would be the detection of terrestrial neutrinos Í3 0 I.
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NOTE ON ELECTRON STABILITY AND THE 
(DISCUSSION remark)

PAULI PRINCIPLE*

F.Reines and H.W.Sobel, University o f C a li fo rn ia ,  Irvine

It was most interesting to learn from Dr. Marx that an extension 

of the old limit fór electron stability obtained by Moe and Reines* would 

have important theoretical implications because as it happens óné of us

(H. W. Sobel) has been activcly pursuing such an improvement - by per- 

haps a factor of ten.

An amusing aside is the possibility pointed out by M. Goldhaber 

that these same experiments can be interpreted in terms of a test of the 

Pauli principle fór atomic electrons. The idea is simply that a vacancy 

associated with a violation of the Pauli principle would allow two electrons 

with identical quantum numbers to occupy the same orbit so permitting, 

say, the emission of KX-rays. A limit on the number of K X-rays observed, 

in fact, gives an exquisitely sensitive test of the Pauli principle in this 

case. The result is given in terms of an upper limit on the relative 

strength of the Pauli violating term to the strength of the electromagnetic

* Work supported by the United States Atomic Energy Coxnmission

1. M. K. Moe and F. Re inas, Phys. Rév. 140 , 4B, B992 (1965).
We found a lower limit of > 2x10^1 yr or >4x10^2 yrs depending 
on the mode of decay assumed.
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REMARK ON STABILITY OF ve* 
(DISCUSSION remark)
F.Reines, University o f C a li fo rn ia ,  Irvine

If, as has been suggested by various authors ^  the v g has a non-zero

rest mass, then we must allow the possibility that it might be unstable .

Hiere is, of course, a wide rangé of possible decay modes which might

be postulated bút work at Irvine by H. S. Gurr, H. W. Sobel and myself

rulea out at least one of the postulated decay modes, i. e. ,

ve _»v'+Y (1)
The limit fór this decay mode to a lighter v ' and a gamma ray has

been set in a most conservative way by ascribing the entire reac tor

associated background in our extremely low background detector at the

Savannah River Reactor to the process (1). We interpret our results

subject to the assumption that m  ̂,/m,̂  «  1 and conclude from our data
18 e -5that the decay length is > i.5  x 10 cm, or > 10 astronomical units.

Fór this reason we conclude that (1) can be ruled out as the cause 

of the unexpectedly low observation of solar neutrinos reported by Davis.

We recognize of course that we can make little comment as to other decay 

modes which may give rise to particles more difficult to detect than gamma 

ray a.

In the most generál case, a comparison in reactor experiments between 

the predicted and observed inverse béta rate shows that, whatever the cause, 

there is an agreement which indicates a ve decay length > 100 meters bút 

this more generál result falls far short of testing the stability on the 

astronomical scale required fór a coagent comment on the dilemma posed 

by the aolar neutrino experiment of Davis.

(A more detailed description of the experiment which leads to 

thia result fór (1) is in preparation fór submission to Phys. Rév. Letters).

* Sponsored by the United States Atomic Energy Commission

1.) Pakvasa and Tennakone ,, Phys. Rév. Letters 28, 1415 (1972)
Bahcall, Cabbibo, and Yahil, Phys. Rév. Letters 28, 316 (1972)
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NEUTRINO EXCITAT ION OF NUCLEAR LEVELS IN C

H.Uberall, B.A.Lambers, The Catholic University of America,Washingtoni, D.C.+ 
J .B .Langworthy, F.J.Kelly, Naval Research Laboratory, Washington, D.C.
(Presented by Clyde L. Cowan, Catholic University)

12 #

Neutrino induced rea c tio n s  w i l l  be c a r r ie d  out both at 

low en e rg ie s  (£^v <  53  MeV, using neu trinos from the decay

o f  stopped muons at h ig h - in te n s ity  meson f a c i l i t i e s  such as 

LAMPF, Los A lános, N.M .) and at high en erg ies  (s e v e ra l GeV, 

ob ta ined  a t h igh -en ergy  a c c e le ra to rs  such as at NAL, B a tav ia ,

1 1 1 .).  W h ile elem entary p a r t ie le  rea c tion s  w i l l  be o f  prim ary 

in t e r e s t ,  n eu trino-indu ced  rea c tion s  on complex nu clear ta rg e ts  

w i l l  be con s id ered  a ls ó . Besides b e in g  o f  in te r e s t  per s e , 

such rea c t io n s  occur as a background in a l l  n eu trino  processes 

where complex n u c le i are p resen t in the counters and/or the 

ta r g e t  m a te r ia l, and consequently  th e ir  cross sec tion s  have to  

be known. We p resen t here the r e s u lts  o f  a c a lc u la t io n  p re -  

d ic t in g  the n eu trin o  e x c ita t io n  o f  the T = 1 le v e ls  o f  -*-2C, 

v ia  the rea c tio n

v +  í z d  -  iJ~ n  ( t )  + ( i )

★
Talk  Presen ted  at the "N eu trino ' 1 2 "  con feren ce , 11-17 June 
1972, B a la ton fú red , Hungary.

+Supported in p a r t  by a gran t o f  the N a tion a l Science 
Foundation.
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where .C  = electron or muon. The threshold o f  the reaction  

is

t  v =  -  'TTL ^  ( 2)

12 12 with GO the leve l  energy o f  N measured from the C ground

state . The energy o f the emitted lepton is

*  E v  -  CO -h m  e (3 )

and one has a momentum transfer  to the nucleus X f  -  p t — p g  - 

The n o n -re la t iv is t ic  Hamiltonian

H  = <4.7* I CG, *  G6t s . e *  > <«>
is  taken to contain just the large  terms (Fermi and Gamow- 

T e l l e r ) , with *  i O " 5 77t~2 ^  ( < } £ )  ,  *  ~ ^  z c  '

with the proton form factor. We obtain a d i f fe re n t ia l

cross section

ckr/d íl^  -  { f t Et  A * * )  {  G f  { l t  p„-~pe /E -v£j )  / J i  I 2-

+ $ r ( ! - $ ■ # / £ , , % ) ] \ (5)
in terms o f  sca lar ( M - ) and vector ( )  nuclearmatrix 

elements that are functions o f . They can be expressed

by "transition  densit ie s"  ^  C ^  )  • e *9*

J l ( f ) .  < > ( ? ) ,  (6 )

fór which we perform a multipole expansion.

< P ( r )~ Z  (J i h i ,Lh lT .h t ) f t (^ r )K n  <■•?) (7)
Í - M
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corresponding to nuclear states / 30 that

J j L  ( c £ )  =  T k Í Z ^  ( T { h { ,  L M I  J f  f y )  1- l  )  X - m  ( $ )  ( 8 )

J L ( f ) =  W  ̂  ) l  (?-) fi. < *>  < * T - (9 )

Fór the vector mátrix element, one obtains s im ila r ly

2 - k <í . * L  ( T i ^ t L r \ \ T ^ ) I L L > ( ' } ) Í U '  ( i \  (10)
LL'n

i -  f  (11) 
r L L , ( t ) = l L  J ' T ' f r  ( ? + - )  f LL , ( r ) d r -

where L ' = L, L + 1. In terms o f the "form factors" Z L ( % )  

and X L L / ( * £ )  • one obtains e .g .  fór e le c t r ic  multipole

transitions EL:

(d<s-/jaÁ )EL =  (rLpt E£/m)  [ ( ? /  {í+pv]>t/B-v£t)\2L ̂ ) T

-f G ^ .  J^"(l * 3  f v  p l / £ *  E - l ) +  ( - 1 )  f a ’ i ' f y  " I

y (2L+±)(Lo/Lo\2o) WÍLLid / 2<_)J IILL (12)

I t  can be shown that the multipole transition  density  

is  the same quantity that describes the Coulomb exc i-  

tation o f  nuclear lev e ls  by e lectrons, while ^LlS )  is  

re lated  by

Pu. f r ) * tr 2 í '
r r - n *  ( 1 3 )
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to  the m agnetiza tion  d en s ity  jU^LL, 1'*') in the th eory  o f  

e le c t r o e x c i t a t io n , w ith  = 4.70 the d i f fe r e n c e  between

p,n magnetic moments. The e le c t r o e x c ita t io n  d e n s it ie s  

and p Ll_/ can be approximated by d e lta - fu n c t io n s  at a t r a n s i

t io n  rad ius convolu ted  w ith  a Gaussian su rface  smearing

( "g e n e ra liz e d  Helm model" ) .  We have used th is  model to  f i t
12the measured e le c t r o e x c ita t io n  cross  sec tion s  o f  the C

le v e ls ,  and have thus determ ined the s tren gth  param eters in

the Helm model fó r  each l e v e l .  Subsequently, the same model

has been used to  p r e d ic t  the d i f f e r e n t ia l  and t o t á l  ( in te g ra te d
12over lep ton  em ission an g les ) C -neu trino cross  se c t io n s  w ith

e x c ita t io n s  o f  nu clear le v e ls .

I t  was found that at low n eu trin o  en e rg ie s , the la r g e s t

co n tr ib u tio n  to  the n eu trin o  cross sec tion  was the 1 t r a n s i-  
12t io n  to  the N ground s ta te  (analóg o f  the 15.1 MeV l e v e l  in  

12
C) w h ile  at h igh  en e rg ie s , the El g ia n t  resonance predom i-

nated. Our f i t s  to  the Ml and El e le c t r o e x c ita t io n  form
12fa c to r s  o f  the corresponding le v e ls  in C are presen ted  in

F ig s . 1 and 2, r e s p e c t iv e ly . The data are taken from the
2experim en ta l paper o f  Yamaguchi , and F ig . 2 p resen ts  the

summed d ip ó lé  s tren g th  over the reg ions o f  21-26 MeV and 21-37
12MeV e x c ita t io n  o f  C.

The p re d ic ted  low -energy  neu trino  t o t á l  cross sec tion s

fó r  J l  =  e  are shown in F ig . 3. L e v e l No. 1 is  the 1+ ground 
12

s ta te  o f  N ( (jü =  17.34 MeV), seen to  dominate below  E^ = 60

MeV. "L e v e ls "  No. 18 and 19 correspond to  the summed d ip ó lé

stren g th s  shown in  F ig . 2 (No. 19 is  the 21-37 MeV sum) and
12dominate above 60 MeV, w h ile  a l l  o ther N le v e ls  below  the 

g ia n t  resonance are sm a ll. The h igh energy neu trino cross 

se c tion s  are shown in F ig . 4 {Ji = e ) and F ig . 5 = JX ) ,
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F ig . 3

40 60 80 WO
NEUTRINO ENERGY (M EV)

F ig . 1 Ml e le c t r o e x c ita t io n  form 
fa c to r  o f  the 15.1 MeV 
le v e l  in 12C, f i t  by the 
Helm model.

F ig . 2 Lon g itu d in a l (top ) and 
tran sverse  (bottom ) El 
e le c t r o e x c ita t io n  form 
fa c to r  o f  12C g ia n t 
resonance, sumined over 
21-26 MeV or 21-37 MeV 
reg ion  as in d ica ted  and 
f i t  by the Helm model.

Low energy ( 6 120 MeV) neu trino  e x c ita t io n  cross
sec tio n s  o f  ^2C lead in g  to  -*-2N le v e ls .  Dashed_curves 
are in d iv id u a l s ta te s  included in the summed 1 le v e l  
No. 19. D otted curves are 0“  l e v e ls ,  g iven  by theory 
on ly  and nőt included in the t o t á l .



144

----------- 1------  ----- ,—
ELECTRON NEUTRINOS

TOTÁL

F ig . 4 High energy
( K y <r 500 MeV) n eu tr in o - 
e le c tro n  cross sec tion s  
o f  see F ig . 3 fó r
d e t a i l s .

F ig . 5 Same as F ig . 4 fó r  
neutrino-muon cross 
s e c t io n s  o f

d i f f e r in g  on ly  at th resh o ld  and becoming f i a t  fó r  en erg ies

E * >  3°0 MeV. In th is  re g io n , the El s ta te s  dominate.

In the d i f f e r e n t ia l  c ross  s e c t io n s , the Ml l e v e l  shows

somé backward em ission o f  the e le c tro n  below  E v  = 60 MeV,

bút peaks at 0 °  at h igh  en e rg ie s . The 1 le v e ls  always

peak forward (a t  30° fó r  = 300 MeV, 17° fó r  500 MeV, e t c . )

The p resen t sem i-phenom enological c a lc u la t io n  o f  neu trino  
12e x c ita t io n  o f  C nu clear le v e ls  should be more r e l ia b le  than

3
prev iou s work which was e n t i r e ly  based on a th e o r e t ic a l  

nu clear model. Indeed, comparisons o f  corresponding s ta te s  

show that the r e a l i s t i c  c a lc u la t io n  p re d ic ts  cross sec tion s
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reduced by fa c to rs  0.4 -  0.6 (o r even 0.1 fó r  a 2 l e v e l )  as 

compared to  the model c a lc u la t io n . (The do tted  cross sec tion s

in F ig s . 3-5 correspond to  0~ s ta te s  nőt e x c ite d  by e le c tro n s ,
3

which we took from the model c a lc u la t io n  . They are nőt 

included  in the t o t á l . )
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ANTI NEUTRÍNÓ-ELECTRON SCATTERING X

H.S.Gurr, F.Reines and H.W.Sobel, University of California, Irvine

INTRODUCTION AND HISTORICAL BACKGROUND 

The search fó r  the antineutrino-electron  e la s t ic  scattering process

^  + e" —* v£ + £  A/
has proceeűed since Fermi’ s pioneering paper on béta decay appeared

in 1934. I t  quickly became evident that the process was nőt going to
/2/be an easy one to observe. In 1935 Nahmias, using a natural Rádium

source looked fó r  the process using a ge iger counter as both target

and detector. His lower lim it  oh the path o f neutrinos in a ir  /3 x 10'*'ocm/
/?/was in terpreted by Bethe as presenting an upper lim it  on the magnetic

moment o f the neutrino at less  than 2 x ÍO- ^ Bohr magnetons /Bm/. Unlike

the inverse béta process there was no th eore tica l basis on which to 

calcu late the magnitude o f a magnetic moment. However in 1935, such an 

additional feature was nőt a p r io r i unreasonable.

in 1950, Barrett used tritium  in an experiment sim ilar to that 

of Nahmias and obtained an upper lim it  o f 10  ̂ Bm. Alsó about th is  time 

Wollan took advantage o f the much la rger neutrino flu x  emitted from

x Supported by the United States Atomic Energy Commission
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a uránium p ile  and was able to give an upper lim it fó r  the in teraction

cross-section  o f f is s io n  neutrinos as <C ÍO- ^1 cmr" . This iraplied

that the experimental lower lim it  on the path o f neutrinos in a ir  was

now 2 x 10^ cm or an upper lim it  on the magnetic moment o f 10”  ̂ Bm.
/7 /E a rlie r , Crane had used geophysical arguments involving solar

neutrinos to a rr ive  at an upper lim it  o f 2 x 10“  ̂  Bm.

In 1954, Cowan, Reines and Harrison working at a large fis s io n  

reactor with a liqu id  s c in t i l la to r  were able to set an experimental upper 

l im it  o f  10 Bm. In 1957, the same experimental location  bút wibh a
/q/

la rger and better-sh ie lded  detector allowed Cowan and Reines '  to set 

a new upper lim it  o f ló - '5 Bm.

About th is  time, Salam, Landau and Lee and Yang

published the two-component neutrino theory in  which a th eoretica l basis 

was provided fó r  d istingu ish ing neutrinos and anti-neutrinos. I t  was 

pointed out by Salam/^0̂  that according to th is  theory the neutrino 

magnetic moment must be zero.

I t  wasn’ t u n til 1958 w ith the appearance o f the V-A theory Marshak 

and Sudarshan and Feynman and Gell-Mann that experimentalists

once again had a th eore tica l p icture to describe the e la s t ic  scattering 

process. The success o f th is  theory in describing the inverse béta 

decay process or "non-diagonal" terms o f the weak in teraction  Hamiltonian

made i t  natural to assume the theory’ s v a lid ity  fó r  the "d iagona l,"

or e la s t ic  sca tterin g, terms a lsó .
/q/

Analyzed in th is  new l ig h t ,  the data o f Cowan and Reines 7 implied

that the square of the ra tio  o f the coupling constant fó r  e la s t ic  scatte-
2 2 2 ring /g J to the beta-decay constant /g^ J was ^  10 .
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No new data were to be forthcoming u n til 1970. Before that, however,
/15/in 1969, Gell-Mann, Goldberger, K ro ll and Low ■" suggested that the

"diagonal" and "non-diagonal" terms of the weak in teraction  Hamiltonian

may be o f a quite d iffe ren t character. I f  th is  is  true no vá lid

predictipn  as to the cross-section  of the e la s t ic  scattering process

can be made on the basis o f V-A and we would have to abandon u n iversa lity .
/16/In 1970, Stothers using astrophysical data concluded that the
0—2 /17/cross-section  was 10 times V-A predictions and Steiner ' "

using CERN neutrino experiment data gave an upper lim it  o f 4-0 times

V-A, fó r  the re la ted  reaction

ve + e~—~ ve ♦ e . / 2/

Alsó in 1970, Reines and Gurr, working at a reactor, set a new

upper lim it  o f <£ 4 times the V-A pred iction .

Meanwhile, evidence has been mounting that a un ified  theory o f 

weak and electromagnetic lepton in teractions proposed by Steven Weinberg 

in 1967 '̂*■9/ may te  renorm alizable. H.H. Chen and H.H. Chen

with B.W. ^ee kave use(} the data o f Reines and Gurr to r e s tr ic t
p

the parameter x = sin 0 which appears in the Weinberg,theory. Fór

the lim it  g2/g^ <C 4, x is  re s tr ic ted  to be 0.45.

Recently, the prospects fó r  observing reaction  /2/ have been empha-

sized at the Los Alamos Meson Physics F a c ility  / L A M P E w h e r e  an

intense neutrino flu x  is  about to become ava ilab le . The neutrinos which

orig inate  in the LAMPF beam stop are predominantly from the decay o f jjí

and 7r at re s t . The muon-neutrinos from these decays are below the

energy necessary fó r  muon production. The observation o f /2/ is  therefore 

nőt overwhelmed by inverse béta reactions which are so prevalent at
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hlghor energy accelerators. However the existence o f neutrinos from 

both yU and IT decay does present other p o s s ib il it ie s  nőt availab le 

at the reactor or at higher energy accelerators, esp ec ia lly  i f  the 

m u ltip lica tive  lepton conservation law is  va lid  and / or neutral lepton ic 

currents / e .g ., as in the Weinberg theory/ ex is t /“̂ b/^

The resu lts to be considered today are the most recent in the con- 

tinuing search fó r  the process /eq. \J at a fis s io n  r e a c t o r , u s i n g  

an approach which has been under development fó r  th is  e x p lic it  purpose 

fó r  the la s t dozen years.

EXPERIMENTAL C0NF1GURA.TI0N

The geometry o f th is  experiment is  d ictated  in large part by the 

overwhelming gamma ray background. According to V-A theory, the 7.84 Kgm 

p la s tic  s c in t i l la to r  ta rget can. bo expected to experience less than 

5 e la s t ic  scattering events per week above our data threshold o f

3 MeV. The target region was therefore segmented. intő 16 o p tica lly  

iso la ted  bars in an e f fo r t  to label a gamma ray by it s  ch aracteris tic  

sequence o f s c a t te r in g in  the low z médium. We thus accepted as va lid

events only those in which the r e c o il e lectron  was confined to a singlet

bar /about 60 7<J.

The bars were viewed through NaI s c in t i l la to r s , and were surrounded 

by a NaI annulus. The resu lt was a target en t ire ly  surrounded by at 

lea st 10.7 cm o f NaI. Advantage was taken o f the widely d iffe ren t pulse 

shapes from the p la s t ic  and NaI s c in t il la to rs  to determine whether the 

event was located in the p la s t ic  or in the NaI lig h t  pipe. The NaI was
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in turn completely enclosed in a lead jacket 6.3 cm thick and then 

wrapped in a thin cadmium sheet. This unit was en tire ly  immersed in a 

cy lin d r ica l 2,2oo l i t e r  liqu id  anti-coincidence detector.

The cy lin d r ica l anti-coincidence tank was i t s e l f  immediately below 

a large rectangular liqu id  detector, and surrounded by water tanks and 

another lead sh ield  20 cm th ick . More water tanks outside th is lead 

completed the sh ield ing. F ig . 1 is  a schematic o f the detector unit 

inside the cy lin d r ica l tank.

The photom ultiplier signals representing the target portion o f the 

apparatus as w e ll as the many l iv e  regions surrounding the target were 

displayed on an oscilloscope and photographed. T rigger constraints 

required a pulse o f the shape appropriate to thé p la s t ic  s c in t i l la to r  

with an energy deposition ^  2.7 MeV and unaccompanied by a pulse in 

e ith er the rectangular or cy lin d r ica l liqu id  tanks which would be 

characteris tic  o f a cosmic ray muon. The anti-coincidence gate was 

4oo y í. sec wide to exclude tr ig gers  from neutrons produced by an 

e a r l ie r  muon. Further screening o f events was accomplished by analyzing 

the film  record. Such an inspection revealed the location  o f the event 

in the ta rge t, the energy o f the event, and the presence, i f  any, o f 

NaI or liqu id  s c in t i l la to r  pulses. The NaI annulus was capable of 

detecting an energy deposition o f 40 KeV, while the NaI lig h t  pipes 

could revead the presence o f as l i t t l e  as 200 KeV energy deposition. 

Signal ligh ts  alsó displayed on each frame were used to denote the 

occurrence o f various ch aracteris tic  events.



ENERGY GÁLIBRATION AND STABILITY

The rapid ly fa l l in g  spectrum ch aracteris tic  o f the background makes 

i t  essentia l to maintain a continuous check o f the system gain. Such
pl lL

a check is  provided by the béta decay /3.2. MeV end point/ o f Bi
214

contaminant. The procedure used was to measure the rate o f Bi decay

as id en tified  by a delayed daughter ex p a rtie le  f 7 .7• MeV7 TTy2 = 164 yu s«
214The energy associated with a preselected Bi rate was taken as the 

reference value and a l l  runs normalized to i t .  The absolute energy scale 

was set to w ithin -2  % by means o f a Th^0  ̂ gamma source f 2 .62 MeV/*

Both sources were viewed by the en tire  p la s t ic  in anticoincidence with 

the surrounding NaI. The correction  to the overa ll gain o f the system 

as measured by the was w ith in -2 % . F ig . 2 shows these ca lib ration

speetra.

Reactor Associated Backgrounds

—  t
a . v 'j*  p - * n » e

Inverse béta decay produces in our detector a positron which w i l l  

masquerade as an e la s t ic  sca tterin g event i f  we f a i l  to detect both 

o f the accompanying positron annih ilation  gammas and the delayed neutron 

capture gammas. Fortunately, we can estimate th is  source o f background 

by measurements o f the ann ih ilation  gamma detection  e ffic ien cy  fó r  

positrons in the p la s tic  detector and the neutron detection  e ffic ien cy  

fó r  neutrons from inverse béta decays in the p la s tic  detector.



153

I f  we denote the probabiity o f observing a single annihilation

gamma as and the probabiity o f seeing the neutron, hydrogen

capture gamma as ti then, the p robab ility  o f an inverse béta decay‘■íl
event masquerading as an e la s t ic  scattering event is  given by

2
p = a  -  \ j r i -  v  . From observation o f positron annihilation 

in our detector, fó r  those events exh ib iting neutron capture, we conclude 

that = 0.85 ^o’ o^ » The neutron detection e ffic ien cy  is  estimated

to be 0.2 by comparing the ra te o f observed inverse béta decays

with the predicted ra te . Hence

P A  -  0.27 / I -  0.857^ = 0.018 . The number o f

\Je + p  reactions per day in our p la s tic  target capable o f depo-

s it in g  between 5.6 and 5.0 MeV in a single p la s tic  element is  calculated 

to be 6.2/day. This ca lcu lation  took intő account the frac tion  o f single 

element events which we measured with our detector and allowed fó r  

the 1 MeV ann ih ilation  energy which added to the positron re c o il energy 

in these capes. The number mistaken as e la s t ic  scattering is ,  therefore,

r  + .008 7 + .05
/O.018 -  .005J  x /6.2/dayJ  = 0.11 -  .05 / d

I t  is  amusing to observe that in searching fó r  the e la s t ic  scattering 

Vg in teraction  we must contend with th is  r e la t iv e ly  large

neutrino produced background.

B. Neutrons

I t  can be imagined that neutrons produce background events by 

d irec t r e c o il  from protons in the p la s t ic . However, th is  process
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is  discriminaüed again.rt by the poor se in t i  l l a t  ion e ff ic ien c y  o f the 

p la s tic  fó r  re c o il prolons in the relevant energy rangé, / It  is  ^  0.5 

that fó r  electrons at 6 MeV J  Neutrons of the requ is ite  energy,

"> 6 MeV cannot arise from natural photo processes.

A tes t o f maximum possible neutron associated background was made 

using a Pu-Be source. I t  produced a co\mt rate in the NaI detector 

o f 92.9/min, /J\ ► 10 MeV7 and a single element rate o f 0.002/min

in the p la s tic  detector /3.6 —► 5.0 MeV/. The reactor associated 

background in the NaI was raeasured to be Á  0.15/min. Assuming. the neutron 

speetrum from the reactor to be as energetic as that associated with the 

source and fu rther assuming that a l l  the annulus up-down d ifferen ce  is  

due to neutrons, we fin d  that the maximum reactor associated background 

in the p la s tic  a ris in g  from neutrons is

x /Ó.002/min J  /144-0 min/day J  -  0.005/day, /3.6 —► 5.0 MeY7

C . Gammas

Although reactor associated gammas probably arise in large measure 

from neutron capture, we make a separate lim it  fó r  completeness.

Deductions as to the maximum background contribution from these gammas 

can be made by comparing reactor associated rates in the NaI anticoincidenc< 

detector before the addition o f 6.3 cm Pb outside the NaI /l2/mi]^7 

and scaling the pre-Pb p la s tic  rate C 6/day J

C  6/day J  = 0.075/day

*
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Since 1/3 o f these w i l l  he s ingle element events, we obtain a maximum 

background due to reactor associated gammas o f

0.025/day /3.6 —* 5.0 MeV J

RESULTS

F ig . 3 shows the observed p la s tic  detector events in the e la s t ic  

scattering mode in the energy rangé 3 .0 —*5  MeV fó r  reactor "onu 

days7 and " o f f ”  ,/52 days7 • The rates and run times have been

corrected fó r  dead time £ '—' 22 %7 • Alsó shown are detector rates

predicted by the V-A theory /13»14,25/  ̂ These predictions take intő 

account the increase in rate due to detector energy resolu tion  /12 %

h a lf width at h a lf maximum/, and a decrease in rate C ’~~* 40 %J due to

electrons escaping a single p la s t ic  element. Alsó included in the pre

dicted rate is  a statement o f errors based on the uncertainties in the 

f is s io n  V4 spectrum and in the fi decay coupling constants.

The sum o f the above reactor associated backgrounds /^0.14/day7 

is  approximately the same as our observed reactor on -o ff d ifference

/ fór E . = 3 .6  MeV7 and the data su ffe r from a large s ta t is t ic a lmm
uncertainty. We chose the resu lts  fó r  Emin = 3.6 MeV as a compromise 

between minimizing S  maximizing V-A
— trar no ff

Based on the data in Table I ,  we find  a one standard deviation  upper 

l im it  on th is  e la s t ic  scattering signal to be

✓ + ir7 in + .05 C  0.4 + V / . 1 7 / 2 + /.05/ 2
< .15 -  .17 -  .11 -  #q3 <  0.22/day
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In obfcaining th is lim it ,  we have conservatively nőt subtracted o f f  our 

small reactor associated neutron and gamma background. This corresponds 

bo an e la s t ic  scattering cross-section  lim it  ^~expt

<  6.6 x 1CT47 cm2 fis s io n  fó r  the produqtion o f r e c o il electrons

in the energy rangé 3 .6 —* 5.0 MeV.

I t  is  apparent from F ig . 3 that we are searching fó r  a small 

e la s t ic  scattering signal superimposed on a very rap id ly fa l l in g  back

ground. Thus gain sh ifts  which may be — -  1 % could produce counting

rate sh ifts  * *iq  day- ^. Comb in ing the s ta t is t ic a l and gain

uncertainties g ives an uncertainty in the measured raté o f -  .23. In 

th is  way we a rrive  at an upper l im it ,  r e la t iv e  to the V-A pred iction , 

o f

6 " expt ^  0 . 2 ^ 7  
— 0. 16 

V-A < 1.7
I f  we, instead o f taking the Central value and the maximum deviation  

we allowed fó r  the asymmetry in the í jth e  lim it  would be the same i . e .

,21—  <  1.7/RT

The most recent model presented by Weinberg  ̂ takes the parameter 

X = 0.25 0 = 30° . This would imply a rate in our detector in  the

energy rangé 3 .6 —*5*0 MeV o f about 1.3 time/2^  the rate predicted by 

V-A theory. Our lim its  in th is  case are therefore

& expt 

^W einberg
<  1.3

0 =  30°
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In terms of a mignetic moment th is implies 2 x 10- ^° Bm.

F ig .4 indicates the lim its  which these data piacé on various

theoretica l p o s s ib i l i t ie s .  /19,^1,22/ note cross-section

in the case fó r  x = 0 C  0  = 0ci7 is  ^*V-A This is  at the lim it
----T ~

of a c c e s s ib ility  fó r  the improved experiment which we now describe.

Improved Experiment

Gonsideration o f the data in Table I  indicates that the system used

in these measurements was seriously lim ited by the small target mass

and a high background which placed a prémium on instrumental s ta b il ity .

An estimate shows that the primary source o f background was from unlabeled 
214Bi decay. Accordingly, we have reb u ilt  the detector, doubling the

size  o f the p la s t ic  ta rget and thinning the aluminized mylar op tica l
—Zt Pdividers to 5.3 x 10 g/cm so as to make v is ib le  the otherwise

214absorbed alpha p a r t ie le  which fo llow s the Bi decay. In addition, we 

have lowered the unlabled inverse béta background by removing the MgO 

packing m aterial, which separated the NaI and p la s tic  s c in t il la to rs . 

Preliminary runs with the modified system indicate a marked reduction
21 Ll

in the background from unlabeled B . The overa ll increase in the 

predicted V-A signal to background appears to be greater than a

fa c to r o f 3 /Fig. 57.

Although the e la s t ic  scattering data in  th is improved system are 

s t i l l  too sketchy to be discussed here, we can report that the inverse 

béta decay process has already been observed in the modified detector.

This process, : seen at a rate o f about 15 day-1 w i l l  enable us to make 

a d rect determination o f the fis s io n  antineutrino speetrum. As mentioned
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e a r lie r , i t  w i l l  in addition, provide valuable evidence that the detector 

is  functioning properly; the reaction  can alsó be used to experimentally

determine our e ff ic ie n c y  fó r  observing the annih ilation  gamma rays and 

the eventual neutron capture. Whereas the neutron detection  e ffic ien cy  

remains at about 20 %, the .51 MeV annih ilation gamma detection 

e ff ic ien c y  has been reised to .96 -  .04 . The resu lt is  that the inverse 

béta background between 3.6 and 5.0 MeV which was previously .11/. 16=*70 

o f the "expected" s igna l, is  now .< 15 % o f the V-A predicted rate 

in the same energy rangé.

I t  should alsó be noted, that the -1 % gain uncertainty we chose 

increased our upper lim it  from to or by .5 /V-A/. That

same 1 % gain s h ift  with our improved signal to background corresponds 

to 0.1/V-A/at the same energy. Accordingly, the improved detector 

should y ie ld  spectra l information i f  the signal is  at the V-A le v e l.

Fór a l l  o f the ábove reasons, we fe e l  confident that our modified 

detector w i l l  allow us to improve s ig n ifica n tly  the resu lts  we report 

to you here today, and w i l l  make possible an experimental statement as 

to the v a lid ity  o f V-A fó r  the e la s t ic  scattering reaction  and in

g&neral provide somé fu rther constraints on th eore tica l conjecture.
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FIG. 2 SPECTRA OF CALIBRATION SOURCES.
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Smin

A l e V j

Observed Rate /day 
/Signal plus Background/ 

in Energy Rangé

Predicted Rate
/aay-^7
V-A Theory

Em ln ^ E té 5 MeV

/O14/ /Kew7 /Old/

3.0 7.0 ± .7 6.5 -  .4 .80 .40

3.2 2.4 ±  .4 3.5 ± .4 .58 .29

3.4 .99 1  .25 1.8 i  .2 .42 .21

3.6 .56 ± .19 1.1 i  .1 .32 .16

3.8 .37 t  .15 .68 -  .08 ,24 .12

4.0 . 25 -  .12 .47 -  .07 .14 .07

Totál rate 
Prediction

Totál rate 
Prediction

1 .8

3.0

3.5

3.8

3.6

3.7

"New" Reactor "On" 15 days 

"Old" " ” 95 days

Fig. 5

Signal plus Background and Theoretical Predictions fó r  "Old"

.84 Kgm p lastic  detector/ and Improved detector /Í5.7 Kgm, plastiq/

new

old
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THE LEPTON ÉRA OF THE BIG BANG
T. de G ra a f, Kapteyn Labora tory  U n iv e rs ity  o f  Groningen, 
The N etherlands
1. The Hot Big Bang model o f the Universe

In 1929 the observation o f red sh ifts  in spectra o f remote galaxies indi- 

cated that the Universe is  expanding (Hubble, 1929) and that i t  can be 

described by the models o f Friedmann (1922,1924). These models were given 

as the follow ing non-static solutions o f the Einstein f ie ld  equations, ap- 

p lied to the Robertson-Walker metric fór a homogeneous and isotrop ic dis- 

tribution  o f matter in the Universe:

o f the Universe; R and R are it s  f i r s t  and second order time derivatives. 

The curvature index k determines whether the model is  closed and spherical 

(k = +1), open and euclidean (k = 0) or open and pseudo-spherical (k = -1 ). 

The density p and pressure p are alsó functions o f time, fó r which the be- 

haviour depends on the equation o f State. In two extreme cases th is equa- 

tion is  given by

(3 ) p = 0 fó r  a matter-dominated model and

1 2(4 ) p = — pc fó r a radiation-dominated model.

In the Big Bang model i t  is  assumed that the evolution o f the Universe 

starts with a po int-singu larity at expansion time t  = 0. Gamow (1946,1949) 

suggested further that in the in i t ia l  stages the temperature was extremely 

high. This Hot Big Bang model describes a Universe which is  f i l l e d  with a

( 1 )

( 2 )

In these formuláé R (t ) is  the scale factor which characterizes the "s ize "
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mixture of photons and relativistic particles fór which O^mc <kT and where 

equation (4) holds. Non-relativistic particles form a very small background; 

therefore we can use the radiation-dominated model. The conservation of en- 

tropy fór a specific comoving volume during the expansion (a consequence of 

equations (1) and (2)) is given by

(5) á-  (PR3 ) + V  S r  - 0
c

1 2This becomes with p = —  pc :

(6 ) ( Pr1+> = °-dt

1+
Thus pR is a constant during the expansion, which we can call Q. From equa- 

tion (1) we get after substitution of pR = Q:

2

( 7 )  ( 4 Í \ -  . - L -  ke2.(iT
Fór small values of R (in the initial stages of expansion) we can neglect 

2the term -ke and find after integration the following solution fór the ex

pansion time:

i

(8) 1 ( 32-h gq) r
2

This relation is valid fór all models in early stages whereas it holds fór 

the Einstein- De Sitter model (with k = 0) during the whole expansion. Fór 

the density we find from equation (8):

(9) p = ^ -  = — §— - * 4.5x105 t~2 g-cm"3
R 32HGt

From equation (9) we see that fór expansion time t * 10 5 sec the density 
15 “ 3was 4.5x10 g-cm (which is larger than the density of nuclear matter).
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I f  we assume that the known laws o f physj.cs can be extrapolated to these 

extremely high values o f the density, we can re la te  the processes which 

piayed a ro le  in the Hot Big Bang to the properties o f the elementary par

t ic le s  in the cosmic plasma.

2. Physical processes during the Hot Big Bang

With the in i t ia l  high temperatures and densities in the Universe the inter

action processes between a l l  kinds o f elementary partic les are su ffic ien tly  

frequent in order to  establish thermodynamic equilibrium. This implies that 

partic les o f a certain kind are described by a spec ific  thermal distribution 

function with fó r a l l  partic les  the same value o f the temperature T. Fór

and y the Chemical potentia l (which is  related to  the degeneracy parameter 

Z, -  v/kT).

As examples we give the fo llow ing cases:

fermions (baryons, leptons) one has the Fermi-Dirac d istribution  ( + ) and fór 

bosons (U-mesons, photons) the Bose-Einstein distribution ( - )  with partiele 

density (Landau and L ifs ch itz , 1958; Chiu, 1968)

( 10 ) n

0

and energy density

( 11 ) e

In these formuláé E is  the r e la t iv is t ic  energy o f the pa rtie le
o o o L l !  . • • •

E = ( p c  + m c ) , k  the Boltzmann constant, g the spin s ta t is t ic a l weight
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a. Photons: bosons with g = 2, E = pc, y = 0

(12) n

(13)

2
E dE

l V c 3 I exp E/kT - 1 
0

1 T  E dE
kW exp E/kT - 1 

with radiation density constant

( ~ )  x 2C(3) - 20T3

kT ,kTv3 H4 
_ 2 tic 15 aT

b .1. Non-degenerate neutrinos: fermions with g = 1, E = pc, y = 0 (n^=n—)

(15)

(16)

ND

ND

21.Vc3

2
E dE

exp E/kT + 1 21
12 € } * ! « 3 )  = 7.5T3

E3dE

2H2-fi3c3 1 exp E/kT + 1 21

iw / « 7 ^
2 X 720 = 16 aT

These re lations hold fó r a l l  neutrinos v , v , v and v .e e* y y

b .2 . Degenerate neutrinos: in th is case we have y i  0, and get 

densities n t  n— which depend on the degeneracy paraméter £ = y/kT:

(17) n

v v 

D 1

00
r 2E dE

(18)

2 lV c 3 J

„ 2 .3  3 
21! t i  c

exp[(E -y)/kT> 1 21

E3dE _ kT /kT* ŰT, * 
- ~2exp[(E-y)/kT]+ 1 2 l‘

where the Fermi functions are defined as (Chiu, 1968)

(19) (O
n ■í x dx

exp (x -£ ) + 1

Fór antineutrinos we get sim ilar expressions with / ^ (O  replaced by 

9 *  ("O -F o r  non-degeneracy £ = 0 we get back relations (15) and (16 ), and
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>| 0  ^

fór extreme degeneracy with £ "* 09, we get J ^ i Z )  ■* -=• £ and (£ ) -*■ — £Z ó  ó H

and thus:

ED 1 ,kT,3 1 ,3 1 3(20) n =  — -  ( — )  X  -  £  =  ----- - -------r  y
2H * C 3 611 (11c)

ED kT ,kTN3 1 ^  1 U(2 1) e = — ö (*r) x - 5  = — 5---r u
V 2H 4 81 ("Ke)

c. 1 . R e la t iv is t ic  non-degenerate electrons: fermions with g = 2, y = 0,

2
kT >> me :

00

(22) n* - f  ...... ■ & —  - 15T3
Ifié J exp E/kT + 1

0

( 2 3 )  e *  = - j - T j f ------ — --------  = | a T 4
I f i é  I exp E/kT + 1

0

Because o f the d iffe ren t value fór g these quantities are 2x as 

large as fó r the neutrino gas.

2
c .2 . N on -re la tiv is tic  non-degenerate electrons: here we have kT << me 

and get fó r the partie le  density
00 q
r  2 2

(24) ne = — 3 exp ( -  m°- f t 2-— - ) P2<*P = “ f  (2HmkT)2 exp (-mc2/kT)
U fi I h

0

or numerically:

29 3/2
(25) ne = 1.5x10 Tg exp (-5.9/Tg )

9where Tg is  the temperature in units 10 K.

Relation (24) shows that the pa rtie le  density o f electrons decreases in a

very fást way i f  the temperature becomes lower than T = T^nn = mec2/k 
g

= 5.9x10 K. During the expansion the temperature decreases and fó r values



around this annihilation temperature T^nn the electrons and positrons dis- 

appear from the cosmic plasma by pair annihilation processes. The same

holds in generál fór all elementary particles with finite rest mass m, like
2muons, mesons, and baryons: fór T > mc /k their density is comparable to the

photon density, during further expansion they annihilate at temperatures
2T < mc /k.

The totál energy density can be given as the sum of contributions from all

available particles; in generál one has the expression

(26) e = icaT4

where < is determined by the separate values fór particles (e.g. 1 fór pho- 

tons, 7/16 fór neutrinos, 7/8 fór electrons) and decreases at lower temp

eratures. If there are nnly photons, neutrinos v , v , v , v and electrons
J * e e y p

e , e+ one has, fór instance

( 2 7 )  «  = 1 + ^  ♦  2 *1  = |

By comparing equation (26) with equation (9) we find the following relation 

between temperature and expansion time(Zel’dovich and Novikov, 1967):

(28) T = (3f f e }Í t_J * 1-5xlo10<_l K

or

(29) t = 2.3x102 <"5 T~2 sec

Particles with zero mass remain relativistic during the expansion of the Uni- 

verse and form a thermal background which does nőt annihilate. The only com- 

ponent of this background which has been detected could be the background 

microwave radiation which may be interpreted as a cosmic black body radiation
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of photons resulting from the Hot Big Bang (Penzias and Wilson, 1965; 

Dautcourt and Wallis, 1968). Fór its present temperature the value T =

2.7 K has been established. This corresponds to an energy density

(30) £y = aT̂ J « 0.25 eV-cnf3

We indicate the present temperature of the photon gas by T , which can be 

different from the present temperature of the neutrino gas, Tv , as we 

shall see in Section 4.

Another important physical process in the early Universe is the decoupling 

of particles during certain stages of cosmic evolution. This decoupling can 

be defined fór those particles whose interaction with the cosmic plasma be- 

comes too weak fór the further establishment of thermal equilibrium with 

the rest of the cosmic plasma. This occurs when the characteristic collision

time fór these particles becomes longer than the expansion time of the Uni

verse, which is given in equation (29). Fór this characteristic collision

time one has the relation

(31) t = [ < au > n ] ^

where n is the density of target particles and < ov > is the averaged

product of cross-section and velocity. Both quantities decrease steeply

fór lower temperatures (e.g. relativistic partiele densities proportional
3to T ) which implies that t increases much faster than the expansion time

t . At a certain stage of expansion both times can become equal and the

corresponding temperature is defined as the decoupling temperature. 

Obviously this decoupling happens much earlier fór neutrinos than fór 

photons, as the weak interaction processes have much smaller cross-sections 

than the electromagnetic processes: the eleetron-neutrinos decouple fór

T * 101° K, the photons fór T s 3000 K.
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3. Stages in the Early Universe

During the evolution of the Early Universe one can distinguish the fol- 

lowing stages in the Hot Big Bang in relation to the physical properties 

of specific elementary particles.

a. The Hadron Éra

In this stage the temperature is so high that hadrons can be relativistic. 

The end of this hadron éra is determined by the temperature at. which the 

hadrons with the lowest mass (pions with ■ 135 MeV) annihilate. This 

happens fór Tann = M^c^/k * 1 . 7 x 1 0 ^  K, which corresponds to an expans-
-5 iii _3ion time of 4x10 sec and a density of 3x10 g-cm . The annihilation of 

baryon-antibaryon pairs takes piacé in such a way that we are left with a 

finite number of baryons. The fact that the baryon number is a conserved 

quantity can be explained by assuming that initially the partiele density 

of baryons ng was larger than the partiele density of antibaryons ng. 

Therefore the Hot Big Bang can be characterized by the baryon number

(32) B = ^nY

Like other parameters which can be introduced the value of this number is 

arbitrary and nőt determined by the model. In a "symmetric" model of the 

Universe (see e.g. Omnes, 1971) it is assumed that originally the Universe 

was symmetric between particles and antiparticles with B = 0 and that dur

ing the expansion a phase transition took piacé which separated matter and 

antimatter intő different regions. Because of the theoretical difficulties 

with this separation mechanism and the lack of evidence fór the present 

existence of antimatter in the Universe (Steigman, 1972) such a model is
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rejected by many astrophysicists who prefer to introduce an arbitrary free 

parameter in the initial stages of the Universe. The value of this para

méter is determinéd by the present matter density fór which one can take 

(Oort, 1958)

(33) pg = 3x10 31 g-cm 3

23 -7 ~3which corresponds to a partiele density nfi = 6x10 pg = 1.8x10 cm

and to a baryon number

(34) B = ng/ny c 5x10 10

This number could be much higher if the totál density in the Universe 

would have a larger value. The density could, e.g., be equal to the eriti- 

cal density

3H2
(35) P = — - - 1.1x10 29 g-cm 3

C 8HG

which depends on the Hubble constant Hq = (R/R)^._^ and determines whether
o

the Universe is open (p ^ pc ) or closed (p > pc ). The relation between 

baryon partiele density and photon temperature can be given by

(36) pB = mn0 = mBn^ = hT3

where h is another parameter which can be used instead of B (Wagoner, 

Fowler and Hoyle, 1967). The relation between both quantities is

(37) B = 3.0x10~5 h ^

The ratio of the energy densities in the form of baryons and photons which 

decrease, respectively, as T 3 and T , is fór B = 5x10 given by

(38) e b /ey = 2x1°3 T /
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Both energy densities become equal fó r T = 2000 K, which can be taken as 

the fin a i temperature o f the "primeval fireba ll** . In much ea r lie r  stages 

o f the expansion the baryons contribute a very small fraction  to the to tá l 

energy density which is  mainly determined by the background o f photons and 

r e la t iv is t ic  partic les .

b. The Lepton Éra

During th is stage in the Early Universe the temperature decreases from

12 2 91.7x10 K to the value T = m c /k s 5.9x10 K where the electrons annihil-e

ate. Because o f re lations (9 ) and (29) th is corresponds to expansion times

“ 5 14- -3between 4x10 sec and 3 sec, and to densities between 3x10 g-cm and

*+ -35x10 g-cm

The cosmic plasma consists o f photons, neutrinos v^, vg , v^, v^, electrons

12 2and muons; at a temperature o f "  1.2x10 K (corresponding to kT = m̂ c )

the muons annihilate and the value o f te decreases from 25/4 to 9/2. As we

saw before, the baryon energy density is  n eg lig ib le , bút there could be

other components o f the plasma which increase the value o f the density and

change the re lation  (29) and the behaviour o f physical processes.

In the lepton éra the neutrinos form a large part o f the cosmic background

which implies the important ro le  o f weak interaction physics in th is stage

o f the Early Universe.

_c. The Radiation Éra
9This stage begins a fte r  electron annihilation at T 5 5.9x10 K and i t  ends

when the energy density o f the photons becomes equal to the energy density

o f the baryons. We saw that th is  happens at a temperature o f about 2000 K
-21 -3

or higher, which corresponds to  a density o f z 10 g-cm and to an ex-
C

pansion time o f * 10 years. A fter th is period the Hot Big Bang comes to 

its  end and the s te lla r  éra starts , in which galaxy and star formation
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and all kinds of other phenomena take piacé.

An important event during the transition between the lepton and radiation 

éra is cosmological nucleosynthesis: the creation of chemical elements in 

thermonuclear reactions which can occur at the given temperatures and dens- 

ities. In fact Gamow (1946,1949) has proposed the Hot Big Bang theory fór 

the early Universe in order to explain the observed abundance of hélium.

His mechanism of cosmological nucleosynthesis has been modified and ex- 

tended by Hayashi (1950), Peebles (1966), Alpher et al. (1953,1967) and 

Wagonér et al. (1967).

4. Neutrino decoupling during the lepton éra

First we want to consider the processes between elementary particles in 

the lepton éra and to compare the characteristic times fór these processes 

with the expansion time (29). Strong interactions do nőt play an important 

role, fór the hadrons are non-relativistic in this stage and as we saw 

their density is very small compared to the lepton and photon density. 

Electromagnetic interactions are responsible fór scattering and annihila

tion processes like

(39) y + e ^ + Y + e ^  ; e+ + e  ^  y + Y

which determine the thermodynamic equilibrium between photons and charged 

leptons. The cross-sections of these processes are high enough to maintain 

the equilibrium long after the lepton éra.

Weak interaction processes are usually described by the Universal Fermi 

Interaction (UFI), which has been proposed by Feynman and Gell-Mann (1958). 

If this theory gives an appropriate description of the physical phenomena,
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the following processes are possible and their cross-sections can be cal- 

culated:

Processes with electrons and electron-neutrinos:

— — — " f  —
(40) v + e -*■ V + e ; e + e . v + v  ;e e ■*- e e

with muons and muon-neutrinos:

(41) + u" -*• y + y“ ; y+ + y" -*■ ;

with both kinds of leptons:

(42) y" ■* e" + v + v ; v + y * v + ee y e m

The processes (40) and (41) can be described by the "diagonal terms" in 

the Universal Fermi Interaction Hamiltonian, which can be written symbol- 

ically as

(43) H i = 7 §  ^pn + Ve8 + vyy ^ nP + eve +

With the UFI theory one can calculate the cross-sections fór the given 

neutrino scattering processes and find, e.g.

+ 2g2me R(44) o(v t  e ) = 3o(v + e ) = ----  E
v

R 2in the electron rest frame with E >> m c . In the cosmic frame with non-v e
R-degenerate neutrinos we can take fór the average value of E^

(45) <ER> = <E > <E > /m c2 = (3.2kT)2/m c2v v e e e

The characteristic time fór scattering of neutrinos on the electron-neu- 

trino gas is given by the relation (31), where we take fór n the 

relativistic electron density (22). We find fór this characteristic time
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(*46) t * 6.7x10 5 Tn 5 secve 9

Decoupling of the electron-neutrinos takes piacé when this time becomes 

equal to the expansion time (29). This happens when the temperature be

comes equal to the decoupling temperature (De Graaf, 1970)

Ve 10(47) T , = 1.8x10 Kdec

We see from its calculation that the decoupling temperature is related 

to the other quantities in the following way

( “8) g2 < V  T ^ o = A

where A is a numerical constant. The value (47) is larger than the elec-
e 9trón annihilation temperature = 5.9x10 K, which implies that the

electron pairs started to annihilate in a stage where the electron-neutri

nos were already decoupled. Therefore the temperature T^ of the photon gas 

which is interacting with the annihilating electrons, is increased relative 

to the temperature T^ of the electron-neutrino gas. From the conservation 

of entropy one finds (Alpher, Follin and Hermán, 1953):

(49) Tv = ( ^ ) Í  Ty

which gives a present neutrínó temperature of about 2 K.

Fór muon-neutrinos analogous considerations can be given (De Graaf, 1970).
:

In this case the muons annihilate before muon-neutrino decoupling and one 

has to consider the non-relativistic expressions fór the cross-section 

and the muon density. Therefore the decoupling temperature becomes higher:

v . 1
(50) T,M <* 1.2x10 K
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Other values fór the decoupling temperatjure and maybe fór the present

neutrino temperature would occur if the parameters in the characteristic 
2time (g , <E >) or in the expansion time (k ) would be different. The fol- 

lowing possibilities can be distinguished:

a. Different theories of weak interaction

In a foregoing review (De Graaf, 1971a) we have considered the consequen- 

ces of theories with neutral lepton currents, non-conservation of lepton 

number and other values fór the coupling constant of diagonal interactions. 

The Weinberg theory (Reines, 1972) predicts a somewhat higher value fór 

the cross-section of neutrino-electron scattering, whereas the present ex

perimental upper limit is given by (Reines, 1972)

(51) a (v + e ) < 1 . 7 a „ . ( v  + e )exp e V-A e

From relation (48) we see that the decoupling temperature depends on the
-2/3value of the coupling constant according to T^gc * g 

J3- Degeneracy of the electron-neutrinos

Until now we have assumed that the electron-neutrinos are non-degenerate,

which implies n = n—  and 5 = 0  according to relations (15) and (16). 
e ve

In a more generál theory we can consider a new parameter in the Early Uni- 

verse, the electron lepton number (Fowler, 1971)

nv ‘ "v + ne~ " ne+ e e(52) L = ~ 2-------5-------------e nY

which at present reduces to
n - n— v v n

(53) Le = — 5------- £ + - *
n Y
Y
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According to relations (12) and (17) we get fór the first term 

n - n—
(54) ------- e . a Qí21 ( t^/j^ )3 | 9?(e ) _ 9 ^ (-5 )}

nY

If we consider a neutrínó degeneracy with degeneracy páráméter £ > 0.1, 

the tables fór í^(£) (Chiu, 1968) show that

n - n— v v
(55) — -------- > 0.02

nY

This is much larger than values fór the baryon number B like the one given 

in (34); therefore np/n^ < ® can neglected in (53) fór a neutrino 

degeneracy with £ > 0.1.

The average energy of the neutrinos in the degenerate Fermi gas is, 

according to relations (17) and (18) equal to

(56) e /n = { 9£(?)/ K u )} x  kTV V O Z

instead of 3.2 kT in the non-degenerate case. Fór large values of £ we 

have £j(í) ■ * ! « '  , ^ ( E )  j  í3 and

<” ) -  | CkT

The average neutrino energy is thus proportional to £, whereas the charact- 

eristic collision time becomes proportional to £ ^. On the other hand, the 

increase in density alsó changes relation (29) between expansion time and 

temperature. A large degeneracy £ >> 1 would correspond to a neutrino

energy density (cf. equation (21))

.4kT /kT \3 / T  V+

(58> °  - * *  * W  *
15 £--- *— e
8H4 Y
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Before electron annihilation the temperatures Ty and Ty were equal and 
we would have

(59) a 0.02

At large values of £, e.g. £ > 10, the value of k in etQt = ke^ is mainly

determined by the contribution (59). In relation to (48) we have <Ev>

p portional to £ and k proportional to the decoupling temperature

xncreases thús as £ 1/3 fór higher values of the degeneracy páráméter.
In a previous review (De Graaf, 197!a) we compared the possible energy

density of n e u t n n o s  with several limit values. The limit which can be

established from nucleochronology (Zel'dovich and Novikov, 1967) is given 
by

(60) e < e  ~ o c  m 4 ír ~3v nucl crit ~ 2*5x10 eV-cm

From relation (58) we finrl thai- c- k __becomes larger than this limit value

K 0. In the Hot Big Bang model extreme degeneracy with 5 > 100

would therefore nőt be compatible with condition (60).

—  ‘ —  Particles j.n the cosmic background

One cannot exclude the possible existence of a large number of zero-mass 

P ' es which are difficult to observe and which might give an important 

útion to of equation (26). Possible particles are muon-neutri-

with a large degeneracy, which can increase the value of k as in the

of degenerate electron-neutrinos. Further óné can think of the possil 

y t there might exist other kinds Qf neutrinos which differ from 

vg and and are the partners of other charged leptons £,. Recently somé 

attention has been given to the possible existence of such heavy leptons
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: and to their consequences fór elementary partiele physics, astrophysics

i and cosrnology (De Graaf, 1971b).

<We see from equation (48) that an increase in k due to an unknown background 

«would increase the value of T^gc according to

, , X 1/5; (61) T = const X  Kdec

' The same holds fór the equilibrium temperature which plays a role in the pro- 

cess of qosmological nucleosynthesis. This starts at the end of the lepton 

f éra and will be considered in the following Section.

_ Cosmological Nucleosynthesis and parameters of the Hot Big Bang

In the theory of Gamow (1946,1949) it was assumed that the original matter

I of the Universe consisted solely of neutrons. Through nuclear reactions such

í as B-decay and radiative capture element formation would be possible. This

picture has been modified by Hayashi (1950), who observed that fór high temp-

eratures with kT > m c2 (thus in the lepton éra) the following weak inter-
e

action processes are fást enough to' establish statistical equilibrium between 

neutrons and protons:

(62) n + e+ ■*- p + ; p + e  "*"n + ve

_ =i=n dpfine a characteristic time like the rela-For these processes one can alsó aeri
• • i Qratterinc • In "this Cciss thG chsrsc'tGns'tiction (46) fór neutrino eleetron scatteri g

time becomes (Fowler, 1971)

(63) x . “ 105 t ' 5 secchar y

i íKvi Hm lőne as this time is shorter Neutrons and protons remain in equil
. - in2 T-2 of the Universe. As in the case ofthan the expansion time g
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neutrínó decoupling the equilibrium "freezes" at the equilibrium temperature 

fór which Tc^ar = ^eXp* This happens fór

(64) T * 1010 Keq

In equilibrium the ratio between neutron and proton density n and p is determ-

2ined by thexr mass difference Amc :

(65) n/p = exp (-Amc2/kT) « exp (-15/Tg )

At very high temperatures n/p s 1; later it decreases fór lower T g . Fór temp- 

eratures below ! 10 the ratio is fixed to

(66) ( n/P )eq * exP 5 ° - 22

Later on chains of strong interaction processes become possible at tempera

tures Tg < 2 which produce isotopes like D, He3 , He^, Li^. A possible 

reaction channel is given by

(67) n (p,Y) D (p,y) He3 (n , Y ) He^

In this way one can solve the so-called hélium problem: the abundance of

about 25% fór hélium in the Universe, which cannot easily be explained with

stellar nucleosynthesis or with other processes (Searle and Sargent, 1972).

The maximum hélium abundance Y which can be obtained is found by combiningmax
all neutron pairs with proton pairs intő hélium nuclei:

(n/p)
(68) Y = 2 n  = 2 - ----- 7-̂ —  = 0.36max eq 1 + (n/p) eq

The reál hélium abundance will alsó depend on the free parameters of the 

Hot Big Bang, like the baryon number B and the lepton number Lg , which were 

introduced in (32) and (52).
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Fór Lg = 0 (no electron-neutrino degeneracy) the resulting element abundances

have been calculated by Wagoner et al. (1967); they find fór instance that the'
_10 - 8value of the hélium abundance Y varies as 0.21<Y<0.26 fór 5x10 <B<5x10 .

The results of these calculations are illustrated by Figure 1 (adapted from 

Fowler, 1971).

Fig. 1 Element production in the Hot Big Bang fór different 
values of the present density without neutrínó de
generacy (Fowler, 1971)
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The calculations are done fó r  the canonical Hot Big Bang with L = 0 in the

usual background o f pa rtic les  and fó r e = KaT4 with k = 9/2 in the lepton

éra. I f  the value o f k would be higher, e.g . because o f the degeneracy o f

muon-neutrinos or the existence o f other, unknown, zero mass p a rtic les , th is

would have the same e ffe c t  on the equilibrium temperature as on the decoupling

temperature in the foregoing Section. We find in a sim ilar way that is

proportional to I f  k is  increased by a factor p (the ra tio  between to 
ll

tá l energy density and 9/2 aT ) we find fó r  the maximum hélium abundance

„ / 1 i- ” 1 /6 v(69) Y = 2 exp (-1 .5  p _)_
max . -1/6.1 + exp ( — 1.5 ií )

The value p = 2 gives Y 2 0.42, fó r p = 3 we get Y = 0.45: alsó themax - & max

reá l hélium abundance w i l l  increase fó r  increasing values o f p. Shvartsman 

(1969) and Doroshkevich et a l. (1971) argue that p cannot become much higher 

than 3; otherwise the hélium abundance would be more than 40-50%, which is  

in contradiction with the observations.

I f  the background would consist o f a number o f unknown non-degenerate bosons 

or fermions (e .g . new neutrinos wich could occur together with heavy leptons), 

th is number could thus nőt be larger than about 10. We saw that in the case 

o f degeneracy the density increases with the degeneracy parameter The 

given argument can therefore alsó pút an upper lim it on th is parameter. I f  

we assume, fó r instance, that the muon neutrinos are degenerate in a back* 

ground o f photons, non-degenerate electron-neutrinos and electrons, we find 

fó r  the to tá l energy density according to the formuláé (13 ), (16 ), (18 ), and

(23):

(70) 6to t * S y - t »  aT1* + í f  aT-

Fór 5 = 4 th is becomes etQt z 15 aT .which is  more than three times larger
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than the canonical value 9/2 aT . The upper limit on the muon-neutrino 

degeneracy is thus given by £ % 4.

Degeneracy of the. electron-neutrinos does nőt only change the density and 

thus the equilibrium temperature T , bút alsó the way in which through 

reaction (62) the equilibrium between neutrons and protons is established. 

Neutrino degeneracy (£ > 0) implies n^ > n- and fór a larger neutrino density 

the ratio n/p and the resulting hélium abundance become smaller. Fowler 

(1971) (showed that Y < 0.02 fór E ~ 2.5, which occurs when n ~ n and alsó
V y

2 In that case cosmological nucleosynthesis would bt; impossible and 

the present hélium abundance should be explained by other processes, e.g. 

in stellar interiors.

-30 -3Fig. 2 Element production in a Universe with density p * 2x10 g-cm 
fór different values of the degeneracy páraméters fór electron- 
-neutrinos (Fowler, 1971)
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Fór £ < 0 the opposite happens: > ny and n/p increases. At £ = -1.5 this

ratio becomes equal to one and the hélium abundance reaches a maximum. Cal- 

culations of Wagoner et al. (1967) gave the results fór the element abundances 

which are illustrated in Figure 2.

This figure gives the resulting abundances of light'isotopes as a function of
“30the degeneracy parameter £ = y/kT fór a present matter density pD = 2x10D

“3 -1+ _ gg-cm (with h = 10 and baryon number B ~ 3x10 ). The same figure can alsó

be given fór other values of the density. In this way we find how the present
3 4 .7abundance of the isotopes D } He , He , and Li would depend on both parameters 

B and L^, if these abundances originated from the Hot Big Bang with further 

the usual properties (like isotropy and homogeneity).

Reeves (1972) has investigated how the Hot Big Bang could produce the observed

amounts of these elements by adapting the parameters p_ and £ to the observedB
• 3 4  *7"cosmic" abundances of D, He , He , and Li under the assumption that these 

isotopes have been produced mainly with cosmological nucleosynthesis. From 

these considerations he finds the following limit values fór the baryon num

ber and the lepton number:

(71) B < 3x10~9 : -0.3 < L < 4e

and a very weak indication that B = 1.5x10~9 or pD = 10_3° g-cm 3 and L Z -0.1B 6
This last value would imply different densities fór v and v with n^ > n^.

Many further investigations of the element abundances and other model calcu-

lations will be necessary in order to show whether this asymmetry does inde*^ 

exist and to establish a further relationship between the free parameters oí

the Hot Big Bang and the physical properties of the present Universe.
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The author is highly indebted to Prof. G. tfarx fór the invitation to the 

Europhysics Conference Neutrino *72 and fór the kind hospitality in Hungary.
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COSMOLOGICAL LIMIT ON NEUTRETTO MASS (üISCUSSION REMARK)

G. Marx and A.S. Szalay, Department of Atomié Physics, Roland Eötvös 
University in Budapest

By making use of the generál r e la t iv is t ic  cosmology, the rest mass of 
the muon neutrino could be obtained, i f  the Hubble constant, the decele- 
ration parameter and the photon temperature were accurately known. In 
this note the decoupling temperature of neutrinos is  discussed. From 
the available astronomical data the upper lim it of muon neutrino rest 
raass has been obtained to be l**0 eV.

I t  was stressed by Zel’ dovich as f i r s t ,  that the empirical cosmology

o ffers  an approach to obtain the value or at least the upper lim it of the 

neutrino masses • Zel’ dovich considered a homogenous and isotropic

expanding universe, which was dominated by electromagnetic and neutrino 

radiation. The number density of the r e l ic t  neutrinos has been determined 

by the present photon temperature and by the thermal history of the Big

Bang. An upper lim it on the average mass density can be obtained from the

geometric history of the expansion and from the fa c t, that the universe is
q

older than the oldest moon rock /4,5 Gy, where lGy=10? years/. By dividing

this mass density limit with the neutrino number density Zel’dovich has 
obtained an upper limit fór the neutrino rest mass-

Our aim was to make a rather complete computer simulation of the ther

mal and geometric history of the universe, in order to explore the 

r e l ia b i l i t y  of th is approach and to arrive at an empirical neutretto mass.
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After the Hadron Éra /k T <  mr  c1/ the universe was made of photons, 

leptons and a neglig ib le  amount of nucleons. In this Lepton Éra the muons 

started annihilating as f i r s t .  The neutrettos are coupled to the muons

via  conventional weak interactions [ 3 }  / and in a 

smaller amount to the electrons / \ ^ + e -> e  + \̂ , v ia  the electromagnetic 

form-factor of the neutretto and via  the hypothetical W# boson 

coupling l ’ V  . The decoupling from muons happened at T0 =1.2.10^K 

I f  one uses a cu t-o ff parameter A =300 GeV, according to our numerical 

calculations the electromagnetic decoupling from the electron plasma 

occured even ea r lie r , at T=4,1.101:LK. I f  we had a VL weak

interaction [  5|> the decoupling would happen somewhere in the temperature 

rangé ÍO^K > T>1010K. The decoupling of electron neutrinos from the 

electron plasma came la te r , at T=1,8.10^^K ^3^* F ina lly  the electron 

pairs annihilated' and the photons v/e re decoupled from the surviving hydro- 

gen-helium plasma.

Before decoupling a ll  the components were in thermodynamical 

equilibrium having a common temperature T /t/, and the cooling was 

adiabatic. A fter having decoupled, the wave length of each partie le 

changed proportional to the radius R /t/ of the universe. We used 

vanishing rest mass fó r  the photon and fó r the neutrino, the known rest 

mass fó r  electron and positron, and we le f t  the neutretto rest mass as a 

free parameter.

The computer calculation started at the neutretto decoupling 

temperature T =1,2. ÍO1^ ,  with an equilibrium distribution of photons, 

electron pairs, neutrinos and neutrettos. The corresponding radius R0 was 

alsó considered as free parameter- The geometric history is  deseribed by 

the Einstein equation
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/K=+l fó r closed space./ ^  and p has been given fó r  photons and 

leptons in termsof T /t/ before decoupling, in terms of R /t/ a fter 

decoupling. The connection between R /t/ and T /t/ has been given by 

the adiabatic equation /which is  a direct consequence of the Einstein 

equations/:

/After the decoupling point of the photons one has had evidently 

R /t/»T /t/=const./ The integration was performed with a GDC 3300 computer.

In the f i r s t  period the k inetic energy dominated / =3p T ro R /,

one had a radiat io n -fillő d  universe. At about the temperature l<T=m c 

the neutretto rest energy myc became the dominant component / R ( p = 0  /.

The neutrettos were so abundant, that the atomic mass density was n eg li-  

g ib le during the whole history.

The integration stopped, when the photon temperature reached the 

présént observed value

T r ( t „ )  = 2 , 7 * 0 , 3>K

At th is point the solution has to obey the empirical restrictions :

^

These restric tions are fu l f i l le d  only fó r  special choises of m  ̂ and R^.

Our numerical results are co llected  in the Table. The equalities are va lid t 

i f  below the temperature T the neutretto rest mass density has been 

dominating indeed. I f  our actual universe contained a considerable amount
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of unknown forms of matter /gravitons, blaclc holes, in tergalactic plasma/, 

this would make upper lim its from the neutretto mass values.

The lim it mv=120 eV fó r the neutretto rest mass obtained from cosmo- 

logy is  by four orders of magnitude lower, than the value quoted in the 

Review of Partie le  Properties /mvíl ,2  MeV / [7J.
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Curve A corresponds to the value HQ= 75 km/s.Mpc 
The expansion of the Universe stops under curve B 

before reaching 2.7 °K.
The allowed area fór the parameters is between the 

two curves, so the upper limit to the mass is 130 eV.
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FIELD-PARTICLE ASPECTS OF THE COSMOLOGICAL NEUTRINO PROBLEM

(d i s c u s s i o n  r e m a r k )

B. Kuchowicz, Universi-y of Warsaw

iCot too amch was said on the role of the gravitational field in 
treating the neutrino; a brief summary of the recnt status seems to be 
necessary. It should be emphasized that the neutrino may be treated 
as a partiele and as a field, and both a classical approach and a 
quantum one may be applied to it. The first, and almost corapletely 
exploited way of approach is to treat the neutrino as a classical 
point partiele in a given external gravitational field. This was the 
way I used to calculate the neutrino. escape hindrance from generál 
relativistic spheres which were applied as models fór superdense stars. 
This classical neutriro dynamics is equivalent to the search fór zero 
geodesics confined to a region of soace around the superdense star; 
this is in the case of a massless neutrino. The results might be more 
complicated if the neutrino v/ere nőt a point partiele with no higher 
moments than the monopolé moment (as fór bodies with higher moments 
the motion, in generál, is nőt geodetic).

A seeond level of approach is to treat the neutrino in a quantum 
way, with the helo of the 7/eyl equation i-n a given gravitational field. 
This way .vas applied by WheelerBrill et al. The use of wovable Cartan 
fraraes may bút need nőt be applied. ^esults on the metastable states 
of a neutrino in an equivalent gravitational potential were obtained 
a long time ago (when applications to the geon theory were sought fór). 
Recently, among the most important results on the^e lines are those 
of Pestov on the connection between duality rotations fór electromagne- 
tio and fór neutrino fields (as different reoresentations of the same 
transformation group), and of Novello and Rotelli on a link between 
gravitation and weak interactions. The latter result, fór homogeneous 
and isotropic cosmological models, is that the axial vector current in 
the UFI gives varying contributions v.'hen compared with the vector cur— 
rent at different cosmological times. In ccnsequence, neutrinos and 
antineutrinos produóed are admixtures of both left and right polarized 
3tates, and the mixing ratio depends on the time they v/e re createdj this 
may have important consequences fór the cosmological neutrino sea.
Along t'fris line of research it has been proved, too, that when we start 
with the Lirac equation fór a ma3sless neutrino in curved space-time, 
an induced mass term appears in the fin^l equations.

Up to now only the problem of a neutrino in a given gravitational fleil 
was considered. Bút what would result if the gravitational field would 
have as its source the energy—momentum tensor of the neutrino field.
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This arproach leads to a study of the coupled Einstein-77eyl equations.
I t  has been developed recently, with the help of modern tools (ray 
optics, spin coe ffic ien t formaliSm e tc . ) ,  and has given somé interes- 
ting results. I t  has given somé kind of Rainich-type already unified 
f ie ld  theory of the neutrino and gravitation . Several classes of neu
trino fie ld s  were investigated, especially those with a positive ener- 
gdy density (eláss E+).  I t  was found that the pr-incipal null congru- 
ence of any neutrino f ie ld  of this eláss is  geodesic, and its  shear 

and twist cű are restricted  by the conditionl lofl*~4cű £ q. i f  a neu
trino f ie ld  of this eláss is tw istfree, i t  must be alsó shearfree.
Fór neutrino pure radiation f ie ld s , with an energy-momentum tensor 
of the forrni T^y*A k^k^, where the tetrad vector k^ is  the neutrino 
flux vector, the theorem has been obtained I

A ll radiation solutions of the \7eyl equation possess a shearfree 
and tw istfree geodeals oongruence which is  alsó hypersurface-orthogo- 
nal. This is  a stronger theorem than the corresponding Mariot-Robinson 
theorem fó r  null electromagnetic f ie ld s . I t  was proved alsó that sphe— 
í ic a l  symmetry of a space-time is  nőt compatible with the presenoe 
of a neutrino f ie ld  subject to the restriction  that the energy flow 
vector of the neutrino f ie ld  be tiraelike or null.

Other important results in this area are! the Plebariski c la s s if i— 
cation of the neutrino energy-momentum tensor, necessary and su ffic ien t 
conditions on the Ricci tensor to admit a neutrino fie ld  of somé clas
ses, ,asymptotic domination of radiation terms in the energy-momentum 
tensor, f in a lly  somé exact solutions. The most contributions in this 
area have been obtained by víainwright, Trim, G riffith s , Newing, Au-, 
dretsch and Gráf.

While in this appraoch the neutrino f ie ld  was treated in a classical 
way, without the inclusion of the Pauli princíple, a possible, fourth 
line of approach is  to study a quantized neutrino f ie ld ,  possibly in 
a quantized space-time.

The generál scherne of developments, and possible further directions 
of approach, may be as below:

Classical approach Quantum approach

Partie le  Geodesic rootion of a "9 
aspects in a given g ra v .fie ld  

(alsó nongeod.motion,

Metastable states of a V in 
a grav. potential ;modified 
UFI theory

in somé future)

Field Already unified f ie ld  
aspects theory of *5 and grav it.

líecessity to irc lu le  second 
quantization of the 9  f ie ld ; 
what ninro*?
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REVIEW OF THE EXPERIMENTAL SITUATION ON NEUTRAL CURRENTS 
*

C .B a lty  , Columbia U n iv e rs ity ,  New York

I) INTRODUCTION

The weak interactions are presently understood in terms of a 
current-current interaction. All experimentally observed phenomena so far

*• " + — *■ require only the charge-changing currents (e ,V ), (e , V ), (y , V )r 
+ - _

(y , V ) ,  (n,p) , (A,p) etc.v there is no evidence fór the existence of the 
^ — — + — + — — 

weak neutral currents (V , V ) ,  (V ,V ) , ( e  , e - ) , (y , y ) ,  (p, p ) , etc.
e e y U

Several recently proposed models of the weak and electromagnetic
interactions, in particular the model of Weinberg ^, that show promise
of being renormalizeable, predict the existence of neutral currents.

However, the extremely sensitive experiments searching fór neutral
currents in K decays have shown that strangeness changing neutral currents
do nőt exist down to a level many orders of magnitude smaller than the
strangeness changing charged currents. These results are summarized in

2 )Table I. It has been shown since that the theory can be arranged in
such a way that only strangeness conserving neutral currents are
required.

+ + —The effects of the neutral current terms (e , e ) and (y , y )
are masked by the electromagnetic interactions. The (Ve , V^) and

( V^, v ) terms would, however, give rise to effects that are experiment
ally detectable in the interactions of neutrinos with nucleons and electrons.



200

A number of experiments have been completed to search fór such effects.
No evidence fór neutral currents was found. The approximate upper limits 
obtained in these experiments are summarized in Table II. These limits 
are o f the same order of magnitude as the ratios predicted by the 
Weinberg model.

The purpose of this talk is to discuss the experimental limits 
and the predictions of the Weinberg model in more detail, so that a 
valid comparison can be made. Two points in particular come to attention :

1. The model does nőt predict a unique value fór the rate of the 
neutral current reactions, bút rather a rangé of values, 
depending on a free parameter in the model which is related 
to ©, a mixing angle in the following way. The model
hypothesizes, among other things, an isotriplet of inter-
mediate vector bosons, two charged and one neutral, the+
+ -  o o -W , W, and W , and an isosinglet vector boson B . The W

as usual, mediate the charge changing part of the weak
interactions. The W° and B° mix to produce the Z° that
mediates the neutral current weak interactions, and the
photon that mediates the electromagnetic interactions,
as, fór example, in the diagrams below.

*



201

The mixing can be written in terms of somé mixing angle 9 
as

o o oZ “ cos© W + sin9 B
Y = - sin© W° + cos© B°

If the coupling constant of the isotriplet intermediate 
bosons to the lepton current is written as g, and the 
coupling of the isosinglet to the lepton current as gí, 
then the mixing angle is defined as

r ~2 2"gin© = g '/\J g + g'
/ 2 2cos© = g /\Jq + g'

and the electromagnetic coupling constant is 

e - gg'r'A/g2 + g '2

The rates fór the neutral current reactions depend on the
ratio of the electromagnetic to the isotriplet coupling 

2 2constants e /g , which from the above can be seen to the

2, 2 . 2ö e /g = sin 0

and is thus limited between O and 1.
2 2 O < e /g <1.

The masses of the intermediate bosons are related to these 
coupling constants as

m 2±W 8 G

2 V̂ 2~ (g2 + g'2)M o
m 2±w

z 8 G 2. 2(1 - e /g )
—5 2where G “ ÍO /m is the usual béta decay coupling constant.

P 2 2The numerical values of these masses as a function of e /g 
are shown in Fig. 1.
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2. The energy spectra of the fin^l state electron or hadrons
in the neutral current processes depend quite strongly on e /g .
Because of the detection methods used and the presence of
various backgrounds, the experiments searching fór the neutral
current reactions are sensitive only to a limited rangé of
the final state electron or hadron energies. Thus the
detection efficiencies of the experiments, and therefore

2 2the rate or upper limit obtained, depend on e /g in the 
Weinberg model (or on somé other, possibly more complicated, 
parameters in other models). The experiments will thus be 
discussed individually with somé attempt to Calculate the 
detection efficiencies and the expected rates in the 
Weinberg model.

The predictions of the model fór the purely leptonic processes 
are straight forward and free of any uncertainties related 
to the poorly understood strong interactions of the hadrons.
As the complexities of the semileptonic processes increase 
from the elastic (V^ + p + p) to single pion production
(V + N -*■ v y + N + TT) and finally the inclusive inelastic 
process (V + N V + hadrons, fche uncertainties associated 
with the theoretical predictions of the model increase 
rapidly. Thus a clearcut test of the model is best carried 
out in the purely leptonic processes.

2 2

II) PURELY LEPTONIC PROCESSES

II. 1 Search fór V + e -► V + e
V V

The process

V + e -*■ V + e (1)
V y

can proceed only via neutral currents. It has been looked fór in the
CERN neutrínó experiments, both in the heavy liquid bubble chamber 4 )
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and the spark chamber detectors ^ . The event is characterized as a 
single e produced within a few degrees of the V beam direction, without 
any accompanying hadrons or nuclear fragments. The most sensitive search 
was in the 1963-64 run in the spark chambers ^ . To insure good electron 
detection and to eliminate the low energy electron background, a sample 
of 30 events with electrons over 1 Bev was selected. These events 
were probably due to the reaction

V + (n or p) -*■ e + hadrons (2)e
oOf this sample only one event had an electron within 4 of the V beam

direction and had ne accompanying hadrons and could thus be an example
of reaction (1). Since this event could alsó be due to reaction (2), 
this one event can be used to set an upper limit only. In reference (3) 
this event was used to set a limit on the reaction

V + e -*• V + e (3)e e

which has the identical signature as reaction (1). The normalization 
given in that paper is calculated fór the speetrum. To estimate 
the normalization fór the V induced reaction (1), one could use they
ratio of the calculated V and V fluxes. However, in view of the difficultyy e
of estimating the absolute neutrino fluxes, it seems preferable to norm—
alize to the totál number of V induced reactions, and use the

y — 38 2measured V totál cross section, (0.8 ± 0.2) E x 10 cm /nucleon.y v
The detection efficiency used in ref. 3 was calculated fór reaction (3), 
which in the usual V-A theory is uniformly distributed in Ee/Ev . This 
detection efficiency gives the limit listed in Table II.

(7)The differential cross section fór the neutrino-eleetron

scattering process is

g 2md C ___ e
dE 2 Ti

2 s 2 /i Ee i 2 ” e Ee i 2 2*(g + g ) + (gv  -  gA> (1 -  —  ) + - j —  <gft * gy >
y V E v

(4)

where Eq , E^ are the laboratory energies of the e and V, respectively,
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and is the electron mass. In the V-A theory, = 1. In the
Weinberg model they take on the following values fór the four neutrino- 
electron elastic scattering processes :

Process a „--------  A
-  2 2V + e -*■ V + e + S + 2 e /q + \e e *

-  2 2V + e -»■ v + e + *3 + 2 e /g - Ve e ^
-  2 2V + e V + e -*5 + 2 6  /g - h

V V

) + e -t V
V V

-  2 2V + e •+• V + e - H + 2 e /g +*5

(5)

Fig. 2 shows the cross sections,which rise linearly with E ,
expected fór these four processes in this model as a function of the

2 2coupling constant ratio e /g . The totál cross section fór reaction (1)
-41 2varies from 0.1 to 1.0 x 10 E cm /electron. The cross section fór

-41 2the process + e -*■ + e in the V-A theory, 1.6 x 10 E^ cm /electron
is alsó indicated on Fig. 2.

To estimate the detection efficiency fór reaction (1) in this
experiment, we have written a Monté Carlo program, using the differential

(8)cross section (4) and the calculated flux of in the experiment.
With an E > 1 . 0  BeV cut, the detection efficiency varies from 20 %

6 2 2 to 40 %, as a function of e /g , as shown in Fig. 3. Using this detection
efficiency, and normalizing to the totál number of interactions,
and r e c a l ü n g  that there are *s as many electrons as nucleons in Aluminiumj
we arrive at a 90 % confidence level upper limit on reaction (1) from
this experiment of

C (V + e -*■ + e ) < (1.8 to 3.6) x E^ x 10 41 cm^/electron
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The upper limit is plotted as a function of e /g in Fig. 4, 
which alsó shows the cross sections predicted by the Weinberg model.
As can be seen, the limits are nőt inconsistent with the model.

II.2 Search fór V + e -*■ V + ee e

The process

V + e~ -*• V + e” (6)e e

can proceed in the usual V-A theory with a totál cross section of 
-41 20.54 x 10 E cm /electron. The contribution of the neutral currentsV

to this process in the Weinfcarg model can either depress or enhance this
2 2cross section, depending on the value of e /g . Using the differential

cross section (4) with the coupling constants (5), we calculate a
-41 2 -41 2cross section varying from 0.14 x E^ x 10 cm /el to 2.9 x E^ x 10 cm /el,

as shown in Fig. 2. Thus a measurement of the cross section fór this 
process, even though it is allowed via the usual charged currents, can 
yield somé information relevant to neutral currents.

(9)An experimental search fór this process has been carried out
using a fission reactor as a source of low energy V^. The recoil
electrons were detected in a ~ 8 kg plastic scintillator that provided
a ± 2 % measurement of the electron energy. The detector was surrounded
by an elaborate array of background shielding and anticoincidence counters.
In order to reduce the remaining background, the energy of the electrons
accepted as candidates fór reaction (6) were restricted to 3.6 < Ee < 5.0 MeV.

No signal corresponding to reaction (6) was observed after a background
subtractionj the latest value of the upper limit has been reported in

(q \ — — — —
a recent article as 0 (V + e ■+ V + e ) < 1.9 C . This is ae e v-A
one standard deviation limit. The 90 % confidence level upper limit 
corresponds to

C (Vg + e -► Ve + e ) < 3 C V_A

2 2
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This limit is based on the detection efficiency calculated 
assuming the electron energy spectrum as predicted by the V-A theory.
We have calculated the detection efficiency in the Weinberg model, using 
the differential cross section (4) with the coupling constant (5) and the 
\>e spectrum calculated by Avignone 10^. The detection efficiency (prob-
ability of getting an electron with 3.6 < E < 5 . 0  MeV) varies by a

2 2 6factor of ~ 6 over the rangé of e /g , from ~ 1/3 % to «. 2 %, as shown
in Fig. 5. This rapid variation is due to the fact that the bulk of the

spectrum is below 5 MeV, and thus the efficiency is critically
dependent on the shape of the electron energy spectrum near its maximum.
The upper limit, using this detection efficiency, is plotted against

2 2e /g in Fig. 6, together with the cross section predicted by the
Weinberg model. As can be seen from this figure, if this experimental

2 2result is correct, the upper region of e /g is ruled out. The 90 %
11) 2 2 confidence level upper limit on e /g is

e2/g2 < 0.35 

The corresponding limit on the mixing angle is

0 < 36°

Another order of magnitude decrease in this experimental upper 
limit would be needed to rule the Weinberg model out altogether.

III) SEMI-LEPTONIC PROCESSES

III. 1 The Elastic Process V + p V + py y
The elastic neutrino-proton scattering process

V + p -*■ V + p (7)y y
can proceed only via neutral currents. This process was searched
fór in the CERN heavy liquid bubble chamber neutrino experiment 4)



207

The signature fór this reaction is a single proton. The main experimental
problem was the large number of neutron induced background. This
background was reduced by requiring that the proton have a kinetic
energy between 150 and 500 MeV, (this corresponds to a cut of

20.3 < q < 1.0 BeV) and that the incident neutrino energy, computed 
from the recoil proton angle, lie between 1 and 4 BeV. A totál of 4 such
events,were found. Since these could alsó be neutron induced events, only 
an upper limit on this process can be set. Using the sample of + n + l) -f p. 
events, with the same kinematic cuts on the proton, the 90 % confidence 
level upper limit on their ratio is

V + p ■* V + p
-------- Jí-- - « 0.24 (8)

V + n -*■ y + py
This limit assumes that the proton energy spectrum is identical 

fór the two processes, and thus their detection efficiencies with the
same kinematic cuts are the same. This is nőt the case in the Weinberg

2 2model fór values of e /g other than 0.

The prediction of the Weinberg model fór this ratio, as well as
the relatíve detection efficiency, can be calculated using the differential
cross section fór these processes

2 f 2 d 0 G j 2 2, q
2 8 tt f  <9* -  4 ’ 2 +  <9A +  V 2 +  '  V 2 11 -

 ̂ 2 E\»dq- L — • 2 Ev 2 M Ev

q2
(4 M2 + q2) f - 4 M f g ( 2 --------- -----  )W9)

-| q (2 E + M) 1

-4" fv gvj <2 j-'
2where E is the neutrino láb energy, M is the nucleon mass, and q is theV

square of the four momentum transfer.
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as
The values of the coupling cons.tants are given by Weinberg 12 *

4 . 7  Fv  (q  )

gv - 2 Mfy 1.0 Fv (q )

(2.35 - 5.58 e2/g2) Fy (q2) 

(h - 2 e2/g2) Fv (q2)

1.2 Fft (q ) 0.6 Fft (q )

The vector and axial vector form factors (using CVC) can be 
written as

Fv  (q2) 2 2 2 (1 - q /0.84 )

2F = (q ) A 2 . 2 2 (1 - q /Mft )

The only undetermined quantity is M , which can be taken to beA
= 0.84 BeV (this is consistent with the experiments studying

V + n -*■ y + p) . Using a Monté Carlo program, with the 1967 CERN
14)spectrum , the prediction of the model fór the ratio (8) and the

relative detection efficiency fór the kinematic cuts used in the
experiment, have been calculated, and are shown in Figure 7f as a 

2 2function of e /g . The experimental upper limit, using the calculated
relative detection efficiency, is alsó indicated. As can be seen from
this figure, the experimental upper limit falls below the predicted 

2 2ratio only fór e /g >0.9. However, in view of the assumptions and 
uncertainties in the knowledge of the nucleon form factors, no strong 
conclusions can be drawn from this. Fór example, the predicted cross 
section changes by about a factor of 2 as is varied by a factor of 2.
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I I I . 2 Single Plon or A Production

Several experiments have looked fór the effects of neutral
currents in single pion production by neutrinos.

1. The 1967 CERN neutrino experiment in the propáné bubble chamber
(4)loőked fór the reaction

+V + P + V + n + 7T (10)y y
The signal fór this reaction was a single ir+ in the final 
state identified by a visible interaction or decay) 4 such events 
were found. The reaction

— 4*V + D-*|1 + P + 7Ty
was used fór comparison; 51 such events were found, using 
the same criteria as fór reaction (10) to identify the IT .

Since the four candidates fór reaction (10) could alsó be
due to the neutron background, they were used to give the 90 % 
cor.fidence level upper limit of

+V + p ^ V + n  + TT-
_ü-------- Jí--------— < 0.16 (11)
v + p -*■ y + p + ir

In the limit of complete A (1238) dominance, a prediction
2 2 12) fór this ratio at e /g = 0  was given by Weinberg as 1/9.

The dependence on e2/g2 was estimated by B.W. Lee , and is
shown in Fig. 8. Since the predicted cross section falls off

2 2frora 1/9 as e /g increases, the experimental limit (11) does
nőt constrain the model.
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2. The neutral current processes V .+ n -► V + n + 7T°
V Pand V + p -► V + p + 7T were looked fór in a recent re-

analysis of the 1963 Columbia-Brookhaven neutrino experiment
using an optical spark chamber detector. All events with one
or more Y showers bút no muons (a muon was defined as a
track that penetrates at least 3 interaction lengths of
chamber without a visible interaction) were taken as
candidates. Five such events w e r e 'found with fairly energetic
showers, which were probably due to electron showers from
the reaction V +  N -*• e + hadrons. Since the tt's in the e
single pion processes were expected to be less energetic, 
a cut which corresponds roughly to 160 < E^O < 400 MeV was 
imposed. No candidates remained after this cut. The reaction

v ^ + n - + - y + p  + ir° (12)

was used as a comparison. Candidates fór this reaction were 
selected as events with a muon track and one or more showers, 
using the same cut on the energy of the showers as in the 
case of the neutral current events. 12 such events were found;
9 of these were classified as examples of reaction (12) and 3 
as double pion production. However, lack of visible detail 
in the spark chambers and the effects of the aluminum 
nucleus make this classification subject to somé assumptions.
A further problem is that in the reaction V + p - * - y + p  + TT+ ,y +
which might be 9/2 as frequent as reaction (12) , the tt 

could charge exchange and produce a TT°, which could be 
responsible fór somé of the 9 events assigned to reaction (12). 
Neglecting these problems, a 90 % upper limit was derived 
fór the ratio

o o(V + n-*-v + n + TT) + (v + p -*■ V + p  + 7T)
R - - ü --------- H----------- ---------------- M---------- 1  < 0.14 (13)

2  ( v  + n -*■ y + p  + t t ° )
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The prediction of the Weinberg model fór this ratio is
very difficult to estimate because of the poor understanding
of the strong interactions at the hadronic vertex. A calc-
ulation, making a number of assumptions, was carried out

15)by B.W. Lee in the Weinberg model, predicting the ratio R
2 2to vary from 0.2 to 1.0 as a function of e /g , as shown 

in Fig. 9. The upper limit of 0.14 is incon6Ístent even with
the lowest value of 0.2. Furthermore, if the region of

2 , 2 (9 ) e /g > 0.35 is excluded by the limit on V + e -*■ V + e ,e e
as discussed above (see Fig. 6), then the predicted ránge 
of R shrinks to 0.4 to 1.0, making the disagreement with 
experiment even verse.

The experimental limit (13) is based on the assumption
that the angular and energy distributions of the ir0,s
in the reactions involved in the ratio R are sufficiently
similar that their detection efficiencies are the same.

2 2.This might nőt be a good assumption fór values of e /g
other than 0. We have made no attempt to evaluate this

2 2detection efficiency as a function of e /g as we have 
done fór the other reactions discussed above, because of 
the complexity and uncertainty of the theory of the sing le 
pion production process.

Many calculations of the single pion production process bv 
neutrinos via the conventional charged current have been 
carried out in the pást. These calculations disagree with 
each other and experiment by factors of two or three. Somé
of the uncertainties, bút nőt all of them, may cancel out

2 2in the ratio R fór values of e /g other than 0.

In view of these difficulties it is nőt clear how serious 
the disagreement between the experimental upper limit 1?) 

and the Weinberg model is.
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IV.1 In the 1971-1972 neutrino experiment at the Argonne National 
Laboratory a totál of 700'000 pictures have been taken in the 12 foot 
bubble chamber, about half with Hydrogen and half with a Deuterium fill.
A search fór the neutral current reactions

IV . FUTURE PR05PECTS

V + p -► V + n + ir° (14)
v y

+ p -»■ + p + ir° (15)

is under way. Reaction (14) is identified by a it+ stopping and decaying
in the chamber, which is expected to happen ^ 25 % of the time.
Reaction (15) is identified by one or more y e+ e pairs associated
with a single positive track. The probability of at least one of the

0Y s from the it converting is estimated to be 12 %. The totál exposure 
is expected to yield 200 events of the reaction + p y + p  + Tt.
Thus if no events of the type (15) or (16) are found, a limit of around
0.15 could be set on the ratio (V + p -*• v + n + ir+ +y yo - M +V + p -► V + p + i r ) / ( V  + p y + p  + iT). This ratio can be expected

2 2 ^  2 2  to be around 1/3 at e /g = 0 in the Weinberg model, with an e /g depend
ence similar to that in Figs. 8 and 9. Results from this experiment should 
be forthcoming in a few months.

IV.2 In the 1971 CERN neutrino experiment using the large heavy 
liquid bubble chamber Gargamelle filled with freon, 500'000 photographs
have been taken, half with an incident V beam and half with V . Searchesy 8 fór various neutral current reactions like v + p -► v + p + ir,

V P
V^ + p +  V^ + n + TT , and the inclusive inelastic process

+ (n or p) -*■ V^+hadrons are under way. The signature fór these 
processes are events with interacting pions, 71° showers, or other ident
ified hadron final states without the presence of a muon. Since the 
radiation length in freon is 11 cm and the interaction length is 70 cm, 
and Gargamelle is 1.95 m diameter x 4.8 m long, the efficiency of 
identifying these final states should be quite high.
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The most serious experimental problem is the possible presence of a 
sizeable neutron background that would produce hadrons without a muon 
in the chamber. Since the chamber is over six interaction lengths long, 
the spatial distribution of any observed events might distinguish 
neutral current events from the neutron background. The totál number 
of neutrino induced events are expected to be between 5000 and 10*000 
in the run already completed, so that sensitivities of the order of 
5 % compared to the corresponding charged current reactions might be 
achieved.

Another search under way in the Gargamelle experiment is fór the
_  A

purely leptonic neutral current processes + e + e and
+ e -*■ + e . The signature fór these events is a single e within

a few degrees of the V beam direction without any additional hadrons or
nuclear fragments. Preliminary results show that this search is very
background free down to an electron energy of 300 MeV. With such a low
energy cut, and the relatively high V energy of the new CERN beam (the
spectrum peaks around 2 BeV) the detection efficiency fór these processes
should be 70 to 85 %. The totál number of events expected if the
Weinberg model is correct is between 1 and 15, depending on the value 

2 2of e /g , as shown in Fig. 10.

Another neutrino run of 500'OOO pictures is scheduled in Gargamelle 
fór the fali of 1972. This run would double the sensitivities mentioned 
above.

IV. 3 The anticipated neutrino experiments at NAL should greatly 
improve the sensitivity of neutral current searches in neutrino 
interactions. Fór example, the search fór the purely leptonic process
V + e" ■+■ v + e” should be quite straightforward in the 15 foot bubbley : y
chamber fiiled with neon. The radiation length in neon is around 25 cm,
so that unambiguous electron Identification with high detection efficiency
should be possible. The detailed visibility of the interaction vertex
possible in a bubble chamber should allow the rejection of the major
background, V + N  -► e~ + hadrons, by the requirement that no hadrons e
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or nuclear fragments accompany the electron. In a 10 picture run, assuming
12 35 x 10 protons per pulse at 350 BeV, and a 20 m  fiducial volume,

the rangé of the number of events expected in the Weinberg model is between
ÍOO and 1000, as shown in Fig. 11.
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Table I

Summary of upper limits on branching ratios involving neutral 
currents in K  decays. (From the summmary of the Partiele Data Group, 
Physics Letters 39 B, 1 April 1972)

Decay Branching Ratio

-*■ e+e" < 1.6 x 10~9
+ - . , , -9< 1.9 x 10
+ I -9e -y < 1.6 x ÍO

K + TT+e+e < 0.4 x 10 6
+ + — ~6 

ír y y < 2 . 4 x 1 0

ir_vv  ̂ 1*2 x 10
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Table II
Summary of Neutral Current Searches in Neutrino Interactions

Cross section Ratio Ref. Approx. upper limit
V + e ■ + v + ey y 3 1.0 (90 % conf. level)

V-A theory fór V +  e -»■ v +  e e e
V +  e -*■ v + e

9 1.9 (1 stand. dev. limit)
V-A theory fór V + e -► V + e e e

V + p • *  V + py y 4 0.12 - .06
V + n íj  + py p

V +  p -»■ V + n + TT+
y  y 4 0.08 -  .04

V y  + p-*-y + P  +  TT

(V +  n V +  n +  TT°) + (V + p - > V  +  p +  TT°y y y y 0.14 (90 % conf. level)D
2 (v +  p -*• y + p  +  iT

V + N -► V + hadrons
y y see footnote (b)

+ N •+• y + hadrons

FOOTNOTES TO TABLE II

a) The upper limits quoted depend on the detection efficiencies 
fór the final state electron or hadrons in the neutral current 
reactions. The above limits are based on the assumption that 
the energy spectra of the detected particles in the neutral 
current reactions are identical to those in the corresponding 
charged current reactions. As discussed in sections II and III» 
this assumption could be quite wrong, and the upper limits 
could vary by factors of two or three, depending on the 
detailed structure of the neutral current reactions.

b) Upper limits varying from 0.01 to 0.05 fór this ratio can be 
found in the literature. However, all of these limits have been 
rescinded by the authors, and the only reliable statement that 
can be made at the moment is that the ratio is nőt larger than 1.
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DISCUSSION

Pontecorvo; I would like to draw attention to the following point. 
Suppose that you really have semileptonic neutral currents. This has the con- 
sequence that an excited nucleus may decay with a very small probability by 
emission of a neutrino-antineutrino pair. If the constant is more or less com-

4parable with the constant fór charged currents this effect is about 10 times 
more probable then the "ordinary" emission of a pair of neutrino by an excited 
nucleus, which goes through the Virtual emission of an electron pair. I said 
this because so many people here are interested in astrophysics. If you have 
a big object as in astrophysics, it may well be that this effeCt has impor- 
tance. The process is very similar to the béta decay bút instead of an elec- 
tron-neutrino pair a neutrino-antineutrino pair is emitted.

Somebody from the audience: Fór the atoms on the surface pf a star?

Pontecorvo; No. No. You have a big body, and it happens, that 
baryons or nuclei or something are excited. True, emission of photons is much 
more probable. Bút the photons have to find their way to the surface, where- 
as the neutrinosjust get out. I don't know if this is relevant, bút it might 
be that one would find somé role fór this in astrophysics.

Marshak: The point is that in somé astrophysical phenomena the fact
that you do get neutrinos which get out very quickly changes the whole trans- 
port of energy balance. And there are somé critical situations where this 
fact makes a very big difference. Now, those phenomena, like plasmons decay- 
ing intő neutrino pairs and things of that sort, all have an electromagnetic 
origin; and they involve the normál electron-neutrino interaction. So they 
will nőt be accelerated in any way.

Pontecorvo: I know that and first I mentioned the neutrino luminos-
ity connected with charged lepton currents at Kiev 13 years ago. Bút now I 
am nőt talking about that.

Marshak; Well, what you are saying is that under certain conditions 
you may get more emission of energy in neutrinos, and because neutrinos can 
penetrate so easily, this could change the energy balance. Bút now you have to 
invent the physical conditions.
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Pontecorvo: I am nőt able to invent them, and what I want to say is
that may be there will be collisions in which neutrinos are emitted directly 
(without electromagnetic interactions) although I do nőt know under which 
conditions. I am nőt going to discuss now the effect of pure leptonic neutral 
currents. This might change somewhat the picture of the "ordinary" neutrino 
luminosity (through electromagnetic + Fermi lepton interaction). In particular 
pairs of muon neutrinos (in addition to electron neutrinos) will be emitted, 
a fact which was stressed here by Radicati.
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SEARCH FÓR NEUTRAL CURRENTS IN "GARGAMELLE"

v c o l la b o ra t io n :  Aachen, B ruxe lles , CERN, Ecole Polytechnique, Milano 
Orsay, University  College o f  London 
/presented by A .Pu llia/

I  have to report about eoarch fó r  neutral currents in  

"Gargaraclle"» the la rge  heavy l iq u id  bubblo chrinber expo-* 

eed to tho V and V beatns a t  CtífíN during 71*

The experiment i s  in  a very prelim inary otagoj therefore

I  can repoárt only about tiie i i r s t  qua lita tivo  iiiüioatioua  

and about future p o c a ib i l i t ic o . I  v/ill f i r o t  b r ie f ly  Bum- 

marizo tho pararaetero o f tho bean( Fig# l ) ;  tha calcu lated  

f lu x  ofV and y  are reported in  f i g .  2. The chambor was 

f i l l e d  w ith  freon  ( C P^Br)*

Conceming neutral currents I  divide my talk in 2 partBi
1) leptonic neutral current3
2) Boxileptonic m u tra l currents 

LHPTOriC NCUTFAI. CUHRBKTS /

we are eoarching fó r  events composed by I  e lectron ic  

traclc and without liadrono* both in  V and in V film 3 »

Our goa l i s  to 'test the tlieory o f weak in teractions o f  

W ein berg (l) who fe resees  tho existonce o f neutra l in te r -  

mediate boeons \)f/0 and hence the existence o f reaction3  

o f tho typai

G* t' Hooft (2 ) worked out calculations of crosB sections
2



( 0= e l e c trómagne t i  c coupling co no tant; g-coupling constant

o f tho ie o t r ip le t  in ternediate bocono to tho lepton cu r-
2 2rent ) ,  o / g can rangé bctwoen 0 and I*

I f  we adapt these ca lcu lations to our experimental s itu n -  

tion  we obtain  the numbor o f expected evonta shown in  

f i g .  3. To reduce background due to l,ComptonM electronc  

asoociated to ^  rayo incoming in  the chamber, we search  

only fó r  high energy ele&trons (p? 300 Kev) and in  tho 

d irec tio n  o f the beam (9 X 5 ° ) .

In  th is  condition ( a fto r  scanning o f 1/2 o f thö fi lm s )

no candidate was found; we cannot make quantitative com==

parison with thentheory now, fó r  our scanning e ffic ien cy

muot be ekeeked by a p a rt icu la r  rescanning ( in  progresB )}

we can howevor conclude that we have a q u a lita t iv e  ind i=
2 2cation  against high values o f e /g •

SEI/ÍILEPTOHIC NEUTRAL CURRPJliTS/

Tho experimental study o f semileptonio neutra l curronte
c- -

i s  e t r ic t ly  conneoted w ith the problem o f backlbound 

from neutrons incoming in  the detector*

Poss ib le  source o f neutrons aret

1 )ln te rac tion s  o f cosmic rays near the chamber

2)Hadronic cascade (p ,ir  »K) o rig inated  in  tlie j'l sh ie ld ing

3 )ln tc rac tio n s  o fV  ("7 ) i a  the sh ic ld ih g

4 )ln teractiono  o f V and v in  the iron  o f the magnet 

around the chamber#.

There are however many aávantagea by uoing a la rg e  bubble 

chamber f i i l e d  with an heavy liq u id *  I t  i s  po ss ib le  indeed, 

to obcerve the exponential decrease (o f  a neutron beam )
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lcmtf m ( corresponding to 7-8 inteivictiono lonfítho of 

neutrono in  freon  ) and i t s  radiuo is  90 cm. (about I r 

in teraction  lonchts)«  V/e can co női dér fó r  instance tho 

d io tribu tion  o f tho in tcraction  pointo o f evontn 

conpor.od by a short ro c o il proton; they aro duó to tho 

f im : o f loy* ene-rgy neutrons frcm tho nhielding o •

This ó is t r ib u t io n  ic  w e ll f i t t e d  by an oxponontial curvo 

( f iC ,  4 ).  Th/-re are other advantages t nőt s t r ic t ly  con~

nocted v;ith the neutron beckround , bút connected with  

the problem o f neutral currentst

a )C le a r  d iu tinction  o f pions from nuonsj tho poten tia l 

path o f produced meeons in  tho ohamber io  pbout 2 in to -  

raction  lenghto o f a

b )Iiigh  ^  rayo dotection e fficen cy ; th is  fa c t  allowo to 

study c lean ly , pooaiblo chanola w ith i f °  ; fó r  inntancol

Event3 o f type 2 are very clean because they ere corapo- 

Bed only by protons and ^  rays and the p o c s ib ility  o f  

confuoion with muonic events does nőt ex ist*

V ery p ro lii minn.ry r e c u lt o t
D j L  f i  lm rj t we started  v/ith the analyais o f events with  

at le a a t  I  chorgod or neutra l I f  associated. They are re- 

cogni^ed by the preaenco o f ^rayn or charged irte rac t in g  

p a rt ic le s . The rate  c£ these events es compared v;ith tho 

corrfeaponding muonic eventa in2f40$&*- 

Let ni© conaider only the channol v ;ith T 0production*

( 2 )
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In  f i g .  5 is  ohovm tho d ip lo t  o f  x (ccordinato o f tho in te 

raction  point along tho beam a x is ) vorsus ( Component 

o f tho momentum along tho r a ü ia l a x io ). V/e can see:

1) General decrcase o f density o f in teraotlon  pointo along  

the beam axio ( neutron f lu x  inooming from tho entrance 

ourfaeo o f tho chomber)

2)Strong asymmetry around ?r=0* Events with Pp< 0 are domi- 

nantj th is  fa c t  ind icates the presenee o f neutron f lu x  from 

poriphoral parts o f tho clianiber ( from tho magnót )*

We can concludo that v/e have no evidence fó r  presenee of 

neutra l currents , a t  le a s t  fó r  th is  channel*

I I )  V íi lm s i in  th is  case tho s itu ation  i s  more p ro fita 

ble .. The rate  o f hadroíutn events found in  the ooanning 

(w ith  at le a s t  Álr associated  ) Ír, indeed as compo^ 

red w ith the correBponding muonio events*. Unfortunately

the measurements of these events are nőt yet ready and 

it is irapossible to reach to day any conclusion abont them*

R E P E R E H C S

1) 3 .Weinberg P*R .L. I9»I264 (67 )

2) G.. t 'H o o ft  £ iB f I95 (71 )
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V  be*.m f>a.r &.metcr

.
• ' it

Proton btA-m intcnai ~  1.2 10

De. c a. y l t k y 0  r n .

5 \y 11 1 d t n <j ^ iro n j 2 7 irr\.

H o r n  d c u .r rc n t 357 K A

H o r n  2 cu.irfe.ht 4 0 0  KA

V V
nő of f>ic.ru.res ss 250 K *  250 K
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SECOND CLASS CURRENTS IN WEAK INTERACTIONS +

H.Pietschmann, Institut filr Theoretische Physik, Universitat Wien and 
Institut für Hochenergiephysik, ősterreichische Akademie dér Wissenschaften
I. Introduction

existence of second eláss currents have been detected both 
in AY = 0 and | AY | = 1 transitions. Experimental evidence
is still very scanty and it may well turn out that the
announcement of the existence of second eláss effects had 
been premature. Nevertheless, the question of whether vector 
and axial vector currents of the standard structure alone 
suffice to construct the totál weak Hamiltonian is Intrinsi- 
cally interesting and deserves theoretical considerations. 
Thus, three contributions to this symposium are devoted to 
this subject; they are complementary and the reader is ad-
vised to look intő all three.

Let us briefly clarify the concept of second eláss 
currents first fór AY ■= 0 transitions, there are various 
ways to define them bút they are all equivalent. Suppose 
the weak current operators satisfy the relations

G is the conventional G-parity operator. E q . (1) holds true, 
fór example, in the pure V-A theory.' If we define the vertex 
functions of the mátrix element of the weak current between 
baryon states and the corresponding G-transformed states by

1 2)In somé recent experiments ' , indications as to the

( 1)

with
( 2 )

<B' (p2) | j 1 (o) IB (px) > « ű(p2)r^ (p 1,p2) uip^
(3)

<b' (p2) |g”1 jJ(0) G|B(p1)> - v(p1) rj' (—p2 ,-p1)v(p2)

it then fo llow s^

Supported by "Fonds zűr Förderung dér wissenschaftlichen Forschung in 
österreich", Project Nr. 1497.
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r x (pi #p2 ) = ~Gi  c r x' (- P 2 ' " P i ) cT l  (4)

where C i s  the 4x4 charge conjugation mátrix with the 
properties

C"1 Y C = - yT 
M P

ü CT = vT (5)

CT = -  C

Fór the case o f  t ra n s it io n s  w ith in  is o m u lt ip le t ts , the 

primed and unprimed vertex  functions o f e q s . (3) coincide  

and we obtain  a r e s t r ic t io n  on the vertex function. Fór 

t ra n s it io n s  between iso m u lt ip le tts ,  E q . (4) connects G -parity  

re la te d  t ra n s it io n s .  The standard example fó r  the f i r s t  

case i s  n-decay, where Eq. (4) requ ires  the absence o f  F j 
and G3 in  the decomposition o f  the vertex function

r x ( p1 ^ 2 ) = F l ( q 2 ) YX + F2 ( q 2 ) i o Xv(3V + F3 ( q 2 ) q X +

+ G1 ^ 2) y xY5 + G2 (cí 2 )cJxY5+ G3 (q2) i 0 XvqVY5 (6J
with

q *  P2 “ P i  ( 7 )

The standard example fó r  the second case i s  E±A decay, 
where E q . (4) g ives the equ a lity  fó r  the two re levant ver
tex functions. Hence the r a t io

r ( I +-*Ae+\r )
R = ---1---(8)

r (I, -Ae v )v3

i s  given by phase space on ly , i . e .
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(9)

We s h a l l  assume that G -par ity  is  conserved in strong  

in te rac t ions . Therefore, any experimental detection of  
form fac to rs  v io la t in g  Eq. (4) requ ires  add it iona l current 

operators which do nőt obey Eq. (1 ) .  These are c a l led  

second e lá ss  currents.
Un fortunate ly , experiments can never g ive  us d irec t  

Information on the structure  o f  these second e lá ss  current  

operators . We only obtain  the vertex function (6 ) .  Thera- 
fo re ,  the method o f  t r i a l  and e rro r  has to be app lied . We 

have to w rite  down a l l  poss ib le  forms of second e láss  

current operators/ work out a l l  th e ir  experimental conse- 
quences and in  th is  way try  to obtain  upper bounds fó r  them. 
I t  is  the hope, that eventually  most o f them or even a l l  o f  

them can be ru led  out. I t  i s  very c le a r ,  that we are only 

on our way to th is  goa l; much work is  s t i l l  necessary before  

we can r e s t  and contemplate f in a l  re su lt s .

2. The Induced Pseudotensor Current o f Second C la s s .

The stra igh tfo rw ard  way to turn a second c la ss  form
fac to r  intő a current operator i s  to w rite  the fo llow ing

4)quark current

where A i s  a 3*3 SU^ mátrix which se lec ts  the wanted trans-  
formation p rop e rt ie s .  I t  has f i r s t  been pointed out by

g ive  contributions to a l l  three form fac to rs  o f  i t s  p ar ity  

(vector or a x ia l  v e c to r ) .  I t  turns out, that second c lass  

contributions to a x ia l  vector and pseudoscalar form factors  

G  ̂ and G2 vanish in  the SU^ l im it .  (See a lsó  R. Oehme, r e f . 4 ).

( 10)

P. H e rte l5^ , that any second c la ss  current operator can
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A pscudotcnsor form fac to r  contribution  changcs Rj.^ 
(Eq. 8) intő

R = R° f l T Ü a V * *  (11 ).

gi 4 w v
I t  i s  o f  the utmost importance to improve on the rather  

poor experimental value o f

R - P = 0,63 * 0,22 . (12)

3. The Mesonlc Current o f  Second C la s s .

The current (10) contains d e r iva t ives  and is  thus
suppressed k inem atica lly  in  the vertex  function. A non-
d e r iv a t iv e  second c la s s  current can be constructed out

6 71o f  mesons ' '

j ”  -  i  Vx (D1+iD2)P  + a üjx ti"  + 6 p" n' , (13)

where a and S are parameters showing p o ss ib le  d i f fe r e n t  

strengths fó r  the 3 coritributions. are the well-known  

8x8 matrices o f  the d -type SU^ coupling

“ V  j k  -  d i j k  <14)

I f  the current (13) i s  coupled to the lepton current

*x b*

“36 l r  -  Ca  j “  t x + h .c .  (15)

i t  g ives  a prominent contribution  to RJA v ia  the graphs 

o f F ig . 1. Taking strong in te rac t io n  ve rt ic e s  from SU3
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and neg lecting  crders o f q2 givcs the . fo llow ing  second 

e láss  contribution  to the a x ia l  vector form fac to r  of 2 A

Here small f ' s  and d are the strong coupling constants 

and X is  a c u t -o f f .
Because o f  the poor experimental value (12) , the 

coupling constant Gd can presently  only be re s t r ic te d  to 

be about one order of magnitude below the weak four  

fermi coupling fó r  any reasonable c u t -o f f  A.

4. Hypercharge Changing T ran s lt lo n s .

Fór |AY| = 1 t ran s it io n s ,  second e láss  currents could 

be induced by symmetry breaking e f fe c t s  without separate  

current operators l ik e  E q s . (10) or (13 ). However, the naive 

Cabibbo-model/ which works so su rp r is in g ly  w e ll  in i t s  

stra igh tfo rw ard  app licat ion/  would t e l i  us that they are  

absent.
A p o ss ib le  way. to check the existence o f  G3 (or F^) 

experim entally  i s  the y-e r a t io .  To f i r s t  order in the
o \

baryon mass d iffe rence/  i t  i s  given by 

T(A->B+u+v ) G, G,+F. Fo
___________________U______ ____  í „ \  _  ___d____ 1 J______ fm  - m  > +- í v l  Í 1 7 Í

r (A-*B+e+ve ) 

with

(F1) 2 + 3(G1) 2
(ir^-n^) t  (x) (17)

t (x )  ** 5x2 t-^/l-x2 (2+l3x2) -  -|x2 (x2+4) L]
( 1 8 )
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L -  ló g  Í - +- /T^
i  -  / ir >rr 

*  “ " ' / ‘‘W  •

Hyperon beams and la r g e r  bubble chambers should soon 

decrease experimental uncerta in ties  in  the u-e r a t io  

enough to a llow  fó r  a check on the presence o f or 

in hyperon decays.

5. A Decuplett Current o f Second C la s s .

I f  we want to keep an open mind fó r  a l l  p o s s ib i l i t i e s ,
we can think o f  second c la ss  currents outside the conven-

g\
t io n a l o c te t t  assumptions . We do nőt attempt to propose 

a p a r t ic u la r  form fó r  such a current. In tab le  1, we c o l le c t  

upper l im its  on from decays which are forbidden fó r  

octe tt  currents only.

Table 1: Limits on G3 from decuplett t ran s it ion s  

l + -*• ne+ve j G3 | < 0/26

_o

ne ve }G3 1 < 1/47

-  Pe~ve íG3| < 0/41

Another way to in vest iga te  the p o ss ib le  existence o f  

pecu lia r  second c la ss  currents s h a l l  be opened by future  

neutrino e x p e r i m e n t s . I t  is  o f  g rea t  importance to use 

a l l  p o ss ib le  means fó r  ru l in g  out or e s tab lish in g  the 

existence o f  any other current than the well-known V and 

A cu rren ts . This question re la te s  to the most fundamental 
one o f  the structure  o f  the in te ractions  which we observe  

in  elementary p a r t ie le  reac t ions .
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INDUCED TENSOR INTERACTION AND SECOND-CLASS CURRENTS

B. Eman and D. Tadic, Institute "Rúdjer Boskovió" and Universtiy 
of Zagreb, Zagreb

I . INTRODUCTION
Soon after the advent of the V-A theory of weak 

i n t e r a c t i o n s , the realization that the proposed weak 
hadronic currents imply special isospin and Hermitian 
properties led to investigations. The concept of first- 
and second-class currents was formed /l/ and the first 
possible nuclear beta-decay experimental tests were 
discussed. Searching fór second-class current effects 
very soon singled out the so-called induced-tensor 
term in the axial-vector current interaction /l/, 
which was later investigated in nuclear beta-decay 
theory /2,3,4,5/. Although it is well known that 
second-class currents (SCC) can lead to many addition- 
al effects, contributing even to the interaction terms 
normally due to first-class currents /6/, in this con- 
tribution we intend to concentrate on the induced- 
tensor c o n t r i b u t i o n . The contributions of SCC to other 
axiai-vector form factors are due to the breaking of 
symmetry and therefore might nőt be very important in 
the case of nuclear béta decay.

Recent papers of Wilkinson /14/ have initiated 
renewed interest in the question of SCC / 7 ,8,9,10,11, 
12,13/. This question can still be considered opened 
at present in spite of somé negative evidence /15,16,
17/ which has been found. Since the induced tensor 
was mentioned and investigated in our earlier papers 
/ 3 , 18,19,20,21,22/, we want to make our previous work 
up to date and fully relevant to the present level of 
knowledge. The induced-tensor term has practically been 
the only one investigated in beta-decay calculations 
so far, so a thorough and complete approach is strong- 
ly indicated. The impulse approximation was nőt quite 
correctly carried out in many of the previously publish- 
ed beta-decay calculations. It turnéd out that an im
portant contribution was unjustifiably neglected / 2 , 
3,4/, thus leading to statements about different in
duced-tensor forms /10/.

After discussing this problem, we present re- 
sults of the analysis concerning ft values, 6-y 
angular c o r r e l a t i o n s , and parity-violating processes 
in heavy nuclei /23/. Besides these results, which 
are to be published soon, we present evidence fór for- 
bidden beta-decay transitions (0“ -*• 0+ and unique) 
and briefly discuss implications fór 8+ /K ratios /24/. 
Depending on the interpretation, ft values can be 
taken as a strong indication in favour of the exist
ence of the induced tensor.
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Such an interpretation has run intő experimental 
difficulties /17/j besides, it appears to be in blatant 
disagreement with experimental P v K  ratios /15/. Other 
evidence is inconclusive because of both interpretation- 
al difficulties and theoretical or/and experimental un- 
certainties. It appears, therefore, natural to turn to 
alternative SCC, namely, to mesonic ones /ll,25,52/.

The existence of SCC has been searched fór, as it 
should be, bút the final answer is still forthcoming. 
Obviously, it will depend strongly on the solutión of 
the intricate Coulomb-interaction interplay of nucleons 
among themseÍves, and of nucleons with leptons.

II. IMPULSE APPROXIMATION
When performing theoretical calculations fór 

nuclear béta decay or related processes, one is always 
forced to use the impulse approximation as a last re- 
sort. Suitable form-factor formulations can sometimes 
present somé generál ideas in a very adequate manner 
/9,13/, bút when actual calculation commences they 
always have to be culled down to the nonrelativistic 
approximation (NRA). In this scheme, questions concern- 
ing the relevance of the induced tensor and its con- 
nection with SCC's /ll/ have been successfully cleared 
up /12/. The numerical calculations involving the in
duced tensor have so far been limited to two forms, 
which are equal fór nucleons on the mass shell

(-)fT (q2) ü(p')0y v (p-p')v Y5u(p) , (2.1a)

(')fT (q2) k  'I(p')i(pM+py)Y5u(p) ‘ (2*lb)
Expression (2.1a) is the one used in previous beta-decay 
calculations /2,3,4,5,18,19,20,22/ with the weak-inter- 
action Hamiltonian given in the NRA by Case B '

" in t  * (9» + h  Eo - Im 25)5-£4 ±

+ a.(-i^)L4 . (2.2)
The notation has the usual meaning. ^
Equation (2.2) was derived from the following "relati- 
vistic" expression fór the induced tensor

"  ’ • y  'r.V V .’V A  ’ (2-3a)
\  -  ’ ,Í T 4 V 5 Tv • 12-4’

In deriving the NRA of Eq. (2.2) the contribution coming
from the combination of indices
------------------------------------------- - -

This naune is introduced fór later reference.
' gA is the axial vector coupling constant, Y = fT (0),
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U -  j> V = k j,k = 1,2,3 (2.5)

was neglected. This contribution, denoted by D, can be 
written in the form

D =* Dj + D2 , (2.6)

Di = "  (o P) (a £) + (a í )  (a p) 1^  # (2.7)

°2 ”  2M * fY 4Y5l (P í )  + P) |ft • (2.8)

Here and re fe r  to the in i t ia l  and fin a l " r e la t i-  
v is t ic *  nucleön wave functions, resp ec tive ly , and the 
impulse p is  taken to be an operator. The NRA follows 
from these functions by approximating

- (a  p)/2M xn

^n
(2.9)

Here xn ar© nuclear shell-model functions sa tis fy ing

p2Xn = 2M(En - V)xn . (2.10)

' Nucleons are in teracting only with the shell-model po- 
ten t ia l V. One then obtains

D, 5 ------i—2 Xf|p2(o í )  -  (a £ )p2|Xi
1 (2M)

-  (Ef  - Ei ) XfO Íxi  .Y
2M

(2 .11)

This contribution just cancels the second and the third
term appearing in Eq. (2 .2 ). Ef ” E4 i n E<3* (2.11) goes
intő E + 2C .

In the case o f forbidden béta tran s ition s , addition- 
a l terms are o f importance. One can extract from the 
term r>2 , Eq. (2 .8 ), the term

°2b “  ~ ~ 2  í _ i ° V)^4 P ' (2.12)2M
and an additional contribution comes from the combination 
o f indices in Eq. (2.3)

Vi = 4 v = j  (2.13)

This contribution, denoted by C, is

C 5 ( - i í  V l 4) + ™  L4 t i  ,
4M (2.14)

n -  eq + 2c .

E is  the maximai lepton energy, £ = Za/(2r ) ,  í .  =
- ° » + ;  1 , ,  i ,  ■ t+y5t v .
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The alternative form (2.1b) of the induced tensor 
leads to the effective beta-decay interaction

(i f ) -  -  jk  V b^ V v + V J  Ti • (2-15)

Expression (2.15) in the NRA is completely equivalent 
to Eq. (2.3a). The selection of indices y = j leads 
to the term D-, Eq. (2.8) , while y - 4 in the NRA 
leads to the terms appearing in E q s . (2;2) and (2.11).

It appears that forms (2.1a) and (2.1b) lead 
to the sarué NRA in the usual nuclear shell-model 
impulse-approximation limit. They are, however, nőt 
equivalent when exchange effects, i.e., two-body 
contributions to the weak-interaction Hamiltonian, 
are considered.

Let us illustrate this by a simple one-pion- 
exchange diagram. The nucleon propagator has the form

US<P_) ^ ( P . )
P - | < - V  ; „ ■ ° • (2-16)s,E > O s 1

Its E > O part contributes to the nonrelativistic 
perturbation s e r i e s , while its E < O part leads to 
the two-body exchange contributiSn

l n ( p 2)y5T. i  (1 + b) 0T u(P l )R . (2.17)
s

The contributions of the type (2.17) were estimat- 
ed in Ref. 10 fór a special case of the conserved 
second-class axial vector current. In this special 
model, the induced tensor of the form (2 .1a) receives 
no significant c o n t r i b u t i o n , leading to Case A (2 .18 ). 
Two-body contributions from the induced tensor (2.1b), 
when approximated through the effective single-body 
operators, are significant. They add with the single- 
particle contribution (2.18) in such a way that Eq.' 
(2.2) results. This leads to Case B_ (2.19) in the 
NRA.

On the basis of this analysis, Cases A and B 2 have 
to be confronted with experiment, fór which purpose 
we summarize our results regarding the NRA.

Case A

(2.18)

4 M M } .

Here all signs refer to 3 decay. The terms inside the 
wavy brackets are important only in forbidden d e c a y s .



251

Case

Hint = Hint(2‘lft) with gA gA " 5R (E o  +  ( 2 ‘ 1 9 >

III. ft VALUES AND MIRROR TRANSITIONS
As comparisons of ft values have aroused renewed 

interest in SCC's, it is suitable to use these values 
as a reference frame fór other analysis. The charac- 
teristic parameter is the ratio

b = Y|gA l_1 * (3 *1)
Instead of merely quoting the values fór b following 
from the analysis /14/, we recalculated them using 
Bhalla and Rose 's wave functions /26/ fór electrons and 
taking intő account the vector-axial-vector inter- 
ference corrections. The correction factors necessary 
to the spectrum shape were published a long time ago 
/3/. We calculated the experimentally meaaured half-
lives t by the formula

E2-1 3
t f p 2q2F(Z,E) CB (E,b)dp =■ lÍ') X" ? , (3.2)

o « » l < ° >!

where E is the maximai energy, E is the electron 
energy, p and q are the electron and neutrino momenta, 
respectively. F(Z,E) is the Fermi function, while C (E,b) 
is the spectrum-shape correction factor depending on the 
induced tensor through the b of Eq. (4.1).

The ft values fór electron and positron mirror
transitions are expected to be approximately equal. The 
deviation from this equality

5 - -{-f-t-)-+ - 1 (3.3)
(ft)-

can be interpreted /14/ as an indication fór the 
existence of the induced tensor. We calculated 6Q by 
putting b = 0 in Eq. (3.3). The value of b, (i.e., Y) 
was selected in such a way as to give 6 = 0  when using 
the full expression fór C* .

The results fór Case 1 in Table I were obtained 
by neglecting the cross terms with the vector coupling, 
(i.e., weak magnetism etc.). The values fór b in Case 2 
in Table I were found taking intő account all correc
tions . The calculations were performed both fór Case A
(2.18) and fór Case B (2.19).

In Table II we recalculated the results of Table
I taking intő account particular /27/ corrections to 
the mátrix element ratios, which are actually the most 
favourable ones fór the existence of the induced tensor.
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Table 1

A Eo t+ 1 2
E“ (MeV) o t (sec) öo bA bB 6o bA bB

8 14.05
13.10

0.774
0.849

0.072 6.6 -2.9 0.067 6.2 -2.9

12 16.32
13.37

0.0116
0.0210

0.122 9.6 -4.8 0.111 9.2 -4.8

20 11.26
5.40

0.51
11.03

0.046
-0.064

7.3
-9.2

-3.7
4.6

0.045
-0.061

7.3
-9.9

' "3 .' 7 
5.1

24 8.737
1.392

26.12
53.80

-0.018
0.37

-4.8 2.2 -0.017 -4.8 2.2

28 11.537
2.856

0.52
136.4

0.282 45.9 -22.4 0.270 44.Ó -21.3

Table II

A V { w b A
yW
B

8 0.048 0.020 1 .0 -0.9
12 0.098 0.013 1.0 -0.44
20 0.045 0.00 0 0
24 0.040 -0.058 -14.7 7.0
28 0.051 0.22 35.2 -16.9
18 0.007 0.026 23.9 -12.9
30 0.005 -0.057 -77 42
a  — -f-<5w from Ref. 27 is defined as A /A -1.

6 is the value from our case 2 in 
° Table 1.

As is to be expected, the values of the induced-tensor 
constant b are generally reduced. The additional correc- 
tions seem to be responsible fór most or even fór the 
whole (A = 20) of the apparent effect. This gives addi
tional weight to the outcome of the Li^ and B° experiment 
/17/ and to the discrepancy in the B+/K ratio /15/, 
to which we turn shortly.

IV. CAPTURE TO B+ RATI0S
The analysis already published in Ref. 15 use<l the 

NRA, denoted by us as Case B 2 (2.19). As indicated In 
this reference, the same b cóuld satisfy neither 
(ft)+/(ft)_ nor K/8 ratios. It seems important to j>oint 
out that Case A (2.18) in the NRA does nőt change this 
conclusion. The correction factor ratio fór Case B2 *'b- 
tained by the simplest approximation is
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C K /Cg «. i - 1  b B (4? - E*) . (4.1)

Case A (2.18) in the same approximation leads to

CK/Cg = 1 + |  bA (4C - E+) . (4.2)

We see from Tables I and II that the ft values can be 
fitted only with b^ > 0, which leads to an increase of the 
C K /Cg ratios with m c r e a s i n g  atomic number Z, in com- 
plete disagreement with experiment /15/.

V. SPECTRUM-SHAPE FACTORS FÓR 0~ •* 0 +
AND UNIQUE NUCLEAR g TRANSITIONS

The spectrum shape fór forbidden decays does depend 
on the induced-tensor c o n t r i b u t i o n , in contrast to the 
case of allowed decays.

In the pást, analyses were made / 1 8 ,19,20,22/ fór 
the approximation case B . Let us compare these re- 
sults with those obtained fór the approximation case A.

0~ -» 0+ nuclear béta transitions were analyzed 
/24/ using the formalism already published in Ref. 22. 
The fits to the Daniel-Kashl measurements /28/ are sum- 
merized in Table III. In this table x^ measures the

Table III

A p p r o x . A A p p r o x . B

f , 2b X
-* -*• 

<a • r> 
ro

f , 2b X <a *r> 
ro

l44Pr +10.4 -13.0 2.68 1.38 +11.6 -13.7 2.68 1.15
lbbHo + 13.6 -8.7 2.56 0.34 + 14.6 -8.3 2.56 0.34

goodness of the fit, and f is the mátrix element ratio
->t a • p , f = < „ ^ >/< a *r > .M

There is nőt much difference between approximations 
A  and B which is easily explainable when theoretical 
expressions are studied. It appears that the respective 
contributions differ only in the constant additive 
terms. b < 0 is clearly favoured in both c a s e s . This 
conclusion, however, can be changed if large varia- 
tions of the electron wave functions inside the nuclei 
are allowed. In fact, it is necessary to introduce two 
additional p a r a m e t e r s , which are varied independently 
inside physically acceptable limits. The values b > 0
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may be |ound, hűt in the case of * ^ P r  the fit is much 
worse, x being 28.2.

Unique nuclear béta trans iti.ons were analyzed using 
a formalism described in crreat detail in Ref. 19. The 
spectrum shape depends on the five-nuclear-matrix-element 
ratios calculated in the shell-model a p proximation. The 
resulting fits thus depend only on b, and are summarized 
in Table IV. It seems that the positive vaiue fór the

Tabie IV

B A
b 2 b 2X

8€K 17 .O 1 .02 14.9 1.04
86 Rb 2.65 0.22 2.30 0.22
90Sr 1. 50 3.13 1.25 3.2090y -4.72 2.47 -4.42 2.45

l42Pr 0.73 1 .27 0.55 1.28
lf;% o 34 .0 1 .26 18.5 1.26

induced tensor, i.e., b > 0 is favoured, in contrast to 
the indication fór O - -+■ 0+ transitions. An extensive 
analysis of a newer measureinent of 0" -*■ 0+ and 0~ -*■ 2+ 
transitions together wi£h a p-y correlation maasurement, 
both performed fór Ho nuclei /30/, aiso ailowed fór 
somé variations in nuclear-matrix-eiement ratios. The 
resuit was b '> 0, with b = O being aiso acceptable fór 
reasonable vaiues of the p a r a m e t e r s . _ +

Generaliy speaking, it appears that 0 O and 
unique transitions are nőt very consistent with the 
existence of the induced tensor. However, experiments 
are uncertain, the experimental results of the different 
groups being sometimes c o n t r a d i c t o r y . We have mostly /29/ 
used measurements of a particular group, in order to 
achieve an overall comparison among various nuclei.

VI. B-Y ANGULAR CORRELATIONS
In the description of 8 decay the induced tensor ap- 

pears as an additional small correction, which has to 
compete with large m a i n  contributions and with other 
possible small c o r r e c t i o n s . Obviously, it would be use- 
ful to investigate experiments where the large main 
term does nőt contribute, since it is forbidden by the 
selection r u l e s . Thus it is worth while to turn our 
attention to g-y angular correlation measurements in the 
case of ailowed B decays. In this case the whole ef- 
fect is directly proportíonal to the induced terms and 
the so-called "seconö-order corrections". The sign of 
the induced-tensor contribution chanaes goina from B” to 
B+ decays, depending alsó on the y transition. In 
generál, the whole effect depends strongly on the sign
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of the induced-tensor term, as can be seen from the 
results presented in Table V. This should, in principle, 
enable us to distinguish Case A from Case B defined in 
Sec. II. In both c a s e s , only the term

(6 . 1 )

can contribute. It, therefore, shows a certain similarity 
with other angular c o r r e l a t i o n s , such as electron- 
neutrino or electron-nuclear spin /10,31/.

The standard expression fór g-y angular correlations
is
W(0) = 1 + A 2 (B)F2 (LLIfI)P2 (cos 0) , (6.2)

where P_ is the Legendre polynomial and F~ is the well- 
known angular-momentum-dependent spectroscopical factor. 
The factor A 2 (b) depends on the particulars of weak in- 
t e r a c t i o n s , and in the simplest approximátion in which 
the so-called "second-order-correction" contributions 
are neglected and pláne waves are used fór electrons 
it is given by

A .  i  e ! [ j _  + h.
2 3 W ( 2M — gA

^  (tJp ~ V  . b_
2M -  2M F 2 (11I1D  , (6.3)

where p and W  are the momenta and the energy of the 
electron (positron), r e s p e c t i v e l y .

A lthough several measurements of B-Y angular correla
tions have appeared in the. iiterature /32-43/, most of 
them are still associated with large uncertaínties and 
experimental e r r o r s . We decided to calculate A 2 (B) fór all 
of them on the basis of the full formula using Bhalla and 
Rose's wave functions /26/ fór electrons and íncluding all 
"second-order c o r r e c t i o n s ". Final results were obtained 
by averaging over the experimental rangé of electron ener
gy. The errors quoted with the theoretical results cor- 
respond to the difference between B~Y correlation values 
fór the minimál or maximai experimental energies.

It seems that b > 0 is favoured by most of the ex
periments. If anything, the results seen to be an ad- 
ditional piece of evidence fór the existence of weak 
magnetism, the induced tensor itself nőt being particular- 
ly needed.

VII. PARITY VIÓLATION IN HEAVY NUCLEI
It was pointed out a long time ago /44/ that weak 

parity-violating nuclear forces are a naturai consequence 
of the current-current model of the weak Hamiltonian. -In 
the lowest so-called "factorization" approximation the 
weak parity violating (PV) internucleon two-body potential 
is proportional to

where J and J are the axial-vector and the vector 
u 5 V
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hadronic weak current, res p e c t i v e l y . It follows from 
(7.1) that when applied to PV nuclear f o r c e s , the two 
cases of the NRA, Eq. (2.18) and Eq. (2.19), are equi- 
v a l e n t .

One can use in the first approximation the potential 
already published in /45,21/

V IT = — — —  I P 1 2 'f (r) I _ T (_) , (7.2)
4 /I M

where
T (" ) - T x — T T (7.3)

1+2-  1 -2 +
and

-m r

f ( r > : T ?  S~ T -  • <7-4»

m  being the p meson mass.
Somé discussion on the value of Y, based on circular 

polarization m e a s u r e m e n t s , has already been presented 
/46/. As the approximation used in Ref. 46 overestimates 
the effect /47/, somé change in the conclusions is to be 
e x p e c t e d .

One group of experimental results fór the circular

P exp = (_5*° ±  l-5)x10-6 .
An essentially different siqn is given by Kuphal, 

Daum, and Kankeleit /49/, where

P exp = (2*° -  4 *0 ) Xl0~6 ’
In the wide spectrum of the published experimental results 
one can alsó find somé giving larger P than those quoted 
above /50/. They would naturally set higher bounds on Y, 
and therefore we are actually dealing with the most sen- 
sitive cases.

Looking fór suc’h combinations of numbers which 
would fit the quoted results, we obtain the limits fór 
the conventional weak Hamiltonian

-1.7 < Y < 7 .
If additional residual nucleon-nucleon interactions are 
introduced in theoretical calculations, in the way out- 
lined by Vinh-Mau /51/, the theoretical value fór P is 
decreased, so we cán estimate

~ 15 < Y < 19 .
Fór other weak-Hamiltonián m o d e l s , the situation is 

either approximately the same as fór the conventional model, 
or the induced-tensor contribution is relatively in-
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significant in comparison with the stronqly enhanced 
one-pion exchange contribution. In that case even 
larger limits on Y result. Nőne of these limits actuaiiy 
contradicts theestimates of Y based on the ft vaiue.
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NUCLEAR BÉTA - DECAY EXPERIMENTS AND SECOND - CLASS WEAK CURRENT
E. V a ta i, In s t i tu t e  o f  N uclear Research o f  the Hungárián Academy o f  
S c ien ces , Debrecen

Abstractt Experimental results on |3- decay probabilities 
connected with the question of second -  eláss currents are 
discussed.

It was shown in 1958 by Weinberg ^  that the

transformation properties of the induced scalar and tensor

/IT/ interactions are opposite to those of the basic V and

A interactions, respectively, under G -  transformátion.

The existence of the induced scalar interaction is limited

by the OVO theory, therefore, the only way to decide the

question of the conservation of G -  parity in weak

interactions is to see wether the IT interaction does or

does nőt exist. Although different kinds of angular correlation
2 /in béta -  decay can be used to solve this question ' 

nevertheless comparisons of decay probabilities j(ft )+/ (f t )“ 

and K/p+ ratios] gave more success. In the following only 

these results w ill be discussed*
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1. (f t )  * / ( f t ) "  ra t io s  of m irror tran sition s. 

Neglecting a l l  possib le  d ifferences of m irror ^ -tran s ition s  

except the one caused by the IT in teraction , the deviation  

of the (ft ) +/ (ft ) “ ra t io s  from unity i s  expected to be 

proportional to the sum of the end -  point energies of p - -  

tran s ition s .

£ í l  = 21  = l  -  * -------( C  + < )  / I/
f t  0+ 3 IOAl 0 0

A l l  remaining terms of the IT interaction  are an order o f 

magnitúdó smaller than th is , because o f the large end -  

point energies. To prove th is  proportionality  is  of great 

importance, since otherwise the poor knowledge of the 

nuclear mátrix elements does nőt allow to make a de fin ite  

conclusion.

The sémi -  experimental (ftj1* / (ftj* ra t io s  at 

high energies give CIT/ 10̂ 1 = -  2x10“^ r e f , bút i t  

i s  impossible to prove the lin ear dependence /!/ using these 

re s u lt s , because the low energy and decaying mirror 

p a ir  does nőt ex ist / see f i g .  1 /. The two positron decaying 

m irror p a irs  with A = 18 and 30 do nőt contradict to the 

lin ea r dependence, bút they cannot be used to prove i t  e ith e r, 

because of the small energy d ifference of the transitions
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2. K/^ *  ra t io s*  Using the same approximátion as in 

the previous point, the influence of the IT infceraction can 

be given as
C

K / p + = 0 ,/  C+ = 1 -  | (2W0 + /a/

where o<Z/2R. The K/ p+ ra t io s  are known in transitions  

with WQ«/ 1 «  ^  10, such that WQ can be neglected in the

above equation.

As i t  has been shown in r e f .  C j T/i | -  2x10“^

jő^c2] ’ 1 does nőt agree with the experimental K /p 4, ra t io s  

/ fig .2  /. I t  would be d i f f i c u l t  to use these resu lts  to give 

an upper lim it fó r  the coupling constant of the induced tensor 

in teraction , bút it  i s  c lea r  from f ig .2  that the sign and 

magnitúdó of the above 0IT is  nőt consistent with the K / p *  

r a t io s .  We note that we can re ly  on the equality of the nuclear 

mátrix elements in EC and (3+ decays, only second order 

correction  terms might change the K / ji+ r a t io .

8 P3. Excitation  spectra of Be in the deca.ys of L i and
g
B. In these cases the energy dependence of the ra t io  of

a -  decay p ro b a b ilit ie s  has been determined in one experiment
6/by Wilkinson and Alburger • The re su lt  is  nearly independent 

of the d iffe ren ces of nuclear overlap, th e re fő re , th is  

experiment i s  espec ia lly  important.
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gThe Be decays intő two ô ~ particles from the 
excited state. The number of ok- particles (N-)with energy 
E is proportional to the totál number of J3~ - decays with

+ + -#• 
end~point energy WQ = W~1£OC - E'x , where \ax is the 
maximum available energy of the (3 - decays, such that 
(ft)+/(ft)~ can be replaced by N~(EJ/ f (,W“ ) : N+ (EX)/  f(W*)
in eq. /!/. The coupling constant of the IT interaction is 
then determined from the slope of the (ftf /(ft)“ values 
vs. (Wq + Fig.J shows, that second - class current
with Gj,p / CA 2 x 10"5 |moc2 j can be excluded. The

—4authors give an upper limit fór the above ratio as 7 x 10 
at the 99% confidence limit.

The above experiments shows that there is no evidence 
of second class currents in nuclear beta-decay. The 
possibility of the existence of second - class current with 
CIT/ CA ~  10-4 [m^j or of a special kind cannot be 
excluded, bút to find it would be extremely difficult at 
the present accuracy of experimental results and nuclear 
structure calculations.
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FIGURE CAPTIONS

F ig . 1. ( f t )  + / ( f t ) “ ra t io s  of ex isting  -  transitions  

do nőt allow  to detennine the form of energy dependence.

It seems to be independent of energy / f u l l  lin e  /, bút 

linear dependence cannot be excluded.

F ig . 2. K/^+ ra t io s . The experimental re su lts  are systematically

below the f u l l  curve representing the e ffe c t  of IT interaction .
8 íF ig . 3* Experimental re su lt  on Be excitation  in the —

Q O
decay of L i and B shows no evidence of second e láss  current 

with CIT/ \0AI = -  2 x 1CT5 [n^c2] ” 1 / fu l l  line/ .
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THEORETICAL APPROACHES TO Kt3 DECAY

N.Paver, Istituto di Fisica Teorica deli'Universitá, Trieste

KI decay is undoubtedly one of the most interesting and 
popular topics in the field of weak interactions. The reason, 
essentially, is that nőt only the experimental Information on 
KI decay allows precise checks of somé basic assumptions of

J
the theory of weak interactions, bút, alsó, it represents a 
sensible test of the theoretical approaches which are available* 
My talk will be devoted to a short survey on Kl^ decay, looking 
at the problem from the point of view of currentalgebra, 
light-cone algebra and related techniques.

Let me start by briefly introducing the Kl^ process.
A very gratifying point is that the experimental data strongly 
recommend the simple Cabibbo description of semileptonic decays, 
based on V - A hadronic currents with octet behaviour under 
SU(3). Accordingly, the object of interest fór the decay K-»7t 
is the mátrix element

< tc° c^ 1 V Í k = 7 = -  ^■f+ ( k-l H t >+ci y +
r

+  í .  ^
v . C x . 1 ) . C A t í r )

where V., ~ V  *-s ^he vector part of the ~ / \ Q
r *  ' /*.

(i)
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hadron current, and <rn̂  VC ^  *-n the physical
decay region.

A third form factor is usually introduced :

-?Ck.*).= Í +(K‘ )+  — 5——r
,+  o n ^ -n n ft\  (2 )

which is induced by the SU(3) breaking :

< ^  \ V V  ' ^  = '̂WVV ' WVk ') (3)
Rather than in terms of f , f , thé process is better described 
by the form factors f , f, with which most of the theoretical 
predictions are concerned. It seems reasonable to assume a 
linear variation fór all KI form factors :

3

f , M  -  (1  ♦ ,

t ( k * )  .  í < «  ( i *  , M

1 ^ k -^ Y L \  f + ( o )
Actually, the assumption of linear dependence fór both f , f
amounts to implicitly neglect /X.., so that, within our
parametrization (4), only ^  (ol and ^ 4. (or 0 and X 4. )
are significant.

How looks our experimental knowledge of 'St.o) and
The least we can say, to be optimistic, is that it is controversialj
The best established case is u x , where an overall fit

( 1) ^gxves
^  {o) =• -  0. SS ±0,20 j  \ + = 0.04 5* ± 0.014 (5)

data, on the other hand, seem to suggest smaller values of
^ 4. (typically, 0.029 + 0.006) so that, by combining K^i, and

“  (2 )K« experiments we find

^(o) = - o.fesr + 0.10 ■ -  0.0 3  ̂± o.ooé, (6)
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Finally, the result ^ (0) — 0.00 + 0.18 can be found in the 
literature, which has been derived from the branching ratio 

 ̂ assuming + ~ 0.03.^^ Anyway, most of the 
data point towards a negative and sizeable value of ■^(0) i 
since^ S  0 in the SU(3) limit, this result does nőt seem, at 
first sight, easy to fit in the current picture of SU(3) as 
an approximate symmetry of the hadrons.

Now, the thoretical aim is to evaluate the form factors, 
or, at least, to get predictions on them.

A first possibility is represented by simple theoretical 
models, like e.g. K* dominance of f , which gives X+ = t - ̂ >0.024 • *=* + 
in rough agreement with most of the data.

Alternatively, one can exploit generál statements on the 
weak currents, like current algebra (and light-cone algebra), 
concerning their transformation and partial conservation properties. 

SU(3), of course, is the first candidate, and the information
which comes from the algebra of SU(3) charges alone is the

(3)well-known relation
f ( o )  =  ? + ( 0 )  =  i  +  0 ( £ « )  (7 )

which states that the departure of f+ (0) from its Sü(3) symmetric 
value is of second order in the breaking. This result, although 
of extreme importance, has nőt proved enough, so far, to produce
a quantitative prediction on KI decay, since a reliable evaluation

* (4)of the corrections 0 ( is no^ hand ; the only immediate
indication which we can dérivé, assuming octet dominance, 
is the limitation f+ (0)<. 1. Moreover, a relation of the kind 
in Eq.(7) is nőt easy to test, since only the product f+ (0)x 
sin 9 C is determined by experiment, being the Cabibbo angle.

We are lead therefore to extend our considerations from 
SU(3) to the SU(3) x SU(3) algebra generated by the vector 
and axial vector currents, supplemented by the PCAC hypothesis y
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namely, to soft-pion theory. Soft-pion theoreras are, among the 
predictions of current algebra, the easiest to test experimentally 
and, as well known, they work in many cases so well that we are 
inclined to consider the smallness of the pion mass, which is 
the essence of the PCAC assumption, nőt as a dynamical accident 
bút, more seriously, as the manifestation of an approximate 
chiral SU(2) x SU(2) symmetry of the hadron world, exactly realized 
in the limit = -*-n our case> ^he soft-pion result is
represented by the Callan-Treiman relation, which states that, 
in the limit of vanishing mass and momentum of the emitted pion :

í + ( < W . K c ' >  = ~  ( » )
■TIC

or, in terms of the form factor f :
■v. \  & •

£ O n ’U') =  j|h- (9)
» ízNow, it happens that if we assume, according to PCAC, the 

Callan-Treiman result to hold without sensible variations on 
the pion mass-shell too, its simple linear extrapolation to the 
physical region turns out to be inconsistent with the experimental 
indication, since we find, from Eq.(4), inserting the experimental 
values of + *

^  ^  0. and ^  ( 0 )  ^  "* 0 .  Z  1  ^

in contrast with the figures (5) and (7).
This is nőt very pleasant, of course, if we believe that 

the soft-pion picture has somé adherence to the physical world. 
Then, unless we want to invent somé extra effects to explain 
this failure, the corrections to the PCAC result, due to the 
finite size of the pion mass, must be taken intő account before
trying a comparison with the experiment. The prescription to
extrapolate soft-pion theorems ontó the mass shell is nőt unique 
and depends, so to say, on the author's taste. I choose to 
review three among the most recent examples.
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A ve ry  s im ple approach i s  represen ted  by the res t- fram e 

sa tu ra t ion  o f  equ a l-t im e  commutation r e la t io n s  o f  SU(3) x SU(3) 

charges and d iv e rg en ces , in v o lv in g  the is o s p in  a x ia l  charges
CiO . (5 )OC to  which, e s s e n t ia l l y ,  the p ion  i s  a ssoc ia ted  , and 

such th a t ,  in  the s p i r i t  o f  PCAC, Q , =^c}x 

The r e s u l t  i s

a * = * ) w - w )  = %  *

K m *  ± C  ,

_ TT J
where ~  / . . n  -

c ^ l  ■

( 11 )

f  ^  ^  - U  <o l X c ̂  ) l *<•' ̂  ■c t - *

= e ^ x < o l Í X ( u \ ,  V V/ " ; ' ]  ;  ? c^ '

Ve. = j3-c\, ) C □  +w i ) AyA. (x'i = ,'vrV  "̂ c '~X Cx)
In  shorthand n o ta t io n  r-\

í  i  +  2 2 a . }  |  = 3 -  +  d  O k )  , 12 >

I t  goes w ithout say ing  th a t ,  f ó r  -  O  , the Callan-Treiman

r e la t i o n  i s  reproduced. I t  i s  e a s i l y  r e a l i z e d  th a t  the e x t ra p o la t io n  

i s  performed a long  a parabola  in  the (C  ̂ , k, ) p láne, represented  

in  F ig .  1, con n ec t in g  the s o f t - p io n  p o in t  ^  = 0  / VC — Ve 

to  the neares t  p o in t  o f  the p h ys ica l  r e g i o n , s  ^Jt):

indeed, E q . ( lO )  i s  a d is p e rs io n  r e la t i o n  where both the "mass"
2 > 5

q and the momentum t r a n s fe r  VC are va ry in g  a long th is  l in e ,
" i| 

whose in t e r s e c t io n s  w ith  the l in e s  o f  s in g u la r i t i e s  rep resen t the

va r iou s  c o n tr ib u t io n s  to  the d is p e r s iv e  sum.

Let us in s p ec t  v e ry  q u ic k ly  the c o r r e c t io n s  to  the C a llan -

Treiman r e la t io n ,  which appear in  E q . ( l 2 ) .  The h igher  commutator

[ 3 , Q ]  i s  e s s e n t ia l  in  order  to  g e t  r id  o f  the pion crossed
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i  \ ^  f
mass s in g u la r i t y  a t ^  ) ~ v ^ u + '^n_' » p ro p o r t io n a l  to

, whose appearance would preven t us the p o s s i b i l i t y  

to  e x t ra p o la te  the CaLlan-Treiman r e la t io n  to  a s in g le  p h ys ica l 

p o in t .  Such a commutator is ,  o f  course, ou ts id e  the cu rren t 

a lgeb ra  frame; sO jth is  i s  the id e á l  case where to  t e s t  models 

o f  c h i r a l  SU(3) x SU(3) symmetry break ing. We have, moreover, 

k in em at ica l c o r r e c t io n s  (which are seen to  work in  the r ig h t  

d i r e c t io n  bút to  be nőt enough) and a d is p e r s iv e  continuura 

which might be, as a m atter o f  f a c t ,  an 0  ^  ̂ jt), s in ce  the

in t e g r a t io n  th resh o ld  i s  0 0 ^ 0  • A q u a n t i ta t iv e  d iscu ss ion  

o f  the c o r r e c t io n s  i s  nőt easy: op in ions are d iv e r g in g ,  and. 

so f a r ,  a d e f i n i t e  conc lu s ion  has nőt been reached. Fór example,
(7)on the b a s is  o f  s im p le , model dependent es t im a tes , Banerjee 

has cla im ed th a t  the Callan-Tre im an re la tion ínam ely^  approximate 

c h i r a l  SU(2) x SU(2) symmetry) and the exper im en ta l data can 

be com patib le : a d ip  o f  somewhere around Vĉ

i s  requ ired . Th is conc lu s ion , which has r e c e iv e d  support from 

s e v e ra l  o th e r  authors, i s  ta ck led  by the opponent pa rty , t r y in g  

t o  in t e r p r e t  data ra th e r  in  terms o f  near SU (3 ). Anyway, a good 

experim en ta l in fo rm a tion  on -£■ C k.^  near the edge o f  the p h ys ica l 

r eg ion  would be o f  much help  in  c l a r i f y i n g  th in gs . The s i tu a t io n  

concern ing  i s  sketched, q u a l i t a t i v e l y , in  F ig .  2.

The second method which I  would l i k e  t o  mention s ta r t s

from the SU(3) x SU(3) l i g h t  -cone a lgeb ra , and has been deve loped
(8 )by G. Furlan and m yse lf . L igh t-con e  phys ics  has rep resen ted  one 

o f  the most e x c i t in g  t o p ic s  o f  these  recen t tim es and shows n ice  

fe a tu re s  o f  s im p l i c i t y .  Being nőt w i l l i n g  to  en te r  d e t a i l s ,  I  

l im i t  to  remind th a t  i t  seems reasonab le  to  abstrac t  the l i g h t -  

cone cu rren t  commutation r e la t io n s  from the f r e e  quark model , 

One o f  the arguraents in  fa vou r  o f  th is  assumption i s  th a t  th is  

model has been a lread y  su ccess fu l in  su gges t in g  the SU(3) x SU(3)
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equ a l-t im e a lgeb ra  o f  charges (and, perhaps, o f  d iv e r g e n c e s ) .

As a r e s u l t ,  in trod u c in g  the opera to rs  (  X~ =  4 =

—  ,  . s r  , A + ( V )  ( , 3 )
Q .^ C cv ,x+)= ^ x ' d ^ e

we have a t  d isp o sa l  the Sü (3 ) x SU(3) l ig h t - c o n e  a lgebra

[Q cC n ,x+\  G^wC tJx+)]

[ g u (v +) j q 1> / x+) ] ' 5 (u )

[ Q ^ . ^ . Q - u C f c /  * + ) ]  *  *  &  u t  * + )
The importance o f  d e f in in g  the op era to rs  E q . ( l3 )

+ ”J,> * 
stems from the f a c t  th a t  a t  ^  — ^ ^ - O t h e y  c o in c id e ,  f ó r  

conserved cu rren ts , w ith  the fa m i 'l ia r  SU(3) x SU(3) charges

and th e r e fo r e ,  w h ile  be ing  app rop r ia te  to  

l ig h t - c o n e  k in em atics , they  a re  o f  use in  d e a l in g  w ith  p a r t ia l  

co n se rva t ion  p r o p e r t ie s  when the symmetry i s  broken.

The procedure, now, v e ry  s im i la r  t o  the prev iou s  one, 

c o n s is ts  in  s a tu ra t in g  the s im ple a lg e b ra ic  s tru c tu re  ( 1 4 ) .

The r e s u l t  which i s  d e r iv e d  f ó r  Kl^ decay i s  the m od if ied  

v e r s io n  o f  E q . ( l 2 ) :  f—.

= w  _  ^  (15)

where -j? ( o ) -  f  i s  the va lu e  o f  g iven  by the

G oldberger-Tre im an r e la t io n ,  e x a c t ly  v a l i d  f ó r  massless pions, 

and ^  C ^ T L  ^ > whose e x p l i c i t  exp ress ion  th is  time I  omit,

rep resen ts , aga in , a d is p e r s iv e  continuum o f  o rde r  níin^. Having
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s ta r ted  from a l ig h t - c ó n e  commutator, the d is p e r s iv e  l i n e  i s ,  in  

th is  case^the s t r a ig h t  Line, rep resen ted  in  F ig .  1, o f  equation

Q _  ---------------- VC +  /VY ) fW\ »
w\K - <yv\̂  (16)

A c tu a l ly ,  the s t r a ig h t  l in e  can be ob ta ined  from the parabola ,

c h a r a c t e r i s t i c  o f  the equ a l- t im e  method, as a degenera te  case,

by tak in g  an a p p rop r ia te  l im i t  which req u ire s ,  f ó r  con s is ten cy ,

the convergence o f  form fa c t o r s  a t  in f in i t y .T h e  s t r a ig h t  l in e ,
Z Z. Zmoreover, does nőt touch the s o f t - p io n  p o in t  ^ - O  — ̂  

which means tha t in  the p resen t method we g e t  the sepa ra t ion  

o f  the r e s u l t  in tő  a f i n i t e  pa rt  p lus c o r r e c t io n s  on ly

a f t e r  th a t  the s o f t - p io n  l im i t  has been imposed, in  a sense, 

l i k e  a c o n s t r a in t ;  th is  i s  why appears in  Eq. ( l 5 ) .  Apart

from t h is  d i f f i c u l t y  in  hand ling  the s o f t - p io n  l im i t  

the f a c t  o f  working a long  a s t r a ig h t  l in e  i s  r e a l l y  an advantage, 

s in ce  the l in e s  o f  s in g u la r i t i e s  are met on ly  once (and nőt 

t w ic e ) ,  and th is  r e s u l t s  in  a remarkable s im p l i f i c a t i o n  in  

the se t  o f  graphs c o n tr ib u t in g  to • Looking a t  F ig .  1

we see th a t  crossed  mass s in g u la r i t i e s  are excluded ; as a 

consequence, the p ion  crossed  c o n tr ib u t io n ,  which I  mentioned 

b e fo r e ,  i s  d isposed o f  from the beg inn ing , and we d i r e c t l y  

g e t  a p r e d ic t io n  a t  a s in g le  p h ys ica l  p o in t  w ithout in trod u c in g  

h igh er , model dependent commutators. Furthermore, the ^ - c h a n n e l
X. M  í .

( l i n e s  ) should be s t r o n g ly  depressed, s in ce  form fa c t o r s

are eva lu a ted  a t  la r g e  ( t im e l ik e )  momentum t r a n s fe r ,  o f  o rder

, s im p l i f i c a t i o n s  are  p o s s ib le  in  the Vt^channel

( l i n e s  k. s ) j where momentum t r a n s fe r s  are 0  C ^ z ) . Now, t o  be

q u a n t i ta t iv e ,  we cou ld  t r y  a comparison o f  E q . ( l7 )  w ith  experim enta l

data, n e g le c t in g ,  as a f i r s t  approximation, the S (w ilí' ) e f f e c t s  and 

e x p lo i t in g  on ly  k in em atica l c o e f f i c i e n t s ,  c o r r e c t io n s  to  the 

Goldberger-Tre im an r e la t i o n  inc luded . The r e s u l t  i s  th a t  the
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f ig u r e s  (5 )  and (6 )  are p r e t t y  w e l l  reproduced s in ce  we f in d ,  

accord ing to  the a l t e r n a t i v e  va lu es  o f  •+• :

\ + = o . o ^ i -

(17)
f C o j Z - o . & s -

This i s  nőt v e ry  co n c lu s iv e ,  o f  course, and the in d ic a t io n  coming 

from a simple-minded es t im a te  i s  th a t  the S(tnn) e f f e c t s  might be 

s iz e a b le ,  a lthough nőt dram atic. S o , l e t  us con s id er  the f ig u r e s  

(1 7 ) ,  a t  1 ea s t ,  as an encouraging in d ic a t io n .

An a l t e r n a t i v e  and in t e r e s t in g  l ig h t - c o n e  approach to  

KI decay has been proposed by Brandt and Preparata  ̂̂ , who

f in d ,  among o th er  th in gs

£+(o} s; o.<3^ j  (o) ^  - 0 , ^  (18)
In  t h e i r  method l ig h t - c o n e  commutators are used in  connection 

w ith  a p p rop r ia te  f i n i t e - e n e r g y  sum ru le s  in  the "mass" v a r ia b le
z , and p la y , e s s e n t i a l l y ,  a r o le  analogous to  th a t  o f  

Reggé p o le s  in  con ven t ion a l d is p e rs io n  r e la t io n s .  The d is p e rs iv e

l in e s  are , in  th is  case , r e f e r r in g  to  F ig .  1, the v e r t i c a l
i X . 2* _

l in e s  K = OTY\̂  and k. =■ ^ . I t  i s  v e ry  d i f f i c u l t  to  e s ta b l is h

connections ( i f  any) w ith  our approach. We th ink th a t  our method

i s  more econom ical and in v o lv e s ,  in  p r a c t ic e ,  v e ry  l i t t l e  o f

the l i g h t - c o n e  approach, s in ce  the sim ple "charge-charge" a lgebra

(14) i s  taken as the s t a r t in g  p o in t .  Brandt and Prepara ta , on

the o th er  hand, use h igh e r , model dependent commutators, which they

a b s tra c t  from the simple model o f  Gell-Mann, Oakes and Renner

in  t h e i r  trea tm en t, th e r e fo r e ,  the b i l o c a l  op era to rs  appear

to  p lay  the fundamental r o le ,  and more r e s u lts  are obta ined ,

as a t e s t  o f  more assumptions.
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equ a l- t im e  parabola  

l i g h t - c o n e  path Eq. (1 6 ) 

l in e s  o f  s in g u la r i t i e s  q 

l in e s  o f  R ^ f . (10)
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EÍJL-.2. The d iv e rgen ce  form fa c t o r  f ( k  ) .
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THE DECAY K_ -*• 2y (REVIEW)L

A.D. D olgov , L .B . Okun, V . I .  Zakharov, In s t i t u t e  f ó r  T h eo re t ic a l  
and Experim ental P h ys ics , Moskow

N

I .  INTRODUCTION

A s e r i e s  o f  experim ents [ l ]  on search f ó r  2y decay

le d  to  s en sa t io n a l n e g a t iv e  r e s u l t :  the decay has nőt been 

d e te c te d .  The most accu rate  experim ent performed a t Berkeley  

[2] gave the fo l lo w in g  upper l im i t  f ó r  the 2y decay

w id th :

i(k l  -*■ 2u) < r ^  = 1 . 8 - 1 0 _9r L /90% con fid ence  l e v e l/  /1 /

con tra -  
decay

r ( K L -  2Y ) / r L = ( 5  + i ) - i o " 4 1 2 1

Accord ing to  the th eory  [4] the fo l lo w in g  in e q u a l i t y  holds 

t ( kl + 2 y )/ r (K L -> 2y )  > 1.2* 10~5 /3/

and from eq . /2/ we have the low er bound

X^Tables f i ]  g i v e  the r a t i o  (5 .6 + o .5 )*1 0  4 . Accord ing to  the 
paper [3e ] the w orld  average va lu e  i s  (5+0.5 ) • 10~4 . The r e 
s u l t  by the ITEP group [3d] , r (kl  ->■ 2 y )/ rL = (4 .6+0. 9 ) • 10~4 
was nőt taken in tő  account in  Tab les [ l ]  and in  paper [ 3 e ] .

where rL i s  the t o t á l  w idth  o f  the meson.

Th is r e s u l t ,  t h e o r e t i c a l  c a lc u la t io n s  be ing  t ru s ted ,  

d i c t s  the exper im en ta l r e s u l t  on measuring -* 

w idth [ l , 3 ]
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r(KL + 2y)/rL > (6 + 1 .2)’1 0 -9 / 4 /
which i s  in  apparent c o n tra d ic t io n  w ith  /1/.

1 .1 . Are the Experiments R e l ia b l e ?

Experts a s s e r t  the experim ent [ 2 ] t o .b e  r e l i a b l e .  In many 

resp ec ts  i t  i s  a unique one. Thus, f ó r  in s ta n ce , as a back- 

ground f ó r  KL -*■ 2y decay in  th is  experiment served  a ra re  

decay -*■ 2tt , about m i l l i ó n  even ts  o f  the l a t t e r  decay

having been d e te c ted .  N eve r th e le s s  one cannot con s id er  the 

exper im en ta l r e s u l t  to  be a f i n a l  one basing on a s in g le  ex 

perim ent, even a v e ry  good one. The h is to r y  o f  e lem entary par

t i d é  physics during l a s t  15 years  warns aga in s t  t h i s .  I t  i s

s u f f i c i e n t  to  r e c a l l  the statements on tensor coup ling  in  $
6 -5decay o f  He , on the absence up to  10 o f  ír + ev decay, on

AQ = AS ru le  v i o l a t i o n  in  K° meson decays, on the spectrum

o f  e le c t r o n s  w ith  p = 0 in  the muon decay, on the charge
asymmetry in  n -*■ tt+tt -rr° decay, on the v i o l a t i o n  o f

n00 = n+_ e q u a l i t y  and somé o th er  examples when experiments
which seemed to  be r e l i a b l e  turnéd out to  be in c o r r e c t .  Thus

new experim ents on search f ó r  the •+ 2y decay seem neces-
s a r y .

As f ó r  the r e s u l t  /2/, i t  i s  an average o f  s e v e ra l  ex 

periments [3] performed w ith  d i f f e r e n t  technique and being in  

agreement w ith  each o th e r .  N ev e r th e le s s ,  i t  would be d e s ir a b le  

to  determ ine the K -* 2v decay w idth w ith  much h igher  ac- 

cu racy .

Bearing in  mind th a t  the experiments under d iscu ss ion

/and e s p e c ia l l y ,  the search f ó r  KT 2y decay/ r eq u ire  goodli
s k i l l ,  g r e a t  e f f o r t s  and long time i t  i s  q u ite  necessary to  

analyze t h e o r e t i c a l  aspects  o f  the problem. /Note tha t i f  both 

the theory  [ 4] and the experim ent on -*■ 2y decay are co r -
r e c t  the p r o b a b i l i t y  to  ob ta in  exp e r im en ta l ly  the r e s u l t  /1/ 

f ó r  the decay -+ 2\i i s  (2 t3^* 10 /̂ .
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1 .2 . Is  the Theory R e l ia b l e ?

Th is qu es t ion  has been d iscussed  r e c e n t ly  both in  num

ber o f  o r i g in a l  papers /we s h a l l  cons id er  them in  d e t a i l  be- 

low/ and in  somé rev iew s  [5 ] .

The d e r iv a t io n  o f  the t h e o r e t i c a l  low er bound /3/ on the 

-> 2y decay w idth seems to  be q u it e  s tru s tw o r th y . Just 

f ó r  th is  reason the exper im en ta l r e s u l t  [2] i s  so e x c i t in g .

In the next s e c t io n  we w i l l  d iscuss in  d e t a i l  the d e r i 

v a t io n  o f  r e l a t i o n  /3/. Here l e t  us p o in t  out on ly  tha t the 

main id ea  i s  to  c a lc u la te  the imaginary p a r t  o f  the amplitude. 

The account o f  the r e á l  p a r t  may on ly  in c rease  the va lue o f  

the decay p r o b a b i l i t y .

The im aginary /absorp tive/  p a r t  emerges from t r a n s i t io n  

on the mass s h e l l  KL n 2y where ( n )  i s  somé r e á l  in t e r -  

m ediate s t a t e .  The main c o n tr ib u t io n  in tő  imaginary p a r t  i s  
g iv en  by the two-photon in te rm ed ia te  s ta te  /see f i g . l / .  This 

co n tr ib u t io n  can be c a lc u la te d  unambiguously i f  the KL -* 2y 

decay amplitude i s  known ex p e r im en ta l ly  and the t r a n s i t io n  

2y -* 2y i s  d esc r ib ed  by quantum e le c trod yn a m ics . The phase 

space o f  o th e r  s ta te s  / e .g .  3 tt, 2 w y / i s  much l e s s .  Fór th is  
reason one may th ink  th a t  the c o n tr ib u t io n  o f  the twophoton 

s ta te  dominates the im aginary p a r t  o f  the amplitude. Then 

in e q u a l i t y  / 3 /  i s  v a l i d .

T h e o r e t ic a l  foundation  o f  r e la t i o n  /3/ i s ,  i f  one may 

say so , t h r e e - f o ld .  F i r s t l y ,  the g en erá l p r in c ip le s  o f  physics 

such as u n i t a r i t y  o f  the S -m atrix  and CPT theorem, are assum- 

ed to  be v a l i d .  Basing on ly  on these p r in c ip le s ,  one can ex - 

press  im aginary p a r t  o f  the amplitude o f  -* 2y decay
through the am plitudes o f  the t r a n s i t io n s  on the mass s h e l l .

Second ly , the hypo thes is  i s  made tha t th ere  i s  no " l e a -  

kage" o f  K-mesons in tő  unknown decay channels, i . e .  there  are 

no new p a r t i c l e s  w ith  the mass le s s  than /or approxim ately  

equal to/ the K-meson mass. The c o n tr ib u t io n  o f  new decay
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channels i f  they e x i s t  would change t h e o r e t i c a l  bound on 

K •+ 2y decay r a t e .

And f i n a l l y  i t  i s  assumed th a t  the known p a r t i c l e s  p ro -  

duced in  decay possess on ly  usual in t e r a c t io n s  and th a t

the es t im a tes  o f  imaginary p a r ts  a r is in g  from va r iou s  in t e r -  

m ediate s ta te s  are nőt wrong by s e v e ra l  orders  o f  magnitude.

I f  f ó r  example TT-mesons in t e r a c t  s t r o n g ly  w ith  muons the 

n e g le c t  o f  3ir in te rm ed ia te  S ta te  would be u n ju s t i f i a b l e .

1 .3 . O rgan iza t ion  o f  the Paper

In S ec t ion  2 we g iv e  a d e ta i l e d  d e r iv a t io n  o f  r e la t i o n

/ 3/.

From d iscu ss ion  in  the p reced ing  S ec t ion  one in f e r s  

th a t  i f  exper im en ta l and t h e o r e t i c a l  va lu e  o f  the -*• 2y 

decay p r o b a b i l i t y  are in  r e á l  c o n tra d ic t io n  to  each o th er  

our concepts on elem entary  p a r t i c l e s  and t h e i r  in t e r a c t io n s  

should be m od if ied  in  somé e s s e n t ia l  p o in t s . In accordance 

w ith  th ree  la y e r s  o f  t h e o r e t i c a l  foundation  o f  in e q u a l i t y  

/3/ these p o s s ib le  m o d i f ic a t io n s  may be grouped in  the fo l lo w ' 
in g  way:

1/ in t ro d u c t io n  o f  new in t e r a c t io n s  o f  known p a r t i c l e s  

/see Sec. 3/,

2/ in t ro d u c t io n  o f  new p a r t i c l e s  /Sec. 4/,

3/ v i o l a t i o n  o f  fundamental p r i c i p l e s  o f  physics 
/Sec. 5/.

I t  i s  obvious th a t  the e x is te n c e  o f  new p a r t i c l e s  o r  new in 

t e r a c t io n s  would m an ifes t  i t s e l f  nőt on ly  in  KL -*■ 2y decay 

bút in  somé o th er  phenomena. The d iscu ss ion  o f  these m an ifes- 

t a t io n s  i s  one o f  the main purposes o f  th is  sh ort  rev iew .
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I I .  CONSERVATIVE THEORY OF KL -*■ u^iT DECAY

2.1. U n ita r ity  Condition

The lower bound /3 / on the KL -+■ y+y decay width f o l -  
lows from the u n ita r ity  condition which allows one to express 

the imaginary part o f  the amplitude in terms o f the mátrix 
elements o f tran s it ion s  KL -* n and n -*■ 2yi where n is
somé reá l  intermediate State. I t  is  worth emphasizing that
in p a r t ic u la r  case o f  2y decay CPT invariance alone
is  su f f ic ie n t  to ca lcu la te  the imaginary part while usually  

more r e s t r ic t iv e  condition o f T-invariance i s  needed. Let us 

review the argument.

I f  we introduce in  a standard way S and T matrices

S = 1 + iT /5/

then the u n ita r ity  condition

SS+ = 1 16/

can be w ritten  as

Tí - (Tff = 1 l í dTnTi (T?)‘ m
where T^ i s  the tran s it ion  amplitude from state  i  intő
state f  and the sum extends over a l l  possib le  re á l  in te r 
mediate states n, xn being the corresponding phase space. 
The aste r isk  in eq. /7/ denotes the complex conjugation of  
the amplitude /fór normalization o f the amplitudes see 

Appendix I e q ./1.5/ and /1.6//.

In the case o f K. -*■ 2p the i n i t i a l  state isLi

kL “ K2 + eKX /8/



286

where K^ and have d e f i n i t e  CP p a r i t y :  -1 and +1, r é s -

p e c t i v e l y .  Due to  smallness o f  e (|e| = 2.10 we n e g le c t

the term eK^ in  th is  S ec t ion  and d iscuss i t  l a t e r .

As a r e s u l t  o f  KT 2y decay the.muonic p a i r  w ith  the
JLi

t o t á l  angular momentum equal to  ze ro  i s  produced. There are 

two p o s s ib le  s ta te s  o f  th is  p a i r  ^S and 3Pq which have 

CP p a r i t y  equal to  -1 and +1 and which are denoted in  the 

fo l lo w in g  by in d ic e s  y_ and y+ , r e s p e c t i v e l y . I f  muon 

p o la r i z a t io n  i s  nőt f i x e d ,  these s ta te s  do nőt i n t e r f e r e  w ith  

each o th e r .

Let us consider the decay of K2 meson intő one of these 

states . I t  fo llows from CPT invariance that

T* = t £  1 9 /
r i

rmj

where s ta te  i  i s  ob ta ined  /up t o  a phase fa c to r/  from s ta te

i  by CP con ju ga t ion . S ince the i n i t i a l  and f i n a l  s ta te s  are 

e ig e n s ta te s  o f  CP con ju ga tion  o p e ra to r ,  the CPT transform a- 

t io n  in  th is  case i s  reduced /up to  a phase fa c to r/  to  T - 
tran s fo rm ation  and we have

T* = + /10/

The amplitudes T^ can always be d e f in e d  so th a t  the u n ita r -  

i t y  r e l a t i o n  takes the same form i r r e s p e c t i v e l y  o f  the s ign  in  
the r igh t-h and  p a r t  o f  eq . /10/

u , TM  -  - i -  J d x n / I I  /

where index 2 means the s t a t e  K°.

2 .2 . Two-Photon Imaginary P a r t

As was a lread y  mentioned, the u n i t a r i t y  sum / ll/  i s  do- 

minated by two-photon in te rm ed ia te  s ta te  /see F ig .  1/. C orres-

ponding co n tr ib u t io n  in tő  imaginary p a r t  i s  c a lc u la te d  in



Appendix I .  I f  we keep only th is  contribution and assume 

that CP is  conserved in K2 -+ 2y decay, then

r ( K2 "  2u)  _ a 2 f  mu ) 2 t a 2 1+v ^ t ? . w -5 / p /
r (K 2 V  2y) 7 T  {  mR )  i - v  x *2 10 1121

where v is  the ve loc ity  o f muon in the rest  frame of 

K-meson (v  w  0 .9 ) .

I f  the amplitude o f K2 -*■ 2y decay is  t o ta l ly  CP-non- 
conserving, the lower bound fó r  the ra t io  of the rates o f the
decays K2 -* 2\x and K2 -*■ 2y w i l l  be the same as fó r  the

decays with CP conservation [6 ] .

r ( K l *  ---------< ^ ( — A 2 í n 2 = l . K l " 5 /13/
-> 2y) 2 1-v

2.3. Other Imaginary Parts

The states 2iry , 3n , 3iry, give the contribution of  
the same oreder in weak and electromagnetic coupling constants 
as the two-photon state . However the ir  phase space is  n e g l i -  

g ib ly  small as compared with that o f the two photons and one 
may think that the account o f these states changes the re su lt  

in e s s e n t ia l ly . Somé quantitative  estimates are given in Table
I .  As to these estimates somé remarks are worth making:

State 2iry /Fig. 2/. The ca lcu lation  here [6] is  a b i t  

less  d e f in ite  than in the case o f the two-photon absorptive  

part. I f  one neglects the form factor o f tt and form factors  

in  K2 +  2-rry decay the re su lt  is  expressed through the 

K2 2y decay width. The account o f form factors can change 

the re su lt  approximately by a factor of two [7 , 8] . At present 

only the upper l im it  fó r  the -*■ 2^y decay width i s  known 
experim entally . The corresponding upper lim it  fó r  the 2^Y 

contribution which is  given in Table I is  taken from paper [8] 
and is  approximately by an order o f  magnitude less  than that 
obtained in paper [7] .
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S ta te  3ir /F ig .  3/. The c a lc u la t io n  here i s  e s s e n t ia l l y  
model dependent. The amplitude o f  t r a n s i t io n  3tt -  2y can be 

found in  framework o f  the cu rren t a lgeb ra  [9 ,1 0 ] .  The va lue 

10  ̂ f ó r  the r a t i o  o f  3tt and 2y co n tr ib u t io n s  i s  obta ined  

[10] on the b a s is  o f  these c a lc u la t io n s  and d is p e rs io n  r e la -  
t io n s .  Simple o rde r  o f  the magnitude es tim ate  /accounting f ó r  

the r a t i o  o f  phase space o f  3tt and 2y s ta tes/  g iv e s  10 4 

f ó r  th is  r a t i o .

2 .4 . Terms o f  Order e .

Up to  now we have n e g le c ted  the term eK^ in  formula /8/

assuming th a t  K = K_. L e t  us now es t im a te  the co n tr ib u t io n
JLl

from th is  term. ü n fo r tu n a te ly , th is  es t im a te  w i l l  be ex trem ely  

u n r e l ia b le  because the decays K -*• 2\i have nőt been observed 

ex p e r im en ta l ly  and thus the amplitudes o f  t r a n s i t io n  -► 2\i

and -> 2.y are nőt known. L e t  us r e c a l l  th a t  i f  CPT i s  

conserved  then

Kg = Kx + eK2 /14/

The exper im en ta l upper bounds are

[i]
t (k s *  2M)<  rjj -  7 - io '6 rs n s i

I see a ls ó  below formula /25 / / and

r (Ks *  2r) Í  T2 = 12-10-3 rs 

I f  we accep t c o n se rv a t iv e  hypotheses

r(Ks *  2V) -v r theor_ (KL -  2u) -  i o - 8rL -  i o '11^  m i  

r (Kg  2y ) % r^KL 2y) *  l o " 6r s /18/

-3
then the terms p ro p o r t io n a l  t o  e w i l l  c o n tr ib u te  ^ 10 to  

the amplitude K 2w. Note th a t  the phase o f  th is  con tr ib u -L»
t io n  i s  nőt on ly  due to  the phase o f  £ /exper im en ta lly

[5]
/16 /



£ «  2.10~* e"*" ^4/ bút a ls ó  due to  the ab so rp t iv e  pa rt  which 

a r is e s  from the c o n tr ib u t io n  o f  the r e á l  two-pion in term ed ia te  

s t a t e .

2 .5 . Terms o f  Order G2

At f i r s t  the in t e r e s t  in  the KL -*■ 2y decay was a r is en  

by the search f ó r  weak n eu tra l cu rren ts . Even i f  the Lagran- 

g ian  o f  weak in t e r a c t io n  does nőt con ta in  n eu tra l currents 

they may and g e n e r a l ly  speaking must appear in  the second 

o rder  in  the weak in t e r a c t io n  constan t /see F ig .  5/. The amp

l i tu d e  o f  F ig .  5 q u a d r a t ic a l ly  d iv e rg e s  and accord ing to  pa- 

per [ l l ]  the r e s u l t  can be w r i t t e n  as

I t  should be emphasized th a t  i f  g en erá l p r in c ip le s  such 

as u n i t a r i t y  o f  S -m atrix  and CPT in va r ian ce  are v a l id ,  the 

amplitude correspond ing  to  F ig .  5 i s  pu re ly  r e á l  and thus can- 

not can ce l the two-photon a b so rp t iv e  parJ /F ig . 1/. The ab-

d ia t e  ttjjv s t a te  /see the graph o f  F ig .  6/. However, the 

c o n tr ib u t io n  from th is  s ta te  i s  a t  l e a s t  f i v e  o rders  o f  mag- 

n itude le s s  than the c o n tr ib u t io n  o f  2y s t a t e .

2 .6 . Breaking o f  C onserva tive  Theory

We have seen th a t  as compared to  the c o n tr ib u t io n  from 

the s ta te  2y the c o n tr ib u t io n  from a l l  o th er  in term ed ia te  

s ta te s  i s  sm a ll.  However the above es tim ates  use t h e o r e t ic a l  

va lu es  o f  the cou p ling  constants o f  K and tr mesons, photons, 

and muons. A t p resen t the experim ent a l low s  in  a number o f

2 in  the theory  w ith  in term ed ia te  

W-boson

32 in  the fou r- fe rm ion  theory

Here G = 10 5/ m2 and A i s  the cut o f f .
P

2
s o rp t iv e  p a r t  in  o rde r  G appears due to  the r e á l  in term e-
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cases e s s e n t ia l l y  la r g e r  va lues  o f  these coup ling  constan ts . 

T h e re fo re  i t  cannot be ru led  out tha t the c o n tr ib u t io n  o f  

somé channels con s id erab ly  exceeds the co n se rv a t iv e  es t im a tes . 

We have a lread y  mentioned o th er  p o s s i b i l i t i e s  f ó r  break ing o f  

the c o n se rv a t iv e  th eo ry :  " lea k a ge "  o f  K -raesons in tő  y e t  un-
Lj

observed decay channels and v i o l a t i o n  o f  fundamental p r in c i -  
p l e s .

In a l l  the exp lan a t ion s  o f  the K -+ 2y pu zz le  p ro -
Lj

posed so fa r  an "a c c id e n ta l "  c a n c e l la t io n  o f  the two-photon 

imaginary p a r t  by somé mechanism i s  in troduced . L é t  us n o t ic e  

one t r i v i a l  numerical f a c t .  To remove the d iscrepancy  be

tween the theory  and experim ent i t  i s  s u f f i c i e n t  to  cancel nőt

the whole two-photon imaginary p a r t  bút 0.45 o f  i t s  magnitude.
-4I f  the p a r t i a l  w idth o f  KT -*■ 2y decay i s  nőt 5.10 bút 

-44.10 , t h is  f i g u r e  be ing  in  no c o n tra d ic t io n  w ith  any par-

t i c u la r  experim ent on measuring o f  IY k 

f r a c t i o n  o f  c a n c e l la t io n  term can be decreased from 0.45 to
0. 35.

I I I .  NEW INTERACTIONS?

3.1 . Anomalous KjjjTy In t e ra c t io n

C r is t  and Lee [ l2 ]  /see a ls ó  [l3 ]/  suggested th a t  the ob

served  suppression o f  the K -*■ 2y decay i s  due to  the small
L j

admixture o f  in  the wave fu n c t ion  o f  meson

KL = K2 + e K 1 I 19/

Fór th is  to  be the case two co n d it ion s  must be s a t i s f i e d .  

F i r s t l y , to  compensate the sm allness o f  e , the amplitude 

o f  the 2y decay must be much la r g e r  than the amplitude

o f  K2 2y decay. Secondly , in  K° 2V decays CP must 

be s t r o n g ly  v i o la t e d .  O therw ise f i n a l  s ta te s  in  ^ 2M and

2y decays are d i f f e r e n t  and do nőt i n t e r f e r e ,  so the

L "*■ 2y) [3] , then the
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c a n c e l la t io n  o f  the two-photon co n tr ib u t io n  i s  im poss ib le .

CP V io la t io n  in  Kg ->- 2y Decay

Le t  us f i r s t  suppose th a t  th ere  e x is t s  CP odd in t e r a c -

t io n  o f  the form [14, 1 5 ]:

i fK - j^y .y  /20/

and the va lu e  o f  constant f  i s  such tha t f ó r  the amplitude

the fo l lo w in g  in e q u a l i t y  i s  f u l f i l l e d :

- S L i * 5 - * ‘ * í - r < T S  / « /

/see Appendix I ,  e q s . /1.3/ and/1.5//.

By comparing eqs . /21/ and /12/ one comes to  in e q u a l i t y

(|/l.2.10‘ 5r^ +i/r^)2í»|imr.p|T«-| -g^»(líl.2-10'5r^ -

Th is  r e l a t i o n  im p lie s  in  turn th a t  the Kg 2y decay ra te  

i s  la r g e  and l i e s  w ith in  the l im i t s

1.2* 10~5 >✓ r(Ks 2y)/rs > 1-10"6 /22/

I t  i s  worth n o t in g  th a t  the w idth  o f  h y p o th e t ic a l  CP v i o l a 

ing  decay Kg + 2y turns out to  be o f  the same order o f  

magnitude as th a t  o f  the known CP v i o l a t in g  decay KL 2it. 
Thus the in t e r a c t io n  /20/ has a n a tu ra l order  o f  magnitude. 

The CP odd in t e r a c t io n  o f  n eu tra l cu rren ts  o f  such strength  

was d iscussed  s e v e ra l  years  ago by Lipmanov [16].

L e t  us now con s id er  somé more e x o t ic  p o s s i b i l i t i e s .
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CP V io la t io n  in  -*• 2y Decay

L e t  CP be conserved in  K ■+■ 2y decay /the amplitude
b

o f  which as in  the preced ing  s e c t io n  i s  considered  to  be much 

la r g e r  than the amplitude "*■ 2y ) / . L e t  us fu r th e r  assume
th a t  the amplitude o f  2y decay i s  CP-odd. Then the

two-photon imaginary p a r t  i s  sm a lle r  /see sec . 2 .2 ./  and the 

amplitude must s a t i s f y  weaker in e q u a l i t i t e s

( v ^ X ^ ) 2> l l - f l* r | 2 / F f  , 2 3 1

The p r o b a b i l i t y  o f  Kg -*■ 2y decay in  th is  case l i e s  w ith in  
the l im i t s

io - io "7 ^ r ( Ks ^ 2y)/r s ^ 6*10”7 /24/

P ro fe s s o r  K le inknech t has informed one o f  the authors on the 

p re l im in a ry  r e s u l t  o f  the CERN group

r (K s -  2 y ) «  = 1 .5 -1 0 "6 /90% c . l . /  /25/

I f  t h is  bound i s  improved by the fa c t o r  o f  3 i t  w i l l  be pos- 

s ib l e  to  ru le  out the p o s s i b i l i t i e s  /22/ and / 24 /. When com- 

pa r in g  the theory  w ith  the experim ent one should keep in  mind 

however the u n ce r ta in ty  in  t h e o r e t i c a l  p r e d ic t io n s  a r is in g  

from exper im en ta l e r r o r  in  -*■ 2Y decay w id th . I f  

r (K L -*■ 2y) I  TL = 4.10  ̂ then the low er bounds in  r e la t io n s  

/22/ and /24/ decrease to  6.10 7 and 3.10 7 , r e s p e c t i v e l y .

3 .3 . Anomalous 2~r -  2M In t e r a c t io n  [ l7  ,18 ,19]

In  the p reced ing  s e c t io n  we assumed th a t  -*■ 2y decay

i s  due to  d i r e c t  cou p ling  o f  mesons and muons. Then the

phase o f  the amplitude i s  f i x e d  by h e r m it ic i t y  o f  the e f f e c 

t i v e  Hamiltonian /or, more s t r i c t l y ,  by the u n i t a r i t y  o f  S- 

m atr ix  and CPT in va r ia n ce/ . I t  i s  c l e a r ,  however th a t  the 

amplitude o f  2 y t r a n s i t io n  i s  maximally c a n ce l led  i f
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u u
m átrix  element T and the product £T have oppos ite

Z y i
phases. I f  the amplitude T2 i s  pu re ly  imaginary then the

low est bound fó r  I' ( K ■* 2u) i s  ach ieved when the phase o f
u i s  equal to  tt/4 or 5^/4. /Pemind th a t  = 11/4/. I t

i s  obvious th a t  in  th is  case the bound /22/ or /24/ i s  de-

creased  by a fa c t o r  o f  2 and becomes

r (K s -  2W) / r s > 5•10~7 /22’ l

i f  CP i s  v i o l a t e d  in  K-̂  -*• 2U  decay;

r (K g -  2y) / Ts * 3 • 10~7 / 2 4 ' /

i f  CP i s  v i o la t e d  in  K2 -»■ 2Y decay.

The phase o f  the amplitude Kg + 2U could be la rg e  i f  strong 

2ír - 2y in t e r a c t io n  would e x i s t .  I f  the amplitude o f  K2 +  2Y 

decay i s  CP even then the anomalous 2^ -  2V* in t e r a c t io n  

must v i o l a t e  CP in va r ia n ce  and has the fo l lo w in g  e f f e c t i v e  

Lagrangian

(% > ')  1261

I f  CP i s  v i o l a t e d  in  K2 ■+ 2y decay then the anomalous

2-n -  2\i in t e r a c t io n  may be CP in v a r ia n t .  In th is  case the

e f f e c t i v e  Lagrangian o f  th is  in t e r a c t io n  has the form

/27/

The l a t t e r  p o s s i b i l i t y  was d iscussed  in  papers [ l7 ,1 8 ,1 9 ] .  

S ta r t in g  from the requirem ent th a t  the phase o f  the amplitude 

T^1 which we denote as ^  g *  i s  c lo s e  to  tt/4, i t  can be 

e a s i l y  ob ta ined  w ith  the he lp  o f  the u n i t a r i t y  r e la t i o n  tha t

2 2 5 6 / s i n ^ -  r|j _4
^ T V ------- ---  - r = - - 3 - 1 0 '  / 28/

ír y o



where fó r  the r a t i o  r^/Tg we used the corresponding lower 
bounds 1 2 2 ' I and /2 4 '/ .

The ob ta ined  va lu e  o f  the 2u-2vt in t e r a c t io n  constant 
-2

C+ ^ 10 i s  rauch la r g e r  than th a t  a r is in g  from the two- 

photon mechanism in  p e r tu rb a t ion  theory  j_ó]. N ever th e les s  in  

experim ents w ith  muons performed up to  now /measurement o f  

muon anomaious magnetic moraent, o f  ruuon s c a t t e r in g  and produc- 

t io n  cross  s e c t io n s , o f  ij-mesoatom l e v e l s  / CP-even in t e r a c 

t io n  /27/ would nőt have been d e te c ted .  As f ó r  the CP non-
- 2m v a n a n t  in t e r a c t io n  / 26 / , w ith  the coup ling  constan t C_^10 

i t  would have g iv en  the neutron d ip ó lé  moment by 2-4 orders  

o f  magnitude la r g e r  than e x i s t in g  upper l im i t  f ó r  i t .  I t  i s  

a se r iou s  argument a ga in s t  e x is ta n ce  o f  such CP-odd in t e r a c 
t io n  .

L e t  us n o t ic e  th a t  in  the paper by G a i l la rd  [20] the l i -
— 7m it was ob ta in ed : r ( Ks 2y) »  1 .6-10 r^ . Th is  l im i t  can be

reached i f  the phase o f  T̂ l i s  equal to  45°. Thereby the 

paper [20] i m p l i c i t l y  in troduced  the anomaious 2'ir -  2u i n t e r 

a c t io n .  B es ides , when an a lys in g  IC ^ 2Y decay i t  was assumed

is  paper [ 20]  th a t  in  Express ion  T j  = T~ + etT the modulus1j  £  x

o f  the term eT^ equals t o  i t s  maximally p e rm iss ib le  by ex 

periment va lu e  /16 / and i t s  phase c o in c id es  v/ith the phase o f
V

. Th is  a d d i t io n a l l y  r e q u ir e s  anomalously s trong  2^ -  2Y 

in t e r a c t io n .  Such a combination o f  fou r  anomalies /in decays 

2Y , 2Y and in  in t e r a c t io n s  2tt -  2P , 2^ -  2Y /
seems to  us ve ry  u n p lau s ib le .

y  «•> 4
Thus i f  one manages to  prove tha t F i s  indeed 5.10

_  J_j

and Tg /Fg < 3.10 ' then the hypothes is  [12] on c a n c e l la t io n

o f  the amplitudes T^ and £T^ could  be r e j e c t e d .  The depen-
U Ydence o f  the bounds f ó r  Fg 1 2 2 '  j  on the va lue  o f  F^ was
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Y  - 4
a lread y  d iscussed  above . I f  = 4.10 rw then instead  o f

1 2 2 '  I  and /24'/ we would have Tg > 2.9*10 and

Tg = 1.6*10 7r g , r e s p e c t i v e l y .

L e t  us now turn to  d is cu ss ion  o f  such mechanism o f  can- 

c e l l a t i o n  o f  the two-photon a b so rp t iv e  p a r t  o f  íh e  amplitude 

f ó r  which the term eT^ i s  in e s s e n t ia l .

3 .3 . Anomalous 3tt -  2y In t e r a c t io n  [18,21]

Is  i t  p o s s ib le  to  enhance the th ree -p ion  imaginary part 

by 3-4 orders  o f  magnitude as compared w ith  the natu ra l e s -  

t im ates  g iv en  in  the Tab le  I?  I f  one t r i e s  the 3it -  2y anom

alous in t e r a c t io n  as a mechanism fó r  the enhancement, the 

answer t o  th is  qu es t ion  seems to  be n e g a t iv e .

Indeed, such an in t e r a c t io n  would lea d , g e n e ra l ly  speak- 

in g ,  to  a la r g e  cross  s e c t io n  o f  3tt mesons production  in  

c o l l i d in g  lep to n  beams [21, 22] /F ig .  7/ in  c o n tra d ic t io n  
w ith  exper im en t. Th is  c o n t ra d ic t io n  can be avoided i f  one as-* 

sumes [22] th a t  the 3ir- 2y in t e r a c t io n  i s  s trong  when mass 

o f  3ir mesons i s  le s s  than o r  equal to  the K-meson mass, and 
a t  la r g e r  mass i t s  amplitude f a l l s  sh ap r ly . However, such a 

p o s s i b i l i t y  seems to  be v e ry  a r t i f i c i a l .
i

I f  the th re e -p io n  c o n tr ib u t io n  i s  la rg e  due to  d i r e c t  

in t e r a c t io n  o f  muons w ith  hadrons, then there  appears no d i 

r e c t  in t e r a c t io n  o f  muons w ith  hadrons, the there  appears no 

d i r e c t  d isagreem ent w ith  experim ent. In p a r t i c u la r ,  the data 

on energy  l e v e l  o f  y-mesoatoms, on (g  -  2) o f  muon, on e la s -  

t i c  muon-proton s c a t t e r in g  and in e l a s t i c  muon-proton s c a t t e r -  

ing  w ith  p ions p roduction  /see F ig s .  8 ,9 ,10 , where the b lack 

bulb denotes the d iscussed  anomalous 3ir- 2y in te ra c t io n /  

do nőt ru le  out such ra th e r  s trong  in t e r a c t io n .  The most 

e f f e c t i v e  way t o  search f ó r  such anomlaous in t e r a c t io n  seems 

to  be experim ents on e l a s t i c  muon-proton s c a t t e r in g  a t  in t e r -  

mediate e n e rg ie s  /^1 GeV/ and la rg e  angles /^180°/ and 

experim ents on measurement o f  ( g - 2 ) .  /The graph o f  F ig .  8
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g iv e s  the va lue c lo s e  to  experim en ta l upper bound i f  the cut 

o f f  i s  equal to  ^ 1 GeV/.

N e v e r th e le s s , the exp lan a t ion  o f  the r e s u l t  /1/ by anom- 

a lo u s ly  strong  3tt -  2y in t e r a c t io n  seems to  be ra th e r  un- 

c r e d ib le  f ó r  the reason po in ted  out by M.Zh. Shmatikov. In -  

deed, the imaginary p a r t  o f  the amplitude o f  t r a n s i t io n

-*■ 3tt -*■ 2y i s  r e l a t i v e l y  sm all because the phase space o f  

th ree  tt mesons i s  p ro p o r t io n a l  to  and sm a ll,  Q % 70 MeV

being  the energy r e le a s e  in  K 3tt decay. In  the r e á l  p a r t  

o f  the amplitude th is  suppression i s ,  g e n e r a l ly  speaking, ab-* 

sen t . Thus, i f  imaginary p a r t  o f  the amplitude o f  F ig .  11 i s  

equal to  im aginary p a r t  o f  the amplitude o f  F ig .  1, then the 

r e á l  p a r t  correspond ing to  F ig .  11 would be (mx /Q) times 

l a r g e r ,  mx be ing  somé in t r in s i c  hadron ic mass, and the con- 

t r ib u t io n  from the r e á l  p a r t  to  the p r o b a b i l i t y  would be
, 4
^nx /Q) times la r g e r  than the c o n tr ib u t io n  o f  imaginary p a r t .  

I f  f ó r  example, mx = mR, then (mx /Q)4 ^ 2 .5 *103 . T h e re fo re ,  

the r e á l  p a r t  o f  the amplitude o f  t r a n s i t io n  K -*■ 3tt 2y 

must be w ith  h igh accuracy cance led  out by somé mechanism. The 

n e c e s s i ty  f ó r  such a c a n c e l la t io n  seems to  be a v e ry  se r iou s  

argument a ga in s t  in trod u c in g  3tt -  2y anomalous in t e r a c t io n .

3 .4 . Anomalous 2fry -  2y In t e r a c t io n  [23]

Anomalous 2 n y  -  2y in t e r a c t io n  w ith  the va lu e  o f  coup- 
l in g  constant which i s  necessary  to  cance l the two-photon ab- 

s o rp t iv e  p a r t  o f  the amplitude Ty by the c o n tr ib u t io n  from1j
2iry s ta te  would lead  t o  anomalously la rg e  cross  s e c t io n  o f  

muonic p a ir  photoproduction  /F ig . 13/. Basing on the e x p e r i 

mental data the p o s s i b i l i t y  o f  such in t e r a c t io n  may be ex -
c lu d ed .

3 .4 . Anomalous 2 y  -  2y In t e ra c t io n  [24]

The two-photon a b so rp t iv e  p a r t  might be canceled  i f  

2 y  -  2y d i r e c t  cou p ling  would e x i s t  /F ig . 14/. However, in  

order no t o  come in  c o n f l i c t  w ith  the data on ( g - 2 )  and on
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I muon photoproduction  one should assurae th a t  the anomalous 

in t e r a c t io n  s tren g th  i s  maximai when the mass o f  two muons 

i s  o f  the o rde r  o f  K-meson mass and sharp ly  decreases w ith  

the growth o f  the mass o f  two muons and w ith  i t s  decrease 

/more r ig o r o u s ly ,  w ith  the decrease o f  the photon energy/.
Such behaviour r eq u ire s  in  turn the e f f e c t i v e  s iz e  o f  muon 

to  be la rg e  and q u a l i t a t i v e l y  c o n tra d ic ts  the e x c e l l e n t  agree -  

ment between the data on (g  -  2 ) and the quantum e l e c t r o -  

dynamics c a lc u la t io n s .  One can ru le  out th is  p o s s ib i l i t y  
in  a d i r e c t  way by measuring w ith  a per cent accuracy the 

cross  s e c t io n  o f  muonic p a i r  production  in  the processes rep 

resented  in  F ig s .  15 and 16.

3 .6 . Strong In t e r a c t io n  o f  Muons

Strong in t e r a c t io n  o f  muons, i f  e x i s t s ,  could o f  course 

change the va lu e  o f  the graph o f  F ig .  1„ However i t  would 

change to  the same ex te n t  the va lue o f  ( g  - 2) tha t i s  im~ 

p e rm is s ib le  tak in g  in tő  account the h igh p r e c is io n  to  which 
muon quantum e lec trodynam ics  has been checked. The on ly  pos

s i b i l i t y  which seems to  us to be nőt excluded i s  the e x is -  

tence o f  dimuon resonance w ith  the mass m(2y] ^ nv̂  and so 

narrow th a t  i t s  c o n tr ib u t io n  to  ( g  -  2 ) i s  small enough.

Such a resonance would be in  f a c t  a new p a r t i e l e  and we w i l l  

d iscuss i t  in  the next s e c t io n .

IV . NEW PARTICLES?

What Are They Fór?

The s im p les t  way in  which somé y e t  unknown p a r t i c l e s  

could change the t h e o r e t i c a l  bound on -* 2y decay proba-

b i l i t y  i s  to  g iv e  a c o n tr ib u t io n  to  imaginary /absorptive/ 

p a r t  o f  the amplitude -> 2 y . Fór th is  to  be true these

p a r t i c l e s  must be coupled both w ith  mesons and muons.

Moreover, the le s s  the KL meson decay w idth in tő  these par

t i c l e s  i s ,  the s tron ge r  the l a t t e r  in t e r a c t  w ith  muons in



298

order  to  g iv e  the requ ired  a b so rp t iv e  p a r t  o f  -*• 2y am pli
tude .

4 .1 . Main R e s t r ic t io n s

What can be sa id  about the p ro p e r t ie s  o f  these new par- 

t i c l e s  i f  they  e x is t ?  F i r s t  o f  a l l  they seem to  be n eu tra l 

s in ce  o th erw ise  K decay in tő  charged p a r t i c l e s  would have1j
been e a s i l y  d e te c te d .

Furthermore they  cannot in t e r a c t  s t r o n g ly  w ith  muons 

s in ce  such an in t e r a c t io n  would have lead  to  in c o r r e c t  va lue  
o f  ( g  -  2 ) .

The branching r a t i o  o f  K meson decay in tő  these pá r-Lt
t i c l e s  cannot be la r g e .  Th is  statement i s  undoubtedly c o r r e c t  

i f  these  p a r t i c l e s  o r  t h e i r  decay products are d e te c ta b le .  I f  

these p a r t i e l e  are " i n v i s i b l e "  /stab le  and in t e r a c t  weakly 

o r  decay in  i n v i s i b l e  channels, e . g .  in tő  neutrinos/ then 
the s i tu a t io n  i s  le s s  c e r ta in .

I f  a la r g e  leakage in tő  i n v i s i b l e  channel would e x i s t  

then the sum o f  p a r t i a l  w idths o f  KT meson would nőt beLt
equal t o  the t o t á l  w id th . However, as fa r  as we know, th ere

were no experim ents on d i r e c t  comparison o f  the number o f

produced and decayed KT mesons. The fo l lo w in g  argumentJj
shows th a t  the leakage in t ő  i n v i s i b l e  channel cannot be la r g e r  
than, say, ten per cen t .

Fór K° meson the absence o f  i n v i s i b l e  channels can be 

e a s i l y  checked in  experim ents which measure nőt on ly  

Kg -*■ decays bút a ls ó  Kg decays. The l i f e  time

o f  K° i s  short  and i t  can be e a s i l y  v e r i f i e d  th a t  the num- 

bers o f  produced and decayed K^ mesons can be determ ined, 

f ó r  example, by s e le c t in g  the even ts  w ith  A hyperon decay, 

the l a t t e r  accompanying K° p roduction , o r  observ ing  the 

charge exchange r e a c t io n  K p K°n .
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Furthermore, the phenomenon o f  so c a l l e d  "vacuum regene-

ra t io n "  in  which the in t e r fe r e n c e  o f  tt+tt decays o f  K?
oand Kg mesons i s  observed a llow s  one to  determine the para

méter n, ' = Ttt^tt / T71"*71 / and consequen tly , the abso lute H— i\T • i\c --------------------
-f- —  \

and nőt on ly  r e l a t i v e  va lu e  o f  r (K^  -*• tt it  ) .  On the o ther 

hand, the r a t i o  r (k^ -*■ tt+tt )/ r ( KL "*■ a l l  observed channels) 
i s  known. Thus one can determ ine the w idth o f  a l l  the observ

ed channels and by comparing i t  w ith  the in v e rs e  l i f e  time

o f  K° meson as e x t ra c te d  from expon en tia l curve o f  number Li
o f  decays as a fu n c t ion  o f  time one can check w ith  reason- 

ab le  accuracy the co in c id en ce  o f  the t o t á l  w idth w ith  the sum 

o f  observed p a r t i a l  w id th s .

I n d i r e c t l y  the leakage o f  mesons could be d e tec ted

through apparent v i o l a t i o n  o f  AT = 1/2 ru le  f ó r  le p to n ic  

and n on lep ton ic  decays o f  n eu tra l and charged kaons. Indeed, 

these ru le s  are compared w ith  exper im en ta l data under im p l ic 

i t  assumption th a t  the sum o f  p a r t i a l  w idths i s  equal to  the 

t o t á l  w id th . A t p resen t time the AT = 1/2 ru le  i s  known to  

be v a l id  w ith  a per cen t accuracy and from th is  one a sse r ts  

th a t  the leakage o f  KT mesons i s  nőt la rg e  i f  e x is t s  a t  a l l .

What experim ents cou ld  shed l i g h t  on e x is ten c e  o f  new 

n eu tra l l i g h t  p a r t i c l e s ?  To answer th is  qu est ion  l e t  us con- 

s id e r  somé p a r t i c u la r  models d iscussed  r e c e n t ly .

4 .2 . Model o f  A P a r t i c l e s  f25]

In th is  model the e x is te n c e  o f  n eu tra l p a r t i c l e s  w ith  

spin 1/2 and mass le s s  than 0.5 mK i s  p o s tu la ted , the absorp- 

t i v e  p a r t  o f  the KL ->• 2y decay amplitude r e c e iv in g  con tr ib u 

t io n  from the graph o f  F ig .  17. I f  X p a r t i c l e s  are s ta b le  

and do nőt in t e r a c t  s t r o n g ly  or e le c t r o m a g n e t ic a l ly , they 

must be p e n e tra t in g  and in  th is  r e sp ec t  be l i k e  neu tr ino . 

P en e tra t in g  the s h ie ld  they would lead  to  observab le  e f f e c t s  

in  n eu tr in o  exper im en ts , f ó r  ins tance  to  y+y p a ir  produc- 

t io n  /see F ig .  18/ in  spark chambers.
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Estim ates show th a t  the number o f  such p a ir s  produced 

by X p a r t i c l e s  under c o n d it io n  o f  neu tr ino  experim ent p e r -  
formed in  CERN would be o f  the order 0 .1  t 1 th a t  i s  by 

two orders  o f  magnitude la r g e r  than the number o f  muonic 

p a ir s  produced by neu tr ino  through usual V-A in t e r a c t io n  
/ see F ig .  19/.

I t  i s  worth emphasizing th a t  the expected  number o f  muon

i c  p a ir s  produced by X p a r t i c l e s  i s  determined un iquely  by

the product o f  K_ -*■ XX decay w idth and cross  s e c t io n  o f
¥ _

r e a c t io n  Xz -*■ Xy y Z; bút ju s t  th is  product i s  f i x e d  by the 

va lue  o f  im aginary p a r t  o f  the graph o f  F ig .  17. From th is  

p o in t  o f  v iew  the improvement o f  accuracy o f  the neu tr ino  e x 

periment by an order  o f  magnitude would be o f  g r e a t  in t e r e s t .  

Of s p e c ia l  in t e r e s t  would be experiments in  which as a source 

o f  n eu tr ino  /and, p o s s ib ly ,  o f  o th er  p en e tra t in g  p a r t ic le s /  

se rve  nőt charged bút n eu tra l K °, K° mesons.

4 .3 . Model o f  x° Meson [2 7 ,2 8 j*

In th is  model i t  i s  p o s tu la ted  [27] the e x is ten c e  o f  a 

n eu tra l v e c to r  meson w ith  mass o f  the order  350 MeV c o n tr ib u t -  

in g  t o  a b so rp t iv e  p a r t  o f  the amplitude KL -*■ 2y through the 

graph o f  F ig .  20. The in t e r a c t io n  o f  x meson w ith  muon 

would co n tr ib u te  a lsó  to  the magnetic moment o f  muon /see 

F ig .  21/. From the data on (g  - 2 ) i t  fo l lo w s  the bound on 

the constant o f  th is  in t e r a c t io n .  I t  leads in  turn to  the 

f o l lw in g  in e q u a l i t y .

r (KL - ^ x ° y )  / r L > o . 6 - i o " 2 /30/

We are indebted  to  A.G. D olgo lenko, A .G. Meshkovksy, and 
V .A . Shebanov f ó r  d is cu ss ion  o f  experim en ta l bounds g iv en  in  
th is  s e c t io n .  The model o f  x° was proposed independently  
by A .N . Moskalev.

Th is  number d i f f e r s  by a fa c t o r  o f  2 from th a t  g iven  in  

r e f .  [27] .
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However, the model can hard ly  su rv ive  comparison w ith  the 

p resen t experim en ta l da ta . Indeed, x° "*■ e +e decay wxdth is  

bounded by

, [28]
r (K L x°Y ^ e e y )  /  rL < 2.7-10 3 /31 /

The X°  -> 7r°Y decay w idth i s  bounded

, [28]
t (kl  x°Y -  tt°YY )  /  rL < 1.5*10 /32/

The X°  y+Vi~ decay w ith  i s  seem ingly bounded by

t ( kl  -  x° y -  y+y~Y )  /  rL < 4 - i o “ 4 /33/

/This l a t t e r  bound i s  taken from experim enta l work [29] where 

search f ó r  K -*• y decay was made. This in e q u a l i t y  mayXj
turn out to  be wrong, i f  in  th is  work the muon r e g is t r a t io n  

e f f i c i e n c y  was much le s s  than th a t  o f  ír meson/.

I f  X°  meson i s  s ta b le  ( f ó r  mv < 2m^) or decays in  

i n v i s i b l e  channels, then f ó r  m  ̂ ^ 300 MeV the f ( kl  -*• x° y ) 

w idth  seems to  be bounded by experim ent [30] :

r (K L x° y )  /  rL < 4 • 10-4 /34/

I f  m Q > 2 m, / then X° ^ 2 V decay must e x i s t .  The fa c t  
X y

th a t  th is  decay was nőt observed might be due to  th a t  i t  com- 

p r is e s  on ly  a sm all f r a c t i o n  o f  X° decays and the main decay 

channel o f  x° meson i s  i n v i s i b l e  ( e . g .  x0̂  v v ) .  Fór
m o >j 300 MeV the experim ent [3o] on the search fó r  decays

K y + n eu tra ls  does nőt exclude such a p o s s i b i l i t y .  However, 
JLi

the X°  "*■ decay w idth may be bounded using the r e s u lts

o f  n eu tr ino  experim ent s in ce  the even ts  o f  the type o f  F ig .  22 

were nőt observed .
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4.4 . Pseudokaons and Narrow Dimuon

Another e lá s s  o f  models in torduces  a new p a r t i e l e  /pseudo- 

kaon/ w ith  a mass ve ry  c lo s e  to  mK so th a t  meson i s  a

coheren t su p e rp os it ion  o f  two s ta te s  K and K'Li li

KL = KL + eK^ - / 35/

Such an assumption im m ediately  i n i t i a t e s  a number o f  ques- 

t io n s :  i f  th ere  a ls ó  e x i s t  Kg mesons? Do Kg and K^ 

mesons possess s trong  in te ra c t io n s ?  What symmetry p rov id es  

K' and K meson degenera t ion  ? e t c .  Leaving these  quest ions  

w ithou t answer, l e t  us ex p la in  in  what way the e x is te n c e  o f  

K' mesons could  change t h e o r e t i c a l  bound fó r  the K^ -► 2y 
decay p r o b a b i l i t y .  The id ea  i s  the sarae as o f  d iscussed  above 

mechanism o f  compensation o f  Kj and K^ d eca ys : the 

KL -> 2y decay amplitude and the K^ -+■ 2y decay amplitude 

m u lt ip l ie d  by e must d e s t r u c t i v e l y  i n t e r f e r e .

How can th is  model be checked?

Experiments w ith  r e g en ra to r  may be u se fu l f ó r  th is  pur- 

pose. Indeed, i f  s trong  in t e r a c t io n s  o f  KT and K' areLi Li
d i f f e r e n t  the r e l a t i v e  phase o f  K_ and K' would be changed

l i  L i
and d e s t r u c t iv e  in t e r fe r e n c e  between T^ and gT^ , weakened

l i  l i
by re g en e rá to r .

As a r e s u l t  the number o f  KL -*• 2y decays a f t e r  the r e 
gen erá to r  would in c re a s e .  The magnitude o f  th is  e f f e c t  depends

A

on the va lu e  o f  t  and consequently  on the Kt' -*■ 2y decay
l i

width  which we cannot p r e d ic t .

However, somé bounds on the s tren g th  o f  K'yYcM in t e r -Li O
a c t io n  and consequently  on the K' -> 2y decay w idth can be

Lf
ob ta ined  from e x is t in g  exper im en ta l da ta . Thus, the w idth can

not be v e ry  sám li s in ce  o th erw ise  K£ mesons i f  they do nőt 

possess s trong  in t e r a c t io n s ,  would p en etra te  through the s h ie ld  

o f  neu tr ino  experim ent and would g iv e  2y decays in  d e te c to rs
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which were nőt observed e x p e r im e n ta l ly . The upper bound on 

the constan t o f  KT yYrP in t e r a c t io n  may be deduced fromJ-j o
the measured va lues  o f  ( g  - 2 ) and cross s e c t ion  o f  the 
r e a c t io n  yZ -*■ yyyZ.

The e f f e c t  o f  in c re a s in g  o f  KT 2y decay width a f t e r  

r eg en erá to r  d iscussed  above may be la r g e  i f  the K -*■ 2yJj
decay w idth i s  c lo s e  to  i t s  lower bound and i s  o f  the order 

o f  Ks 2tt decay w id th . The e f f e c t  i s  v e ry  small i f  the 

decay w idth i s  c lo s e  to  i t s  upper bound.

An attempt to  ex p la in  data on both K -*• 2y and K 2 tíÍj
decays in  a CP in v a r ia n t  manner by in trodu c ing  pseudokaons, 

was made in  paper [3 l ]  .

Concluding the d iscu ss ion  o f  p a r t i c l e s  w ith  mass c lo se  

to  the mass o f  K-meson, l e t  us mention one more p o s s i b i l i t y .

As i t  was noted by A .L .  Lyubimov, th ere  would be no d is a g re e -  

ment w ith  KT -*■ 2y decay i f  K 2 y  decay would have con- L ^ -4
s id e ra b ly  sm a lle r  p a r t i a l  w idth than 5.10 and in  e x p e r i 

ments [J3] were observed 2y decays nőt o f  K̂  meson bút 

o f  somé new p a r t i e l e  w ith  a mass, say, by 20 MeV le s s  than the 

mass o f  Kt . The decays o f  th is  p a r t i e l e  in tő  2y could nőt
Lj

be d e te c ted  in  experim ent [2] due to  K background in  th isM ̂
mass r e g io n .  An argument a ga in s t  th is  p o s s i b i l i t y  i s  that the

number 5 .10-4 f ó r  the K "*■ 2Y branching r a t i o  appears to  beJ-i
the same in  a number o f  experim ents in  which the en erg ies  o f  

K° mesons were d i f f e r e n t .

V. NEW VIOLATIONS OF PRINCIPLES?

I f  a l l  the o th er  p o s s i b i l i t i e s  to  s o lv e  the K^ 2y 
problem are exhausted, then we w i l l  be led  to  r e v is io n  o f  

g en erá l p r in c ip l e s  which are the bas is  f ó r  t h e o r e t i c a l  in e -  

q u a l i t y  /3/. F i r s t  o f  a l l  the v a l i d i t y  o f  the CPT theorem and 
o f  the u n i t a r i t y  o f  S -m atrix  w i l l  be questioned .
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5 . 1 . CPT V io la t io n  [.32,3 3]

I t  i s  w e l l  known th a t  th ere  are two sources o f  imaginary 

pa rts  in  the m átr ix  e lem ents. F i r s t l y  i t  i s  the presence o f  

r e á l  in te rm ed ia te  s ta te s  g iv in g  nonzero a b so rp t iv e  p a r t .  Sec- 
ond ly , i t  i s  T - v i o l a t i o n .  So fa r  we considered  the f i r s t  pos- 

s i b i l i t y  and d iscussed  the co n tr ib u t io n  tő  imaginary p a r t  o f  

va r iou s  r e á l  in te rm ed ia te  s t a te s :  2 y , 3-n, 2iry, XX, XY
?.nd so on .

L e t  us now con s id er  the second p o s s i b i l i t y  -  the- T - in -

va r ia n ce .  Suppose th a t  the amplitude K^uy 5U ^as imaginary
p a r t  which i s  due to  T -n on in var ian t  in t e r a c t io n  w ith  dimen-

-12s io n le s s  constan t o f  the o rder  10 t'nat p a r t i a l l y  cancels

out the two-photon im aginary p a r t .  Since CP p a r i t i e s  o f  K9
1meson and muonic p a ir  in  SQ s ta te  are the same then CP i s

conserved by such an in t e r a c t io n .  Hence T - v i o l a t i o n  in  th is

case im p lie s  CPT v i o l a t i o n

CP = +1, T = -1 , CPT = -1 / 36 /

I f  CPT v i o l a t i o n  s a t i s f i e s  co n d it ion s  /36/ i t  i s  ve ry  d i f -  

f i c u l t  to  d e te c t  i t  in  o th er  cases. / I t  may nőt be so i f  th is  

h y p o th e t ic a l  in t e r a c t io n  v i o l a t e s  a ls ó  somé o ther  s e le c t io n  

ru le s ,  such as AS < 2, muonic charge con se rva t ion  e t c . / .  I f  

however, th ere  e x i s t s  CPT v i o l a t i n g  in t e r a c t io n  w ith  s e l e c 
t io n  ru le

CP = -1 ,  T = +1, CPT = -1 1 3 1 /

then d i f f e r e n c e s  between p a r t i c l e s  and a n t ip a r t i c l e s  w idths 
and masses would a r i s e .  As f ó r  the masses, then from the ac- 

curacy w ith  which the so c a l l e d  Wu-Yang t r ia n g le  i s  checked 

ex p e r im en ta l ly  i t  fo l lo w s  tha t

(mKo -  mRO)  / mK £ 10-18 / 38 /
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This ru le s  out the u n iv e rs a l  CPT v i o l a t i o n  w ith  s e le c t io n
-12

ru les  /37/ and d im ension less  constant % 10 s in ce  P-even

in t e r a c t io n  w ith  AS = 0 would g iv e  in  th is  case

As f ó r  the d i f f e r e n c e s  in  l i f e  t im es, they are expected a t  
-4 -5the l e v e l  10 -  10 , th a t  i s  approx im ately  by one-two o r -

ders o f  magnitude le s s  than e x is t in g  upper bounds. Since there 

e x i s t s  CP non in va r ian t in t e r a c t io n  resp on s ib le  f ó r

Kl  -*■ 2ir decay

CP = -1 , T = -1 , CPT = + 1 / 40/

the in t e r a c t io n  w ith  s e l e c t i o n  ru le s  /36/ coupled w ith  the

CP-odd in t e r a c t io n  /40/ must lead  to  processes w ith  s e le c t io n

ru le s  / 37/ . However, d im ension less  constant c h a ra c te r is in g
-12

these p rocesses  would be con s id erab ly  le s s  than 10 . The

va lue  o f  th is  constan t depends upon model o f  CP v i o l a t i o n .

Thus, i f  superweak in t e r a c t io n  w ith  the coup ling  constant o f  

the o rder  10-16 i s  r e s p o n s ib le  f ó r  CP v i o l a t i o n ,  the dimension

le s s  constan t c h a r a c t e r is in g  the amplitudes w ith  s e le c t io n
-28ru le s  / 37 / would be o f  the o rder  10 . I t  w i l l  be o f  the

order  10-21 i f  CP i s  v i o l a t e d  in  m il l iw eak  in t e r a c t io n  w ith
-9the constan t o f  the o rde r  10 . In any case experiments w ith

K°-mesons seem most prom is ing f ó r  d is co v e ry  o f  CPT v i o l a t i o n ,  
i f  i t  e x i s t s ,  because o f  the w e l l  known enhancement mechanism 

caused by sm allness o f  KL -  Kg mass d i f f e r e n c e .  As f ó r  the 

p o s s ib le  e f f e c t s  o f  CPT v i o l a t i o n  they need fu r th e r  th e o r e t -  

i c a l  i n v e s t i g a t i o n .

I f  we re tu rn  to  co n s id e ra t io n  o f  the amplitudes o f  the 
f i r s t  o rd e r  in  CPT and T-odd in t e r a c t io n  w ith  s e le c t io n  ru les  

/36/ then i t  i s  worth to  emphasize th a t  such in t e r a c t io n  leads 

to  a d d i t io n a l  phase fa c t o r s  in  the amplitudes which are the 

same f ó r  p a r t i c l e s  and a n t ip a r t i c l e s  and are nőt connected 
w ith  the r e á l  in te rm ed ia te  s ta te s  con tra ry  to  the usual case.
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Such in t e r a c t io n  does nőt lead  to  d i f f e r e n c e  between the 

decay amplitudes o f  a p a r t i e l e  and i t s  a n t i p a r t i e l e . There- 

fo r e  the search f ó r  th is  in t e r a c t io n  i s  ve ry  d i f f i c u l t .  In 

the case o f  -*■ 2y decay to  prove th a t  ju s t  CPT v i o l a t i o n

i s  re sp on s ib le  f ó r  observed anomaly, i t  i s  necessary to  ru le  
out ex p re im en ta l ly  a l l  o th er  p o s s ib le  e x p la n a t io n s . I f  CPT 

non in va r ian t  in t e r a c t io n  con ta ins  pseudosca lar cu rren ts  then 

i t  might m an ifes t  i t s e l f  in  KT -*■ 2e decay a t  the accuracyJu
l e v e l  a lread y  ach ieved . Bút i f  th is  in t e r a c t io n  con ta ins on ly  

a x ia l  cu rren ts  then the s e n s i t i v i t y  o f  experim ent on search 

f ó r  2e decay i s  to  be r is e d  by 4^5 orders  o f  magnitude

to  d e t e c t  th is  in t e r a c t io n .

We have cons idered  CPT v i o l a t i o n  w ith in  the framework o f  

S -m atrix  form alism  in  a p u re ly  phenomenological way. In l o c a l  

quantum f i e l d  th eory  CPT v i o l a t i o n  i s  p o s s ib le  on ly  i f  somé 

o th e r  fundamental p r in c ip le  such as c a u s a l i t y ,  Loren tz  in -  

v a r ia n ce ,  p o s i t i v i t y  o f  energy i s  v i o l a t e d .  The question  

whether i t  i s  p o s s ib le  to  r e c o n c i le  these p r in c ip le s  w ith  CPT 

v i o l a t i o n  in  framework o f  the S-m atrix  form alism  remains now 
open .

5 .2 . S -M atrix  U n i ta r l t y

As i s  known the u n i t a r i t y  c o n d it ion

S.. S+ = 6. / 41 /ík  km ím

is  a compact mathematical exp ress ion  o f  two p h ys ica l p r in c i 
p le s :  p r o b a b i l i t y  con se rva t ion  and su p erp os it ion  p r in c ip le s .  

P r o b a b i l i t y  con se rva t ion  im p lie s  th a t  the sum o f  p r o b a b i l i t i e s  

o f  a l l  t r a n s i t io n s  from g iv en  i n i t i a l  S ta te  in tő  a l l  p o s s ib le  
f i n a l  ones i s  equal t o  u n ity .  The p r o b a b i l i t y  con serva t ion  i s  

d eser ib ed  by the d iagon a l terms o f  eq . /41/

l  S., S* = 1L ik  ik
k.

/ 42 /
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Nondiagonal terms o f  eq . /41/ have the form

l  Sik  Smk = 0 í 1 * / « /
k

and express the su p e rp os it ion  p r in c ip le  .

I t  should be noted th a t  a d i r e c t  a p p l ic a t io n  o f  the 

u n i t a r i t y  c o n d it io n  to  K-meson decay / d e r iva t ion  o f  eq . / II/  

from eq . /43// needs somé s p e c i f i c a t io n .  The m atter i s  that 

S -m atrix  connects s ta b le  s ta te s  w h ile  K-meson i s u n s t a b l e .  

Thus r e la t i o n  / l l/  i s  s t r i c t l y  speaking nőt an exac t bút an 

approximate one. However, the corrections are n e g l i g ib l y  small
as they are f ó r  sure le s s  than /m̂  [3 4 ].

L

A t the beg inn ing  o f  t h is  re v iew  we d iscussed how does 

the u n i t a r i t y  o f  S -m atrix  to g e th e r  w ith  CPT in va r ian ce  lead 

to  t h e o r e t i c a l  l im i t  f ó r  KL 2y decay p r o b a b i l i t y .  In the 

preced ing  s e c t io n  we saw how th is  l im i t  can be changed i f  one 

abandones CPT in v a r ia n c e .  U n fo rtu n a te ly  we cannot d iscuss the 

v i o l a t i o n  o f  the u n i t a r i t y  o f  S -m atrix  even on such phenome- 

n o lo g ic a l  l e v e l  as CPT v i o l a t i o n  s in ce  in  th is  case we have 

to  m odify  the v e r y  form alism  o f  S -m atr ix .

The n e c e s s i t y  t o  check ex p e r im en ta l ly  the u n i t a r i t y  o f  
S -m atrix  and the su p e rp os it ion  p r in c ip le  in  connection  w ith  

the d is c o v e ry  o f  CP v i o l a t i o n  was emphasized in  papers [35,

36, 37] .

The b e s t  way to  check the u n i t a r i t y  con d it ion s  seems to  

be a comparison w ith  exper im en ta l data o f  the w e l l  known 

B e l l -S t e in b e r g e r  r e l a t i o n  [38,39] which i s  an e x p l i c i t  form 

o f  r e l a t i o n  /43/ in  case o f   ̂ mesons

) + rL + rs
-------------------- <KS Ikl > =  j Bj  /44/

j

xWe are  g r a t e fu l  to  I .Y u . Kobsarev f ó r  drawing our a t te n t io n  
to  th a t  r e l a t i o n  /11/ cons idered  as a r e la t i o n  between e x p e r i 
mental va lu es  may be v io la t e d  in  th e o r ie s  where the superposi
t io n  p r in c ip l e  i s  nőt f u l f i l l e d .

2iK  -
m„

2 r,
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meson masses b s = r (K s -  j ) / r s

Here j +
TT IT

As i t  i s  known, a l l  the q u a n t i t ie s  en te r in g  r e la t i o n  /44/ 

may be measured e x p e r im e n ta l ly . L e t  us n o t ic e  in  th is  con- 

n ec t ion  tha t i t  would be d e s ir a b le  t o  measure r (K g -*■ 3ir°) 

or  to  g e t  a reasonab le bound on i t s  va lu e .

Of in t e r e s t  i s  a ls ó  the check o f  u n i t a r i t y  c o n d it io n  in  

o th er  decays: in  neutron 3 decay, in  K ~ decay, in  non-M -3
le p to n ic  decays o f  hyperons e t c .  A t p resen t the accuracy o f  

measurement o f  phases o f  the corresponding amplitudes i s  

1° -  10°. The absence o f  any c o n tra d ic t io n  w ith  th eo ry  can be

cons idered  as an exper im en ta l p ro o f  o f  the v a l i d i t y  o f  the

u n i t a r i t y  c o n d it io n  in  these  p rocesses  w ith  such accuracy.

5 .3 . Other P r in c ip le s

Today we do nőt see se r iou s  reasons to  c a l l  in  quest ion

in  connection  w ith  -* 2 p decay o th e r  p r in c ip le s  o f  modern

phys ics  such as Lorenz in v a r ia n c e ,  angular momentum conserva- 

t io n ,  energy and momentum con se rva t ion  though the accuracy o f  

checking these p r in c ip le s  in  h igh  energy phys ics  i s  nőt s u f-  

f i c i e n t .  In our op in ion  these  p r in c ip le s  d eserves  b e t t e r  ex 

per im en ta l foundation  w ithou t any r e fe r e n c e  t o  the problem o f  
K "*■ 2 P decay.Xj

However, t h is  p o in t  o f  v iew  i s  nőt shared by a l l  the 

p h y s is ts .  Thus, accord ing  to  the hypothes is  by B.A. Arbusov, 

the momentum nonconservation  i s  a fe a tu re  in heren t ju s t  to  

Kt •+ 2vi decay, and muons from KT ■+ 2\i decay were nőt de-Ju
te c te d  because they had momenta va lu es  d i f f e r e n t  from those 

p re d ic ted  by energy-momentum con se rva t ion .
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CONCLUSION

In the l a s t  twenty years  K-mesons undoubtedly brought 

in tő  our knowledge o f  m icroworld  more than any o ther  elemen- 

ta ry  p a r t i d é .  The d is c o v e ry  o f  K-mesons p layed  an important 

r o l e  in  in trod u c in g  the quantum number o f  s tran gen ess . In vés -  
t i g a t i o n  o f  K-meson decays led  to  d is co v e ry  o f  C ,P , and CP 

v i o l a t i o n .

A l l  these years  muons remained one o f  the most in t r ig u -  

ing  problems o f  e lem entary  p a r t i e l e  ph ys ics . I t  can be even 

sa id  th a t  they  became even more and more m yster ious. We have 

lea rned  a l ó t  about them during these years  bút the question  
why the muon i s  h e a v ie r  than the e le e t r o n  has s t i l l  no ans- 

w e r .

I f  experim ents [2 ,3 ]  are c o r r e c t ,  they may be a kaonic 

key to  the s e c r e t  o f  the muon. Very l i k e l y  in  th is  case that 

the s e v e n t ie s  w i l l  b r in g  us the understanding o f  muon natúré.

The b r i e f  re v iew  g iv e n  above shows th a t  the presen t ex - 

per im en ta l data  are i n s u f f i c i e n t  to  e l im in a te  a number o f  

more o r  l e s s  p la u s ib le  anomalies in  the domain o f  physics 

which i s  u su a l ly  b e l ie v e d  w e l l  s tu d ied .

Le us l i s t  here the experim ents which were d iscussed  in

connection  w ith  the KL -*■ 2\x problem.

1. Measurement o f  KL -* 2y decay p r o b a b i l i t y  in  s e ve ra l  

independent experim ents and con tinu ing  search f ó r  -*■ 2u 

decay.

-7
2. Search f ó r  Kg -+• 2jj decay modes up to  10 and

measurement o f  Kg -*■ 2 y  decay p r o b a b i l i t y .

3. Search f ó r  anomalous in t e r a c t io n s  o f  muons /muon- 

nucleon e l a s t i c  and in e l a s t i c  s c a t t e r in g ,  muonic p a ir  c rea -  

t io n  in  hadron and photon c o l l i s i o n s ,  ( g  -  2 ) ,  y -  meso- 

atoms/.
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4. Search f ó r  new l i g h t  p a r t i c l e s  in  meson decays

/study o f  photon ic decays and the balance o f  produced and 

decayed mesons, search f ó r  anomlaous even ts  in  the neu-

t r in o  experirnents, search fó r  KL •+ 2y decay under va r iou s  

c o n d it io n s ,  p a r t i c u l a r l y , a f t e r  regen erá to r/ .

5. Check o f  CPT in v a r ia n ce ,  in  p a r t i c u la r ,  comparison

o f  l i f e  times and p a r t i a l  w idths o f  p a r t i c l e s  and a n t ip a r t i -  
c le s  w ith  accuracy 10 .

6. Thorough q u a n t i t a t iv e  check o f  the B e l l -S t e in b e r g e r  

r e l a t i o n ,  measureraent o f  the so c a l l e d  T-odd c o r r e la t io n s  in

decay, neutron 0 decay and in  hyperon decays.

7. Check o f  the b a s ic  con se rva t ion  p r in c ip le s  /energy ,  

momentum, angular momentum co n se rva t ion , Lorenz in va r ia n ce/ .

Above we made an attem pt to  analyse how se r iou s  i s  the 

problem and to  co n fron t  w ith  exper im en ta l data the proposed 

s o lu t io n s  o f  t h is  problem. We t r i e d  as f a r  as i t  was p o s s ib le  

nőt to  t ru s t  s u b je c t iv e  es t im a tes  and emotions bút to  con- 

s id e r  bare f a c t s .  In conc lu s ion  we should l i k e  t o  perm it our- 

s e lv e s  to  express our op in ion  th a t  we came to  w h ile  look in g  

through va r iou s  p o s s i b i l i t i e s .

I f  one t r i e s  to  make a p rognos is  then one should proceed 

nőt on ly  from th a t  how incom plete  and even poor are the ex 

per im en ta l data bút a ls ó  from th a t  how a t t r a c t i v e  are the 

hypotheses proposed. Almost a l l  the attempts to  e x p la in  the 

Kl  ■+ 2y problem d iscussed  in  th is  re v iew  even i f  they do nőt 

c o n t ra d ic t  the a v a i la b le  exper im en ta l data seem to  us now 

q u it e  a r t i f i c i a l ,  u np lau s ib le  and u n a t t r a c t i v e . In our op in 

ion , i f  Kc -*■ 2y i s  nőt d e te c ted  w ith  r e l a t i v e  p r o b a b i l i t y  
-7la r g e r  than 10 , the exper im en ta l data ' e i t h e r  on -*■ 2y

decay o r  on KL ■+■ 2y decay /or on both decays/ w i l l  change 

and come in tő  agreement w ith  the th eory .

We are indebted to  E.B. Bogomolny, G.V. G rigoryan ,

N.N. N ik o la ey ,  M.V. T e ren ty ev ,  M.A. Shifman, and M.Zh. Shmatiko*/



f ó r  the coopera t ion  tha t helped us to  understand a number o f  

problems.

Thanks are a lsó  due to  V.B. B eres te tsky , B.L. I o f f e ,

I .Y u . Kobsarev, M.S. Marinov, S.G. Matinyan, B.M. Pontekorvo,

I .V. C hu vilo , I . S .  Shapiro and E.P. Shabalin who have read the 

manuscript and made u se fu l remarks.

Table I

Estimate o f  r e l a t i v e  co n tr ib u t ion s  o f  va r ious in term ed iate  

S tate in tő  ab so rp t lv e  p a r t  o f  the -»• 2y decay amplitude

S ta te
n 2 y TT + T7- Y 3 7T 2 7T uy v

ImT(KL-*-n-*-2y) 1 -2<10 ^ i o " 5
XXX /

~10
_ xxxx/

^10-/

*^The r e s u l t  i s  based on the c a lc u la t io n  o f  the graph o f
— 2F ig .  2 in  paper [8] . The r e s u l t  5.10 obta ined in  paper [ 7]

in  our op in ion  i s  too  la r g e .

XK^The p a r t  3tt -  2y in  the amplitude (3 tt -  2y ~ 2y )  is
ca lcu la te d  in  framework o f  the cu rren t a lgebra  [ 9 , lo ]  . I f

one uses f ó r  the amplitude 3ir -  2y the simple dimensional
— y — 3

es tim ate  ( 3tt j 2y) = a m~ Üy 5M the r e s u l t  i s  approx i-
m ately by an order  o f  magnitude la r g e r  than tha t g iven  in 

the Tab le .

XXÍt/,The r e s u l t  i s  based on dimensional es tim ate  f ó r  the ampli- 
tude o f  2-n -  2y t r a n s i t io n :  (2ir|2y) = a mR ily. The per-
tu rba t ion  th eory  c a lc u la t io n s  are g iven  in  paper [6 ] .

W VM V /
'The r e s u l t  i s  based on the rough es tim ate  o f  the graph 

o f  F ig .  6.
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APPENDIX I

Two-photon a b so rp t iv e  pa rt  o f  •> 2yi decay amplltude

The two-photon co n tr ib u t ion  in tő  Abs i s  determined
by the graph o f  F ig .  1 and may be w r it te n  as

^  T2 = " T " í dx l  T2 ^Ty /1 -1 /
e i ' e 2

where

i  d 3 k !  d 3 k ?  A A ,

dt = T T  ( 2 , ) 3 2 -x ( 2 2- 2 ‘ (2T,) 5 ( P' k l " k2)

i s  the phase space o f  two Y quanta; the sum i s  taken over 
the p o la r i z a t io n  s ta te s  ( e ^ ) , P i s  the K-meson momentum.

The amplitude o f  (2y  -  2y )  t r a n s i t io n  i s  described  by 

the e lectrodynam ics and i s  equal to

TY = e 2ü, 
y *1

A  A

P r t * .  J P n . 2 1  

2P lkl  2 2 2P ik2 j

where p1 and p2 are momenta o f  y and y+ , r e s p e c t i v e l y .

The amplitudes T^ and T^ are t h e o r e t i c a l l y  unknown

and we param etrize  them in  the most gen erá l way w ithout as- 
suming CP co n se rv a t io n .

Because o f  the angular momentum conserva t ion  the p a ir

( y +y )  produced in  K°-meson decay may be e i t h e r  in  ^SQ or
3in  P_ s ta te s .  Since CP p a r i t y  o f  the system fe rm io n -a n t i-

Q _ i_  1
fermion i s  equal to  ( - l )  where S i s  the t o t á l  sp in  o f

the p a i r ,  then fó r  K_ decays in tő  s ta te  CP i s  con-
/ ^  z o ^

served (̂ CP (yy)-^ = -  1 j  and f ó r  K2 decays in tő  P(
’So

o
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State  CP i s  v io la t e d  (cp = + l )  . So the amplitude

may be rep resen ted  as a sum o f  ^wo term s:

T2 “ V l  ^ " Y5 + ?2+] ^  U -3/
where v = 0.9 i s  the v e l o c i t y  o f  muon in  the r e s t  frame o fII -f II
K-meson and in d ic es  “ in d ic a te  CP p a r i t y  o f  the p a ir

( y +y ) .  The fa c t o r  i  i s  chosen so th a t  in  the absence o f
the r e á l  in term ed ia te  s ta te s  / i . e . ,  i f  K~ -*■ 2Y decay would

~\i±
have been fo rb id d en / the q u a n t i t ie s  T2 were r e á l ,  Indeed, 
in  absence o f  r e á l  in te rm ed ia te  s ta te s  the decay amplitude
may be considered  as the m átr ix  element o f  somé e f f e c t i v e

~-u +Lagrangian th a t  must be herm itian . The statement that T 

i s  r e á l  fo l lo w s  in  th is  case from the fa c t  tha t the quanti
t i e s  vf , iWrW/ iyy  are a n t ih e rm it ia n . 

k2 s

Analogous ly , the amplitude K2 *  2y can be w r it te n  as 

T2 = L ^ K 2 [^2 í kl k2 ^ e l e 2') “  ( ki e 2 ^ k2e p ) +

+ ^2 eaey6e ia  e 26KlY k2<5j /1-4/

The f i r s t  term in  express ion  /1.4/ corresponds to  CP 
even t r a n s i t io n  and the second one to  CP odd t r a n s i t io n ,

The amplitudes are r e la te d  to  the decay width in  the 

fo l lo w in g  way

r (K2 - 2y) = mkV
8tt

1 —VI— | ^
1 2 1 + l l . i l

r(K2 - 2y ) =
mk
64ir > r  i 2 + i * r i 2 ; /1.6/

S u b s t itu t in g  e q s . /1.2, 1 .3 , 1.4/ in tő  eq . /1.1/ we g e t  the 

r e la t io n  which determ ines imaginary parts  o f  form fa c to rs
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Mo =H  [ Im * 2 '  Y5 + v Im *2+]

= i e  J d i  Í Y (gog -  k1B k2<>)  + 1 1 . 1 1

Í Y+ e k k 1 5 . PC k l.:miL- y y
l 2 ea6y6 ly  2őJ y l  2p1k1 Y6y 2

Note th a t  both terms in  express ion  /1.2/ g iv e  equal co n tr i-
~y+butions to  lm

I f  we use now the r e la t io n s

>■1 'Ya ( P l - k l +,\,) Y8M2 = 5l ( 2Px<.-YC. ^ l ) 1r6,,2 /1- 8/

Yakl Ye S B yí klY k26 = 2i(klk2)T5^1 /1.9/

and take in tő  account th a t  the term in  eq . /1.8/ van-

ishes  when in te g ra te d  over  d x , then eq . /1.7/ reduces to  
the fo l lo w in g  two equations

U_ _
lm T 2 ’'lY5M2 " T" "V *2 f p^kx “lY5klu2 » • » /

in í " + vlV2 = T^+ í  -3 1 - S ^ n j j  + 2p1k1k1')u 2 11.111

In te g ra t io n  in  eqs. /1.10/, /1.11/ i s  t r i v i a l  and f in a l -
l y  we g e t

HnílJ ”  ImTy+ m , . .___ ?_ _ 2 = JL _ü _L on j-+v /i 12/
*Y- v ¥y+ ~ X  v *n /1*12/

ImTfnY± .
In  d e r iv in g  th is  equation  we im p l i c i t l y  assumed th a t

2 = 0 .  The co n s id e ra t ion  o f  the u n i t a r i t y  co n d it ion  f ó r  

2y decay shows th a t  th is  i s  indeed so i f  there  are no
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anomalously strong interactions 3tt -  2y and 2i r -  2y.

Substituting eqs. /1•12/ intő eq. /1. 5/ and making use 
of re la t ion  /1.6/ we get the lower bound fó r  the K2 -> n+vi” 
decay width /formuláé /12/ and /13//.

APPENDIX 2

Unitarlty  condition fó r  KL-meson decays

According to arguments given in  sec . 2 .1 , the u n i ta r i t y  

condition d ire c t ly  allows one to c a lc u la te  imaginary part 
only fó r  transit ions between states w ith  d e f in i t e  CP /or C/ 

par ity . Thus we f i r s t  consider amplitudes o f  t ra n s it io n s

T ( k x -  2y) = T^+ + i T ^ -  12.1/

T (K 2 -  2y)=  + iT^+ 1 2 . 2 1

Here indices "± " indicate CP parity  o f  the ily p a ir .  The 

un ita r ity  condition fó r  these amplitudes takes the form

*V/n+\* nT, n.y* 
+ T, T 

)  1 \M± / 2 . 3 / 

/2.4 /K K ^ : ) ’ - / ( % : ) ’]
Here is  CP-even amplitude o f  (yy^. -*• n± t ra n s i t io n  and

TjJ* is  CP-odd amplitude o f ( y y ) ± +  n? t r a n s i t io n .

Now i f  iné takes intő account tha t K2 = KL -  eK1 , then

n-
2 "  t l " “ Í£ t J“ 1 2 . 5 /

,n+
2

II 3̂ 
F 

3 + + i e T ^ 1 2 . 6 /

Substituting eqs. /2.5/, /2.6/ intő eq. /2.4/ we get



I t  fo l lo w s  from eq . /2.3/ th a t  the l a s t  two terms in  
eq. 1 2 . 1 I  are equal to  ± icImT^4 . Making use o f  th is  we 

g e t  f i n a l l y

* T£l (T u* ) * ]  *  Ree(v) /2 ,8

/Here we rep laced  eT^ by c T s l • Th is  r e la t io n  expresses
imaginary p a r t  o f  the amplitude o f  K -*■ 2y decay throughLi
the amplitudes o f  p h ys ica l processes and i s  the bas is  f ó r  

fu r th e r  th e o r e t i c a l  a n a ly s is .
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RÉVIEW OF THE kt° *  m+-hj“ PUZZLE*L
R.J. Oakes, Department of Physics, Northwestern University 
Evanstón, Illinois and DESY, Hamburg

Among the most recent and in teresting  developments in weak 
interactions is  the K.. u + u puzzle. The present ex- 
perimental upper l im it  on the branching ra t io  is

r(K° ■*> y+ + w“ )/r(K° all} < 1,8 x IC)"9 (1 )

This experimental upper limit, v/hieh is the 90 % confidence
2level, is well below the theoretical lower bound of 

r(K® - u+ + y“ )/r(K° - all) > 6 x 10-9 ' (2)

obtained under the following assumptions:

(A) CPT invariance
(B) Conventional quantura electrodynamics
(C) CP conservation
(D) The absorptive part of the -*■ u+ + w amplitude 

is dominated by the on-shell 2y intermediate state.
(E) The absorptive part of the •* y + y amplitude is

zero. With these assumptions the unitarity relation
2leads to the bound 

r(K° - y+ + w” )/r (K® - y + Y )> 1.2 x 10"5 (3)'

3
which, when combined with the experimental branching ratio , 

r ( K ° M  +Y)/r(K£ - all) ® (4.9 *• 0.4) x 10”4 (4)

yields the lower bound (2).

Taking the discrepancy between (1) and (2) seriously, the 
validity of assumptions (A) - (E) has been examined in a 
nuxnber of recent analyses * ^  of the K° ■* ji+ + ti puzzle. 
Several interesting results have emerged which we shall 
discuss.

* Supported in part by the National Science Foundation.
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Assuming CPT invariancc, bút nőt CP invariance, the 
decaying kaon states arc

KS “ Ki + c K2 (5>

and

K° -  K° + c Iq  (6 )

where K° and K° are the CP even and odd combinations
of K° and K°, and e » (2 x ío”3) exp (iv/4).

+ —Similarly, the final /t- state can have a CP even 
3Pq component and a CP odd iSQ coraponent. Thus, 

separattng the CPT invariant transition interaction intő 
a CP even piece H+ and a CP odd piece we can 
define four complex amplitudes:

A+ = < u V ?  3Pq |H+ |K°> (7)

A__ » <UV >  1Sq |H+ |K®> (8)

B+ - < u V ?  3P0 |hJ K °  > (9)

■ <vV; 1s0|hJ kJ > (10)

The amplitudes fór k£ decay intő the 3Pq and lSQ v+w 
states are then, respectively

L+ -  B+ + cA+ (11)
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and

L_ «  A _  + eB_ (12)

The correspondlng Kg decay amplitudes are

s+ " A+ + eB+ (13)

and

S_ =» Q_ + eA_ (14)

These amplitudes are defined so that CPT invariance 
implies their absorptive parts, which are what enter 
in the unitarity relation, are the following:

Abs A - lm A± (15)

Abs B - -i Re B± (16)

Abs L+» -i Re B+ + e lm A+ (17)

Abs L_«= lm A_ -i c Re B_ (18)

i

Abs S+=> lm A+ -i e Re B+ (19)

Abs S » -i Re B + t I B A  (20)
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In the rates the amplitúdós to the 3PQ and *S0 u+u~ 
states add incoherently, so

r (K° -*• +y ) c j L_|  ̂ *<• ÍL+ |2 “

“ lA_  + 2 + |3+ + cA+ |2 (21)

and

r (K° -  u+ + u") » 1 S+ | 2 + IS_12 -

(22)

“ iA+ + tü+l2 + 13. +

I f  CP invariance v/ere assumed a l l  the above equations 
would s im plify  considerably since CP invariance re- 
quires both B+ »  0 and e = 0.

Next le t  us consider the im plications and validity 
o f assumptions (A) -  (E ) . Since CPT (assuxnption (A ) )  
and quantum electrodynamics (assuraption (B ) ) are 
on re la t iv e ly  firm  foo t in g , we w i l l  take their validity 
fó r  granted throughout. Retaining, in addition, CP 

invariance (assumption (C)) , the validity of assumptions 
(D) and (E) has been studied. The effect of including the 
additional allowed interraediate states, 2*y and
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in the unitarity .relatic n i*íA z bcen shov/n nőt to change
the bound, (2), significar.tly. Evén allowing fór CP
nonconservation, estimatcs indicate that these contri-
butions do nőt amount to r.'.ore than about 20 % of the4-5
2y intermediate State contribution. We shall there-
fore retain assumptions (A), (3), (D) and (E) and
examine the consequences of relaxing assumption ( C ) ,

6 7i.e. CP invariance.

The first important point is that CP nonconserving 
theories in which the CP noninvariance enters only 
through the mass mátrix, e.g. the superweak theory,11 
can be ruled out. In the superweak theory e ^ 0 
bút B± « 0. Therefore, from Eqs. (18) and (21)

T(K° ■* y+ + u~) > | Ira A_J2 ** |Abs L j 2 (23)

which yields the original bound (2) in disagreement 
with the experimental limit, (1).

More generally Eqs. (18) and (21) lead to

r (k£ •*> ji+ + y” ) > |lm A_ + Im(c B_J |2

■ |Abs L_ + i(Ree) B*|2 (24)

> ((Abs L_J ~Rec|B__J)2
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Taking the experxmer.tal r^ cu lt ,  ( 1 )/ then implies  

that B_ is  nőt at a l l  small bút i s  lim ited to the 

rangé

|Abs L_| -  r 1 /2 (K? -  y+ + y “ )

(25)

< Rec |B__ | < Abs L J  + r 1 /2 d<L -*■ u+ + y” >

or

0.34 x 103 < |B_ l/|Abs L J  < 1.1 x 103 (26)

i f  Abc L+ can be neglected; i . e .  Abs L_ has been taken
from Eq. (33) as discussed below.

This re su lt  nőt only ru lcs  out the p o s s ib i l i t y  o f
O *j* •»

expla in ing the y  + y  puzzle as a r is in g  from
CP nonconservation due to a superweak in teraction  bút, 
in add it ion , there are important consequences fó r  

the K~ -*■ y +  + y  rate  which v/e discuss next, fo llow ing
la rg e ly  the work o f  Christ and Lee

More generál in eq u a li t ie s  can be obtained by reta in ing  

assumptions (A ) , (B ) , (D) and (E) bút nőt assuming CP 

invarlance [assumption (C)] as fo llow s : From Eqs. (11) -
( 20 ) one finds

Abs L -  lm L = - i  B* Ree (27)



From the r e s u l t in g  t r i a n g l e  in e q u a l i t i e s

Re L+ | > J Ree |A+ j -  jAbs L+ |j (25)

and

| lm L_| > ( Ree ] B_| - |Abs Lj|

i t  f o l lo w s  th a t

r (K ?  -  y+ + jT )  > j R e L j 2 + | lm L j 2

> (|Abs L| -  R eer1//2(Kg -i- jjf  + y ) )  2

(30)

(31)

where |Abs L| i s  d e f in e d  by

|Ab3 L|2 —|Abs L+ [ 2 + |Abs L J  2 (32)

2and terms o f  o rd e r  c have been n e g le c te d .  I t  i s  c l e a r
^  j ,  __

from (31) th a t  r(Ks -*• y + y ) i s  bounded both , above
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and below as a fu n c t ion  o f  r (K° -*• y+ + y ) . Iíowever, •
JLf

fu r th e r  s p e c i f i c  assumptions aboút Abo L are needcd 

t o  determ ine the magnitúdó o f  the bounds.

Abs L can be eva lu a ted  in  terms o f  the amplitudes fó r  

K° + y + Y in  the 0T CP-even and O CP-odd f in a l  states,  
One f in d s ,

where

Abs L _ =  X < YY; 0~|H|K?> (33)

Abs L+ = XV < YY; g+ |h|k£ > (34)

1X -  2 v2 ( ^ 2 [ log K " á *  * ■ *  x 1 0 ' 5

and

r  ™2 l
= L 1 ■ 4 " í  i

*

(35)

1/2
«  0 .9 (36)

i s  the muon v e lo c ity .  The I<° y +  y to tá l  rate i s  thenli

Q |Abs L_J [Abs L+ |
r ( KL ♦  Y + y )  =  ------ ö----- + ------------2—

x2 ( XV) 2
(37)

and therefőre (38)

X2V 2 r ( K °  Y + Y> < |Abs L__|2 + |Abs L+ |2 < X2 T ( k £  Y + Y)



331

Combining the inequa lity  (31) with these bounda (38) 
on IAb3 L I one re ad ily  finds the re su lts  o f Christ and 
Lee 6

Re er 1/2 (K° u* + y ) > \ v r 1//2(l<£ y + y)

(39)

and

Recr i/ 2 (K° -  w+ + „’ ) < at1/2(k£ -  Y + y) + r 1/2(K° ♦  w+ + w’ )

(40)

In the CP invariant lim it/ c - 0 and B± »  0,(39) reduces 

to the original bound (2) (in disagreemenc with experiment) 
and (40) becomes t r i v i a l .

Using the experimental l im it  (1 ) on r (K^ -*• y ‘ + u ) and
the observed K? -*> y + y branching ra t io  (4) in eq u a lit ie s  L*
(39) and (40) imply

- r(K? w+ + v ) - 7
1 x 10 > -----  — -r---------------  > 5 x 10 (41)

r(Kg - all)

The decay K~ ♦  u+ + v” has nőt been seen and the present
S 12 . upper limit is

r(K® ■* y+ + u " )/r(Kg -  a l l )  < 1. 6 x H>'~6 (42)
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F igu re  1 shows the t h c o r c t i c a l  bounds and the e x p e r i -

mental l im i t s .  Under morc r e s t r i c t i v e  assumptions the

C h r is t  -  Lee bounds can be a l t e r e d  somewhat Fór

example, an in t e r e s t in g  p o s s i b i l i t y  i s  th a t  K° -+• y+ + y
1decay proceeds predom inate ly  to  the CP odd SQ f i n a l  

s t a t e .  The c a n c e l la t io n  tnen occurs between the amplitudes 

A_ and cB_ and the lower C h r is t -L e e  bound i s  in c reased , 

becoming the dashed l in e  in  the f i g u r e .  The lower bound (41) 
then becomes

r (K °  -v p+ + y " )/ r (K g  h. a l l )  > 10 x 10"7 (43)

which i s  nőt too  f a r  from the most re c en t  exper im en ta l 

l im i t  (4 2), o f f e r i n g  the p o s s i b i l i t y  o f  an e a r ly  con- 

f r o n ta t io n .

I t  i s  nőt hard to  in ven t  s p e c i f i c  CP nonconserving inter-
a c t io n s  th a t  are a b le  to  p ro v id e  an amplitude B_ of
s u f f i c i e n t  s i z e  to  cance l the a b so rp t iv e  amplitude coming
from the two photon in te rm ed ia te  state. A completely

13ad hoc example i s  the in t e r a c t io n

g G//ÜT (44)

(7)
where A i s  the seventh member o f  the a x ia l  ve.ctor

-2o c t e t  o f  cu rren ts . With the constan t g ^ 10 , which

puts th is  in t e r a c t io n  in  the m il l iw ea k  e lá s s ,  the

r e s u l t in g  CP nonconserving amplitude ReB_ w i l l  be of
orde r  e 1ImA_ making the necessary  c a n ce la t io n  in

Abs L_  p o s s ib le .  C le a r ly ,  th ere  are many such CP non-
1 3 - 1 5conserv ing  schemes
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Othcr p o s s ib le  ways out o f  the K?- ■> y+ + y pu zz leJ-i
can be thought o f .  Fór exampie, one might specu la te

on the p o s s i b i l i t y  th a t  tnc K° has somé h i th e r to  un-

d e te c ted  decay módos and th a t  the c o n tr ib u t io n  from

these new in te rm ed ia te  s ta te s  in  the u n i t a r i t y  re la t ion
16"* 17can ce ls  a g a in s t  the two phton c o n tr ib u t io n  

However, any such p roposa l must o f  course exp la in  

why these new s ta te s  have nőt been d e te c ted  and th is  

i s  nőt so easy .

F in a l ly ,  one might qu es t ion  the v a l i d i t y  of the ttuy

and 3w contributions to the a b so rp t iv e  amplitude. In
the case o f the irwY S ta te  the es t im a te  would have to

4 5be low by an order o f magnitude ' . Fór the 3ír con
t r ibu t io n  to be la rge  enough the y + Y cross
section would need to be about fou r  orders o f magnitude 

la rg e r  than expected These p o s s ib i l i t i e s  there-
fo re  seem rather un like ly .

O -f —
We conclude th is  d iscussion  o f  the -*• y + y puzzle  

with a remark on the im p l ic a t io n s  o f  the small experi-  
mental upper bound on K° •+ y + + y fó r  higher order

20weak in te rac t ion s . From the a n a ly s is  by Io f fe  and Shabalin  

of the (d ivergent) second o rder  weak in teraction  con
tr ibu t io n  to K? y+ + y" one now finds the c u t -o f f  

i s  lim ited to

A ~ 6 GeV (45>

I f  the c u t -o f f  were la rge r  the most divergent part of  
the second order weak K° y+ + u” amplitude, which is  
CP conserving, would exceed the experimental l im it .
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MUON PHYSICS

V.L. Telegdi, Enrico Fermi Institute, Chicago

I thought this would be the first conference I have ever talked at 
where the chairman pronounced my name correctly. I have mispronounced my name 
all my life so as to make it easier fór other people, bút here in Hungary I 
thought they would pronounce it in the way it is supposed to be pronounced. 
Accent on the first syllable and open i: Telegdi so you can learn it. Gell- 
Mann has always pronounced it right, bút he's very snobbish about these things. 
Well, I must say that I do nőt particularly enjoy giving this talk because it 
is a summary of a situation where you either do nőt see puzzle or you do nőt 
have any progress to report on the puzzle. The summary of this talk, with 
which I shall start, is that we know of two electrons, a heavy and a light 
one, the muon and the electron, and that increasingly accurate measurements 
have done nothing bút to bear out the essential identity of these particles. 
Now, this statement I am suppose to make last fór fifty minutes, as I have 
just heard. In this context I'll teli you a joke, which I did nőt dare to teli 
in Holland where I gave a similar talk a year ago, because the Dutch are much 
more conservative than the Hungarians. So I'll teli you the joke and hope 
nobody will be offended. The story goes that in a girl's college in the US at 
the beginning of the academic year one of the lady professors decided to give 
the benefit of her rich advice to the girls and got together with them in the 
dormitory. Among other things she said she wanted to warn them against the 
pitfalls of life and she said. "Look at it this way girls. Maybe you'11 have 
fifty minutes of pleasure and a lifetime of consequences." At the end there 
vas the question period and only one girl had a question. The lady-teacher 
asked what is the question and the girl said: "Madame, how do you make it 
last fifty minutes?"

Well, now aftér this analogy I'll talk about the properties of the 
muon. before I discuss the properties let me teli you that every experimen
tálist who loves his trade should take an enormous pride in how much we know 
about the muon. The muons are made artificially by accelerators while elec
trons, as Dick Garwin once said, come out of any hot wire. Nevertheless we 
know many of the properties of the muon with an accuracy almost comparable 
with that of the electron, which represents a very remarkable and inspiring 
accomplishment of experimental physics.

The "wallet card" of Fig.l shows the properties of the muon. The 
spin of the muon is 1/2. How do you know it? Because you see beautiful 
doublets in mesic x-rays. The statistics of the muon is Fermi-üirac. How do 
you know that? Well, you know it in two ways. First öf all one has accurate 
measurements of the pair production cross section. Better yet, you have to 
have several muons at once in order to make statements about statistics.
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There are tridents which are the production of muon pairs by muons. I'll come 
back to that. And from the analysis of those one concludes that the statistics 
are Fermi-Dirac.

The mass of the muon is probably the best measured and least under- 
stood quantity in physics. Here it is. (There is one number I have nőt carried 
with me which is the most recent one.) How do you know that? Here you make a 
very precise measurement of a certain transition energy in a muonic atom; a 
very nice experiment, which gives the mass to a hundred parts per millión.
Muon physics has reached this stage, where we measure things in parts per 
millión. Then from the ratio of the precession frequencies of muons and pro- 
tons plus a knowledge of the ratio of the magnetic moments and of the magnet- 
ic moment anomaly, v»e know the mass to about 13 ppm. From recent experiments 
on muonium in conjunction again with the anomaly we know the mas-s at the 
present moment to 4 ppm.

Next, the electric dipólé moment. Of course the muon has no electric
dipólé moment, Lut what limits do we have fór the dipólé moment? It is 

-17( 5 + 5 )  e cm 10 . This is obtained as a by-product of one of the Geneva
(q-2) experiments.

Finally there is a remarkable quantity, the anomaly in the magnetic 
moment (g-2) , which as I said is known to 260 ppm, (the upper number is the 
most recently completed CERN experiment, and underneath is the most recently 
completed theory). At a previous conference there was a larger discrepancy 
between experiment and theory, because the theory had nőt been carried out to 
that accuracy. This is a good agreement and I shall speak later about the 
next CERN experiment. The next CERN experiment now under construction will 
cut the error in the anomaly to about 20 ppm. Let me remind you that the elec- 
tron anomaly is known to 3 ppm. It was published before the theory was com
pleted and is in perfect agreement with the theory up t.o a 6 terms.

The life-time of the muon is a quantity which one knows better than 
one part in a thousand by direct measurement. The reásón that this number was 
measured to such high accuracy by 3 different groups is because the measure
ment of the life-time of the muon is the Millikan experiment of weak interac- 
tions. As you measure the charge of the electron fór electromegnetism you 
measure the lifetime of the muon to get the fundamental coupling constant of 
the V-A theory. Otherwise nobody would care. Of course you cannot really 
extract the coupling constant from the life-time without the mass, bút we 
know the mass very accurately.

Now the only subject, where I can give you somé news of possible 
progress (bút nőt much - nothing of the eláss we have heard from prof.
Reines) , is on the mass of the mun - neutrino, which is in a terribly lousy
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condition. The best limit of a finished experiment that I am aware of is 1,5 
MeV at a 90% confidence level, and is obtained by John Peoples in an unpub- 
lished thesis at Columbia University. This is to be compared to the 60 eV we 
attribute to the electron-neutrino. This is a completely open field of experi- 
mentation, and I hope to be able to go through somé of the experiments now be
ing actively contemplated.

I shall now talk a little bit about muon electrodynamics (See Fig.2). 
I shall try to do it very quickly. First, the (g-2) experiments . If g was 
equal to 2, the spin and the momentum would precess with the sarae frequency 
in an external field. Since g is nőt equal to 2 the spin precesses faster 
because it is larger than 2 and you measure how fást a longitudinal polariza- 
tion becomes transverse. The first experiment was done in CERN at 1960, and 
various groups have continued ever since. Now here comes an other piece of 
information, which is the hyperfine structure of the muonium. I shall come 
back to muonium in more detail later, since it has somé bearing on weak in- 
teractions. This hyperfine structure splitting is the energy difference 
between the two opposite spin orientations in the ground state of the p-e 
atom. It is known at the present moment from a recent experiment in Chicago 
to 1/2 ppm. Now you may think that this is of no interest bút let me point 
out that since the Rydberg constant, the fundamental unit in Atomic physics 
in frequency units is known to 0.3 ppm, this number is either a source of 
knowledge of a  or a confirmation of quantum electrodynamics. I really doubt 
that one should be optimistic like somé people and say that the agreement of 
this number with theory shows that the muon has no very strange properties. 
Fig.2 shows alsó the previous number, accurate to 2,3 ppm, obtained at Yale.

Now I go to the muon tridents. This is an experiment done by 
Tannenbaum at BNL. This experiment is parametrized so as to show whether 
we have Fermi-Dirac statistics or nőt. In the final result Fermi statistics 
correspond to parameter a  =  +1. Bőse statistics to a = -1. The-experiment 
fits the data with a  = 0.98 + 0.23, v:hich gives you a rather clean confirma
tion of Fermi-Dirac statistics. Now the last point here is jj-tt scattering. 
Since one has done a lót of e-ir scattering, one is doing y-ir scattering, 
and fór the most recent elastic results obtained by Lederman and co. again at 
Brookhaven you get a cut-off energy of 3 BeV. So there too there is nothing 
anonValous.

Of course people at conferences like to hear rumours and incomplete 
things and there is one I can teli you, the vacuum polarization. The muon in 
an atom is 200 times closer to the nucleus than an electron with the sarne 
quantum numbers would be. We all know that the electrostatic field of the 
nucleus is modified by virtual pairs over a distance of 1 Compton wave length. 
So in a heavy muonic atom the entire orbit is in a region where the potential 
is nőt 1/r, bút something like ^ —  because of the vacuum polarization. ihis
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effect is very, very small in ordinary atoms, bút very noticable in muonic 
ones. I think the first person who really attracted mankind's attention to 
it was Pomeranchuk, bút there have been many papers. E.g. fór the transition 
of 400 Kv in lead the vacuumpolarization of order a is 2 Kv, or almost ,1%. 
Then there are terms of order a 2 and finally of (Za)s, which in the case 
of lead is about 50 eV.

In a recent experimental paper by Professor Anderson and his 
collaborators, known in the literature as Dixit et al, there were found rather 
serious discrepancies between theory and experiment. (These experiments of 
Dixit et al claim much greater accuracy than previous ones). A large fraction 
of that discrepancy is due to the fact that the (Za) 3 vacuumpolarization 
contribution, a term due to kroll and Wichmann, v/as taken over by Dixit et al 
from a theoretical paper where it had an incorrect sign. If it is applied with 
the correct sign, the discrepancy does nőt disappear, bút becomes less 
flagrant. So much fór this sensational piece of information.

The next point I would like to discuss is the decay of the muon.
Now in this process one can measure a certain number of parameters. The elec
tron momentum spectrum has been known fór 20 years. There is a parameter p, 
that gives the shape of the spectrum, then there is a parameter fór the polar- 
ized spectrum (this means that you consider the spin of the muon and the di- 
rection of the electron). That parameter is called 6 . At low energies there 
is alsó a parameter n- So you have a spectrum, say,

S(x) = M(x;pn) + £B(x;ő)cos 9

where x = P/P and 0 is the angle between electron momentum and muon ' max *
spin. The n is important only at low x where there are practically no 
decays. So now we have defined parameters, and in fact you all.know that the 
muon decays like 1 + acos 0 where this gross asyinmetry a is proportional to 
£, while ő defines the shape of the energy dependence of asymmetry a. Of 
course we have one more parameter, which is the helicity h of the electron.
So we have a totál of p and n and 5 and £ and h , 5 parameters. And 
here is a point I always try to make. Every one of these parameters, which 
have been measured, agrees perfectly, or at least as well as one can hope, with 
the predictions of the V-A theory. Bút what is nőt true, is that by knowing 
that these parameters agree with V-A, you are authorized to conclude that the 
interaction is V-A. This is the usual game of necessary and sufficient. And 
that is a point worth noticing, because sometimes when you make a discovery 
somebody finds loopholes in a theory which you accepted. And this theory is 
the credo of everybody, including myself.

I have prepared fór you Fig. 3 to show that there is interrelatlon-
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ship between social development, I mean large scale development of society, 
and physics in that sense that one can use scientific results, results of 
measurements, to predict, or retrospectively to establish revolutions. What 
you have to do is this. Take somé physical quantity, let us call it capital 5, 
just fór fun, which looks like no letter at all, and then you plot this 
quantity - let it be the velocity of light or the fine structure constant or 
the Michel parameter-as a function of time. If you see a sudden discontinuity 
in the experimental value - which obviously is invariant - then at that time 
there must have been a great revolution. Here on the figure you see the Michel 
parameter as a function of time (time is Anno Domini), and the religiously 
accepted value fór V-A is 3/4; you see that all kinds of measurement which 
were done before 1957 spread and then they all converge. The sudden break in 
1957 - and this is a point of a revolution - the point of discovery of V-A,
where people knew what they were supposed to find, and they found it. There 
was a credo and so we could believe. The figure alsó illustrates the value of 
International scientific collaboration. Around 1964 two experiments were 
published, rather accurate o n e s , v»hich disagreed with the official value. One 
experiment was done in the Soviet Union, the other one was done in the west, 
in Great Britain. And international collaboration: the mean value is 3/4. Well, 
you see again another small effect: this ts the Chicago experiment which is 
almost on the red line and this is the Columbia experiment exactly on the red 
line. So much fór that.

Well, now we go intő the song and dance about how to conclude whether 
we have V-A or we don't have V-A. From the experimental data on the basis of 
the work of a lady called Jarlskog, a Persian woman married to a Swede, a 
former student of Kálién, there are two roads to determine V-A, (Fig 4).Road 1 
is the one that we shall follow, and it is to the left. This road is full of 
assumptions, and later we shall go to the other side. We take the generál 
local v decay interaction fór massless neutrinos so it is already nőt so 
generál. Then we have the parameter n which governs the low energy behavior 
of the spectrum and that rí obeys a law all by itself. It is less than (1-h ) 
so if the helicity h is 1, n is zero. That's a generál theorem, due to a 
former student of mine by the name of Fryberger. Then you have p, 6, h, n , 
all <!?X. These are all generál theorems. l«e now ássume, fór aesthetic reasons, 
that the neutrinos are two-component. We then have the theory which we call 
V-eA, i.e. there are two ingredients V and A, and e could possibly be 
constant. If we make this assumption, then we find that 6 = 3 / 4  £ = -h and
q2 _ (i-£2)/4 . a very great advantage of having made this assumption is that 
you can actually analyze the data, since all precision experiments of muon 
decay are in fact exercises in checking radiative corrections. Unfortunately, 
these radiative corrections can be computed only in the V and A case - in 
others we don't know how to do them. So it is very convenient that these 
things work. If you now assume T invariance, then e is reál and then you
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do more experiments to find that £ = 1. Or, without T invariance, you 
have to find experimentally £ = 1 and n = 0. In both cases you arrive to 
V-A.

Nov., the road taken by Mrs. Jarlskog was to write the interaction in 
the charge retention form (ye) (vv) , so you can do the trace calculation of 
the neutrinos quicker. She says: Assume you have done all the experiment, and 
find p = 3/4, ő = 3/4, £ = 1, n = O. 1
That means V+fiA , where & means that V and A are defined in the charge reten
tion ordering. That automatically implies that n = 0 and you have finite 
radiative correction. And, now comes the impossible task. You now have to 
measure the spectra and polarizations of both neutrinos, and only after you 
have done that can you conclude thet the interection is V-A. It is very simple: 
in p- aecay we have three final state particles, and only one of them is 
really observable; therefore you cannot find the correct theory by performing 
a complete set of experiments. So, that's the situation. Since several of the 
authors of V-A are sitting in the audience, I would like to add that the above 
very beautiful philosophy omits one thing: internál consistency. Consistency 
is that in the dynamical theory of weak interactions there is a connection 
between the life-time of 0 ^  nuclear béta decay and muon decay. That connec
tion just wouldn't be there without the V-A therory, and therefore this left- 
handed road is perhaps nőt as unnatural as I tried to make it appear.

Let me quickly show the present values fór the y- decay parameters 
(Fig.b). These were compiled by a student of Roger Hildebrand, Derenzo and 
they are published. Fór the experimentálist I would like to say that strangely 
enough, the helicity of the electron is nőt terribly well known. Nobody is 
interested enough to do the hard work. Now if you want to make fits to this 
business to see how much you can allow fór other interactions and if you 
normalize to one unit the vector interaction,then you find that fór S and P 
(which are zero in the V-A theory of course by definition) the fit is < 0.33.
A (which should be 1) is between 1.2 and 3/4, the phase (which in V-A is it) is 
180° + lb° and the T (that should be 0) is less than 0.28. So the situation 
is nőt so glorious. Lut if you look at the neutron decay, v/here much more work 
has been done, from this point of view it is nőt so glorious either. This is 
always swept under the rúg. There is marvellous consistency with V-A, bút never 
compelling evidence.

Next, we have two experiments which involve the muon in a peripheral 
way; the -* 2y experiment of Berkeley, which gives unbelievably small rates 
as compared to the theoretical expectations, and the Kg -*• 2p which should 
perhaps occur at a much higher rate than one thought. This problem is under 
active work. Let me teli you two things, that have nőt so much to do with 
muons bút with K^. The Berkeley experiment on 2p which shows that this
rate is much lower than expected is in my personal opinion a flawless experi-



343

ment, I see absolutely no source o'f mistake, and nor do many other competent 
people to whom I have talked. The ->■ 2\i will be repeted by J.w. Cronin et 
al. within the next year,at a level 10 times more sensitive, than the orig- 
inal Berkeley experiment.

The CP violation we all know about, there is a little bit of
folklóré and rumor. You know that one of the effects of the CP violation is
the charge asymmetry of leptons. You go very far away and count how many 
electrons afe^ positive and negative and how many muons there are positive 
and negative. The electron experiment was done first by Steinberg et al., the 
muon experiment was done by Schwartz et al. There has been a somewhat embarass- 
ing tendency fór the charge asymmetry of the muons to come out higher than the
charge asymmetry of electrons and people who look fór exciting things have nőt
failed to notice this difference. People have to make their living and like 
to get excited. The experiment is now being repeted among other things by 
Schwartz, at Stanford, and it turns out that these muon charge asymmetries 
were affected by a large number of systematic effects, the most subtle of 
which is the rangé difference between the y+ and y which Fermi once 
considered in 1953 bút nobody thought about very seriously. And when you allow 
fór these effects and a few others, the current status is that the muon does 
give the same charge asymmetry and one understands why the former value was 
high.
Hyperon decays. Well, whatever little one knows about, A -*• e A y beta- 
decay is consistent with universality, bút a high statistics in this field 
means 1000 events. So that is nőt the piacé to look fór it.

Then we have the subject of muness, or muon quantum number. The 
ways of talking about lepton quantum numbers were very lucidly explained by 
the chairman of this conference, prof. Marx, and he mentioned the problem of 
additive versus multiplicative quantum numbers. We have this beautiful poten- 
tial idea due to Pontecorvo I believe, of a conversion of muonium intő anti- 
muonium. I have never wanted to do this experiment because I did nőt see an 
intelligent way of doing it, bút there have been ways of doing it, perhaps 
nőt too effective. The coupling constant fór this transition is known to be 
nőt more that 6000 times larger than the vector coupling constant, which is 
hardly any Information at all. It is more of a humorous natúré I would say.
From the experimental point of view, the problem is the following. Muons we 
got to burn bút we have the problem of stopping them in vacuum to form muonium. 
And at the moment you form muonium, which you have to do by extracting an 
electron from an atom, you are in a gas, and the collisions with the gas atoms 
under almost any reasonable conditions induce more transitions than you care 
fór, and this removes the degeneracy between the two systems. The basic idea 
of this experiment that I report here was a very elegant one, namely, when 
the muonium by its o s c i H á t i o n  turns intő the antimuonium it has two charac-
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positive electron from usual muon decay. (2) when you make the muonium in 
Argon g a s , the p cascades towards the nucleus and produces mesic X-ray 
characteristic of Argon, that you would have never gotten out of a positive 
muon. There is a number of schemes under way to study this thing, there has 
been a recent experiment in Virginia trying to make muonium by lettina it 
exude intő vacuum from gold fői Is. The experiment in my opinion does nőt give 
any particularly reliable answer at all, because I don't think they even proved 
that any muonium comes out from thet foil, and before.you know what the 
probability of conversion of muonium is you have to prove that there is 
muonium there in the first piacé. So no particularly striking progress has 
been m a d e .

Now we come to the measurement of the mass of the muon neutrino, or 
as I like to call it, the neutretto. The most obvious way of measuring the 
mass of the muon-neutrino is to look at the ír -*• y decay. We know the mass 
of the muon now to 4 ppm, and we know the mass of the pion, with a question 
mark, to 50 - 65 ppm alsó from mesic X-rays. There we just measure the rangé, 
in the old fashioned way or with pulse head analysis in a germanium crystal 
or something of that sort. Bút nőne of this does you any good. Because if you 
take the current error in the pion mass, which is 58 ppm, if you believe it 
then that error because of a quadratic relationship that you have in a two- 
body decay, v»ill give you a 700 kV bound fór m Vjj. Now I have divided the 
experiments intő two categories, eláss A and calss B. Class A is an experi
ment where the neutrino or neutretto momentum is zero, and Class B is a cl*ss 
of experiments where it is nőt zero. Now, since in the rest frame of the pion 
the momentum of the neutrino is manifestly nőt zero, you have to go to somé 
moving frUme to make it so. There have been a large number of very ingenious 
suggestions in the pást of taking a pion in flight and choosing that pion 
energy at which the neutrino, now massive, emitted backward/ is transformed 
intő its rest frame. However, these experiments do nőt stand the acid test of 
statistical analysis.
Now in the class B experiments, where the neutrino has a finite momentum, 
there are two proposals currently investigated, or may be three, One is the 
reaction m + Li6 going intő 2 tritons plus a neutrino. You are supposed to 
look at the Dalitz plot of this two tritons, and see how far it extends. The 
most favored configuration (that anybody would understand) is when the two 
tritons go back and they share the energy. One of the problems with this 
reaction is that nobody has ever seen it. There is no reason that it should 
nőt be there, Lut nobody has ever seen it. A second problem with this reac
tion is that even if it exists, that particular corner of the Dalitz plot 
where the two tritons will come off with equal energy is a small phase space 
proportion and it is very sparsely populated. Quite a number of people have 
realized that the endpoint of a radiative decay is much better than a two-



345

body decay. The quadratic dependence is nőt present in a three body system.
So you study K or the tt, intő p v y and you have to measure the gamma ray 
energy to a high accuracy, which would mean with germanium. The energies are 
of the order of 40 MeV, which is nőt so good fór germanium. No matter what 
you do you don't seem to have enough solid angle to do the experiment. Iloboay 
is trying to do this experiment. The other experiment, almost equally horrible, 
is to study the i |i v decay in flight; with sufficient accuracy measurements 
of momenta in excess of 10“  ̂ you can extract the mass. In particular they have 
a trick to send the pions and the muons through the same magnets on similar 
orbits. This is nőt a value judgement this word here: SIN. This is just the 
piacé where they plán to do this experiment: Schweizerische Institut fiir 
Nuklearforschung. If you look at the proposal, if everything works just 
perfectly, then they will get neutrino mass to perhaps 200 KeV. It will be a 
long and heroic effort which is nőt guaranted to succeed. The chief proponent 
of this experiment is Dr. Hoffe in Bern, who happens to be a personal friend 
of mine.

Somebody from the audience: Nőt everybody takes things so personally.

I told him it was a very difficult experiment. He is much younger 
that I am and he is much more daring, that is all. Last, bút nőt least I would 
like to draw your attention to an experiment, which is connected only in a 
rather indirect way with neutrinos, bút it is certainly connected with muons 
because the object of measurement are muons, and this is the Kauffel or utah 
effect. Dr. Cassiday from Utah is here, and he will give a talk on this
experiment. So I am really doing a commercial here fór his talk. It is a very
interesting experiment and I think you should listen what he has to say.

In conclusion I would like to say, I do nőt know any really mysteri- 
ous experiment involving muons at this time, the muon neutrino mass is the 
object of great efforts bút it is nőt clear when the efforts will pay off.
I presume the main reason that anybody invited me anyway is nőt so much to 
give this talk, bút so that I should come back to my own country. So if you 
didn't think my talk was very informative, please forgive me.
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CONCLUSIONS OF THE FIRST PART OF THE NEUTRÍNÓ'72 EUROPHYSICS 
CONFERENCE, BALATONFÜRED
B. Pontecorvo, Joint Institute fór Nuclear Research, Dubna

In trodu ct ion

There have been a lread y  so many ta lk s  and discussions  

a t  our con ference  th a t  i t  i s  r e a l l y  d i f f i c u l t  f ó r  me t o  maka 

a summary. N o t ic e  th a t  most o f  the ta lk s  had a rev iew  char- 

a c te r .  Th is  makes my task  even more d i f f i c u l t .  And then i t  

occured t o  me th a t  when I  w i l l  be back in  Dubna my fr ie n d s  

w i l l  ask me* how about the con ference in  Hungary? I  w i l l  

have t o  answer them and g iv e  my im pressions. So I  decided 

th a t  r i g h t  now I  would t e l i  you what I  w i l l  t e l i  the people 

in  Dubna in  a few  days. Of course, one has to  use somé sub- 
j e c t i v e  c r i t e r i a  f ó r  s e le c t in g  among the papers and the 

comments in  the d is cu ss ion . Now I  wish to  emphasize th a t  

the omission in  my summary o f  Communications presented here 

does nőt mean in  any way th a t  they do nőt deserve be ing 

mentioned. The f a u l t  f ó r  the omission must be traced  to  the 

c r i t e r i a  I  used:

F i r s t ,  th e re  w i l l  be an unmistakable experim ental 

b ias  in  my summary.

Secondly, I  am go ing  to  spend l i t t l e  time on problems 

about which th e re  a re  no new experim ental data , even i f  they 

are v e ry  im portant. Th is seems reasonable s in ce  such prob-
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lems, as a ru leyhave been t re a te d  r e c e n t ly  iri rev iew  papers. 

Thus I  n e ith e r  w i l l  t a lk  about "second e lá s s ” cu rren ts , 

which were d iscussed in  the in t e r e s t in g  t a lk  o f  Dr. P ie ts ch -  

mann, nor about muon phys ics , which was t r e a te d  by T e le gd i  

in  a b e a u t i fu l  le c tu r e  r ich  o f  " f i r s t  e lá s s ” jok es .

T h ird ly  I  am go ing  to  t a lk  on ly  about ambitious and 

d i f f i c u l t  in v e s t ig a t io n s  in  which somebody t r i e s  ve ry  hard 

t o  f in d  and measure something, bút does nőt see anything.

You c e r ta in ly  have n o t iced  th a t  a t  our con ference most o f  

the experiments had such ch aracter . Search experiments usu- 

a l l y  g i v e  r e s u lt s  which ve ry  im properly  are c a l l e d  ' 'n e ga t iv e11 • 

A t the con ference th e re  were presented b r i l l i a n t  and brave 

experim ents, y i e ld in g  ve ry  low upper l im i t s ,  the s i g n i f i -  

cance o f  the r e s u lt s  be ing  ve ry  g rea t .  However, the f a c t  

remains th a t  r e s u lt s  a re  presented nőt in  terms o f  a measur- 

ed qu an tity  be ing  equal t o  a c e r ta in  va lu ebu t through the 

^ s i g n .  I  must say th a t  t h is  i s  becoming more and more f r e -  

quent, and th a t  i s  one o f  the reasons why l i f e  i s  much 

harder f ó r  people do ing experiments than fó r  th e o r e t ic ia n s .

Thus our con ference , a t  l e a s t  the f i r s t  h a l f  o f  i t ,  

i s  an ,,in e q u a l i t y tl m eeting, where new e f f e c t s  were search- 

ed f ó r  a t  an in c r e d ib le  s e n s i t i v i t y  l e v e l .  On the bas is  o f  

t h is  “ in e q u a l i t y ” p r in c ip le  I  am lead  to  make the f o l lo w -  

in g  c l a s s i f i c a t i o n  o f  the m a te r ia l  in  the summary:

1 ) The 2 jA* pu zz le  (p le n ty  o f  in e q u a l i t i e s )

2) So la r  n e u tr ín ó ' s (upper l i m i t )

3) Lepton charge conserva t ion  (upper l im i t s )

4 ) "S tá b le "  heavy lep tons  ( " n e g a t i v e ” r e s u l t s )

5) A n tin eu tr ino  e le e t r o n  s c a t t e r in g ,  r e a c to r  + 

e le c t r o n ic s  ( upper l im i t )

6 ) Neutra l cu rren ts , a c c e le ra to rs  + bubble chambers 

( upper l i m i t s )
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The + f** puzzle

The Oakes rep o r t  and i t s  d iscuss ion  were term inated 

on ly  a few minutes ago, so th a t  i t  would be t iresom e fó r  

you i f  I  were now con tinu ing  t o  t a lk  in  d e t a i l  about the 

K® 2 jA , pu zz le .

When c o r r e c t in g  the magnetophone tape, howevér, I  

decided th a t  I  had to  w r i t e  something on the pu zz le , mainly 

in  order to  mention such po in ts  in  the d iscuss ion  which were 

nőt known, a t  l e a s t  t o  me^before our con ference.

As i s  w e l l  known, the puzzle  con s is ts  in  the fo l lo w -  

in g  (s e e  a ls ó  th e  e x te n s iv e  rev iew  paper o f  Dolgov, Okun 

and Zakarov, ITEP, No. 924 )t accord ing to  experiments

(1 )

(2 )

/ ricT 2 y  \  .
( ----- --------- —  )  -  (5 + 1)*10
\ / K exp

L

/ /k . ->2 fC ,

(  ~ T ^ T M  )  exp “  1 ‘ 8' 10 (9 ° *
con fidence l e v e l )

T h e o r e t i c a l l y  one can ob ta in  the fo l lo w in g  lower l i m i t t

( 3 )  ,  K CL ~ > 2 / ^
( - p ------------  j > 1.2*10
'  / —>2 Y  theor

From (3 )  and (1 )  one g e ts

Í k .  - > 2 ^  y. Q
)  >  (6 .0  + 1 .2 ) .1 0  V( exp .theor .L

in  c o n tra d ic t io n  w ith  (2 ) .



As you know, the puzzle  i s  a ser ious  th in g . The rea -

son i s  th a t  the t h e o r e t i c a l  bound (3 )  i s  qu ite  r e l i a b l e :  one

ca lc u la te s  on ly  the imaginary part o f  the amplitude, which

a r is e s  from t r a n s i t io n s  on the mass s h e l l  K in term ed ia te
L

r e á l  s ta te s  —> 2 jA, j the r e á l  part o f  the amplitude can 

on ly  in c rease  the p r o b a b i l i t y  t r a n s i t io n  and th is  i s  why 

you g e t  a lower l im i t  o f  the ra te .  The two photon in t e r 

mediate s t a te ,  which has been observed ex p e r im en ta l ly , 

should dominate th e  immaginary part o f  the amplitude, 

because other s ta te s  have much le s s  space phase.

In  the d iscu ss ion  Marschak ( as w e l l  as Okun and c o l l a -  

bo ra to rs  in  the quoted paper) reminded us that fr e q u en t ly  

in  the pást puzzles  arose from wrong experiments. However, 

as T e le g d i  has emphasized, the best experts  th ink  now that 

the experim enta l r e s u l t s  (1 )  and (2 )  a re  c o r r e c t .  I f  the 

experiments are  r i g h t ,  the puzzle  must be so lved . Many 

t h e o r e t i c a l  proposa ls have been made in  which somé kind o f  

c a n c e l la t io n  o f  the 2 ^  imaginary part o f  the amplitude

i s  inven ted  11 ad hoc” . Most o f  these proposa ls ( v i o la t i o n  

o f  CPT in va r ia n ce , v i o l a t i o n  o f  u n i t a r i t y  o f  the S-m atrix , 

in trod u c t ion  o f  new p a r t i c l e s  w ith  "necessary " p r o p e r t ie s )  

are  n e ith e r  a t t r a c t i v e  nor p la u s ib le , in  the op in ion  o f  many 

p h y s ic is ts .

As you know, C h r is t  and Lee, in s tead , made a proposal 

which i s  q u ite  a t t r a c t i v e .  They note th a t  because o f  the 

usual (s m a l l )  CP v i o l a t i o n ,  K ~  K0 + £ K_ ( w ith the usual1-i fy *~é -L

n o ta t io n s ) .  To suppress the 2 decay these authors

assume th a t  the necessary c a n c e l la t io n  i s  due to  the —>

2 fA* decay. S ince £ i s  sm all, the -> 2 fA. amplitude

must be much la r g e r  than the 2 amplitude; in  add i-

t io n  in  the K° -> 2 fA, decays th ere  must be a strong  C? 

v i o l a t i o n ,  in  order th a t  the f i n a l  s ta te s  in  2 and

352
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2 JX. may in t e r f e r e  to  cancel the two photon con tr ib u t ion , 

The a n a ly s is  by Oakes o f  var ious th e o r e t ic a l  bounds and expe- 

r im enta l l im i t s  has shown th a t  an experiment designed to  

d e te c t  the 2 decay i f  i t s  r e l a t i v e  p r o b a b i l i t y

ÍKg ->2 f0
—rá---------— i s  la r g e r  than 10 would e i th e r  confirm  or

f  K g ^ o J Ü L

exclude d e f i n i t e l y  the C h r is t  and Lee schema.

Now we heard a t  the conference th a t  s e ve ra l e x p e r i-  

ments are be ing  performed a t present to  d e te c t  the —>2 

decay a t the necessary s e n s i t i v i t y  l e v e l .  According to  an 

In fo rm ation  o f  T e le g d i  one o f  these (a t  CERN) has a lready  

g iven  one good Kg —> 2 fA, decay candidate ! S im ila r  e x p e r i-  

ments w i l l  be performed a t  the Argonne Laboratory and w ith in  

a year th e re  should be a d e f in i t e  answer. I t  was a lsó  very  

in t e r e s t in g  t o  hear from T e le gd i  that an experiment des ign

ed to  d e te c t  the K - ) 2 R  decay i f  i t s  r e l a t i v e  probabi-
-10l i t y  i s  la r g e r  than 2*10 i s  being prepared by the

Croning group. This i s  an order o f  magnitude below the pre- 

v ious r e s u l t  (2 )  o f  C lark  e t  a l .

Now two words about a comment by Marschak.Since he 

w i l l  g iv e  h is  f u l l  t a lk  l a t e r  a t  th is  con ference , I  w i l l  

nőt go in tő  the r e á l  business now, l im i t in g  m yself to  few 

remarks. The work o f  Marschak and co l la b o ra to rs  on the 

•’ s trong  cubic in te rm ed ia te  v e c to r  boson" model i s  nőt new 

( 1 9 6 9 ) ,  bút i t  seems th a t  i t s  re levance  f ó r  the —> 2 

puzzle  was nőt g e n e ra l ly  recogn ized  and became c le a r  on ly  

a t  our con fe rence . I  would say that the proposed theory  i s  

in  f a c t  a model o f  the phenomenological C h r is t  and Lee pro- 

posa l. In t h i s  senee even i f  the model does nőt appeal to  

somé peop le  on e s t e t i c a l  grounds, i t  i s  c e r t a in ly  o f  g rea t  

in t e r e s t ,  s in ce  i t  i s  nőt an Mad hoc” proposa l, and " r e -  

qu ired ” th e  C h r is t  and Lee schema even b e fo re  the —> 2
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puzzle  exploded. Other good th ings o f  the model, in  my o p i-

n ion , a re : f i r s t ,  the f a c t  tha t the w e l l  known ” weak" CP

v io la t i o n  i s  a consequence o f  the th eory , where b a s ic a l ly

th e re  are strong  CP v io la t io n s ,  and secondly , the p red ic -

t io n s  o f  gross CP v io la t io n s  in  the production o f  in t e r -  
tmedxate bosons, and in  var iou s processes , such as K 

f f  e e , K rC and, o f  course, K° —> 2 .

So la r  n e u tr in o ’ s

1 ) The Brookhaven experiment

Now I  am go ing  to  t a lk  on s o la r  n eu tr ino*s  and I  

w i l l  spend more tim e on th is  problem than on any o ther prob

lem. Of course I  w i l l  s t a r t  w ith the famous Brookhaven Nat

io n a l  Laboratory experiment. This i s  a brave experiment o f  

Davis e t  a l .  and I  would say i t  i s  one o f  the few experiments 

which are be ing performod w ithout com petit ion . The same
/V _

can be sa id  o f  the Reines experiment on \ J — e s c a t t e r in g
r  e

w ith  rea c to r  a n t in e u tr in o 1s , about which I  w i l l  t a lk  l a t e r .

Suppose th a t  Davis were f e e l i n g  l i k e  go ing  in  vaca t ion  f ó r

a few  yea rs : th e re  i s  no the s l i g h t e s t  r is k  th a t  somebody

e ls e  would perform an analogous experiment in  the meantimel

I  w i l l  say few words to  convay to  the th e o re t ic ia n s

the d i f f i c u l t y  and the s c a le  o f  th is  experiment. Deep under-

ground th ere  i s  a mass o f  about 600 tons o f  C_C1 . I f  events
2 4

o f  the r ea c t io n

y  e + C l37 -> A37 + e“  

are o r ig in a te d  w ith in  such "swimming poo l"  by s o la r  n eu tr in o*s ,
37 'you g e t  a few  A atoms. This i s  a r a d io a c t iv e  noble gas

and i t  i s  p o ss ib le  t o  e x t ra c t  these few atoms from the t r e -

mendous amount o f  C^Cl, w ith  a small amount o f  argon c& rr i-2 4
er and by He purging. The argon f r a c t io n  i s  then separated
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again from the large hélium one and is introduced inside a 
small proportional counter, in which one measures the charac-

37teristic energy emitted in the K capture decay of A .
If you understand the difficulty in pushing the effective 
background of the counter down to about one count per month, 
then you will realize how acrobatic is this experiment.

My impression is that the necessary checks were done 
carefully and, as a person who has been working quite a lót 
with proportional counters, partially in order to prepare an 
experiment similar to the one which Davis is doing, I am 
very impressed by the improvement in the counter used at 
Brookhaven.

The improvement is due to the fact that, in order to 
decrease the effective background, alsó the pulse time of 
rise is measured (in addition to the pulse amplitude spectr- 
um). This gives a substantial rejection factor fór pulses 
originated by (background) particles, which inside the 
counter are less localized than the Auger electrons from K

37capture in A
Here are the results: 

the A ^  production rate is 0.18 + 0.10 events/day. In 
part this rate is due to the muon background (muons produce

37 37 37protons which produce A via the reaction Cl (p,n) A )•
This background, partially measured and partially calculat-
ed (see the talk of Young) is 0.12+0.04 events/day.
The difference is 0.0Ó +0.14 ( it is safe to add the
errors).

Thus solar neutrino1s have nőt yet been detected.
The capture rate of solar neutrino's in the detector is
less than one in five days ( 70$ confidence level). This

_  o 6 i 'incorresponds to a rate ^ 10 sec (Cl atom: ) = 1  SNU

(solar neutrino unity, according to a conveníent notation
of Bahcall).
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There are  two a s tro p h ys ica l conclusions which can be

made w ith  reasonable c e r ta in ty .  As i t  w i l l  be seen below,

most o f  the expected counting ra te  from so la r  n eu tr in o ’ s in

the Brookhaven d e te c to r  i s  due to  high energy n eu tr in o ’ s 
8from B (v e r y  few  bút ve ry  e f f e c t i v e ) .  So the f i r s t  conclu-

g
s ión  made by Davis i s  th a t  the Sun emits much le s s  B n e u tr í

nó' s than expected. The o ther conclusion  i s  th a t  the C-N 

c y c le  i s  o f  l i t t l e  importance in  the Sun, s in ce  otherw ise
37the A counting r a t e  should be much h igher.

2 ) In t e rp r e ta t io n .

The in t e r p r e ta t io n  o f  the Brookhaven experiment was 

g iv en  a t  the con ference  by Bahca ll.

The therm o-nuclear rea c t ion s  o f  the hydrogen c y c le  

in  the sün are  shown below toge th er  w ith  t h e i r  expected 

r e l a t i v e  percen tage : ^ ^

H '( p A X  C~86%)

H '(« rp ,v ) '  W ) M  . +  0Li*
K P ) í f ) 5 - » ^ + e .  +  &«.

A *
f e o ö 1 % )

F ig . 1.

In  the fo l lo w in g  t a b le ,  presented by Bahca ll in  h is  in t e r e s t -  

in g  t a lk ,  a re  g iv en  the expected capture ra te s  due to  neut- 

r in o 's  produced by d i f f e r e n t  nuclear r ea c t ion s  in  the Sun , 

and expressed in  SNU*

You w i l l  see the se r iou s  d iscrepancy a lready  mention- 

ed between the measured r a te  and the th e o r e t i c a l  exp ec ta t ion , 

which i s  the summ o f  a l l  the  con tr ib u t ion s  in  the ta b le
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( a p o s s ib le  small con tr ib u t ion  from the C-N c y c le  i s  nőt 

in c lu d ed ).

Neutrino
source

Maximum
neutrino  energy 
( Me V )

Expected capture 
ra te  in  the Cl-A 
d e te c to r  (SNU)

H '(p ,e 'V )H 2 0.42 0

H '(e -p ,V »H 2 1.44 (m onoenergetic ) 0.26 + 0.03

Be7
0.86 ( 9 0 % )  ..(both mono-
0.38 ( 1 0 % )  e n e rg e t ic )

1.0 + 0.2
1

B8 14.1 4 - 7

I s  the d iscrepancy  se r iou s  enough to  fo r c e  us to  draw revo -  

lu t io n a ry  conclusions about the Sun or about the neutrínó

p rop e r t ie s?  My op in ion  i s ;  no. Let us look  a t  the ta b le .
37 8Most o f  the expected  A r a te  i s  due to  B n e u tr in o 's ,

which rep resen t a v e ry  small f r a c t io n  o f  the t o t á l  number

(B8 n e u tr in o ’ s a re  v e ry  e n e rg e t ic  and consequently very  e f -
O

f e c t i v e ) .  The r e a c t io n s  lea d in g  to  the production o f  B 

are q u ite  unimportant from the po in t o f  v iew  o f  the s tru c -
37 8 *tű re  o f  the Sun. The A ra te  due to  B n e u tr in o 's  was

c a lcu la ted  by using cu r ren t ly  accepted s o la r  parameters;

w e l l ,  a s t r o p h y s ic is t s  w i l l  have to  change these parameters,

and the Sun w i l l  n eve r th e le ss  shine as b e fo r e j  s e r io u s ly

speaking, I  mean th a t  the Sun w ith new parameters w i l l  nőt

s u b s ta n t ia l ly  d i f f e r  from what we th ink i t  i s  now. Fór the

time being there is  no astrophysical tragedy: the Brookhaven
r e s u lt  i s  v e ry  im portant, s in ce  i t  w i l l  he lp  to  change the

curren t s o la r  parameters in  the r ig h t  d i r e c t io n .  I  th ink

th a t t h i s  i s  nőt f a r  from the op in ion o f  B ahca ll, although

may be I  am more con se rva t ive  than he i s .
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A f t e r  the Bahca ll le c tu re  th ere  has been a comment

by Chudakov. He sa id  tha t in  Moscow Kopysov and F é t is o v  súg-
3 7gested  th a t  may be the lcnv f lu x  o f  s o la r  B and Be n e u tr i—

6n ó 's  i s  due to  the ex is ten ce  o f  a resonance in  Be : the
6*ex is ten ce  o f  a resonant Be s ta te  w i l l  decrease the concentra-

3 7t io n  o f  He , and consequantly o f  Be , which a r is e s  in  the
3 7 8He' Be r e a c t io n ,  and o f  course o f  B (s e e  F ig .  1 ) .

I  th ink th a t  th is  p o s s ib i l i t y  i s  ra th er  u n l ik e ly ,  

s in ce  the resonance must be a t  the needed energy, bút the 

proposa l i s  ve ry  in t e r e s t in g  and reasonable. A f t e r  the com

ment was d e l iv e re d  Chudakov found out th a t  th is  suggestion  

had a lread y  been made by Fowler and asked me to  a p o lo g iz e  

f ó r  him: he ju s t  d id  nőt know about the Fowler work. Any- 

way the suggestion  i s  an in s t r u c t iv e  example o f  "what

might be t ru e "  : the  Sun s tru c tu re  p r a c t i c a l l y  would nőt
7 8change, w h ile  the f lu x  o f  B and B n e u tr in o 's  would sub- 

s t a n t i a l l y  decrease.
g

Now i f  we look  a t  the remaining (o th er  than B ) cont- 

r ib u t io n s  in  the Tab le , you w i l l  see th a t  t h e i r  summ is  nőt 

in  se r iou s  disagreement w ith the r e s u lt  o f  Davis ( <11 SNU,

70%  c o n fid en ce ) .  Thus I  repea t the conclusion : th e re  i s  no 

reason t o  th ink th a t  the Sun i s  s u b s ta n t ia l ly  d i f f e r e n t  

from what we b e l i e v e  i t  to  be and, even more em phatica lly , 

th e re  are  no reasons to  b e l i e v e  th a t  the n e u tr in o 's  have 

very  e x o t ic  p ro p e r t ie s .

3) The fu tu re .

Now l e t  us see how the fu tu re  looks l i k e .  P ro f .

Davis i s  go ing  t o  g e t  ve ry  in t e r e s t in g  r e s u lts  in  the near 

fu tu re  using h is  improved counter and probably w i l l  e i th e r  

d e te c t  s o la r  n e u tr in o 's  or g e t  to  the l im i t  h is  experiment 

permits ( ~  0.5 SNU a t  the g iven  depth underground) .  As 

Bahcall pointed out, i f  you y e t  a s e n s i t i v i t y  o f  /\>0.3 SNU
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and you s t i l l  do nőt see n eu tr in o 's  you r e a l l y  have got

something ve ry  e x o t ic .  Th is i s  so because the expected ra te

f ó r  pép n eu tr in o ’ s (<v0 .3  SNU) i s  known q u ite  w e l l .  As a

matter o f  f a c t  the t o t á l  f lu x  o f  s o la r  neutrinos i s  ob ta in -

ed d i r e c t l y  from the Sun lum inosity  and front the bas ic  fa c t

th a t  th e re  a re  l ib e r a t e d  2 5 MeV energy, when 4 protons

are transform ed in tő  one p a r t i e l e  + 2e++2 V . Unfortu-
e

n a te ly  i t  i s  nőt a simple matter to  reach the s e n s i t i v i t y

0.3 SNU, e s p e c ia l l y  a t  a depth o f  "o n ly ” 4300 m II 0 eq. ,
« M

where now i s  lo c a ted  the Brookhaven d e te c to r .

What t o  do in  the future? P ro f .  Davis t o ld  us about

a ve ry  dmportant new d e te c to r  o f  s o la r  n e u tr in o 's  which he

i s  d e ve lop in g : i t  i s  a L i compound from which i t  i s  p o ss ib le

to  e x t r a c t  ch em ica lly  a v o l a t i l e  compound o f  Be, which can

be in troduced  in tő  a counter. This i s  the beginn ing o f  a
7 7promising development, s in ce  the rea c t ion  y ^ Í L i  ,e~ )Be 

i s  capable o f  d e te c t in g  pép n eu tr in o 's .

Now the more remote fu tu re  o f  s o la r  neutrino astronomy, 

in  my op in ion , i s  connected with the development o f  huge 

l i q u id  or s o l id  (n ob le  g a s? ) e le c t r o n ic  d e te c to rs ,  capable 

o f  g i v in g  somé in fo rm ation  on the energy and the d ir e c t io n  

o f  the d e te c ted  neu tr ino . Bút I  w i l l  nőt e la b o ra te  on th a t .

4 ) E xo t ic s .

I f  n e u t r in o 's  w i l l  be m issing a t  the l e v e l  expected
-f- 2  2

fó r  the H ' (p , e  V ) H or H' (pe“ , \) )H rea c t ion s  one has to

in ven t something more or le s s  ex traord inary.C onsequently

e x o t ic s  i s  u se fu l  s in ce  i t  makes us ready f ó r  the worse.

The danger a r is e s  i f  you b e l ie v e  r e a l l y  in  ex traord in a ry

th ings  even b e fo r e  you are fo rc ed  in tő  e x o t ic  by hard fa e t s .

There were s e v e ra l  e x o t ic  suggestions a t  our con ference .

In  h is  t a lk  Landé suggested : the n e u tr in o 's  may nőt

be here now, bút in  the pást they were, because the Sun may
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be i s  pu lsa t in g . He than discussed the r e la t io n  between the 

neutrino  h is to r y  o f  the Sun and the thermal h is to r y  o f  the 

earth  ("n eu tr in o  a rc h e o lo g y " ) .

B ahca ll, Cabibbo and Y a h i l  s a id :  i f  n eu tr ino*s  are 

m iss ing , may be they  decay on t h e i r  way from thp Sun to  the 

ea rth . I t  i s  a s im ple exp lanation , i f  exp lanations are  need- 

ed. Such a sp ecu la t ion , as i t  turnéd out, has been a lready  

u se fu l ,  inasmuch as i t  st im u la ted  an experiment: i f  the 

neutrino  w ith  mass^O decay in tő  another p a r t i e l e  y* 

n e u t r in o - l ik e  w ith  zero  mass + a photon, one can t r y  to  

d e te c t  the photons near a working re a c to r .  During the d is -  

cussion Reines t o ld  us th a t  he has performed such e x p e r i-  

ment. Fór the p a r t ic u la r  decay i t  was found

th a t  the decay path i s  la r g e r  than 10“ astronomic un its*

Again an in e q u a l i t y !  One can ask: why do you need such ex

periment? My op in ion  i s  th a t  any c o r r e c t  experim ental mea-

surement i s  always a v e ry  resp ec ta b le  th in g . The e x o t ic s

i s  u s e fu l .

Let me say now a few  words about the problem o f  

neu tr ino  o s c i l l a t i o n s ,  about which th e re  was q u ite  a l ó t  o f  

d iscu ss ion  a t  our con ference . O s c i l la t io n s  were proposed 

and s tu d ied  in  Dubna, Moscow and Leningrad because they  

g iv e  a v e ry  s e n s i t i v e  method f ó r  in v e s t ig a t in g  the ques

t io n  about p o ss ib le  lep ton  charge v io la t i o n s  and the n e u tr i 

no mass problem. The re le va n ce  o f  the o s c i l l a t i o n s  to  the 

in t e r p r e ta t io n  o f  fu tu re  s o la r  neu tr ino  experiments was 

imm ediately recogn ized , bút I  wish to  emphasize tha t the 

o s c i l l a t i o n s  were nőt inven ted  "a p o s t e r io r i "  t o  s o lv e  the 

"m iss ing  neu tr ino  p u zz le " .

I t  i s  argued th a t  lep ton  charge non conservation  and 

a f i n i t e  va lue o f  the neutr ino  mass may lead  to  o s c i l l a t i o n s  

o f  the type  , s im i la r  to  the K °^ i  K° o s c i l l a t i o n s

in  kaon physics . Other types  o f  o s c i l l a t i o n s  ( \ J^  e t c )
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can be ru led  out i f  in  natúré th ere  e x is t  o n ly 4 neutrino 

s t a t e s .

S ince the problem o f  neutrino o s c i l l a t i o n s  was d is -  

cussed in  d e t a i l  in  my rep o r t  a t the 1970 K iev Conference,

I  w i l l  nőt e la b o ra te  furthermore and on ly  s ta te  somé 

r e s u l t s :

1. The presence o f  o s c i l l a t i o n s  w i l l  decrease by a

fa c t o r  2 the number o f  neutrino d e te c ta b le  in  a s o la r  ex

periment (s in c e  h a l f  o f  n eu tr in o ’ s are s t e r i l e ) .  Only under 

s p e c ia l  e x o t ic  con d it ion s  or in  very  s o f i s t i c a t e d  and r e -  

mote experiments can the "decrease f a c t o r ” may become > 2.

2. The ex is ten c e  or absence o f  o s c i l l a t i o n s  could be 

es ta b lish ed  in  va r iou s  ways, the s im p lest method be ing the 

comparison o f  the measured and expected capture ra tes  o f  

s o la r  n e u tr in o 's  from the pp or pép rea c t ion s . As fa r

as the problem o f  the neutrino raass i s  concerned, the os

c i l l a t i o n s  are present i f  the mass d i f f e r e n c e  o f  the two 

Majorana n e u t r in o 's  which en ter the theory i s  la r g e r  than 

10  ̂ eV. Th is method i s  s e ve ra l  m i l l io n s  o f  times more 

s e n s i t i v e  than the ord in ary  one o f  measuring the neutrino 

mass ( s e n s i t i v e  t o  mass values la rg e r  than ^  10 eV, in  the 

most fa vou rab le  case o f  the t r i t iu m  decay ). The phys ica l 

reasons why the method i s  so s e n s i t iv e  are a )  the p o ss i-  

b i l i t y  o f  measuring an amplitude ( and nőt a squared ampli- 

tude ) and b )  the huge d istanced which ch a ra c te r is e  the 

so la r  system.

Lepton charge conservation

1) Double P> decay

There was a very  in t e r e s t in g  rev iew  o f  the su b jec t  

by F i o r in i  who presented a lsó  a b e a u t i fu l  experiment, done



362

uruler the Mount-Blanc, searching fór the process Ge 
e + e + Se . A  Ge(Li) crystal (^70 cm f ^ 4 0 0  gr) was 
usetl both as a source and as a detector. The pulse amplitu
de spectrum is measured with high resolution and one looks 
in the region around 2.045 MeV, which is the expected sün 
of the energies of the two electrons in the process looked 
fór. No peak appeared at 2.045 MeV, where the background 
count was only 2 (keV) in 1000 hours. In other energy 
regions you see lots of peaks due to very minute impurities 
of natural radioactive elements, so you are confident that 
the experimental arrangement is working properly. The expe
riment is absolutely convincing and gives as a result ano- 
ther inequality fór the double fi decay of Ge :

21T-,/„ >  4.5*10 years (68$ confedence
lével).

The lep ton  charge v i o l a t in g  amplitude i s  a t  most one 

percent o f  the lep ton  charge conserv ing  amplitude. S im ila r  

r e s u lt s  were obta ined p re v iou s ly  by d i f f e r e n t  techniques in
\  8 82the search o f  n eu tr in o les s  double ío  decay o f  Ca , Se , 

Te130.

4- + + + 4- —
2) Search f ó r  the jA , e + e +e +e processes

Concerning the muon charge v i o l a t i o n ,  I  am go ing to  

rep o r t  now on the work o f  the group o f  Korenchenko, who at 

the Dubna synchrocyc lo tron  looked f ó r  the mentioned proces

ses. They use a c y l in d r i c a l  spark chamber magnetic (9200 -  

4500 O ers ted ) spectrom eter to  analyse the muon decay Pro

ducts ( see the Tab le  b e low ).

As fó r  the ^ C—> 6 ^  process, the accuracy o f  the 

r e s u lt  i s  comparable w ith  the one ohtained p rev iou s ly  by 

d i f f e r e n t  methods. Bút i t  may be o f  in t e r e s t  to  you that 

Korenchenko i s  planning now a search f ó r  the pro-

7 A
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cess where a braching r a t i o  o f  (3 -  6 )»10~10 should be 

measurable. As f ó r  the I* . —> 3 e process, the r e s u lt

Searched 
f ó r  process

Number o f  
TT s top - 
ped in  
t a r g e t

Number o f
photo-
graphs

R e g is t ra t io n  
E f f ic ie n c y fc jV íU n

c o n f i -
dence)

/**■-* t , + r  

1 t + f  <•

6 *109 

2 .9 *1010

2. 5 * lo5 
6 .0*105

1.35*
3 -0 %

<2 .9 *1 0 "8
<3.2*10“9

i s  a/ 40 times b e t t e r  than the best previous one. I t  i s  seen 

th a t  the muon-charge v i o l a t in g  amplitude can hard ly  be 

g r e a te r  than 1% o f  the  normál amplitude. The r e s u lts  are 

comparable in  accuracy w ith those obta ined in  the double 

f i  -decay in v e s t ig a t io n s ,  bút o f  course nőt on ly  the pro- 

cesses bút a ls ó  th e  lep ton  charges which are in v e s t ig a te d  

are  d i f f e r e n t .

3) M u l t ip l i c a t i v e  lep to n  charge?

I  would l i k e  t o  mention something new I  heard a t  

our con ference  on the  question  as t o  wether one o f  the 

lep ton  charges i s  a m u l t ip l i c a t i v e  number. As you know, 

s e v e ra l  p roposa ls  f ó r  experiments on th is  po in t were made 

long ago and I  w i l l  nőt mention them here.

Now the  IHEP-ITEP c o l la b o ra t io n  ( Arbuzov e t  a l )  pro- 

posed r e c e n t ly  f ó r  the NAL program to  search f ó r  the reac -  

t io n , which, i f  observed in  a la r g e  H 

bubble chamber, would d i r e c t l y  prove the ex is ten ce  o f  a 

m u l t ip l i c a t i v e  lep ton  number. At Batavia the energy

i s  more than s u f f i c i e n t  and the proposa l, in  my ;op in ion ,
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i s  the best f ó r  the so lu t ion  o f  the m u lt i-

p l i c a t i v é  lep ton  charge problem.

Ta lk ing  o f  the m u l t ip l i c a t i v e  lep ton  charge, I  would 

l i k e  to  mention a ls ó  a comment made by F i l ip p o v  f ó r  the 

b e n e f i t  o f  e x p e r im en ta l is ts .  He w i l l  t a lk  l a t e r  about h is  

model o f  a " fo u r  d im enzionál symmetry w ith  m u l t ip l i c a t i v e  

lep ton  charge" (whatever th a t  means), bút has a lready  pre- 

sented in  the d iscu ss ion  the p red ic t io n s  o f  h is  model, 

which ares

' V-A

2 ) (T (y ^ + í '~ - »  h ) =  i V«-+ K )

3) )=T(Vr+€-'-* )=-L(T _A( Vt+«T-»Vc+t )

4 ) Theory

P ro f .  Marx gave an in t e r e s t in g  rev iew  o f  the sub ject 

and I  am unable now to  go in tő  i t .  I  would l i k e  to  mention, 

however, th a t  in  h is  t a lk  he proposed a decrease w ith time 

o f  the s trengh t o f  the CP v i o l a t in g  in t e ra c t io n .  I r r e s p e c -  

t i v e  o f  the arguments g iven  by Marx, the idea  seems to  me 

in t e r e s t in g ;  the p o ss ib le  change in  time o f  constants was 

d iscussed b e fo r e ,  bút the CP v i o l a t in g  constant seems to  

me an a t t r a c t i v e  candidate f ó r  the fo l lo w in g  reasonsj i f  

natúré worked th a t  way, which i s  o f  course h ig h ly  improb- 

ab le  a p r i o r i ,  the b ig  bang approach would e a s i l y  g iv e  

the asymmetry between m atter and an tim atter  even i f  the bar- 

ion  number in  the Universe i s  equal to  zero  (and w ithout 

the need o f  in ven t in g  new p a r t i c l e s ,  as i t  was done in  the 

papers o f  Zakharov and Kuzmin).
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S tab le  heavy lep tons ?

In  the rep o r t  o f  Gershtein  on work done a t  Serpukhov 

by the Landsberg group th e re  was discussed an experiment 

designed t o  d e te c t  heavy, s ta b le  (T  > 10 ^ se c ) ,  charged le p 

tons. These o b je c t s ,  w ith  charge + are supposed to  be very  

s im i la r  t o  muonsj they  are nőt in t e ra c t in g ,  so they can be 

d e tec ted  as muons u su a lly  are . The cross s e c t ion  fó r  t h e i r  

p a ir  production  in  c o l l i s i o n  o f  protons w ith  n u c le i i s  sup

posed t o  be due on ly  t o  t h e i r  e l e c t r i c  charge, and can be 

ca lcu la ted  on the b as is  o f  the Lederman experiment on pro

duction  o f  muon p a irs  by protons. Such charged heavy lep tons 

were looked f ó r  bút nőt seen a t  Serpukhov. A comparison with 

the t h e o r e t i c a l  ex p ec ta t ion , normalized to  the muon pa ir  

production da ta , perm its to  draw the fo l lo w in g  d e f in i t e  

conc lus ion : th e re  are  no " s t a b le ” heavy lep tons with masses 

in  the in t e r v a l  1 -3 .5  GeV. The reason why you g e t  a d e f in i t e  

statement i s  th a t  a production ra te  o f  heavy lep tons equal 

t o  the expected one (norm alized to  muon p a ir  production ) 

could have been measured e a s i l y  i f  such o b je c t  e x is ted .

Neu trino  s c a t t e r in g

Now I  w i l l  turn to  the su b jec t  o f  neutrino s c a t t e r in g ,  

th a t  i s  n eu tr ino  lep ton  and neutrino nucleon s c a t te r in g .  I  

must say th a t  th e  W einberg 's  theory  has a ve ry  P rog ress iv e  

in f lu e n c e  on the  work. We are  now see in g  a s o r t  o f  rena issan- 

ce o f  th e  weak in t e r a c t io n  phyiscs and th i s ,  to  a d e f in i t e  

degree , i s  due to  h is  th eory . I  heard th a t  a t  the Tashkent's 

Conference Pa is  q u a l i f i e d  W einberg ’ s work as " s t r a t e g y " .  I  

l i k e  t h i s  d e f in i t i o n .  The o ld  problem o f  n eu tra l currents 

i s  now in v e s t ig a t e d  exper im en ta lly  on a ve ry  wide s ca le  

w ith  the  he lp  o f  r e a c to r  and a c c e le r a to r  f a c i l i t i e s ,  and
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most experiments a re  be ing in te rp re te d  in  terms o f  W einberg 's  

th eory . C erta in  experim ents, f ó r  example the search fó r  

V̂ c*“  ^  s c a t t e r in g  ( a t l e a s t  w ith e le c t r o n ic s  methods) 

would probably nőt be considered w ithout the new th e o r e t ic -  

a l  encoutagement. Now such experiment i s  one o f  the f i r s t  

on the ü s t  a t  pion fa c t o r i e s  and i s  be ing performed now in  

la r g e  bubble chambers.

1 ) A n t in e u tr in o -e le c tro n  s c a t t e r in g  

( r e a c to r  + e l e c t r o n ic s )

The experim ent, be ing  conducted by Reines and c o l l a -  

bo ra to rs  w ith the he lp  o f  a la r g e  r e a c to r ,  occupies a Centr

a l  p iacé  in  our con ference . Reines has been working on the 

problem f ó r  more than ten  years . The in v e s t ig a t io n  i s  ve ry  

d i f f i c u . l t  and, as I  sa id  b e fo r e ,  the experim ental arrange- 

ment i s  a monopoly o f  Reines. Why the experiment i s  so d i f -

f i c u l t ?  An e l a s t i c  c o l l i s i o n  between L> and e a t  r e a c t -r  e
or energy i s  an event w ithout a very  c h a r a c t e r is t ic  s igna - 

tu re ,  and i s  im ita ted  e a s i l y  by background, f ó r  example, by 

a Compton e le c t r o n  generated by ^'5 from r a d io a c t iv e  im- 

p u r i t i e s  e tc .  So the f i g h t  a ga ins t background i s  the main 

problem and i s  made by c le v e r  and complicated methods, which

I  cannot d esc r ib e  now. The d e te c to r  i t s e l f  i s  a ^  8 Kg 

p la s t i c  s c i n t i l l a t o r , which sounds v e ry  simple bút i t  i s  

nőt. In  order th a t  you may be ap p rec ia te  the d i f f i c u l t i e s f

I  remind you th a t  the counting ra te  f ó r  the events o f  in t e r 

e s t ,  th a t  i s  f ó r  events which could be e le c t r o n  r e c o i l s  w ith
*** — *** — 

energy \  3*5 MeV in  the r e a c t io n  y + e  P  + e , i s© 0
about one a day! Th is i s  the ra te  with the rea c to r  on as 

w e l l  as w ith the re a c to r  o f f ,  th a t  i s  here again i t  was nőt 

p o ss ib le  to  see what one was look in g  fó r .

The upper l im i t  o f  the cross s e c t io n  Q"* f ó r  theexp
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process V*e + e V*e + e w ith f i s s io n  i s  found to
be

CTexp <  1 , 7  CTv-A (7 °^ c o n f* l e v e l )

Here 0""* v-A i s  the expected cross s e c t io n  accord ing to  the

V-A p re d ic t io n  (o n ly  charged cu rren ts ) and the V-A spectrum

o f  e le c t ro n  r e c o i l s  was assumed when c a lc u la t in g  the f r a c -

t io n  o f  e le c t r o n s  w ith  energy y  3 . 5  MeV. Now in  the Wein-

b e r g 's  th eo ry  the presence o f  n eu tra l cu rren ts , to  an ex ten t
2 2depending upon the parameter e /g , changes the V-A p red ic 

t io n ;  the r e s u l t s  o f  Reines g iv e  a lready  somé con s tra in ts  

on the Weinberg*s parameter. This was a lsó  d iscussed in  the 

rep o r t  o f  B a ltay .

We heard from Reines that he has been r e c e n t ly  im- 

prov ing the experim enta l arrangement, doubling the mass o f  

p la s t i c  s c i n t i l l a t o r  w ithout any increase  o f  the background. 

He f e e l s  c o n f id en t  th a t  w ith in  a year ha could "s ee "  the 

s c a t t e r in g  events i f  ^ exp > 1 / 3  ( T  y _ A  . Let us

wish him success.

2 ) Neu trino  E lec tron  and Neutrino Nucleon 

S c a t te r in g .  Neutra l currents 

(A c c e le r a to r  + bubble chamber)

We heard yes te rd ay  in  the t a lk  o f  P u l l ia  (th e  data 

were obta ined a t  CERN in  the "heavy" bubble chamber Garga- 

m elle  exposed t o  v y  and ) and in  the t a lk  o f  Ba ltay

(a  c r i t i c a l  and in s t r u c t i v e  rev iew  o f  a l l  the da ta ) about 

the s t a t e  o f  th e  search f ó r  n eu tra l currents in  

and -  N s c a t t e r in g  and a lsó  in  o ther processes.

Work i s  be ing  done on a ve ry  wide f r o n t ;  s u f f i c i e n t  to  say 

tha t on ly  a t  CERN the number o f  neutrino events obtained 

w ith  Gargamelle i s  a t  l e a s t  an order o f  magnitude g rea te r
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o f  the data, however, f ó r  the time be ing i s  v e ry  p re lira i-

nary and p a r t ia l .  The Weinberg s t ra te g y  dominates. Baltay

emphasized th a t  the energy spectra  o f  the f i n a l  s ta te  e l e c t r -

on or hadrons in  processes due to  n eu tra l cu rren ts  s t ro n g ly
2 2depend upon the parameter o f  Weinberg theory  e /g . This

means th a t  the d e te c t io n  e f f i c i e n c e s  in  the experiments

(and consequently  the upper l im i t s  ob ta ined ) depend on
2 2

e /g . The r e s u lt s  o f  such an a lys is  o f  B a ltay  are  i l l u s t r -  

ated  in  s e l f - e x p la n a to r ie s  f ig u r e s  in  h is  r e p o r t ,  and I  

w i l l  on ly  say a few words o f  summary on the neu tra l current 

question  ( i  w i l l  c a l l  symmetrical the neu tra l currents o f  

the type  ee , pp, y  \) . . .  e t c .  and asymmetrical the neu tra l

curren ts  o f  the typ e  e j Z  , . . . e t c . ) .

1. There i s  s trong  ev idence aga ins t asymmetrical

n eu tra l lep ton  curren ts  ( f ó r  example the Dubna work on the 

absence o f  processes l i k e  -> e ^  3 e e t c . ) .

2. There i s  s trong  ev idence aga ins t asymmetrical 

n eu tra l hadron cu rren ts  ( o f  course th is  comes out from the 

absence o f  c e r ta in  kaon decays such as K® -> 2 U , , K+
+ + -  

TX + e + e e t c ) .

3. There i s  no experim enta l ev idence in  favour o f

symmetrical n eu tra l lep ton  currents ( e . g .  e 0  )

nor in  favour o f  n eu tra l symmetrical hadron -  lep ton  currents 

( e . g .  P + P , Vp+ p n + nC+ e tc ;  such

processes can hard ly  have a cross s e c t io n  la r g e r  than 1/10

o f  the cross s e c t io n  corresponding to  charged cu rren ts ) .

The p re d ic t io n s  o f  the Weinberg model ( r e q u ir in g  

n eu tra l cu rren ts , a t  l e a s t  symmetrical on es ),  however, are 

ve ry  c lo s e  t o  be t e s t e d .  The game i s  on ly  s t a r t in g ,  bút 

w ith in  le s s  than a year we should have an answer. I  should 

n o t ic e ,  however, th a t  e v en ^ i i .^ h e  Weinberg model w ith neutr-
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al currents will be excluded, the Weinberg‘s strategy will 
stayx I am told that B.Lee has shown that this is so in a 
model with heavy leptons.

In conclusion I wish to express my warmest gratitude 
to the Hungárián Academy of Science, to the Hungárián 
Physical Society and to Prof. Marx fór the wonderful hospi- 
tality.
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