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Abstract 

A study of kaon production in. high energy nucleon^air nucleus c o l l i s i o n s 

i n the atmosphere; has been made based on the muon momentum spectrum at 

sea l e v e l . Starting from the measured v e r t i c a l momentum spectrum the 

spectra at zenith angles- between 7 5 ° and 9 0 ° have been predicted for 

various admixtures of kaons and pions, taking into account a l l decay 

modes: of both charged and neutral kaons. The predicted values are compared 

with the inteixsities measured using the Durham horizontal muon spectro-

graph* Although the method of computation allows the spectra to be 

predicted to an accuracy of ifo the present s t a t i s t i c a l errors on both 

the v e r t i c a l and horizontal i n t e n s i t i e s are such that only an upper 

l i m i t to R, the r a t i o of i n t e n s i t i e s at production of kaons to pions 

of a l l charge states, can be given; t h i s has a value of about 40^ 

over a range of mesoa energies from about 70 GeV to 1000 GeV. 

I n order to extend the determination of the value of R to lower 

and higher energies repectively, reviews have been made of measurements 

of muon polarization at sea l e v e l and of the intensi t y of the electro^ 

magnetic cascades at various heights i n the atmosphere. Combining the 

three methods an estimate i s given of R over a range of meson energies 

from 3 G-eV to 5000 GeV. I f R i s taken to be independent of energy a 

value of 20^ would f i t the data best over the whole energy range, but the 

error on t h i s value approaches + 2Q^o, 

Comparing R with R^, the observed r a t i o of numbers of non-pions 

to pions produced i n individual interactions, i t i s concluded that, 

provided that the majority of non-pions are kaons, there i s no evidence 



i i 
f o r the effective mean, energies of pions and kaons from individual 
nuclear interactions being different i n the range of primary energies 
from. 10 &eV to 10^ &eV.. 

Using the measured v e r t i c a l spectrum of muons the energy spectra 

and angular di s t r i b u t i o n of neutrinos at sea l e v e l are calculated. The 

information i s used i n the interpretation of the preliminary r e s u l t s 

from, the Tata Institute-Osaka-Durham joint neutrin6 e^eriment i n 

progress at the Kolar Gold F i e l d . Con^arison of observed rates of 

events with rates predicted from extrapolation to higher energies 

of machine r e s u l t s on neutrino-nucleus c o l l i s i o n s indicates that the 

cross-section f o r i n e l a s t i c interactions continues to r i s e above 10 G-eV. 

Support f or t h i s conclusion i s provided by the f i r s t r e s u l t s of the 

Case Institute-Witwatersrand University neutrino experiment. The 

p o s s i b i l i t y i s discussed of detecting the hypothetical Intermediate 

Boson of weak interactions. 
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Preface 

The studies, reported i n t h i s t h e s i s were made during 1962-1965 

while t h a author was a Research Student, under the supervision of 

Professor A.W.. Wolfendale, i n the Cosmic Ray Group i n the. Physics 

Department of the. University of Durham, 

An analysis of one aspect of nucleon-air nucleus c o l l i s i o n s at 

high energies, the production of kaons, has been made based on the 

momentum spectra of cosmic ray muons i n the v e r t i c a l and near horizontal 

directions, obtained by the author's colleagues at Durham. The r e s u l t s 

of t h i s have been included i n a recent paper l y Ashton et a l , ( 1 9 6 6 ) , 

I n order to widen the range of energies covered, reviews have been 

made of the measurements of the polarization of cosmic ray muons and of 

the i n t e n s i t y of electromagnetic cascades i n the atmosphere. The 

present work brings up to date studies made by Osborne (1964) and 

Osborne and Wolfendale (1964) of the data on these respective phenomena. 

The interpretation of the data i s based on the v e r t i c a l sea l e v e l muon 

spectriim derived by Osborne et a l . ( 1 9 6 4 ) - An account of some e a r l i e r 

work on t h i s subject (Osborne and Wolfendale ( 1963) ) was presented at 

the International Conference on Cosmic Rays at Jaipur. I n each case 

the analysis has been the r e s p o n s i b i l i t y of the author. 

Using the r a t i o of kaons to pions produced i n the atmosphere 

the spectra and angular distributions of neutrinos at sea l e v e l have been 

derived. D e t a i l s of the author's calculations of these quantities are 

given herer the r e s u l t s have been reported by Osborne et a l , ( 1 9 6 5 ) » 
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These are u t i l i z e d i n the interpretation of the preliminary r e s u l t s of 

an experiment to detect the nuclear interactions of high energy cosmic 

ray neutrinos, which i s being performed at the Kolar Gold F i e l d , India 

i n a collaboration between. Durham University, the Tata I n s t i t u t e of 

Fundamental Research, Bombay and Osaka City University, Japan. Results 

from t h i s e3q)eriment, obtained by a team of workers from the three 

i n s t i t u t i o n s up to 3rd November, 1965» sre included i n the present 

work. Interim, reports on the experiment have appeared i n three papers 

by Achar et a l . (I965a,b,d). 

A paper on the neutrino energy spectrum was given by the author 

at the Informal Conference on Experimental Neutrino Physics at CERN 

i n January I965 . 



Chapter 1 

Introduction 

Discoveries i n the f i e l d of High Energy Physics are today contributing 

most to the fundamental understanding of nature. Pais has made an analogy 

between the present state of knov/ledge of High Energy Physics and the stage 

reached by chemists i n the second ha l f of the 19th Century when Mendeleev's 

Periodic Table of the elements had been constructed but i t s explanation 

in terms of Atomic Physics had not been found. Any basic advance i n the 

tr a n s i t i o n from elementary p a r t i c l e 'chemistry' to elementary p a r t i c l e 

•physics' must depend upon the detailed investigation of the interactions 

of p a r t i c l e s at higher energies than at present attained. 

Cosmic Ray p h y s i c i s t s have always been i n the vanguard of the advance 

to higher energies because of the existence of cosmic ray pa r t i c l e s up to 

p r a c t i c a l l y i n f i n i t e energies when compared to those attainable by acceler

ators. Present day machines produce beams of protons up to energies of 
11 -1 

30 GeV with a mean rate of the order of IO protons sec . In two years' 

time the Sherpulcov macliine w i l l r a i s e t h i s l i m i t to 70 GeV, and concrete 

proposals have been made for the construction of 300 GeV machines and 30 

GeV c o l l i d i n g beams. The l a t t e r arrangement would be equivalent to the 

incidence of IOOO GeV protons on a stationary target at a rate of 10^ sec ^ 

The maximum energies of the beams of secondary p a r t i c l e s , both hadrons and 
leptons, a r e fractions of the proton energy: for example, muon-neutrinos 

from the CERK P.S. have energies up to an effective l i m i t ' « 1 0 GeV. In 
20 

comparison, cosmic ray protons are known to exist up to energies n/10 eV. 

At the top of the atmosphere the flux of nucleons with energy greater than 

30 GeV i s approximately 2'.^''jj^j^jg^^^i^ sec , The flux decreases rapidly 



vdth energy and at 1000 GeV i s about 10 ̂  cm ^ sec"''. Beyond 10^^ eV the 

flux of nucleons i s so low that th e i r i n i t i a l interactions cannot be studied 

and investigations can only be made v i a the Extensive Air Showers that they 

produce. From a compar-ison of the fluxes i t can immediately be seen that 

cosmic ray experiments cannot compete vixth those u t i l i s i n g machines i n the 

region of overlapping energies. Present day cosmic ray research i n t h e 

f i e l d of high energy physics i s concentrated on the investigation of the 

c h a r a c t e r i s t i c s , at s t i l l higher energies, of the behaviour of interactions 

that have already been obsei*ved at machine energies and the search for new 

phenomena (e,g, the production of massive unstable p a r t i c l e s ) v/hich have 

threshold energies above the c a p a b i l i t i e s of present machines. 

Both the strong and electromagnetic interactions of elementary pai'ticles 

have been examined using cosmic rays, and recently investigations of wealc 

interactions have also been i n i t i a t e d . The work on electromagnetic i n t e r 

actions has been concentrated mainly on muons. Experiments have been 

performed to test the v a l i d i t y of quantum electro dynamical predictions at 

high energies and to examine 'nuclear' interactions of muons i . e . iilteractions 

between the nucleus and the v i r t u a l photon cloud surrounding the muon. A 

review of e a r l i e r work i n t h i s f i e l d has been made by Fov/ler and Wolfendale 

(I958) and some l a t e r experiments have been summarized by Rogers (I965). 

I n the present work we s h a l l f i r s t concentrate on one aspect of the 

investigation of strong interactions and then proceed to the description of 

an experiment on 7<eak interactions involving the detection of interactions 

of cosmic ray neutrinos, 

1,1 The Char a c t e r i s t i c s of Nuclear Interactions at High Energies 

The c h a r a c t e r i s t i c s of the interactions of cosmic ray protons v/ith a i r 



nuclei over a range from machine energies to 10 GeV have been 

investigated using nuclear emulsion stacks exposed near the top of the 

atmosphere and by ionisation calorimeters and emulsion stacks at mountain 

a l t i t u d e s . I n d i r e c t information i s also obtained from measurements of the 

i n t e n s i t i e s of secondary p a r t i c l e s throughout the atmosphere. The m£dn 

conclusions may be simunarized as follows. The to t a l cross-section for proton-

proton c o l l i s i o n s remains constant at about 40 mb over the whole energy range 

and the parameters of the interactions depend only weakly on the primary 

energy E^. On the average i n each interaction the primary p a r t i c l e loses 

j u s t under half of i t s energy i n the generation of secondary p a r t i c l e s . The 

secondary p a r t i c l e s are mainly pions, about one thtird of the primary energy 

going into pions. The mean transverse momentiim of the pions, a Lorentz 

invariant quantit;j^y, i s independent of E^ and has a value of A/400 MeV/c, 

In cases where the non-pion secondaries are ide n t i f i e d the lack of dependence 

on E^ of the mean transverse momentum has been confirmed, i t s value appearing 

to be proportional to the mass of the secondary p a r t i c l e s . The t o t a l 

m u l t i p l i c i t y of secondaries increases slov/ly with E^, A dependence on 

energy of the form n = 2 ,7 E * (where E i s i n GeV) f i t s tne data well 
s o 0 

O 5 

although a logarithmic dependence or one of the fotrm a + b E^ * i s not 

ruled out. The angular distribution of the secondaries suggests that the 

majority are produced i s o t r o p i c a l l y from two centres or ' f i r e b a l l s ' moving 

i n opposite directions i n the c,m,s,, although interactions are observed 

where the angular distribution of the secondaries does not f i t t h i s model. 

Important parameters of the interactions are the proportion of non-

pion secondaries produced i n each interaction and the composition of these 

p a r t i c l e s , Jmy model of the interaction, to be acceptable, must predict 
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the correct values for these parameters. Neutral pions produced i n high 

energy nuclear interactions may be i d e n t i f i e d by the photons produced i n 

t h e i r decay. Assuming charge symmetry i n the production of pions i t i s con

cluded that, over the energy range i n question, about 25^ of a l l the charged 

and neutral p a r t i c l e s produced i n the interactions are not pions. The 

i d e n t i f i c a t i o n of the secondary p a r t i c l e s and the measurement of t h e i r energy 

i s veiy d i f f i c u l t . I n nuclear emulsions measurements of the grain density 

versus scattering allow p a r t i c l e s to be i d e n t i f i e d only up to 10 GeV, which 

r e s t r i c t s one to those t r a v e l l i n g i n the extreme backward direction i n the 

c.m.s. The majority of the non-pions among these low energy p a r t i c l e s are 

found to be kaons, i n agreement with machine r e s u l t s . I t has been suggested 

by Peters ( 1 9 6 5 ) that a considerable fraction of the non-pions produced in 

the interactions could be nucleon-antinucleon pairs but there i s no direct 

evidence for t h i s yet. 

I t i s possible, hovrever, to obtain values of the r a t i o of kaon to pion 

production i n these high energy interactions by more indirect methods 

involving the examination of the muons produced i n their decay. I t i s to 

t h i s problem that the f i r s t part of the present work i s devoted. Before 

discussing t h i s i t i s useful to summarize the data obtained from machine 

experiments, 

1,2 Machine Data on Kaon Production 

The production of kaons i n proton^light nucleus c o l l i s i o n s at angles 

from 5 ° to 2 0 ° has been studied by Baker et a l , ( 1961) for proton energies 

from 10 to 30 GeV, I t i s found that the ratios of numbers of K"*" to T I ^ 

v aries between 15% and 30^, I t increases with angle to the proton beam and 

also slowly with proton energy. The r a t i o of numbers of K to n* i s smaller. 



being t y p i c a l l y 6%, The average value of the charge ratio KVK" i s about 

4 . 0 . 

At 14 GeV, proton-nucleon interactions i n emulsions have been examined 

by Csejthey-Barth ( I 9 6 4 ) . Using t h i s technique, the production of p a r t i c l e s 

at a l l angles i n an interaction can be studied. I t i s found that the 

r a t i o of the numbers of kaons to pions of both signs i s a function of t h e i r 

energy, increasing from 11+2^ for p a r t i c l e s of energy le s s than 0 ,9 GeV 

to 25+8^ for those vath energies betvveen 6 and 10 GeV. I t appears that the 

mean c.m.s, momenta of kaons and pions are different, that of the former 

being 0 ,56+0,03 GeV/c while the l a t t e r i s 0,79+0,14 GeV/c. 

The most detailed study of kaon production has been made by Dekkers et 

a l . ( 1 9 6 5 ) . P a r t i c l e production by 18,8 and 23,1 GeV protons on protons 
o o 

was studied at 0 and 5 . 7 • At these small angles the angular distribution 

and energy spectra of K"*" and TI"*" are similar, the ratio of t h e i r niambers 

being independent of secondary energy and equal to lOfi, The observed 

production of n"*" i n the extreme forward direction i s explained by the authors 

i n terms of isobar decay and the s i m i l a r i t y between the and the n"*" spectra 

i s interpreted as due to the production of kaons via the isobar decay 

N̂ -̂ 'K''" + Y, The spectra of K" and iT are different. As the secondary 

energy increases from 2 to 12 GeV the rat i o of numbers of K to u decreases 

from 10^ to 2^ while the r a t i o of %*' to n" increases from unity to 3 , 

Peters ( 1 9 6 5 ) suggests that the spectriun of K" i s explained by the fact 

that at these energies one i s s t i l l at the threshold for the production of 

K, the K" being produced via heavy isobars K''''-? K + K -t- R + nn, Tne r a t i o 

of numbers of kaons to pions of a l l charges produced i n the forward direction 

r i s e s from 7fo to 11^ with increasing secondary energy. 
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1,3 The Kaon to Pion Ratio from Investigations of the l,l\ion Flux 

A l l muons produced i n the atmosphere must come di r e c t l y either from 

charged pion decay or from the decays of kaons i n the K^ , K- or K° modes. 

Associated with the muons produced dir e c t l y i n kaon decay there w i l l be a 

calculable number of muons coming from the pions produced by the other decay 

modes of the kaons. Throughout the present work.it i s assumed that the 

production of charged and neutral kaons i n nuclear interactions i s i d e n t i c a l . 

This charge symmetry has been v e r i f i e d at machine energies by Shafer et a l , 

(1963). From studies of the muon flux i t i s possible, i n principle, to 

calculate the rat i o of i n t e n s i t i e s at production of charged and neutral 

kaons to charged and neutral pions, R. The value of R may be a function of 

meson energy. The i n t e n s i t y at production i s defined at the depth-rate of 

production of mesons, having a given energy at production, integrated over 

a l l heights i n the atmosphere. I t must be stressed that the value of R i s 

not nece s s a r i l y the same as the r a t i o of the numbers of kaons to pions 

produced i n individual interactions. The two quantities are id e n t i c a l only 

i f the mean energies of the kaons and pions produced i n an interaction are 

the same. 

For meson, energies betv/een '̂ 70 GeV and a few thousand GeV the variation 

of muon int e n s i t y at sea leve l v/ith zenith angle depends on the proportion 

of kaons among the parent mesons. This manifests i t s e l f as a maximum 

difference of ^'jiOfo at 1000 GeV between the predicted i n t e n s i t i e s of rauons 

between zenith angles of 80° and 90° for the extreme cases of a l l rauons 

coming from pions and a l l muons coming from kaons, the production spectra 

of the kaons or pions having been made to agree with the observed v e r t i c a l 

i n t e n s i t i e s of rauons. Measurements of the muon i n t e n s i t i e s by means of the 
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Durham horizontal and v e r t i c a l muon spectrographs give values of the actual 
angular variation of i n t e n s i t y . 

I f the value of R i s to be determined with reasonable accuracy from 

these r e s u l t s the calculation of the expected muon i n t e n s i t i e s at large 

zenith angles, as a function of R, must be performed to an accuracy of 

about ^fo, This i s done i n Chapters 2 and 3, Detailed r e s u l t s are given, 

which are relevant to the derivation of the charge r a t i o of parent mesons 

from the observed muon charge r a t i o as v/ell as to the present problem. F i r s t 

a reviev>r of previous calculations i s made and the approximations involved 

i n each are pointed out. There follows the derivation of the v e r t i c a l 

muon spectrum at sea l e v e l upon which a l l subsequent calculations are based. 

From t h i s , meson production spectra are derived, f i r s t for the case of pion 

parents only and then for admixtures of kaons i n the meson flux. I n Chapter 

3, using these production spectra, the respective muon spectra at zenith 

angles above 75° are calculated. The evaluation of a correction to the 

i n t e n s i t i e s to take account of muon scattering i n the atmosphere i s 

described. I n Chapter 4 the experimental r e s u l t s from the Mark I Durham 

horizontal spectrograph are given and an attempt i s made to derive the 

value of R from a comparison betv/een the predicted and measured spectra. 

Two other methods of determining the l/n r a t i o are then considered, at 

low energies from measurements of the muon polarization and at higher 

energies from a comparison between the i n t e n s i t i e s of electromagnetic cascades 

i n the atmosphere and muon i n t e n s i t i e s at sea l e v e l . The results from the 

three methods are then combined to give an estimate of the r a t i o of kaon 

and pion production spectra over a region of meson energies from 3 to 5000 
GeV. I n the f i n a l Chapter these r e s u l t s are compared with values of the 

proportion of non-pions produced i n individual nuclear interactions that are 
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obtained from more direct measurements, 

1.4 Weak Interaotions at High Energies. 

Following Pauli's postulation of* the existence of the neutrino the 

theory of v/eak interactions was i n i t i a t e d by Fermi i n explaining the beta 

decay of atomic nuclei. After the discovery of pa r i t y v i i a t i o n the present 

V-A form, of the weak inte r a c t i o n theory was developed by Peynman and & e l l -

Mann. The theory successfully describes, for example, beta decay and muon 

decay and absorption, but these cover only a l i m i t e d energy region, the 

momentum transfers involved i n beta decay and muon decay being only of the 

order of 1 MeV/c and 100 MeV/c respectively. The description given at low 

energies becomes not l o g i c a l l y possible as the energy i s increased. The 

cross-section f o r e + v.->ji + v , f o r instance, increases proportionately 
e \i 

2 

with the square of the c.m.s, energy and above v 300 G-eV would exceed jiK , 

Thus there must be deviations from the present theory before c.m.s. energies 

of t h i s magnitude are reached. At c.m.s. energies <v30 GeV Lee has remarked 

that weak and electromagnetic interactions v/oai.d be of the same strength 

and t h i s f a c t would suggest that the four-fermion interaction theory breaks 

down at energies lower than t h i s . Thus, i n order to learn more about weak 

interaction theory and perhaps, eventually, to derive a unified theory of 

strong, electromagnetic and weak interactions, i t i s v i t a l that weak 

interactions should be studied to higher energies. Unfortunately because 

of the small mass of the electron, a neutrino laboratory energy of 10^ G-eV 

would be required i n an interaction.with an electron at rest i n order to 

obtain a c.m.s. energy of only 5 G-eV. This type of investigation i s therefore 

not l i k e l y to be pursued i n the foreseeable f u t u r e . Possible experiments 

with c o l l i d i n g beams of electrons are also some years distant. Hecent 

investigations have therefore been concentrated on neutrino-nucleon 
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interactions. Here the effects of strong interactions are expected to modify 

the interactions, A consequence of the Conserved Vector Current hypothesis 

i s that the vector weak structure of the nucleon i s id e n t i c a l to the 

electromagnetic structure* The l a t t e r i s expressed by the Hofstadter form 

factor obtained from electron-nucleon scattering experiments. The result 

of t h i s i s that the momentum transfer i n neutrino-nucleon elastic c o l l i s i o n s , 

V + W-J'N +£ , i s expected to be l i m i t e d to about 1 &eV/c and any effects 

due t o the breakdown of the weak interaction theory at higher energies v / i l l 

not be apparent, For i n e l a s t i c c o l l i s i o n s , v/here one or more additional 

hadrons are produced, the e f f e c t of the strong interactions on the form of 

the cross-section i s i n general d i f f e r e n t f o r each specific end product. 

The determination of t he form of the variation with energy of the t o t a l 

i n e l a s t i c cross-section and i n pa r t i c u l a r the i d e n t i f i c a t i o n of a cut off 

energy at which the cross-section saturates might throw some l i g h t on the 

behaviour of the weak interactions at high energies. 

An hypothesis that would explain the vector form of the four-ferraion 

weak interaction and avoid some of the d i f f i c u l t i e s encountered at Mgh 

energies i s that the weak interactions are mediated by the exchange of an 

Intermediate Boson, W, Beta decay, f o r example, would then be a two step 

process, n-̂ p"*" + w"̂  p"*" + e~ + The direct four-fermion interaction 

would s t i l l give an effective description of low energy processes such as 

weak decays. At high energies the increase i n cross-section of the lepton-

lepton interactions would be cut o f f at c.m.s, energies of the same order 

as the boson mass. The intermediate boson hypothesis of weak interactions 

was f i r s t suggested by Yukawa: i n i t s present form i t was presented by Lee 

and Yang ( I 9 6 0 ) . Some of the basic properties of the hypothetical boson 
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are as follows. I t must exist i n both negative and positive charge forms 

i n order to mediate the observed vjeak interactions. I f the W° exists i t 

must not mediate strangeness changing interactions since othenvise i t would 

give r i s e to such unobserved kaon decays as K-> 71 + M*" + jT, The boson 

must be massive since the weak interactions are of short range, and i t s 

mass, m̂,̂, must be greater than the mass of the kaon. Were t h i s not so, 

the unobserved f a s t decay K-*W + Y would be possible. The boson would 

also have spin 1 and magnetic moment ~ — (1 + k ) , the anomalous magnetic 

moment, k, being unknown. 

The simplest process by which a real Intermediate Boson might be 

produced and i d e n t i f i e d i s i n i t s serai-weak production by a neutrino i n 

the Coulomb f i e l d of a nucleus, v+ 2~^Z + £ + ?/, The cross-section f o r 

V/i production as a function of neutrino energy has been evaluated 

t h e o r e t i c a l l y i n terms of i t s mass (a summary of the results i s given i n 

Chapter 5 ) . I f a search f o r boson production i n neutrino-nucleus i n t e r 

actions leads to a negative result a lower l i m i t may be set to the mass, 

1,5 Machine Results on Neutrino Interactions 

The f i r s t investigation of neutrino-nucleus interactions using neutrinos 

from a proton synchrotron was made by Danby et a l , (1962) at Brookhaven. 

This involved the study of interactions i n a multi-plate al\aminium spark 

chamber. Subsequently, rather more sophisticated experiments have been 

performed at GEEW using aluminium and magnetised iron spark chambers 

(Bienlein et a l . ( I 9 6 4 ) ) and a heavy l i q u i d bubble chamber (Block et a l , 

( 1 9 6 4 ) ) , In each of these experiments, the calculated energy spectrum of 

neutrinos was peaked at a value below 1 &eV and extended e f f e c t i v e l y up to 

about 10 G-eV, From these investigations the following conclusions were 
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drawn. Neutrinos from pion to muon decay (v^) are di f f e r e n t from beta 
decay neutrinos (v^: t h i s has been tested to an accuracy of 1>'o. The 
conservation of lepton number has been confirmed with Skfo certainty by 
searching f o r positive muons produced byv^.. The 'neutrino f l i p * hypothesis, 
whereby the neutrino associated with the electron i n pion decay corresponds 
to the neutrino associated \Tith the muon i n decay, has been shown to 
be false with 9Q̂ o c e r t a i n t y . The r a t i o of e l a s t i c events w i t h no change 
i n the charge of the l e p t o n , v i z , + p* + p, to those with charge 
exchange, v/̂ + p-J'n"'' + n, i s less than 3 ^ : on the Intermediate Boson 
h y p o t h e s i s t h i s constitutes evidence against a y/° mediating interactions 
i n which strangeness i s conserved i n addition to that already stated for 
strangeness changing interactions. The cross-sections of elastic and 
i n e l a s t i c interactions were also studied and a search made for 
production. Further details of these cross-sections and a lover l i m i t to 
m̂ ,̂ obtained from the machine experiments, are given i n Chapter 5 . 
1.6 Cosmic Ray Studies of Neutrino Interactions 

Pursuing the general theme of the study of the interactions of 

elementary par t i c l e s at energies above those available from machines we 

now turn to a description of preliminary experiments on the interactions 

of cosmic ray neutrinos. A clear d i s t i n c t i o n must be drawn betv/een these 

experiments and those of the type recently i n i t i a t e d by Davis ( 1964) 

whereby low energy electron-neutrinos (E 4 '̂ 5 MeV) v d l l be recorded by 

t h e i r inducing inverse beta decay i n a large volume of detector. I n these 

experiments the details of the neutrino interactions are assumed to be 

laiovm and the quantity being measured i s the f l u x of low energy electron-

neutrinos at the Earth, the majority of yfhich are assumed to come from the 

sun. 
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Neutrinos v/ith energies greater than about 1 G-eV at the iiiarth's surface 
are expected to come almost e n t i r e l y from the decays of pions, kaons and 
muons i n the atmosphere. Calculations of the f l u x of neutrinos are given 
i n Chapter 6, using as a starting point the v e r t i c a l muon sea level spectrum, 
and i t i s shown how the f l u x depends on the kaon to pion r a t i o , E, The 
result of the present analysis of the experimental data on R i s used i n 
order to set narrow l i m i t s to the values of neutrino i n t e n s i t i e s , energy 
spectra and angular dis t r i b u t i o n s at sea l e v e l . 

A simple calculation shows that f o r an interaction which has cross-section 
2 -1 33 

S cm nucleon an Earth diameter represents approximately 4 10 S interaction 
lengths. A l l non-resonant neutrino-nucleon interactions that have so far 

-33 2 -1 

been envisaged have cross-sections 4f10 cm nucleon and thus the Earth' 

i s , f o r non-resonant interactions, e f f e c t i v e l y transparent to neutrinos. 

Thus values of neutrino i n t e n s i t i e s and angular distributions calculated 

at the Earth's surface are va l i d for underground locations, and i n 

p a r t i c i i l a r the f l u x of neutrinos t r a v e l l i n g upwards from the lower hemisphere 

i s i d e n t i c a l to that t r a v e l l i n g downwards. I t i s therefore apparent that 

as one goes deeper underground and the background intensity of atmospheric 

muons decreases, eventually i t w i l l become less than the intensity of 

par t i c l e s produced by loc a l neutrino interactions. 

Since the cross-sections f o r neutrino interactions are so small, i t 

might at f i r s t seem that a p r o h i b i t i v e l y large detector would be necessaiy 

to r e g i s t e r them. Markov and Zheleznykh (1961) pointed out, hov/ever, that 

f o r neutrino interactions i n which a muon i s produced there \ 7 i l l be an 

effec t i v e target thickness of rock surrounding the detector that i s equal 

to the range of the muon i n rock. I n addition, the rauon range, and thus the 
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dimensions of the target, i s approximately proportional to the muon energy. 

This to some extent compensates, i n interactions i n which the energy 

retained by the muon i s an approximately constant fr a c t i o n of the i n i t i a l 

neutrino energy, f o r the rapidly f a l l i n g neutrino energy spectrum. I t was 

concluded that with a detector of moderate size i t should be possible to 

measure a si g n i f i c a n t rate of muons from neutrino interactions although 

the interactions themselves would not be seen. 

The observation by Menon et a l . (19^3) of zero counts i n 30 days using 
2 

tv/o v e r t i c a l muon telescopes each of area 1,5 m at a depth of 9200 f t 

at the Kolar G-old Field (KG-F ) demonstrated that depths s u f f i c i e n t to 

reduce the background f l u x of atmospheric muons to at least the same order 

as the f l u x of neutrino-induced muons are i n fact attainable i n practice. 

Following on t h i s discovery, tŵ o experiments to observe cosmic ray neutrino 

interactions i n deep gold mines were proposed, one, a collaboration between 

the Tata I n s t i t u t e , Bombay, the Osaka City University, Japan and Durham 

University, to be set up at KG-F (Menon ( 1 9 6 3 ) ) , the other, a collaooration 

between the Case I n s t i t u t e , Ohio and Witwatersrand University, at the East 

Rand Proprietary Mines, South Africa (Reines et a l . (1963)). Both 

experiments are similar i n basic conception, using detectors orientated to 

register muons incident predominantly i n the horizontal direction v/here a 

sl i g h t peaking i n the neutrino f l u x i s expected and the atmospheric muon 

i n t e n s i t y , by v i r t u e of i t s sharp peaking i n the v e r t i c a l d i r e c t i o n , i s 

ne g l i g i b l e . The preliminary results of the former, the 'KGF Neutrino 

Experiment', are reported i n Chapter 7 and are compared v/ith results from 

the l a t t e r , the 'Gase-Mts Experiment'. Tentative conclusions are drawn 

and the p o s s i b i l i t y of observing interactions that can be attributed to 

Intermediate Boson production i s discussed. 
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I t should, perhaps, be stressed at t h i s stage that as well as the Lee 

and Yang intermediate boson that we discuss i n the present work there have 

been a number of other theories of weak interactions proposed involving 

other intermediate bosons, each with different properties. For example, 

the theory of Tanikawa and vi/atanabe (1959) postulates the existence of 

an intermediate boson B possessing both baryon and lepton number. The 

neutrino-nucleon interaction would then proceed via vg+ n-^B^-^ + p"*", 
2 2 

I t i s apparent that at an energy E^ = (m^ - m^)/2m^ there would be a 

resonance due to the production of a real boson and that t h i s would result 

i n a considerable f l u x of muons from neutrino interactions. From the zero 

count r e s u l t of Menon (I963) a lower l i m i t to the mass of t h i s boson has 

already been set by Bahcall and Frautschi (I964) as 60 G-eV, 
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Chapter 2 

The V e r t i c a l Muon Spectrum at Sea Level 

2,1 Introduction 

I n studying the spectra and properties of cosmic ray muons at sea l e v e l , 

i n order to gain insight into the nuclear interactions of cosmic rays i n the 

atmosphere, the v e r t i c a l muon energy spectrum w i l l be taken as the starting 

point; (N.B, f o r muons of energy above 1 GeV the energy and momentum are 

numerically i d e n t i c a l and units of energy or momentum may be used i n t e r 

changeably). From i t the spectrum at large zenith angles i s derived f o r 

comparison w i t h the measured values and the polarisation of muons at sea level 

i s predicted. The calculated spectrum of muons, obtained from measurements 

of^T-e cascades i n the atmosphere, i s compared with the v e r t i c a l muon spectrum 

and, f i n a l l y , i t can be used to predict the energy spectrum of those neutrinos 

at sea l e v e l that are produced i n the atmosphere. In section 2,2 methods 

that can be used to investigate the v e r t i c a l muon energy spectrum at sea le v e l 

are discussed and the spectrum that i s used i n a l l subsequent calculations i s 

given. 

From the v e r t i c a l muon spectrum one may calculate the production spectrum 

of parent p a r t i c l e s ; the spectrum that i s arrived at depends on the assumptions 

made concerning the r e l a t i v e contributions of kaon and pion decay to the rauon 

f l u x , A number of calculations of t h i s have been made previously under various 

simplifying assumptions. I t i s shown i n Chapter 3 that the predicted rauon 

spectrum at large zenith angles f o r energies up to 1000 GteV i s not very 

sensitive to the assumed r a t i o of kaon to pion parents, when averaged over 

zenith angles from 80° to 90° the differences amounting only to 1(^. I t i s 

therefore necessary to aim f o r an accuracy"^fo i n the calculation of the 
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predicted spectra. 

Beirrett et a l , ( 1 9 5 2 ) were the f i r s t to give the diffusion equation of 

pions i n the atmosphere and the effects on the muon spectra of the change 

with energy of r e l a t i v e p r o b a b i l i t y of decay and absorption of the pions. 

Their paper i s concerned with the measurement of muon int e n s i t i e s f a r under

ground and they were interested only, therefore, i n muons of s u f f i c i e n t l y 

high energies that to a f i r s t approximation t h e i r energy loss i n the atmosphere 

could be neglected and a simple expression f o r the probability of muon decay 

could be used. The effects of muons produced by kaon decay were discussed 

q u a l i t a t i v e l y but t h e i r quantitative results were uncertain because the mass, 

l i f e t i m e and branching r a t i o s of the kaons were not accurately known at that 

time. 

Smith and Duller ( 1 9 5 9 ) investigated the expected zenith angular 

d i s t r i b u t i o n of muons, following a similar procedure to that of Barrett et a l . 

In the same way as the l a t t e r authors they used a unique relatio n between the 

muon and parent pion energies (whereas, i n f a c t , there i s a spread i n the 

values of the f r a c t i o n a l energy i n the laboratory system taken by the muon i n 

pion decay), and took a " f l a t earth" approximation. The l a t t e r approximation, 

which takes the thickness of the earth's atmosphere at a zenith angle 6 at 

sea l e v e l to be proportional to sec ©, i s v a l i d only f o r 9 ^ 6 5 ° . They took 

into account, however, energy loss of the muons i n the atmosphere and gave 

muon spectra at various angles f o r muon energies from 40 to 160 G-eV. No 

consideration was given to the production of muons by kaons. 

Zatsepin and Kuz'min (1961), took the earth's cui^ature and the energy ' 

spread of muons from t h e i r parent mesons in t o account and produced muon spectra 
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f o r a l l zenith angles and f o r energies from 100 to 10^ G-eV. I n treating the 
energy loss and decay of the muons i t was assumed, as an approximation, that 
the muons traverse a large portion of t h e i r geometric path i n an atmosphere of, 
low density where the energy loss may be neglected and the probability of 
decay calculated, and that the only important energy loss occurs i n the l a s t 
f r a c t i o n of the path which i s so short that decay i s not important. This 
s i m p l i f i c a t i o n introduces negligible error for muon sea level energies above 
100 G-eV but cannot be used f o r lower energies. Results were presented f o r 
both pions and kaons as the parent mesons. I n the l a t t e r case the dominant 

mode was the only one considered. This has the advantage that the 

calculations are the same as f o r the pion decay with only a change i n values 

of mass and l i f e t i m e necesseiry. The authors acknowledge that the effect of 

ignoring other kaon decay modes i s the most important source of error i n t h e i r 

treatment. 

Allen and ApostolakLs (1961) have calculated the expected muon spectra 

from pion and K̂ ^ decay f o r energies from 1 to 1000 G-eV and f o r a l l zenith 

angles. I n the pion case, energy spread of muons from the decay i s neglected, 

which introduces an error of about ^fo, For the K̂ ^ case, i n which the muons 

have a larger energy spread, t h i s approximation i s not made but to keep the 

calculation simple i t was assumed that the muons are i n i t i a t e d at a single 

l e v e l of production; t h i s involves an error of about 4/o. At large zenith 

angld^jfor energies below about 30 G-eV, geomagnetic deflexion and multiple 

scattering have important effects on the muon spectrum. Calculations of 

these two phenomena were made by these authors. 

Maeda (1960, I 9 6 4 ) has made the most comprehensive examination of the muon 



18. 

propagation problem. Starting with an accurate integral expression f o r the 

pion i n t e n s i t y i t i s shown how i t reduces under given approximations to 

solutions of the d i f f u s i o n equations used by previous authors. In the f i r s t 

paper spectra are given f o r energies from 1 to 40 G-eV f o r pion parents only, 

and a detailed discussion of the effect of geomagnetic deflexion i s given; 

(the scattering correction was also calculated but t h i s was l a t e r seen to be 

wrong). I n the second paper spectra were given up to 10^ G-eV f o r both pion and 

kaon parents but, as i n previous work, only the mode was considered i n 

the l a t t e r case. 

I n the present work there are two main refinements. I n calculating the 

kaon contribution to the muon in t e n s i t y a l l decay modes of both charged and 

neutral kaons with branching r a t i o s greater than 1^ are taken into account. 

This makes a si g n i f i c a n t difference to the calculated contribution from kaon 

decay. Previous workers have assumed that the production spectrum of pion or 

kaon parents can be expressed exactly as a power law. Here, as a f i r s t 

approximation, a power law spectriam i s assumed but t h i s i s then relaxed to f i t 

the measured sea lev e l muon spectrum exactly. The relaxing factor i s t y p i c a l l y 

Jfo i n the energy region up to lOOO G-eV, In addition the effect of scattering 

on the i n t e n s i t i e s at low energy has been re-calculated by a Monte Carlo method, 

2,2 The Measured V e r t i c a l Muon Spectrum 

Four methods have been used i n attempting to obtain values of the v e r t i c a l 

muon energy spectrum up to values of 10 TeV; direct measurement of momentum 

of muons using v e r t i c a l l y orientated muon spectrographs; measurements of the 

var i a t i o n of t o t a l muon intensity with depth underground; measurements of the 

spectrxam of bursts of ionisation produced by muons i n shielded ionisation 
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chambers and s c i n t i l l a t o r s ; and, i n d i r e c t l y , by measuring the Y-cascade spectra 
at various heights i n the atmosphere and rel a t i n g these to the muon spectrum 
at sea l e v e l . The l a s t two methods are not used i n the present analysis f o r 
the following reasons. To obtain an estimate of the rauon spectrum from Y-cascade 
measurements i t i s necessary to know the r e l a t i v e numbers of kaons and pions 
produced i n high energy nuclear interactions i n the atmosphere, Hayman et a l , 
( 1 9 6 3 ) , f o r example, took the proportion of kaons produced to be negligible 
and then, from the Y-cascade measurements of Duthie et a l , (1962) gave the 
muon spectrum from 7OO to 7000 &eV, I n the present work, however, the procedure 
i s reversed, i . e . , we intend, having deduced the muon sea level spectrum from 
other types of measurements, to calculate possible values of the Y^T. r a t i o 
that give agreement between i t and the Y-cascade results (Chapter 4 ) , 

Burst spectrum measurements have been made by Higashi et a l . (I964) and 

Krasilnikov (1964). The bursts are electromagnetic cascades produced by the 

bremsstrahlung, knock-on, pair-production and nuclear interactions of muons; 

of these processes the f i r s t i s the most important. Because of uncertainty 

i n the e f f e c t i v e apertvire of the apparatus used i n the f i r s t experiment, the 

absolute i n t e n s i t y of muons i s not known and only the slope of the spectrum 

can be given. I n the second experiment, although a spectrum i s quoted i n which 

absolute i n t e n s i t i e s are given, uncerteiinty i n the contribution to the bursts 

from residual nuclear active p a r t i c l e s at sea le v e l and the effects of f l u c t u 

ations that are not allowed f o r make the i n t e n s i t i e s somewhat suspect. An 

important argument against using the burst spectra i n the present analysis i s 

that the quantity that i s measured i s not, i n f a c t , the v e r t i c a l intensity but 

the omnidirectional f l u x over a sol i d angle of almost 2% steradians. To 
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convert the l a t t e r to the v e r t i c a l i n t e n s i t y the angular d i s t r i b u t i o n of 

the muons must be assumed. This depends, however, at large zenith angles, 

on the Yi/ii r a t i o and the experimental results are weighted towards large 

zenith angles; i n the Higashi et a l , experiment 13% of the bursts are 

produced by muons v/ith zenith angles greater than 7 0 ° , Wien the muon spectra 

obtained from these burst experiments are compared with those obtained from 

depth-intensity measurements, i t seems that the slopes of the former are 

somewhat smaller but, bearing i n mind the objections stated above and taking 

the s t a t i s t i c a l accuracy into account, one can only say that the muon spectra 

from bursts are not inconsistent with those from other methods. 

The results of the two other types of experiments have been used by 

Osborae et eil. (' 1964) i n deriving a best estimate of the v e r t i c a l muon 

energy spectrum up to 7000 G-eV. This i s the spectrum used i n the present 

work (referred to as the OFV spectrum); a short discussion of the details of 

the derivation i s given here and i t i s compared with two other recent 

estimates of the muon spectrum. For muons of momenta from 0 ,4 GeV/c up to 

about lOOO G-eV/c the spectrum has been measured d i r e c t l y using magnetic 

spectrographs. The maximum detectable momentum (m,d,m,) of a spectrograph, 

which depends on the l i n e i n t e g r a l of the magnetic f i e l d strength and the 

accuracy of location of the muon track, i s defined as the momentum at which 

the probable error i n a deflexion measurement i s equal to the magnetic 

deflexion of a p a r t i c l e . The verticsQ. spectrograph v/ith the highest m.d.m, 

reported to date (600 GeV/c) i s that described by Hayman and V/olfendale 

( 1 9 6 2 ) , This employs an a i r gap magnet and four trays of neon flash tubes 

to define the muon t r a j e c t o r y . These authors give a momentum spectrum up 

to 1000 G-eV/c, The aperture of a spectrograph of t h i s type i s necessarily-
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small, ( 8 cm steradian) and the r a t e of muons above 500 GeV/c i s less than 

1 i n 5 days; thus the s t a t i s t i c a l accuracy i s not good above this momentum. 

The Hayman and Wolfendale (HW) spectiMm has to be corrected f o r selection 

bias i n t h a t 1C^ of the muons incident on the spectrograph were rejected, 

either because of accompaniment by a second muon or soft component that 
-2 

penetrated the 5 . 5 g cm of lead shielding above the instrument, or because 

of knock-on electrons, produced i n the aparatus. The measured spectrum was 

normalised at 1 G-eV/c to the i n t e n s i t y given by Rossi (1948) but the 

p r o b a b i l i t y of a muon being rejected f o r one of the three reasons given above 

increases slowly with energy. The r e s u l t (Gijsbers, private communication) 

i s that the ffff spectrum has to be increased by amounts ranging from ^fo at 

10 GeV/c to 20^ above 200 GeV/c. 

I f the t o t a l i n t e n s i t y of muons i s measured at a series of depths under

ground and the r e l a t i o n between the range and energy of muons i s known, then 

the i n t e g r a l energy spectrum at the earth's surface may be simply calculated. 

Many measurements of the cosmic ray i n t e n s i t y deep underground have been made 

(Menon and Ramana Murthy ( 1965) give a review), the d e e p e s t being those of 
_2 

Miyake et a l . (1964) who report results down to a depth of 8400 hg cm of 

rock at the Kolar Gold F i e l d (KG-F), There i s some d i f f i c u l t y i n the derivation 

of a unique depth-intensity r e l a t i o n because of the rather large spread of 

i n t e n s i t i e s , obtained at comparable depths by diff e r e n t workers, which point 

to the p o s s i b i l i t y of some systematic errors. Differences i n the best 

estimate of the depth-intensity relationship w i l l therefore arise from d i f f e r e n t 

weightings of individual experimental re s u l t s . A source of discrepancy between 

the various f i n a l values arrived at f o r the sea level muon spectrum at high 

energies i s the \mcertainty i n the rate of energy loss of muons i n rock. This 
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rate may be expressed as 

- ~ = a + c I n E + b E &eV g"^ cm^ ( 2 , 1 ) 

The f i r s t two terms represent energy losses due to ionisation and excitation 

E^ being the maximum transferable energy from a muon to an electron. The 

t h i r d term gives the losses due to bremsstrahlung, pair-production, and 

nuclear i n t e r a c t i o n and the constant may be v/ritten as the sum of these 

three terms, b = b, + b + h , respectively. The values deduced by Hayman ' b p :;̂ nuc' 
et a l , ( 1 9 6 3 ) and given i n equation (A16) are, a = 2 ,05 lO"-^, c = 7 ,66 10~^, 

and b = 4 , 0 10~^, There i s general agreement concerning the values of a and c, 

but b i s rather uncertain. For example f o r the nuclear interaction term 

Hayman et a l , take b^^^ = 0 . 7 10 ^ while Menon and Ramana Murthy ( I 9 6 5 ) use 

b = 0.28 10 ^. Erlykin ( I 9 6 5 ) suggests, from a theoretical analysis, that 

the value of b that has been used previously i s approximately J>C^o too low. 
^ 2 2 Z Z The above values refer to 'standard' rock with — = 5 » 5 ; f o r KG-F rock ~ = 6 . 3 

and the value corresponding to b = 4 . 0 10 ^ f o r 'standard' rock i s 4 . 4 10 ^. 

Expression ( 2 . 1 ) gives the mean rate of energy loss of muons. By integrating, 

one obtains the 'average' range-energy r e l a t i o n . This, f o r KGF rock, i s 

plot t e d i n Fig. 2,1 (the values are taken from Ramana Murthy ( 1 9 6 2 ) ) and i s 

used i n Chapter 7 i n calculating rates of neutrino interactions. 

I n deriving the 'average' range-energy r e l a t i o n i t i s assumed that the 

energy losses are continuous. This i s true, to a good approximation, f o r 

ionisation and pair-production losses, but f o r bremsstrahlung and nuclear 

i n t e r a c t i o n processes, where the probability of a muon losing a f r a c t i o n v 

of i t s energy i n an interaction i s proportional to , 1/v, the muon may lose a 

large f r a c t i o n of i t s energy i n a single i n t e r a c t i o n . Therefore, for high 

energies, where the energy proportional term i n the energy loss equation becomes 
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important, the effect of range straggling of muons of a given energy at the 
surface must be taken i n t o account. This i s done by calculating a correction 
factor R(d) = ( d ) / l ^ ( d ) where Ijjj(d) i s the int e n s i t y at a depth d, 
calculated from an assumed muon sea level spectrum using the average range-
energy r e l a t i o n and I ^ ( d ) i s the int e n s i t y at the same depth when fluctuations 

are allowed f o r , R i s found to be a function of y, the exponent of t he 
b^ b^ + b^^^ 

d i f f e r e n t i a l muon spectrum, b, and ^ = " , the r a t i o of the 
n p 

f l u c t u a t i n g to non-fluctuating parts of b» R has been calculated by various 

authors; the results of a Monte-Carlo calculation of Hayman et a l , ("1963) 

and the analytical calculations of Nishimura ( I 9 6 5 ) and Zatsepin and llikhalchi 

( I 9 6 I , •1965) are i n good agreement f o r corresponding values of the parameters. 

From t h e i r own best estimate of the depth-intensity r e l a t i o n and using 

b 5 4 . 0 10"^ and b ^ b ^ = 1.5, Osborne et a l . (1964) have derived the rauon sea 

l e v e l spectrum. The f i n a l OPW v e r t i c a l muon sea l e v e l spectrum i s then that 

which follows the l a t t e r spectrum above 200 &eV and the corrected Hli/ spectrum 

at lower energies. This in t e g r a l spectrum together with the estimated errors 

i s given i n table 2 ,1 and plott e d i n Fig. 2 , 2 , Also shown fo r comparison i s 

the HPW spectrum which followed the \mcorrected HW spectrum below 100 GeV 

and at higher energies the spectrum of Duthie et a l . (1962) from Y.-cascade 

measurements at 220 g cm when only pion production was considered. ( I t 

may be noted that the slope of t l i i s specti*um has been found to be somewhat 

steeper than would be expected from ¥-cascade measurements at other depths). 

Hayakawa et a l . ( I 9 6 5 ) have derived a composite spectrum (HNY) from the 

(uncorrected) spectrum below IOO &eV and depth-intensity experiments at 

high energies, taldng, f o r rock, b = 3 . 9 10~^ and ^^^^ = 1.25. They f i n d 

that the depth-intensity measurements under water of Higashi et a l , ( I 9 6 5 ) 



Table 2 J 

The Integral Spectrum of Muons at Sea Level i n the Vertical Direction 
('OPVif' Spectrum) 

Energy 
(GeV) 

Intensity 
(cm sec sterad ) 

Estimated Error 

20 2.62 10-^ 4 

30 1.29 10-^ 5 

50 4.81 10-5 6 

70 2.2f2 10-5 7 

100 1.19 10-5 9 

150 4.95 10-^ 10 

200 2.64 10-^ 11 

300 1.02 10-^ 12 

500 2.86 10-7 14 

700 1.14 10-7 15 

1000 4.56 10-8 16 

1500 1 .58 10-s 17 

2000 7.28 10-9 18 

3000 2 .44 10-9 22 

5000 4.80 1 0 - ^ ° 27 

7000 1.49 1 0 - ^ ° 31 
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are i n agreement with the HW spectnam, and, arguing that there i s uncertainty 
i n a l l depths measured under rock, normalise the imder-rock results to those 
under-water by decreasing each depth by 10^. This has the effect, at the 
high energy end, of reducing the muon energy spectrum by f<j }Ofo, F i n a l l y there 
i s the composite spectrum o f Menon and Raraana Murthy ( I 9 6 5 ) (MR). At high 
energies the conversion of the depth-intensity to sea level muon spectrum 
using b = 3 .6 10~^ and l ^ ^ b ^ = 1,25 and the inclusion of Y-cascade and burst 
measurements resul t i n a somewhat higher muon spectrum. Below IOO G-eV depth-
i n t e n s i t y results under rock give a higher rauon i n t e n s i t y than direct 
measurements. The ov e r a l l result i s that the derived spectrum i s higher than 
the OPW spectrum over the whole energy range above 30 &eV. 

I t can be seen from F i g . 2 ,2 that the OPff spectmim l i e s between the IIR 

and HNY spectra and that the l a t t e r two spectra are generally within the 

expected errors quoted i n table 2 . 1 , The d i f f e r e n t i a l momentum spectrum from 

the OPW spectrum i s given i n table 2 . 2 . 

2.3 Energy Loss and Decay of Muons i n the Atmosphere 

I n a l l problems involving the' propagation of muons i n the atmosphere 

the values of energy loss and survival probability ( i . e . 1 - P̂ , where P^ 

i s the p r o b a b i l i t y of l ^ e + + decay) are needed. To avoid the 

necessity of recalculating these quantities f o r each separate application 

i t was decided to prepare tables of survival p r o b a b i l i t y , SP (x,E^,9), and 

energy, E(X,E^,€), f o r standard values of x, the atmospheric depth measured 
—2 

v e r t i c a l l y , ( i , e , the pressure i n g cm ), E^ and Q, SP i s the survival 

p r o b a b i l i t y from x to sea lev e l and E i s the energy of a muon at depth x 

which arrives at sea le v e l at a zenith angle Q and with energy E^, The tables 

may then be read in t o the store of a computer and intermediate values may be 



Table 2.2 

D i f f e r e n t i a l Momentum Spectrum of Muons at Sea Level i n the Ver t i c a l Direction 
('OPW* Spectrum) 

Momentum 
(GeV/c) 

Intensity Momentum 
( cm'̂ sec"'' sterad"'' &eV/c~'' ) ^ G-eV/c) 

Intensity 
-2 - 1 - 1 - 1 

(cm" sec sterad &eV/c ) 

1 2.45 10-^ 100 2.50 10"^ 

1.5 1.95 10-^ 150 7.26 10"^ 

2 1.50 10-^ 200 2.97 10"^ 

3 9.01 10-^ 300 8.18 10"^ 

5 3.96 10-^ 500 1.46 10"^ 

7 2,15 10-^ 700 4.31 1 0 - ^ ° 

10 1,07 10-^ 1000 1 . 1 5 1 0 - ' ° 

15 4.36 10-5 1500 
-11 

2.79 10 

20 2 .20 10-5 2000 9.88 lo""*^ 

30 7.85 10-^ 3000 
-12 

2.30 10 

50 1.94 10-^ 5000 3 .28 10 

70 7.23 10-7 7000 7.43 1 0 - ' ^ 
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F i g , 2-^3 Notation used i n the calculation of muon 
- •• propagation i n the-atmosphere 
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obtained by a simple 4-point interpolation procedure. 

2 , 3 , 1 Properties of the Atmosphere 

The following notation i s used (see Fig. 2 , 3 ) . 

R i s the radius of the Earth, 6370 km, e 
_2 

i s the a i r pressure at sea l e v e l , 1030 g cm , 

Q i s the zenith angle of the muon traje c t o r y at sea l e v e l , 

X i s the a i r pressure at P, 

h i s the a l t i t u d e of P i n km. 
s i s the l i n e a r distance from P to sea level along the trajectory, 
Q* i s the zenith angle of the t r a j e c t o r y with the l o c a l v e r t i c a l at P, 

p ( x ) i s the a i r density at P i n g cm ̂ , 

1 i s the depth measured i n g cm from the top of the atmosphere along the 

t r a j e c t o i y . 
The relationships between^ , x and h are given i n Appendix B. 

From F i g , 2.3 we have sec = 1 -
2 

sin Q ( 2 . 2 ) 

1 2 2 
and h = ( f i ^ ^ + s^ + 2 R^s cos 9 ) ^ - R̂  =f2: scos 9 + ^ ( 2 . 3 ) 

Then l(e,s) = ^^'^^ 

Expressing ^ ( x ) as a function of s_ using equations ( 2 . 3 ) and 6 ,7,10 and 11 

of Appendix B the i n t e g r a l i s evaluated numerically and leeids to values of 1_ 

versus pressure given i n Table 2,3 and Fig. 2 . 4 , 

2 , 3 , 2 Rate of Energy Loss of Muons i n A i r 

Expressions f o r the rate of energy loss of muons i n a i r , dfi, are derived 
d l 

i n Appendix A (equations AI7 and 18), I n the higher energy region the r a t e 

of energy loss i s seen to depend on the a i r density ( i . e . dE i s a function of 
d l 



Table 2.3 

Atmospheric Depth measured along par t i c l e trajectory at Zenith 

Angle 0 as a function of V e r t i c a l Depth 

Zenith Angle 6 (degrees) 

75 80 84 86 88 89 90 
x(g cm ^) x) (g cm-̂  ) 

3 10,13 14.18 18.86 21.83 21.16 24.91 25.02 

5 17.30 24.01 32.23 37.46 41.86 43.27 43.62 

10 35.36 48 .96 66.62 78.10 88.44 91.79 92.85 

25 90,11 125.4 174.1 207.3 239.5 250.4 254.0 

50 182.3 255.3 360.7 436.2 513.9 541.1 550.9 

75 275.0 387.0 552.9 675.8 807.3 854.7 872,3 

100 368.2 519.9 749.1 923.2 1115 1187 1214 

150 555.4 788.4 1150 1436 1768 1897 1946 

200 743.4 1059 :i560 1968 2462 2661 2740 

400 1501 2161 3203 4240 5587 6209 6474 

600 2264 3281 5039 6697 9253 10620 11259 

800 3032 4415 6874 9315 13534 I6256 17758 

900 3417 4986 7810 I068I 15954 19812 22315 

950 3610 5273 8282 11379 17247 21888 25340 

1030 3919 5753 9044 12514 19449 25882 36540 
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E and x ) . To show t h i s dependence dE i s plotted i n Pig. 2.5 f o r two densities 
d l 

corresponding to sea l e v e l and x = 120 g cm respectively. For comparison 

the expression used by Maeda (1964) , - dE = 2.5 10 •'̂  (1 + 10 E) &eV g cm 
d l 

i s also shown, 

2.3.3 Survival Probability Calculations 
-2 

&raphs of muon survival probability from a depth x g cm to sea level 

have been published by Maeda ( 1 9 6 0 ) . For the follov/ing reasons further 

calculations were necessary. The values given by Maeda are f o r E^ up to 

43 G-eV only; smaller intervals of E^ and Q are needed for accurate i n t e r 

polation; the rate of energy loss had been taken to be independent of energy 
-3 - 1 2 

and e qual to 2,5 10 G-eV g cm , which i s not a very close approximation; 

tables of E( x,E^,e) are needed f o r the same values of x, E^ and Q as the 

survival p r o b a b i l i t y . 
The survival p r d E b i l i t y i s given by the following expression; 

where sec 9* dx = d l , the increment i n atmospheric depth along the traject o r y . 

I n the calculation the atmosphere was considered divided into 15 intervals, 

t h e i r bounds being given by the pressure x^, x^,..x^^. The energy loss and 

survival p r o b a b i l i t y from one bound to the next lower one were computed. Then 

the t o t a l energy loss i s the sum of the losses, and the survival probability 

to sea lev e l i s the product of the survival p r o b a b i l i t i e s i n each i n t e r v a l 

belov/ the given bound. Each i n t e r v a l was further subdivided so that, f o r 

example, f o r the lowest i n t e r v a l 

SP (x,E^,e) = exp[- l-nix,o- f ^ ^ 3̂ .̂̂ ,.,.,̂  BC^\B.,&) J ( 2 . 6 ) 

where A = " ̂ ' 
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For n s u f f i c i e n t l y large, the summation may be replaced by (omitting the E^, 9 

parameters of E ) 

where g (^^. £ <̂ :̂, -. A) ^ ̂ (^U,~^t^),Xo~< -J^. (2.8) 

For each i n t e r v a l , the value of n was doubled u n t i l the difference between 

the values of E(x,E^,0) f o r successive values of n was less than 0 . 1 ^ . The 

results of the calculations were tables of SP(x,E^,©) and E(X,E^ ,6) against 

X f o r e = 0 , 75 , 80 , 82 , 84, 86, 88, 89 and 90 degrees and f o r 

\ = 1 , '' •5, 2, 3, 5, 7, 10 1000 (JeV (19 values). In Figs. 2.6, 2.7, 

and 2,8 survival p r o b a b i l i t i e s are plot t e d f o r Q = 0, 80 and 90 degrees. Some 

corresponding values from Maeda (I960) are shown for comparison as dashed 

l i n e s . 

2,4 Derivation of the Muon Spectrum from an Assumed Pion Spectrum 

I n order to calculate the pion production spectrum that gives r i s e to 

the measured v e r t i c a l muon spectrum, i f a l l muons originate i n pion decay, 

i t i s assumed that the pion spectrum has the form F^+ (E)dE = A E dE and 

a general expression f o r the muon spectrum i s derived. The theoretical 

spectra f o r various values of A and Y are calculated and the values that give 

the best f i t to the measured spectrum are found. The pion spectrum i s then 

relaxed to give an exact f i t t o the measured muon spectrum. 

The general expression f o r the number of pions, t r a v e l l i n g v e r t i c a l l y 

with energy E at a depth x isi the atmosphere i s given by Maeda (I960) as 

Nn(Et^,x)- X'nPl- V^En'x" Jo U -I - 7 7 - (2.9) 

where L i s the absorption mean free path of pions, 

L_, i s the absorption mean free path of nucleons. 
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L i s the c o l l i s i o n mean free path of cosmic ray primaries, 
c 

, ^ m c x " 
and = (2,10) 

The f i r s t term i n square brackets represents the decrease i n intensity due 

to pion decay and absorption and the second represents the decrease of pion 

producing p a r t i c l e s . 

I n order that t h i s i n t e g r a l may be evaluated easily, certain approximations 

are now made. The effects of these approximations are small i n themselves 

but t h e i r j u s t i f i c a t i o n l i e s i n the fact that, having obtained a pion production 

spectrum i n t h i s way, the muon spectrum at sea le v e l at large zenith angles i s 

calculated from the pion spectrum under the same approximations. I n other 

words, we sha l l obtain by t h i s method, from the OPl'/ spectrum, an 'effective' 

pion production spectrum; t h i s w i l l be close t o , but not exactly equal t o , 

the true pion production spectrum. Provided that t h i s 'effective' spectrum 

i s used i n c a l c i A l a t i n g the muon spectrum at large zenith angles the effects 

of the. approximations should be negligible. F i r s t l y the energy loss of the 

pion.'.f between production and decay or absorption i s neglected. At energies 

below about 50 &eV the range of the pions before decay i s very short and the 

energy loss i s very small. At high energies where the pion range i s l i m i t e d 

by absorption the f r a c t i o n a l energy loss i s small. Then, putting Ê ,. = Ê^ 

and neglecting the weak dependence of on x i n (2,9), we have 

We sha l l f u r t h e r assume that the absorption lengths of pions and nucleons 

are the same, i , e , \/^^ = "I» Previous Avorkers have generally taken smaller 

values f o r the absorption length of pions: f o r the r a t i o L^/L^ Zatsepin and 
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Kuz'min (1961) and Duthie et a l , (1962) use 0.63, while Maeda ( I 9 6 4 ) has 
made calculations using 0.5 and 1.0. The absorption length of nucleons, L^, 
w i l l be taken to be 120 g cm but, provided that = L^, neither some 
change with energy nor the precise value of t h i s quantity g i ^ a t l y affects the 
muon sea l e v e l speotmjm. Shorter absorption lengths of the pion have been 
aridved at assuming that the pion interaction i s catastrophic, there being no 
lover energy pions produced i n the c o l l i s i o n , and that the absorption length 
i s therefore equal t o the interaction length. I t has been further assumed 
that the pion and nucleon interaction lengths are the same. Direct measurement 

of the pion i n t e n s i t y at sea l e v e l by Brooke et a l . ( I 9 6 4 ) , however, leads to 
-2 -2 

pion absorption lengths of ro 1150 g cm at 2 G-eV f a l l i n g to A /120 g cm at 

IOO &eV. Maeda (1964), having calculated muon sea l e v e l spectra from pion 

decay at various zenith angles under Ihe assumptions that L i s equal to 

0 ,5 and 1.0 concludes that the values obtained are s u f f i c i e n t l y different 

that the measurement of the spectra of obliquely incident muons affords a 

method of determining the rati o of the absorption lengths rather than the 

'K/n r a t i o . A pion production spectrum of the same slope, hov?ever, has been 

used by Maeda i n both calculations, the v e r t i c a l muon in t e n s i t i e s being 

normalised at 40 &eV to the measured one. I f the predicted v e r t i c a l spectra 

are to f i t the measured spectrum over the whole range then two different pion 

production spectra must be used and the differences between the predicted 

muon spectra at large zenith angles largely disappear. 

For = = A, ( 2 ,11 ) becomes 

hlrr(^.,yc) ~- ^(-f)^^^ (2 .12) 

In two-body H">n + V'^ decay the muon has a unique energy i n the c.m.s. and the 
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angular distribution i s i s o t r o p i c . Because of t h i s , i n the laboratory system 

a pion of energy produces a muon which has energy distributed with equal 
2 2 2 probability between ( r ^ ) and E ^ where ( r ^ ) = {m^/m^) = 0,5729. Therefore 

the depth rate of production of muons at depth x i s 

' C%(T^)^ (2.13) 

Substituting for (2 ,12) and writing E ^ = S we have 

Wiich becomes, for F^CE ^ ) = A , 

(2 .15) 

Here we have taken = 120 g cm although the exact value i s not important. 

From ( 2 , 10 ) and appendix B, B^ = 118.1 &eV for x ̂  253,3 g cm~^ and Vf.08 x^-*^^\ 

for ^ 253 •3 g cm , Thus the contribution to the intensity of muons with 

energy E ^ at sea l e v e l from a height of production x i s 

t1{B,^^)- n^(E,U,..\^) . sP^.,e,) [^(E„.)/^(e.^^)] ^^^^^^ 

The t h i r d term, the r a t i o of rates of energy loss at x and at sea l e v e l , i s a 

c e l l width correction. The energy E,^ and the survival probability SP are 

obtained by interpolation, as described i n the previous section. Values of 

N(E^,X) are plotted i n F i g . 2 ,9 , for = , 10 and 100 &eV, where each curve 

i s normalised to the value at sea l e v e l . At high energies where the effects 

of muon decay and energy l o s s are small the shape of the curve i s determined 

by the exp(-V^20) factor. At low energies the effect of the survival 

probability factor i s to decrease the mean height of muon production. The 

to t a l muon i n t e n s i t y at sea l e v e l obtained by integrating M(E^,X) over x 
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(2 .17) 
2000 GeV 

numerically, the atmosphere being divided into s i x sub-intervals limited by 
-2 

the bounds x = 0, 50, lOO, 200, 300, 400, 1030 g cm , an accuracy of O.'^jo 

i n the to t a l i n t e n s i t y being required. 

In the computations the value of \ was varied u n t i l the value of A i n 

(2 .15) derived by comparison between the calculated and OPW v e r t i c a l spectra 

showed no systematic variation over the whole range of muon energies. I t 

was found that a constant value of V would not give a good f i t over the entire 

range and that the exponent decreases at low energies. The pion spectrum 

giving the best f i t i s 

F + (E ) = 7.16 10"^ E "^'^^ cm"^ sec"'' sterad"'' &eV"'' for E <^3.5 &eV 

F + ( E ) = 1.76 10""* E "^'^^ cm"^ sec"'' sterad"'' G-eV"'' : 3 . 5 < 
Tf 71 71 

Using t h i s pion spectrum the muon sea l e v e l spectrum was calculated and compared 

with the OPW spectrum i n order to obtain a relsixation factor. The mean pion 

energy at production, to which each rauon sea l e v e l energy corresponds, was 

found by re-imnning the program v/ith Y replaced by Y-1, The values obtained 

by dividing the muon i n t e n s i t i e s so derived by the previous ones are the mean 

pion energies. A plot of these against muon sea l e v e l energy i s given i n 
r 

F i g . 3 . 1 . The relaxation factor to be applied to (2 ,17) for the case of a l l 
pion parents i s given i n Fig,, 2 , l 0 . 
2.5 The Muon Spectrum from Kaon and Pion Decay 

An admixture of kaons i n the flux of parent mesons that give r i s e to 

muons at sea l e v e l i s novf assxmed. As a f i r s t approximation, the ra t i o of 

charged and neutral kaons to charged and neutral pions of a given energy at 

production i s taken to be constant with energy. V/e denote the ratio 

N(Ki° )/N( Ti'^) by R. I f the production spectrum of a l l kaons and pions i s of 

the form F^^^ ( E ) = G E , then, assuming charge independence i n the production 



CM 

o 
•H 

% 3 
a 
0) 
o 

U 
+> 
o 
0) 

§ 
•rl 
+> 
O 

o u 
cl o 
•H 

Q) 

O 
+> 

Td • <u 
M̂  
H 
p 

O 
•P 

o 
o 
ci 

•H 
•P 05 >• 
a 
H 
<D 

• • 

SMKUHUSHI!!!!!!!!!!!! Ci 

a o 
•rl 
+> 
O 

O 

u a> C W 
ts o 



32. 

of pions, the production spectrum of charged pions i s C E ̂  where 
7t 

2 C 

= J , We further assume that at production i n high energy nuclear 

interactions the t o t a l numbers of charged and neutral kaons are the same, 

i . e . N(K-) = N(K° + K ° ) ; t h i s does not involve any assumption concerning the 

r a t i o of kaons to anti-kaons. Thus the production spectrum of charged kaons, 

Gj^+E ̂ , i s equal to that of neutral kaons, C^-OE"^ , where Cj^+ = G^o = = |" 

Using these production spectra, general expressions for the muon spectra at 

sea l e v e l from each decay mode may be obtained as i n the previous section, 

(A l i s t of kaon decay modes and branching r a t i o s i s given i n Appendix G). 

The decay modes may be divided into two classes: those i n which a muon i s 

produced d i r e c t l y and those i n which the muon comes from a pion produced i n 

the decay of a kaon, 

2,5,1 D i r e c t l y Produced Muons 

Muons are produced d i r e c t l y from the K^^, K^^j ancL decay modes 

of the kaons and from pions generated i n the nuclear interactions. The 

expression for the rate of production of muons at depth x fi^m these pions, 

nj^ ( E ^ X ) , i s i d e n t i c a l to (2 .15) except that the constant A i s replaced 

, By analogy with (2 ,15) the depth-rate of muons from K ^ decay i s 

where = V _ _x_ = 867 GeV (x ^253.3 g cm"^) and 322 x̂ *"""-̂ -̂ : GeV 

( x > 253.3 g cm" ) , I n (2 ,15) the range of integration i s from S = 1,0 to 

1,746 and the integration was performed niamerically. In (2,18) the range 

of integration i s larger; hov/ever, the integral between S = 1,0 and 2 ,0 , 

which represents SC^o of the t o t a l , was evaluated numerically and i n calculating 

the remainder of the integral use was made of the an a l y t i c a l approximation 
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which i s exact for oL-^i^ and£>i-=5>a> and i s v a l i d for a l l o4for Y>r2, 

The calculations for the three-body decay modes of the kaon are complicated 

by the f a c t that the decay p a r t i c l e s have a spectrum of energies i n the c.m.s. 

instead of the unique energy associated with two-body decay. The derivation 

of the laboratory spectra from the c.m.s. spectra i s given i n Appendix G. 

A l l spectra are given i n the general form 

Q(£) = a + b f + c£''+ d £ ^ ^ ° ^ ^ m a x ^ ^ ^ ^ ^^'^^^ 

where £ = E^/Ej^, E^ being the laboratory energy of the decay p a r t i c l e i ; 

a, b, c_ and d are constants. Now with S = E^^E^ = V'£ integral i n 

equation ( 2 .15 ) w i l l be replaced, for three-body decay, by the general 

expression j ,. Q (-r) (^^-f^) S d S 

Thus we have for K̂ ^̂  decay, from equation (G . 5 ) 

^ ' (2.21^ 

The depth-rate of production of muons from i s given by an expression 

i d e n t i c a l to (2 ,21) except that the 4?S branching rat i o i s replaced by 16?^ 

and the value of B^o i s 179 GeV ( f o r x <<: 253.3 g cm"^) and 66.4 x^*''^-^ GeV 
^ 2 

( f o r x!^253.3g cm"^). Again the integration was performed numerically up to 

S = 3 and above S = 3 hy use of the approximation ( 2 . 1 9 ) , From each of the 

above expressions for the rate of muon production at depth x the v e r t i c a l 

muon i n t e n s i t y at sea l e v e l was calculated as outlined i n section 2,4, 
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2,5.2 Muons Produced by Two-stage Decay 

The kaons that decay v i a modes i n which charged pions are produced give 

a contribution to the muon sea l e v e l intensity through the decay of these 

pions. The production spectrum of these second stage pions i s calculated 

and then used to derive the muon spectrum a s shown above. The simplest case 

i s the K°^-^n'^ + n". The has a very short li f e t i m e , 9 10 '''' sec, and 

therefore the probability of absorption of the kaon before decay i s negligible 

for Ej^^5000 GeV {B^o cl^^ ,2 10^ G-eV). The rate of production of pions from 

t h i s source i s then. 

In t h i s case we have an a n a l y t i c a l solution to the i n t e g r a l . We now compare 

t h i s expression vd.th the rate of production of d i r e c t l y produced pions, 

fZL-itt-. ^ ^ and f i n d that the r a t i o of the former to the l a t t e r , 

substituting for C and C^, i s 0.625 (0.914^ - 0.086^ ) {B/y), Since t h i s 

value, which represents the rat i o of the production spectmm of pions from 

K° 2 cLecay to that of d i r e c t l y produced pions, i s independent of energy i t 

also represents the r a t i o of muon i n t e n s i t i e s at sea l e v e l from the two 

sources. 
,0 The calculation i s simple f o r the case of K^^ because, when the 

probability of decay can be taken as unity the shape of the spectrum of 

pions i s the same as that of the parent kaons. For the other, longer l i v e d , 

kaon decay modes the probability of kaon absorption instead of decay i s 

appreciable and the shape of the pion spectrum i s consequently modified. 

For instance the production spectrum of pions from <iecay i s 

(2 .23) 
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This spectrum has a negative exponent of Y for E '̂ '̂ B̂ + but th i s increases 

with energy to Y+1 for E^ »Bj^+, The general expression for the other 

three-body modes, K°,, K°^, K°,, K^^ and K^/ i s * M.3 e3* 7t3' 7i3 ;;7i3 

where br, i s the appropriate branching-ratio and the spectrum y and li m i t s 

of integration are given i n Appendix G, The t o t a l pion production spectrum 

from the sum of (2 ,23) and the f i v e expressions represented by (2 ,24) was 

calculated. The resultant spectrum has a slope increasing steadily vdth energy, 

but, i n order to be able to use the method of section 2.4 to calculate the 

muon sea l e v e l spectrum, a power law spectrum of constant negative exponent 

Y* was f i t t e d to i t . I t was found that Y* = Y + 0.2 gave the best f i t but 

that t h i s spectrum had to be relaxed by up to + J>Ofo, This treatment leads to 

an error of 10^ i n the rauon spectrum obtained, but since the muons from 

two-stage decay represent only a few per cent of the totail intensity the effect 

of the approximation i s not important, 

2,5.3 The Derived Pion and Kaon Production spectrum 

The 'K/n r a t i o R was f i r s t set equal to 0.4 and the value of Y was 

varied u n t i l the calculated v e r t i c a l muon spectrin most nearly f i t t e d the 

OPW spectrum. The production spectrum of pions and kaons v/as then 

F JE) = 0.335 E"^*^° cm"^ sec"'' sterad"'' GeV"'' (2 .25) 
Tils. 

The relaxation factor that must be applied to (2 .25) to give an exact f i t 

to the measured muon spectrum i s given i n F i g . 2 .11 . The mean energy of the 

parent meson corresponding to a given muon energy at sea lev e l was obtained 

as before by re-running the programs with!'' replaced by Y - 1 , In Pig. 2.12 

the i n t e n s i t i e s of muons at sea l e v e l coming from d i r e c t l y produced pions and 
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the various decay modes of the kaons are plotted as fractions of the to t a l 
i n t e n s i t y for K/TC = 0 .4 . I t can be seen that the r e l a t i v e numbers of rauons 
from increase with energy and that the contribution from and 

remains constant r e l a t i v e to the direct pion contribution while the 
TU. 

proportion of muons from the other two-stage decay modes decreases more 

rapidly with energy. The comparison of the calculated and observed muon 

spectra was repeated for R = 0 .2 . I t was found that the production spectrum 

(2 .25 ) would s t i l l give s u f f i c i e n t l y close agreement between the calculated 

and O'P'}! spectra. The relaxation factor i s , of course, different for R = 0,2 

and t h i s i s also plotted i n F i g . 2,11, The slow systematic increase with energy 

indicates that a better value for the exponent of the pion and kaon production 

spectra f o r R = 0.2 would be Y = 2.69 instead of 2.70 but the difference i s 

not important. 
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Chapter 3 

Calculations of the Muon Spectrum at Large Zenith Angles 

3.1 Introduction 

In Chapter 2, sta r t i n g with the measured muon sea l e v e l energy 

spectiMm i n the v e r t i c a l direction, the production spectra of the muon 

parents were derived f o r three assumed admixtures of kaons and pions. 

I t was pointed out that under the simplifying assumptions made, the 

'effective' production spectra obtained would be close to but not 

i d e n t i c a l to the true spectra. Here the effective spectra are used 

to derive spectra of muons at sea l e v e l a t large zenith angles follow

ing the same approximations. 

I t w i l l be seen that the treatment that has been used i s one 

dimensional. In other words the direction of the muon trajectory at 

sea l e v e l i s taken to be the same as that of the primary cosmic ray 

p a r t i c l e that i n i t i a t e d i t . The effects of possible deviations from one 

dimensionality are most important a t large zenith angles v/here, i f the 

tr a j e c t o r y of a muon i s not exactly a straight l i n e , the actual thick

ness of the atmosphere traversed may be considerably different from that 

indicated by the direction of the p a r t i c l e at sea l e v e l . The angular 

spread of high energy mesons produced i n nucleon-air nucleus c o l l i s i o n s 

i s very small and can c e r t a i n l y be ignored. Similarly the angle at 

decay between the muon and i t s parent meson i s negligible. For example 

v e r t i c a l muons of energy 1 &eV at sea l e v e l come from pions of mesm 

energy ~3.5 GeV where the maximum possible angle between the directions 

of the two p a r t i c l e s i s ~ 0.01 radians; muons at large zenith angles 
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come from parent mesons of considerably higher energy. The two import

ant phenomena that cause the muon trajectory to deviate from a straight 

l i n e are bending of the track due to the Earth's magnetic f i e l d and 

Goulomb scattering of the p a r t i c l e s on a i r nuclei. The geomagnetic 

ef f e c t on the muon survival probability has been studied by Maeda (1960). 

I t i s a function of the direction, zenith angle and geomagnetic 

lati t u d e of the observed p a r t i c l e as well as i t s momentum. Thus the 

correction f or geomagnetic effects i s , i n general, dependent on the 

location and orientation of the detecting instrument. The experimental 

r e s u l t s used i n the present work are obtained from the Durham horizontal 

spectrograph which i s aligned with i t s axis 7.8° East of magnetic Worth. 

The muons accepted by the spectrograph t r a v e l i n directions close to 

the magnetic meridian and thus have a minimal deflexion. The deflexion 

that does occur has i t s greatest component i n the azimuthal plane where 

the effect on the survival probability i s very small. In the zenithal 

plane the deflexions are small but tend to enhance the number of negative 

p a r t i c l e s and decrease the number of positives. The r e s u l t i s that 

the e f f e c t on the t o t a l number of p a r t i c l e s i s negligible, although when 

measurements of the r a t i o of positive to negative p a r t i c l e s are made a 

correction for geomagnetic deflexion must be applied. I t should be 

emphasised that t h i s argument applies only to spectrographs orientated 

i n the North-South direction. 

The correction due to Coulomb scattering a t large zenith angles 

has been calculated by Allen and Apostolakis (1961) using an approximate 

a n a l y t i c a l treatment: d e t a i l s of a new Monte Garlo calculation of the 

scattering are given a t the end of t l i i s chapter. 
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3.2 Muon Spectra from Pion Kirents 

Starting again with the general expression for the number of pions 

with energy at depth x, (2.9) becomes for pions at a l o c a l zenith 

angle 9*(x) 

(3.1) 

Making the same approximations as before and changing the variable of 

integration from x to 1 ( i . e . dVcos 9*(x) = dl) this becomes 

' -^ j % M; i^jj^;. -iV'' (3.2) 
V/here 1 i s a fi^nction of x and 9, the zenith angle at sea l e v e l . 

The tenn i n square brackets may be written as WITC J_ . For the region 
TIT f " " J 

of the atmosphere where pion production i s important t h i s expression 

i s only weakly dependent on the pressure x and i n (3.2) may be taken 

as a constant of value TnnC . This then gives the simplified expres-

sion for pion i n t e n s i t y as 

K(EnJ(^>^))^ ^ - j ) (3.3) 
ET. 

_y 

I f we assume F ( E ^ ) = A , as before, then the rate of production of 

muons from pion decay a t depth l(x,9) i s 

This expression should be compared v/±bh the corresponding one for 

v e r t i c a l muons (2.15). The extra term, x/l, inside the integral gives 

the greater probability of pion decay at large zenith angles where the 

important f i r s t fev/ interaction lengths are traversed at lower densities 

than in the v e r t i c a l direction. The contribution of muons from a depth 
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l ( x , 9 ) to the in t e n s i t y of muons of energy and zenith angle 9 at 

sea l e v e l i s then 

n(toJl^>e])'- 1i^(^^lx,B.^o),H>,6))i?(>,^.,Q) (3.5) 

The values of l ( x , 9 ) are obtained by interpolation from the data of 

Table 2.3. Using the pion production spectrum (2.17) the intensity of 

muons a t sea l e v e l from 75° to 90° were obtained by integrating (3.5) 

over 1. For 9 = 75° the integration was performed over the whole range 

of 1 from 0 to 3919 g cm but for l a r g e r zenith angles the integration 
_2 

was taken to 1 = 3500 g cm only. The exponential terra i n (3.4) ensures 

that any contribution from heights corresponding to greater values of 

1 are completely negligible. Mean pion energies corresponding to given 

sea l e v e l muon energies for each zenith angle were calculated and are 

plotted i n Fig. 3.1. The calculated spectra were then relaxed using 

the relaxation factor of iEig. 2.10 and are plotted i n Fig. 3.2. Here 

the f u l l l i n e s are the spectra corrected for Coulomb scattering as des

cribed i n section 3.4 and the ('i.dashed l i n e s are uncorrected spectra. 

The corrected sea l e v e l spectra are given i n Table 3.1. At lower energies 

the muon int e n s i t y decreases with increasing zenith angle because the 

longer path lengths i n the atmosphere lead to more muons being l o s t by 

decay and because muons of a given enei'gy at sea l e v e l come from parents 

of higher mean energies. At s u f f i c i e n t l y high energies that the muon 

s u r v i v a l probability i s close to unity and the fractional energy loss i s 

small the angular distribution i s peaked close to 90° because of the 

greater chance of pion decay at the largest zenith angles. 
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3.5 Muon Spectra from Kaon and Pion Parents 

The expressions f o r the i n t e n s i t y of muons produced by a mixture 

of kaons and pions, which were derived i n section 2.5 f o r the v e r t i c a l 

d i r e c t i o n , are modified i n a similar way to those f o r pions as the 

only source when they are extended to large zenith angles. As before 

the contilbutions to the muon f l u x at sea le v e l from each decay mode 

giving muons d i r e c t l y were computed separately and the contributions 

from tire-etage decay were evaluated via the production spectrum of the 

secondary pions. Sea le v e l muon int e n s i t i e s were calculated f o r values 

of the kaon to pion r a t i o , R, of 0.2 and 0.4 using the approximate 

power law expression (2.25) f o r the production spectrum of pions and 

kaons. The mean energy of the parent mesons f o r each sea level muon 

energy was found and the appropriate relaxation factors given i n Fig. 2.11 

were applied. The two sets of spectra, to which corrections f o r Coulomb 

scattering have been applied, are given i n Tables 3.2 and 3.3. In Fig. 

3.3 the r e l a t i v e contributions of the various decay modes to the muon 

sea l e v e l intensity at 90° are given f o r R = 0.4. This may be compared 

wit h the equivalent data f o r the v e r t i c a l direction (Fig. 2.12). I t can 

be seen that the variation with energy, over the range 1 to 1000 GeV, 

of the f r a c t i o n a l contribution of each decay mode i s smaller and that 

the two-stage decay modes are s t i l l s i g n i f i cant at 1000 GeV. The pre

dicted spectra f o r R = 0.2 and 0.4 are compared with those predicted f o r 

pions only i n Figs. 3.4 and 3.5 respectively. Up to 1000 GeV the r a t i o 

f o r a given zenith angle decreases with energy. At energies not much 

greater than 1000 GeV the values w i l l pass through a minimum, the energy 



Yig, 3.3 Relative contributions of pions and the variQuo 
decay modes of kaons to thn sea I c v s l muon 

spectrum at = Qo" f o r R = 40̂ ^ 

mm 

10. 100 
Muon Energy (GeV) 

1000 



^ ^ 
vo 
1 -

CM 
3 

:co 00 00 CO 
• 

CO 
1 

OS 
1 
i n 
i n 

CTS 
1 

o 
1 

o 

m 
o 

1 
i n 
vo 

1 
CTS 
i n 

CO, 
o 

1 
o 
i n 

1 
OS 
crs 

OS 
1 
i n 
i n 

OS 
OS 

CO 
OS OS 

T— 00 vo i n r n vo CM 

CM 

<D 
H 

O 
CM 

II 

-p 
•H 
© 
tsl 
0) 

-p 
. aJ 

2 +» 
o 
ft 
00 
H 
> Q) ^^ 
a © cn 
§ I 
<D 
-P 

o 
H 
o 

7 I 
00 CO 

OS o 
00 i n p- i n 

CM CM 1 -

00 OS 
I I 

m i n 00 
vo i n 00 

o 
T T 
m o i n 

co i n CM 00 

I 

© 
0 VO 
U CO 
m 

© 

Xi •P •H 

iNl 
CO 

t n 

o 
i n 

OS 
CM 

I 
CO T- VO 

7 
CM 
00 

P-
I 

00 00 CO 

CM 

OS OS 

00 
CM 

t n CM 

vo 
I 

VD VO 1^ 

© -p 
w 

I o vo 
© 
(0 

7 CO 
I 

OS 
CM 

VD VO 
O 

CM 
O 

i n o vo m m 
t n 

t n -d-
T— T- 00 vo m CM t n 

00 
I vo 

OS 

3 
OS 
I 
m 
CM 

CO 

vo 
I 
CM 
VD 

VO 
I 

VD 
t n 
t n 

0 CM CM 
o 

VO vo vo VO 
•H 1 u 1 1 
03 VD u vo tn C i n o tn VD 

.t
e • 

i n 
• 

i n 4 • 
CM 

VO 
OS o 
i n 1 -

CO CO 

t n 

crs CTS 

•Y 'Y 00 CO 

VD 
i n CM CM 
CO t n 
• • • -4- CM 4 

VD 
I I 

O r- VO 

VO 
I 

vo 
I 

vo 'Y 'Y 00 

CTS 

i n 
I 

CO 

in I 

CM vo i n o 
CO CM t n 

• • « • • • t n CM OS i n CM 

i n 
i n 

CO 
I CO 
in 

o 
vo 
tn 

• 
t n 

in 
I 

vo vo 
1 

vo 

o t n i n i n i n 
CM vo o vo t n 

• • • • • • CM CM p- t n T- VO 

i n 

CM 

CO 00 
I 

OS 

CTS 

OS 

vo 

3 
OS t n 

1 
vo 
H OS 

1 
CO 
o 

1 
-4 
OS 

1 
o 

1 
i n 
p~ 

00 CM CM •7- t n 

o 
I o o 

1 
i n 

1 
00 

1 1 
t n V 

1 
t n p- o i n i n CM OS 

• 
i n 

• 
t n • • • 

t n 
• • 

t n 

o 

N>V VD 
CM P-
• • 

t - tn 

CM 
in 
t n 

o 
T 

i n CM VD 
i n O OS 
• • • • t n CM 

© 
•P 

o 
© 
s 
ft 
© X! -p 
-p 
§ 
03 © 
U ft © 
U 
M 
+> ft 
t 
o 

© 
03 
© 
-p 

u © 
o 
t n 

o i n o 
p-

o o o o o o o 
o o o 



CM 

II 

Pi 

«M 
m 
(0 
H 
bS} 

•P 

0) 

r 
(0 
o 

m 
<a 

•H 
+> 
•H 
n 
d 
(1) 
+> 
fl 

•H 

Q) •P O 
:3 

p 

o 
m 

•H 

o o 

V 

O o o o o o c o 
O <M _ i - v £ ) c o c r O 
00 00 03 CO coooa> 

((0=H) ATB«n«l ) / ( (°^2 = H) if*Te«8*«l) 



tn 
tn 
© 
H I 

3 

03 
© 

-P 
t © 
O 
u 
a 

-p 
oJ 

2 
-p 
o © ft 
CO 
H © 
© 

© 
CO 

§ 
S 
© 
•p 05 
H 

H 05 
O 

p- p~ p^ 00 
1 
vo 

CO 
1 

CO 
1 

CO CT\ 1 OS 
1 
00 
CO 

1 1 
i n 
p~ 

o 
OS 

1 
CM 
T-

1 1 
i n 
-4- o 

00 
1 
vo 1 

o 
CM 

1 '-d-
tn i n 

CM 

OS 
1 
00 
CO 

1 
i n 
p~ 

CM CO VO tn V- vo T" CM 

I p- P-- p^ 00 
1 

CO OS CTS 
1 
OS 
tn 

o 
T— 

o 
1 

OS 
CO 

1 'co 1 
00 o 

i n in CM CM 
i n 

CM 
CJS 

CTS 
1 
OS 
tn 

t n t n 
CM 

m CM CM tn CO CM OS t n 

p-
1 

P- p-
i 
H 
vo 

P-1 
N— 
03 

00 CO 00 1 OS 
1 

OS 
1 

o 
1 

00 
00 

1 
vo 
ON 

1 
i n 
CM 

'-d-
p-

o 
p-

i 
H 
vo 

P-1 
N— 
03 o 

o 
t n 
o 8 -d-

o i n 
i n 

4 -d- t n t n CM 00 CM CM tn 

vo 

© 0 0 g 
vo 

© u © 
•P 
03 

I 
CD o 
_ © 
© CC5 CM 
H I 
bD a a o 

X, 
•H 
© CO 

•H 
03 

© 
-P 

i n 
p-

os 
CM 

vo 
I 
vo 

vo 
I 

vo 

i n 

vo 
I 

i n 

vo Pj. 
in CO 
O OS 

-d-o 7 crs i n 

V. 00 CO 
I I I O M3 O tn tn tn 

crs CTS 
p^ vo 
CM T-

VD tn T- tn •T- tn 

vo VD 
I 

VD 
I 

VD 
I 

P-- -d- 00 OS os i n 
co i n t n i n o 
CM CM CM m 

CO 
I vo 
CTS 

CO 

3 
CTS 
I 

OS 

o 
CM 

t n t-

VD 
I I 
vo i n 
i n o 

VD VD 

t n 
CM VO 
VO VO 

•Y "Y 
tn OS 
00 o 

CO 00 
I 

i n CM 

vo VD 
I 

vo vo I 
CO o t n vo m 

P-' i n CO CM p-
• • • • • • OS CO P- t n CM OS 

i n in VD vo 
I 

CM 

Pj-
VO 
tn 
(M 

'Y 

f n 
-d-

i n 

tn 

OS CTS 
i n p~ 
-d-
t n 

CO 
I o i n 

oo 
I 

CTS OS 

1 
o CM i n t n i n -d- T-

CM vo o vo tn P-
• • • • • • • CM CM p^ t n CM 

CO I 
CO 
I 

OS 

i n 
-d-o 

vo 
p-

tn 

o 
I i n 
1^ 
tn 

CO 
i n 
t n 

t n vo o vo 
i n t n t n 
• • • • 1 - m t n 

t n 
p-
CTS 

CO 
CM 

g 
-P 

o 

© 
I ft 

© 

-P 
a © 
03 2 ft 
2 
03 
-P 

CJ 2 © 
03 

© 
Xi 
-p 

© tn 
o 
CM 

8 o O o o O o CM t n t n 
o o 

o o o 



o 
in f>-

(O o o' >,o o o o. O cj -* vo -co ijs'o 
CD 00 00 00 #5) OOCTN 

o 

• M 

•p 

M 
0) 

CO 

«i-t 
o 
to 0) •H +> •H 
CO C 
Q) 
+> 
C 

(0 
U p. 

•p 

•H 

to 

(,(0^) AT8a9*^l)/((2to-^ = «) ATStieW) 



42. 

at which the minimum occurs being higher f o r larger zenith angles. 

At very high energies the r a t i o i s 1.0 because the probability of decay 

of a l l types of parent particles becomes inversely proportional to t h e i r 

energy and the slopes of the muon sea l e v e l spectra at a l l zenith angles 

are eqvial and greater by unity than that of the parent meson production 

spectrum. 

3.4 Correction f o r scattering at Large Zenith Angles 

At very large zenith angles, Coulomb scattering of a muon as i t 

traverses the atmosphere can lead to considerable variations i n the 

length of the muon tr a j e c t o r y before i t h i t s the earth. The calcula

tions made so f a r have ignored scattering said assumed that the muon 

retains i t s o r i g i n a l direction of t r a v e l u n t i l i t reaches sea l e v e l . 

I n t h i s case the suinrival probability i s uniquely determined. I f scatter

i n g occurs then, f o r a rauon of given energy and zenith angle at sea 

l e v e l , there w i l l be a spread i n i t s possible energy loss and survival 

p r o b a b i l i t y about the value obtained with no scattering. Since particles 

which have higher survival probability and smaller energy loss have a 

higher i n t e n s i t y , the means of the two quantities weighted according 

to i n t e n s i t y w i l l be s h i f t e d towards larger and smaller values res

pectively than given by the non-scattered calculation. Therefore 

i n t e n s i t i e s at large zenith angles, calculated taking account of scat

t e r i n g , w i l l be higher than those ignoring scattering. 

Allen and Apostolakis (1961) have used an approximate analytical 

approach to the scattering problem. I f the zenith angular d i s t r i b u t i o n 

of the muons, calculated ignoring scattering, can be approximated f o r 

a given energy at sea l e v e l by l ( 9 ) = I exp(-k9) then, following Lloyd 
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and Wolfendale (1955), the r a t i o of in t e n s i t y with scattering to that 
without w i l l be ijl = exp(k^o^/2) provided that 0 » cr. cr i s the 
r.ffl.s. angle of scattering of the muon i n the atmosphere, calculated 
taking account of the energy loss: i t i s a fxanction of zenith angle and 
energy at sea l e v e l , increasing slowly with zenith angle and being 
approximately inversely proportional to the energy. Between 65° and 
85° , being the region covered by the experimental results of these 
authors, the exponential i s a good f i t to the calculated unscattered 
d i s t r i b u t i o n and the expression f o r the scattering correction given above 
shoiild be close to the t r u t h . Above 85°, however, the exponential form 
of the angular d i s t r i b u t i o n no longer holds. In th i s region the 
scattering correction f o r low energies i s veiy large and errors i n i t s 
evaluation may have a profound effect on the predicted spectrum. I t 
-was therefore decided to recalculate the correction using a di f f e r e n t 
method. 

A Monte Carlo method was adopted whereby a number of 'particles' 

were followed i n t h e i r path through the atmosphere and the effects of 

random scattering on survival probability and energy loss were examined. 

Since one i s interested i n standard values of energy and zenith angle 

at sea l e v e l , the tr a j e c t o r i e s of the particles were followed back from 

the earth's surface, the energy losses i n each step being added to the 

previous energy. Scattering corrections were required f o r energies 

and zenith angles greater tlian 5 GeV and 75° respectively. The problem 

becomes much easier i f one can separate the effects of scattering from 

the production process. This entails choosing a v e r t i c a l height i n 
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the atmosphere, X g cm , above which muons are produced but the effects 

of scattering are negligible and below which l i t t l e f urther muon pro

duction occurs but the values of energy loss and survival probability 

depend on scattering. Thus X must sa t i s f y the following conditions. 

The contribution to the sea l e v e l muon in t e n s i t y from heights above X 

must be >_ 85 .̂ (The contribution becomes closer to 100̂ ^ f o r increasing 

energy and zenith angle at sea l e v e l and i s therefore l i m i t e d by the 

value f o r 5 GeV at 75°). The i n t e n s i t y of muons at X, ^x^-^X'^X^' should 

not be strongly dependent on 0^: i t i s found that the dependence on 0 

decreases as the energy increases. (The f u l f i l l i n g of t h i s condition 

ensures that any scattering correction to be applied to the intensity 

at X may be safely neglected). F i n a l l y , taking the f i r s t two conditions 

i n t o consideration, X should be as large as possible i n order to shorten 

the calculations. The value chosen f o r X v̂ as 100 g cm . Then, of 

the -5 G-eV muons at 75°, 88.6^ are produced at heights above X; t h i s 

percentage increases to 99.97 f o r 90°. There are two reasons f o r being 

able to neglect the effects of scattering on the angular d i s t r i b u t i o n 

at 100 g cm~̂ . For the minimum zenith angle of 75° only muons of energy 
-2 

greater than about 20 &eV at 100 g cm w i l l contribute to the intensity 

of muons with eneigy greater than 5 &eV at sea l e v e l ; Coulomb scattering 

of p a r t i c l e s with energy above 20 GeV i s small. Secondly, f o r an 

angular range at sea l e v e l from 75° to 90° , the corresponding range of 

l o c a l zenith angles ( f o r no scattering) at 100 g cm ^ i s only 74.5° to 

85.9° , Even when scattering belov; X i s allowed f o r , the chance of a 

muon, which has l o c a l zenith angle greater than 87°, reaching sea level 
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i s veiy small. Thus the particles at extreme zenith angles at 100 g cra'^, 
which may have experienced considerable scattering above th i s l e v e l , 
do not contribute at a l l to the sea lev e l intensity. 

Standard values of the in t e n s i t y 1^00^^100*^100 '̂ ®̂ 

interpolated upon i n the process of the calculation, are required. I f 

these values are derived from the calculated unscattered in t e n s i t i e s at 

sea l e v e l using the unique values of the survival probability and energy 

loss f o r the unscattered case, then they w i l l automatically be greater 

than the true values by an amount which takes account of the small 
-2 

f r a c t i o n of muons that are produced below 100 g cm . A flow sheet of 

the computer program i s given i n Fig. 3.6. The notation follows that 

of section 2.3 with the following additions. 
-2 

L i s the path length i n g cm , measured along the trajectory 
from sea le v e l . 

R i s the li n e a r distance from the centre of the earth. 

0(h) i s the angle of the p a r t i c l e trajectory with respect to the 

lo c a l v e r t i c a l at a l t i t u d e h. 

Starting at sea l e v e l , the energy and zenith angles are set at E^ and 0. 
-2 

The f i r s t path length i n t e r v a l AL is f i x e d at 100 g cm . x^ i s the 

pressure at the lower end of the i n t e r v a l and x^ i s that at the upper 

end. The mean a i r density over t h i s i n t e r v a l , ^ , i s evaluated at a 

pressure x^ ^ L.£2L_£ (approximation ( i ) ) . Then the linear path length 
2 2 

increment i s As = AL/^ . The increment i n a l t i t u d e Ah = (As (1 - cos 0))/2 R 

+ As cos 0, and the pressure x^ i s evaluated f o r an al t i t u d e h + Ah. 

The energy loss i s taken to be AE = AL — (p,E) i.e. the rate of energy 



Fig. 3.6 Flow sheet f o r I.lonte- Carlo calculation 

ffiead 
[Beginl 

I f Chance <"T78 

Set 
L=h=0, R=R , x1=1030 
SP = Chance=1^ Al=100 

Calculate 
. ^ l l f h< 01 ^ 

|h-;>ht^hh-> |Chance'»Chance/2}-
R->R+Ah 

x2-»pressure at h 

[E-»E+AE. SP-»SP-/iSP| L-»L+^1L1 

Calculate 
AS. ASP 

[Calculate 
9(h), A L 

Ix1->x2l 

ICalculatel 
Scats 

6(h), h-> L 
Cf Chance:^ 1/81 

previous values 

•^(h)-»e(h)+Scate 
I f XK100 g cm ̂  I f XK100 g cm ̂  

Calculate __2 
fra c t i o n of A L necessary to reach 100 gem 

Calcuiafe -2 

Interpolate 
^100^^100*^00^, 

C a l c u l a t e ~ 
I = I ^. SP. ( c e l l vddth correction) 
_ s l 100. 

'-H'lq times t-
Print 
Weighted mean of 20 values of 

hi' ^oo> ^100 

[Print 
-14 tifiieflt-
Overall mean of 5 mean i n t e n s i t i e s and standard error 

fend of program 
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loss i s evaluated at the energy corresponding to the lower end of the 

path i n t e r v a l (approximation ( i i ) ) . Then the survival probability over 
2 AE 

the i n t e r v a l i s exp(-(m^c As)/(cr^(E + - ^ ) ) ) . The l o c a l zenith angle 

at the upper end of the i n t e r v a l i s calculated f o r the case of no 

scattering using cos 0 (h^) = ( l - ( ^ ^ ^ ^ 1 ^ ) ^ ) ^ . The r.m.s. pro-
1 + Y 

jected angle of scattering of a p a r t i c l e of energy E i n a path length 

AL i s - ~ — (Al / 2 X^)2 radians where = 37.7 g cm" f o r a i r . A random 

angle of scattering, scat9, i s chosen i n accordance with a normal 

d i s t r i b u t i o n with r.m.s. angle given above, and i s added to the previous 

zenith angle. Now a second path length element AL must be chosen; i t 

should be as large as possible with approximations ( i ) and ( i i ) s t i l l 

v a l i d . Approximation ( i ) , concerning the effective density over the 
_2 

path i n t e r v a l , demands that Ax < 30 g cm ; approximation ( i i ) holds well 

provided that the energy loss i s less than 10?̂  of the i n i t i a l energy. 

Thus AL must be set equal to the smaller of 33E or 30/cos 9 g cm . \?ith 

the new AL and zenith angle a f t e r scattering, a second value f o r Ish i s 

calculated. I f the scattering i s i n a downward direction i t i s possible, 

f o r 'particles' s t a r t i n g at extreme zenith angles, that Ah i s negative 

and also, f o r the f i r s t few track intervals from sea l e v e l , that h w i l l 

become less than zero. This con-esponds to the 'particle' h i t t i n g the -

earth and this p a r t i c u l a r trajectory must be discounted. For 'particles' 

s t a r t i n g with 0 = 90° there i s a high p r o b a b i l i i y of t h i s occuring within 

the f i r s t ten cycles. To reduce the number of false starts a f a c i l i t y 

i s provided, i f a random scattering results i n h < 0, to return to the 

previous zenith angle and calculate a second random value f o r scat©; the 
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weighting of th i s particular 'particle' i s halved each time t h i s occurs. 

The cycle f o r each path increment i s repeated u n t i l -^i^ becomes less than 
_2 

100 g cm . The f i n a l path increment i s then reduced so that i s equal 
-2 

t o 100 g cm and values of t o t a l path length, survival probability, 
energy and zenith angle are stored. By interpolation the i n t e n s i t y of 

_2 

muons at 100 g cm at thi s energy and zenith angle, ^-loo^^lOO'^lOO^* 

i s found, and, using the calculated survival probability, the correspond

ing i n t e n s i t y at sea le v e l i s derived. The procedure i s repeated u n t i l 

20 ' p a r t i c l e ' t r a j e c t o r i e s have been followed and the mean values of 

i n t e n s i t y at sea l e v e l , survival probability, t o t a l path length, and 
-2 

energy and zenith angle at 100 g cm , a l l weighted according to in t e n s i t y 

at sea l e v e l , are recorded. Y/hen the t o t a l number of 'particles' reaches 

100' the overall mean in t e n s i t y and the standard error on the mean i s 

printed out. 
To demonstrate the effects of scattering, a comparison i s made i n 

-2 

Table 3,4 between the mean path lengths and zenith angles at 100 g cm 

f o r scattered muons of energy 5 GeV at sea le v e l and the unique values 

f o r the case of no scattering. 

At the smaller zenith angles and higher energies, 100 'particles' 

were s u f f i c i e n t to give the mean inte n s i t y to within a s t a t i s t i c a l 

accuracy of 1 ,̂ but at the largest zenith angles two or three times t h i s 

number were needed to a t t a i n the required accuracy. The largest s t a t 

i s t i c a l error i n the i n t e n s i t i e s was f o r 5 GeV at 90° where the follow

ing of 300 'particle' t r a j e c t o r i e s , involving over 15,000 separate 

scatterings, lead to a standard error of 5^. 



Table 5.4 

Comparison of Path Lengths and Local Zenith Angles f o r Scattered 
and Unscattered Muons 

Unique Values Mean Values 
(No Scattering) (V/ith Scattering) 

Zenith Angle 
(degrees) 

L 
(g cra~2) (degrees) (g cm ) (A ^100 \ (degrees) 

75 3551 74.46 3537 74.35 

80 5213 79.20 5165 79.01 

82 6412 81.02 6347 80.78 

84 8295 82.74 8155 82.46 

86 11 590 84.28 11 000 83.85 

88 18 330 85.44 16 540 84.99 

90 35 330 85.91 24 560 85.65 



Table 3.5 

Correction Factor f o r Coulonib Scattering at Lar^e Zenith Angles 

SvTca^v)" -> •> °̂ 5̂ 20 30 
Zenith Angle C(E^, ©) {%) 

75° 101.8 100,7 100.1 - _ -

80° 104.5 101.8 100.6 100.2 

82° 107.4 103.2 101.3 100.6 100.2 

84° 115.3 106.9 102.7 101.4 100.8 100.1 

86° 130.7 114.9 107.0 103.4 102.0 100.3 

88° 167.5 135.0 116.0 108.4 105-5 103.5 

89° 216.2 160.1 129.0 116.2 111.5 107.5 

90° 280.2 220.6 180.0 145.5 129.0 117.0 



Fig. 3.7 The correction factor f o r muon scattering as a 
function ef energy f o r various zenith angles 
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F i g . 3.8 The c o r r e c t i o n . f a c t j y J ' o r _ j ^ ^ scattering as a function 
of zenith angle f o r various sea l e v e l energies 
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Having derived, i n t h i s way, the muon in t e n s i t i e s corrected f o r 
scattering, values" of the correction factor 

C(E^,9) = ( i n t e n s i t y vrith scattering)/(intensity ignoring scattering) 

were obtained. The values are given i n Table 3.5 and C(E^,9) i s plotted 

versus E^ f o r constant 9 i n Fig. 3.7 and versus 9 i n Fig. 3.8. The 

correction factor was evaluated f o r the case of pion parents only, but 

at the r e l a t i v e l y low energies f o r which scattering i s important an 

admixtui^ of kaons a l t e r s the muon spectrum very l i t t l e and the correc

t i o n factor may be equally well applied to these spectra. 

For comparison, i n Fig. 3.? the correction factors of Allen and 

Apostolakis are shown as dashed lines f o r 9 = 80° and 90°. I t seems 

that the an a l y t i c a l approximation s l i g h t l y overestimates the correction 

by ~ 2% up to about 86°, but at zenith angles above th i s i t does not 

increase s u f f i c i e n t l y fast with increasing 9. At 90° i t i s too low by 

10-20?S. 
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Chapter 4 
Derivation of the Kaon to Pion Batio 

4.1 Introduction 

Having calculated the expected muon energy spectrum at large 

zenith angles as a function of R, the YJIT r a t i o at a given mean energy 

at production, i t should be possible, by comparing the calculated and 

measured values, to derive a value f o r R. I n section 4.2 the results 

obtained from the Durham Horizontal Spectrograph are presented. The 

range of meson energies f o r which R can be obtained by th i s method with 

the present spectrograph i s from about 70 to 1000 GeV. 

At higher energies, as shown by Duthie et a l . (1962) one may compare 

the measured in t e n s i t i e s of electromagnetic cascades at various heights 

i n the atmosphere with the v e r t i c a l muon int e n s i t i e s at sea lev e l , the 

re l a t i o n between the two depending on R. Osborne and Wolfendale (1964) 

using electromagnetic cascade measurements reported up to June I964 t o 

gether with the OPW muon spectrum determined R by t h i s method. The 

procedure used i s outlined i n section )+,?., The results have been brought 

up to date by including more recent cascade measurements and a new 

estimate of the YJ-K r a t i o i s given. 

At lower energies the polarization of stopping muons can be measured; 

t h i s i s also dependent upon R. Osborne (1964) gave a review of the 

experimental results up to November 1963. The interpretation of the 

results given i n t h i s paper d i f f e r e d from the previous ones i n that a l l 

decay modes of the kaons were taken into account i n calculating the mean 

polarization of muons from kaons. These calculations are summarised i n 
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section 4.3 and the subsequent measurements of Asatiani et a l . (1964) 

are included i n the analysis. I n the f i n a l section the results of 

these three i n d i r e c t methods are combined to give experimental l i m i t s 

to the YJT^ r a t i o over a wide energy range. 

4.2 The Measured Muon Spectrum at Large Zenith Angles 

4.2.1 The Durham Horizontal Spectrograph 

Up to the present time the measurements of "the muon spectn.un at 

extreme zenith angles that have the greatest s t a t i s t i c a l accuracy and 

cover the y/idest range of energy have been made using the Durham 

Horizontal Spectrograph (Ashton et a l . I966). Details of the spectro

graph and the analysis of the data obtained from i t have been given by 

MacKeown (1965). A b r i e f summary i s given here. The spectrograph 

(Fig. 4.1) i s aligned 7 .8° East of magnetic North. I t has a so l i d 

i r o n magnet 68.4 cm thick i n which the magnetic induction i s 15.8 K gauss. 

Particles are selected by six trays of Geiger counters, A to F, the 

coincidence requirement being ABCDEF. The l a s t two trays i n a n t i 

coincidence reduce the number of extensive a i r showers v;hich trigger 

the apparatus. Four trays, each containing eight columns of flash tubes 

which have t h e i r centres I .905 cm apart i n the v e r t i c a l direction, 

define the p a r t i c l e t r a j e c t o r i e s . The neon flash tubes are 1 m long and 

have an external diameter of 1.8 cm. V/hen the necessary coincidence 

has been obtained a 9.5 KV pulse i s applied to the flash tubes and a l l 

four trays are photographed by a single camera through a system of mirrors. 

The muon tra j e c t o r i e s were reconstructed from the photographs and the 

deflection i n the v e r t i c a l plane measured. The deflexion v;as expressed 
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as the distance. A, measured at the fourth column of flash tube tray 

D, between the track through C and D and the extrapolation of the track 

through A and B. The momentum i s then given by p = ̂ ^'^^ GeV/c, where 

A i s i n cm. The accuracy with which A could be determined f o r very 

fast p a r t i c l e s was such that the maximum detectable momentum of the 

spectrograph was 293 &eV/c. 

4.2.2 Analysis of the Data 

In a t o t a l running time of 1508.6 hours 10,080 particles with 

zenith angles > 77 .5° and momenta > 3.7 G-eV/c were accepted. The 

par t i c l e s were assigned to f i v e 2 .5° zenith angle cells from 77.5° to 

90° and further subdivided i n t o seven momentum cells between 3.7 GeV/c 

and 215 G-eV/c together with an eighth f o r particles with higher momenta. 

The calculated mean momentum of particles i n t h i s f i n a l c e l l was 447 GeV/a 

In order to convert the measured number of muons to in t e n s i t i e s , the 

spectrograph acceptance function was calculated. This depends on the 

d i f f e r e n t i a l aperture of the spectrograph, (a function of both zenith 

angle and displacement. A) and the efficiency of the G-eiger trays. Re

je c t i o n of events because of the production of a knock-on shower i n the 

spectrograph, paralysis of the instrument by an immediately previous 

p a r t i c l e or excessive scattering of the muon i n the magnet were also taken 

int o account. , The measured i n t e n s i t i e s are given i n Fig. 4.2, where 

the errors are purely s t a t i s t i c a l . Corrections have been made f o r 

systematic errors i n the in t e n s i t i e s at high momenta caused by uncertain

t i e s i n the determination of momentum due to scattering i n the magnet 

and inaccuracies i n track location. The f u l l lines are the predicted 



Fig. 4.2 The measured muon mOmentuin- spectra at large 
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muon spectra, corrected f o r scattering, f o r pion parents only. They are 

derived by interpolation from the data given i n Table 3.1. The dashed 

lin e s shovf the spectra with no scattering correction. 

4.2.3 Comparison of Measured and Predicted Spectra 

From Fig. 4.2 i t can be seen that there i s general agreement 

between the measured i n t e n s i t i e s and those predicted f o r pions as the 

only parents. The discrepancy between the lowest momentum point at 

78.75° and the predicted i n t e n s i t y may be explained by the rapid 

v a r i a t i o n of the aperture of the spectrograph with deflexion and zenith 

angle i n this region. For greater s t a t i s t i c a l accuracy the 8,601 muons 

with zenith angles > 80° were combined and t h e i r number compared with 

the predicted mean in t e n s i t i e s over the range 80° to 90°. I n Fig. 4.3 

the measured i n t e n s i t i e s are shown together with the predicted values 

f o r various.admixtures of pions and kaons. A l l int e n s i t i e s are compared 

with those predicted f o r pions only. As well as the ratios f o r R = 0.2 

and 0,4, of which details are given i n Chapter 3, the value f o r the 

case of a l l kaon parents i s given. For comparison, the relative inten

s i t i e s f o r the K ^ decay mode of kaons as the only source of muons i s 

also shown. This s i m p l i f i c a t i o n was used i n previous analyses, e.g. 

Ashton and Vfolfendale (1963) and Judge and Nash (I965). 

The v e r t i c a l error flags on the experimental points represent 

s t a t i s t i c a l errors. The uncertainties i n the predicted i n t e n s i t i e s 

at large zenith angles due to s t a t i s t i c a l errors i n the v e r t i c a l 

i n t e n s i t i e s , from which they are derived, must also be taken into account. 

They are shown by the inclined error flags on the experimental points. 
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These errors are s i g n i f i c a n t even at low momenta because the correspond

ing v e r t i c a l momenta are comparatively high, (see Fig. 3 .1) . 

I t can be seen that, when the d i l u t i n g effect of contributions 

from a l l kaon decay modes i s taken in t o account, the small s e n s i t i v i t y 

o f the inclined muon spectra to the value of R at low momenta means 

that measurements at momenta < 10 GeVc cannot give information about 

the YJTT r a t i o . The effect of an increase of pion absorption length 

with decreasing energy, f o r pion energies below 100 GeV, that was indica

ted by Brooke and ̂ olfendale (1964) would be to decrease the predicted 

i n t e n s i t i e s at low momenta. This might explain the point of lowest 

momentum i n Fig. 4.3 but, as pointed out i n section 2.4, the effect i s 

small and furthemore i t would be more noticeable at the smaller zenith 

angles. This does not agree with the data of Fig. 4.2. 

I t i s clear that the derivation of the value of R from these 

measiirements of muon spectra at large zenith angles i s very d i f f i c u l t . 

At present only an upper l i m i t can be set; t h i s appears to be at a 

value of about 0.4. To obtain a more exact value of R more accurate 

measurements of both the v e r t i c a l and horizontal muon int e n s i t i e s at 

momenta above 100 G-eV/c are needed. 

Ẑ .3 Electromagnetic Cascades i n the Atmosphere 

Under the hypothesis that a l l y-e cascades i n the atmosphere are 

i n i t i a t e d by the decay of neutral pions, the production spectrum of 

these pions can be obtained from the measurements of cascade inte n s i t i e s 

at various heights. I f these pions are produced d i r e c t l y i n nuclear 

interactions then, assuming charge independence i n pion production, the 
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production spectrum of rauons from charged pions can be calculated. On 
the other hand, i f the neutral pions come from the decay of kaons pro
duced i n nuclear interactions, the same f l u x of photons implies a 
di f f e r e n t spectrum of muons from kaon decay. By comparing the two 
calculated muon spectra with the measured one a value for the YJ-K r a t i o 
i s obtained. 

4 . 3 . 1 Experimental Data 

A summary of the experimental data used i n the analysis i s given 

i n Table 4 . 1. The results are given i n the form of integral intensity 

spectra of individual pholtons and electrons. The atmospheric depth 

quoted i s the mean depth at v^hich measurements were made; thi s i s not, 

i n a l l cases, the same as the 'effective' depth, which depends on the 

vari a t i o n of cascade int e n s i t y with zenith angle and the knora differen

t i a l apertui'-e of the apparatus. 
A l l of the measurements of the B r i s t o l group have been made with 

nuclear emulsion-heavy element sandwich stacks. The Bristol-Balloon' 
-2 -2 

results r e f e r to a series of f l i g h t s between 8 g cm and 28 g cm . 
_2 

From these a spectrum was obtained f o r an effective depth of 40 g cm . 

The !Bristol-Comet' data are from four exposures i n Comet aeroplanes at 

220 g cm . In the two series of results the authors used measurements 

of the angular d i s t r i b u t i o n f o r E >̂  470 GeV i n order to obtain i n t e n s i t i e s 

over ranges of effe c t i v e depths from 10 to 62.5 g cm and from 230 to 

430 g cm respectively. The results from the 'Bristol-India' balloon 

f l i g h t s are expressed as the rate of production of photons at the top 

of the atmosphere. The data from this exposure used i n the previous 



Table 4.1 

Summary of Experimental Data on Electromagnetic Cascades 

Experiment 

B r i s t o l - I n d i a 

Bristol-Balloon 

Chicago 

Japsinese E. C. 

Bristol-Comet 

Mt. Chacaltaya 

Mt. Norilcura 

Atmospheric Depth Key f o r Figs, 
(g cm ) 4.6 4.7 and 4.8 

22 • 

8-28 X 

• 
X 

A 

O 

References 

Malhotra et al.(1965) 

Bowler et al.(1962) 
" Duthie et al.(1962) 

Abraham et al.(I963) 
Fujimoto et al.(1959) 

Duthie et al. (1962) 

[Akashi et al.(1965) 
<Hayakawa et a l . (1965) 
Fujimoto et al. (1964) 
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analysis of Osborne and Yfolfendale (1964) ytas preliminary i n that i t 
had been derived from a scan of only half the stack. The r esult of 
the f u l l scan i s that the previous i n t e n s i t i e s are reduced by about IOJ0 . 

The 'Chicago' results are from four balloon exposures of stacks con
taining only nuclear emulsions. Vertical i n t e n s i t i e s are given but 
the ef f e c t i v e depths have not been calculated. \7e have therefore 
normalised the results to a depth-intensity curve obtained from the 
other measurements f o r E _> 470 GeV and arrive at an effective depth of 
28 g cm . The three remaining experiments were performed with emulsion 
chambers, consisting of nuclear emulsion sandwiched between horizontal 
layers of lead. I n the two series of mountain exposures x-ray f i l m 
was incorporated i n the stacks to f a c i l i t a t e naked eye scanning f o r 

u l t r a - h i g h energy cascades. No further results have been reported from 
2 

Mt. Norikura where the t o t a l exposure i s 24.8 m yr. At Mt. Chacaltaya 

an exposure during 1964 has brought the t o t a l to 9.6 m yr. The construc

t i o n of the l a t t e r chamber was such that only very high energy cascades 

were detected with high efficiency and in t e n s i t i e s are quoted only 

f o r E s 3000 GeV. An important a l t e r a t i o n to the mountain a l t i t u d e 

data has been made due to the recalculation of the cascade development 

i n the lead of the chambers resulting i n a 15^b increase i n the energy 

scale of a l l events (Akashi et a l . 1965). This i s approximately equiva

l e n t to a 30^ increase i n measured inte n s i t i e s . 

The combined data give values of the v e r t i c a l integral i n t e n s i t y 

spectra of photons and electrons with energy from 300 to 3000 GeV i n 

the atmosphere between 0 and 730 g cm . Below 30O GeV only the pure 
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emulsion stacks give s u f f i c i e n t l y high d e t e c t i o n e f f i c i e n c i e s and above 
3000 G-eV only the mountain exposures are long enough t o give s i g n i f i c a n t 
number o f events. 

4 .3 .2 The Production Spectrum o f I n i t i a l Photons 

Using the s t a t i o n a r y s o l u t i o n s o f cascade theory obtained by Bossi 

(1952) under approximation A, the measured i n t e n s i t i e s o f photons and 

elec t r o n s may be used t o derive the production spectrum of ' i n i t i a l * 

photons, i . e . those produced d i r e c t l y i n the decay of n e u t r a l pions. 

The expression f o r the i n t e n s i t y a t depth x o f photons and electrons 

of energy greater than E i s of the form 

Fyg(x,>E) = Ny(0,>E) f (x,X^,s) (4 .1) 

where Ny(0,E) i s the r a t e of production o f i n i t i a l photons per g cm 

a t the top o f the atmosphere. I t i s assumed i n o b t a i n i n g the s o l u t i o n s 

t h a t the i n t e g r a l i n t e n s i t y spectrum a t a given depth can be represented 

by a power law o f constant exponent, -s, and t h a t the absorption l e n g t h 

of the n u c l e a r - a c t i v e component, X„, i s independent o f energy. Constant 

values o f X.„ and s must be chosen so t h a t the f(x,A ,s) f a c t o r i n (4 .1) 

which determines the shape o f the d e p t h - i n t e n s i t y curve best f i t s the 

measured data. Examination of the spectrum a t each depth of observation 

shows t h a t the choice o f the best unique value o f £ i s not simple. I n 

each case, although a power law f i t s the data w e l l below 1000 GeV the 

spectrum shows a tendency t o steepen a t higher energies. The 'knee' 

i n each of the s p e c t i ^ occurs a t energies q u i t e close t o our upper 
si n g l e 

l i m i t o f 3000 GeV, however, so t h a t one may assume a (^exponent over the 

energy range t h a t we use. The value o f t h i s exponent i s not constant 

but shows a tendency t o increase w i t h increasing depth of observation. 
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This e f f e c t , remarked upon by Malhotra et a l . (1965a), i s most apparent 
i n the ' B r i s t o l - I n d i a ' and 'Bristol-Comet' spectra which have exponents 
o f 1.67j^O.IO and 2 .3^0.20 r e s p e c t i v e l y . The s e n s i t i v i t y o f the 
c a l c u l a t e d d e p t h - i n t e n s i t y curves t o _s i s shown i n Fig. 4.4 where 
f(x,?(;„ = 115,s) i s p l o t t e d against depth, x> f o r various values o f , s, 
no r a a l i s e d to the expression f o r s = 2.2, I t can be seen t h a t a t 
b a l l o o n a l t i t u d e s (x < 60 g cm ) the c a l c u l a t e d i n t e n s i t y i s only weakly 
dependent on £ but f o r aeroplane and mountain exposures (x > 220 g cm ) 
_s must agree w i t h the measured exponents o f the spectra t o w i t h i n 0 .1. 
Accordingly _s i s taken to'be 2 .2. 

The e f f e c t o f va r y i n g X„ i s shown i n Fig. 4 .5 where f(x,X„,s=2.2) 
a a 

i s p l o t t e d against x w i t h X as a parameter, normalised t o the expression 
— a 

-2 
w i t h A = 100 g era . I t i s seen t h a t the r a t i o s are approximately a 

-2 -2 
l i n e a r f u n c t i o n s o f x f o r x ><800 g cm and close t o 100 g cm . 

I f the measured i n t e n s i t i e s , Fyg(x,>E)^, a t a given energy, E, are d i v i d e d 

by 
f(x,X^=100,s=2.2) = -241 .20xp(-x /66.l) + 6.07exp(-V20.5) 

+ 235.1 exp(-3i/l00) g cm"^ (4 . 2 ) 

and p l o t t e d against x then they should l i e on a s t r a i g h t l i n e , whose 

slope gives the value o f X^ that would best f i t the data and whose 

i n t e r c e p t w i t h the x=0 a x i s gives the r a t e o f production o f i n i t i a l 

photons a t the top of the atmosphere corresponding t o t h i s value of Xg^' 

This was done f o r seven energies between 300 and 3000 GeV; graphs f o r 

E>470,>700,>1500 and >3000 GeV are given i n Figs. 4 .6 and 4.7. The 

apparent values o f Ag^ were obtained from the slopes o f the l i n e s given 

by weighted l e a s t squares f i t s to the experimental p o i n t s and are l i s t e d 
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_2 
i n Table 4 .2 . These values are from 5 t o 10 g cm greater than those 

obtained i n the previous analysis because of the increased i n t e n s i t i e s 

from the mountain exposures, but they show the same apparent slow 

decrease o f absorption l e n g t h w i t h i n c r e a s i n g energy. I t must be 

remembered, however, t h a t the s o l u t i o n o f the cascade propagation t h a t 

iias been used i s not s t r i c t l y v a l i d i f the exponents o f the i n t e n s i t y 

spectra change w i t h depth and t h e r e f o r e the apparent values of A may 
a 

not be i d e n t i c a l w i t h the a c t u a l absorption lengths of nuclear-active 

p a r t i c l e s . I n order t o be consistent w i t h our i n i t i a l assumptions the 

weighted mean o f the values o f Table 4.2 i s taken g i v i n g a constant 
value, A = 100 j- 3 g cm . The i n t e n s i t y a t production o f i n i t i a l a 
photons o f energy g r e a t e r than E i s given by 

F^(>E) = A N^(0,>E) cm~^ sec"'' sterad""* (4 .3) y a y 
This i s not sensitive t o the precise value chosen f o r A, since a 

a 

decrease i n t h i s parameter cause a corresponding increase i n the 

der i v e d mean value of Ny(0,>E). Using 

/ P (x,>E) \ 
^"y(>^) = \ f ( x , A ^ ! l 0 0 , s l 2 ) / cm~^sec ^sterad ^ (4*4) 

the production specti\mi o f i n i t i a l photons, given i n Table 4 .3 , i s 

obtained. I n Fig. 4.8 the d e p t h - i n t e n s i t y expression F (x ,>1000), 

7 e 
c a l c u l a t e d using A^ = 100 g cm"^, s = 2.2 and Ny(0,>1000) = 3.53 10"^ 

-1 -1 -1 

g sec sterad , i s compared w i t h the measured i n t e n s i t i e s . 

4 .3 .3 The Predicted Muon Production Spectra 

I n order t o de r i v e muon spectra from the spectrum o f photons using 

expressions s i m i l a r t o those given i n Chapter 2 i t i s necessary t o 



Energy 
E (GeV) 

Table 4.2 

300 470 700 1000 1500 2000 3000 

A (s cm~^) 110+5 111±5 102+4 101.5+2.5 97+3 93-5+3 94+4 
a 

Table 4.3 

The Production Spectrum of I n i t i a l Y-guanta 

Energy,E 

(GeV) 

300 

470 

Ki E) 
^ -2 -1 , (cm sec sterad 

(2.49+0.25) 10"^ 

(1.42+0.11) 10"^ 

700 (6..63+0.45)-^ •10"''' 

1000 (3.53+0.16) 10"^ 

1500 (1.42+0.11) 10"^ 

2000 (6.95±0.51) 10"^ 

3000 
— f i 

(2.51+0.16) 10 
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express the l a t t e r as a power law. The slope o f the photon spectrum 
increases slowly w i t h energy, however, and a close f i t cannot be 
obtained. Over a l i m i t e d energy range one may express a spectrum of 
t h i s form as the d i f f e r e n c e of two power lav/ spectra. The best f i t 
t o the i n t e g r a l photon production spectrum i s then, f o r 300<E<3000 GeV, 
Py(>E) = (3.20 10"2)E"''*^ - (1 .84 10"^)E"''-° cm"23ec"''sterad"'' (4 .5) 
From the kinematics of n e u t r a l pion decay, i f Py(>E) = CE~^^~^^, the 
d i f f e r e n t i a l production spectrum of n e u t r a l pions i s 

F^o(E) = ^ ^ ^ CE-^ (4 .6) 

Then ( 4 . 5 ) gives 

F^o(E) = (6.66 10"2)E"^*^-(1.84 10"^)E"2'° cm"^sec"''sterad"''&eV"'' (4 .7) 

For the case of a l l rauons coming from pion decay the muon production 

spectrum i s obtained i n terms o f the pion spectrum by i n t e g r a t i n g (2.15) 

over atmospheric depth (a constant value, = 118.1 GeV, may be 

assumed since, a t hi g h energies, a l a r g e m a j o r i t y o f the muons are 
^2 

produced a t depths x<253.3 g cm ) . Then, w i t h charge independence i n 

the production o f pions, the muon production spectrum from pions i s 
N , f g = * . M F„.^0 [Ci-""'0* tr^^] (4 .8) 

I n t h i s case t h i s i s evaluated as the d i f f e r e n c e between two i n t e g r a l s 

f o r the two values o f V o f ( 4 . 7 ) . The spectrum i s shown i n Fig. 4*9 

where the ordinate i s the i n t e n s i t y m u l t i p l i e d by E^. The experimental 

p o i n t s correspond t o the measured photon i n t e n s i t i e s o f Table 4 .3. 

I f , on the other haiid, only kaons are produced d i r e c t l y i n nuclear 

i n t e r a c t i o n s then the kaon production spectrum can be c a l c u l a t e d from 

the n e u t r a l pion spectrum. Taking a l l kaon decay modes i n t o account, 
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the r e l a t i o n between the two spectra i s given by the f o l l o w i n g 

expression, when the kaon spectrum i s of the form Pt,-+(E) = F„o(E) = KfT' 

F .6.) - b-is7 ^-^^ (o '?//.'^- o.ost') F , . Ce.)] 0- K') (4.9) 

The term i n square brackets i s the c o n t r i b u t i o n from the dominant 

K^,->7r° + rr° decay mode and R^o i s the f r a c t i o n o f t h i s t h a t i s the 

c o n t r i b u t i o n from the other decay modes (see Appendix C). R^o i s a 

f u n c t i o n of energy and also depends on y. As the energy increases from 

300 t o 3000 GeV R o decreases from about 0.8 t o 0.2. From (4.9) and 

(4.7) the kaon production spectrum i s obtained, again as the d i f f e r e n c e 

of two power law spectra, 

Fg.+(E) = (6.67 10"^)E'2-''^-(l.72 10'^)E"''-^^ cm'^sec"''sterad"''&eV"'' (4 .10) 

The production spectrum of muons from kaons i s o f the form 

N,(e^V- to..8 F,*re,) l«r j ' V M f l . ^ ) ' ' < j 5 ] 0 ^ « r ) (4.11) 

The term i n square brackets i s the c o n t r i b u t i o n from the mode, 

derived from (2.18) w i t h B^j. = 867 GeV. R i s the r e l a t i v e c o n t r i b u t i o n 

o f the other decay modes and decreases from about 0.5 to 0.2 over the 

energy range considered. The spectrum obtained from (4.10) and ( 4 . I I ) 

i s shown i n Fig. 4.9. 

The two p r e d i c t e d spectra are t t e n compared w i t h the muon production 

spectnam derived from the 0Pi7 sea l e v e l spectrum; the energy loss and 

s u r v i v a l p r o b a b i l i t y were allowed f o r , assuming a l l muons t o be pro-

duced a t the median height o f 83 g cm . The c o r r e c t i o n i s small i n the 

v e r t i c a l d i r e c t i o n a t high energies, amounting t o 4^ a t 300 GeV and 

becoming n e g l i g i b l e above 2000 GeV. 
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4 .3 .4 The k / t t Ratio from Electromagnetic Cascade Measurements 

I n Fig. 4.9 i t can be seen t h a t the observed muon i n t e n s i t i e s are 

g r e a t e r than those p r e d i c t e d from electromagnetic cascade i n t e n s i t i e s 

i f pions are the only source. Using the r e l a t i o n s between the spectra 

given above the production spectra of pions and kaons were adjusted 

u n t i l the c a l c u l a t e d i n t e n s i t i e s o f muons and photons from both sources 

together were i n agreement w i t h the observed values. The r a t i o o f 

kaons t o pions thus obtained i s given i n Pig. 4.10 as a f u n c t i o n o f 

t h e i r energy a t production. The dashed l i n e s give the l i m i t s o f e r r o r 

of one standard d e v i a t i o n r e s u l t i n g from the u n c e r t a i n t i e s i n both 

the OPff spectrum and the photon i n t e n s i t i e s . 

There appears t o be a minimum i n the Yjn r a t i o a t meson energies 

of about 1500 GeV but s t a t i s t i c a l e r r o r s are such t h a t a constant value 

of 20^ over the range o f pion and kaon energies from 40O t o 5000 GeV 

i s not i n c o n s i s t e n t w i t h the measured data. The apparent r e l a t i v e l y 

r a p i d increase i n R below an energy a t production of 6OO GeV i s r a t h e r 

suspect. From Fig. 4.9 i t can be seen t h a t t h i s i s due t o the muon 

spectrum p r e d i c t e d from electromagnetic cascade measurements being less 

steep, a t energies corresponding t o photons o f 300 t o 500 GeV, than 

the OPW spectrum. This i s the region j u s t above the low energy cut o f f , 

which i s imposed upon the heavy element-nuclear emulsion sandwich 

stack data by reduced d e t e c t i o n e f f i c i e n c y . I t seems possible t h a t the 

d e t e c t i o n e f f i c i e n c y may have been o'yer-estimated i n t h i s region f o r 

some o f the measurements r e s u l t i n g i n an under-estimate o f the photon 

i n t e n s i t y . I n p a r t i c u l a r the ' B r i s t o l - I n d i a ' spectrum, which c o n t r i b u t e s 
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most o f the weight a t low energies (see Fig. 4.6a), has a s i g n i f i c a n t l y 

s m aller slope than the 'Chicago' spectrum i n t h i s region (1.57j.0.08 

compared w i t h 1.9^*^). These measurements were made a t s i m i l a r -u. 2. 
atmospheric depths but the 'Chicago' r e s u l t s were from pure emulsion 

stacks i n which the d e t e c t i o n e f f i c i e n c y remains high t o photon energies 

below 100 GeV. 

Measurements o f electromagnetic cascades liave a l so been made 

by Baradzei et a l , (1964) using arrays of i o n i s a t i o n chambers flown 
-2 -2 

a t atmospheric depths of 197 g cm and 310 g cm . From the i n t e n s i t i e s 

of i n d i v i d u a l photons and electrons i n c i d e n t on t h e i r arrays they derived 

the muon spectrum a t sea l e v e l f o r pions as the only parents by a 

method s i m i l a r t o t h a t given above. This spectrum f o l l o w s the OF>V 

spectrum very c l o s e l y up t o about 1500 GeV above which i t becomes pro

g r e s s i v e l y l a r g e r . The authors p o i n t out, however, t h a t , because of the 

f i n i t e r e s o l u t i o n of t h e i r counters, i t i s possible f o r groups of 

r e l a t i v e l y low energy photons t o simulate s i n g l e high energy photons. 

They c a l c u l a t e t h a t , f o r t h i s reason, t h e i r measured photon spectrum w i l l 

be enhanced above 2000 GeV. I n Fig. 4.10 the Y^iv r a t i o derived by us 

from these r e s u l t s i s given up t o 15OO GeV together w i t h the upper l i m i t 

o f one standard d e v i a t i o n of t h e i r quoted s t a t i s t i c a l e r r o r s . The 

i o n i s a t i o n chamber data seems t o i n d i c a t e a smaller value o f R than the 

combined emulsion data b u t , because of the l a r g e experimental e r r o r s , 

the two r e s u l t s are not c o n t r a d i c t o r y . Unlike the emulsion measurements, 

v;here each cascade could be studied i n d e t a i l , the i o n i s a t i o n chamber 

measurements d i d not a l l o w those eirents caused by incsident photons or 
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e l e c t r o n s t o be d i s t i n g u i s h e d from bursts produced by nuclear i n t e r 
a c t i o n s i n the array. The quoted i n t e n s i t i e s o f p h o t o n - i n i t i a t e d 
b u r s t s are the t o t a l i n t e n s i t i e s redued by approximately 25;o t o allow 
f o r these nuclear i n t e r a c t i o n s . I f t h i s c a l c u l a t e d reduction were too 
small by ~10Jo then the major p a r t of the d i f f e r e n c e between the i o n i s a 
t i o n chamber and emulsion r e s u l t s would disappear but there would s t i l l 
be no r a p i d increase of R w i t h decreasing energy below 600 GeV from 
the i o n i s a t i o n chamber r e s u l t s . 
4 . 4 Measurement o f the P o l a r i z a t i o n o f Muons 

The mean p o l a r i z a t i o n o f cosmic ray muons depends upon whether the 

parent mesons are kaons or pions. I n the res t system of pion decay or 

two-body decay o f kaons i n the K^^ mode the muon i s completely p o l a r i z e d 

along i l s momentum. ( A l l the experiments t h a t have been performed up t o 

the present have measured the p o l a r i z a t i o n of p o s i t i v e muons only. I n 

two-body decays the p o s i t i v e muon i s p o l a r i s e d a n t i - p a r a l l e l t o i t s 

momentum: f o r s i m p l i c i t y i n the present discussion, we define t h i s t o 

be a p o s i t i v e p o l a r i z a t i o n . ) I n the l a b o r a t o r y system the o v e r a l l 

p o l a r i z a t i o n w i l l be reduced because those muons moving backv/ards i n 

the r e s t system w i l l be transformed t o forward d i r e c t i o n s and w i l l have 

p o l a r i z a t i o n s o f opposite sign t o those moving forvrard i n the r e s t 

system. I f one considers muons o f a given l a b o r a t o r y energy, then 

those t h a t were produced by forwar-d decays i n the r e s t system w i l l have 

come from parent mesons of lower energy than those from backward decays. 

The r a p i d l y f a l l i n g energy spectrum o f pions and kaons favours muons 

from forv;ard decays. I t can be seen t h a t the muon p o l a r i z a t i o n w i l l 
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depend on the parent meson spectrum and the energy available to the 

rauon i n the rest system. 

4 . 4 . 1 The Calculated Muon Polarization 

An expression f o r the polarization of muons from tv/o-body decays 

has been given by Hayakawa (1957) . I f E and £, and and 2^ are the 

energy and momentiim of the muon i n the laboratory system and the rest 

system respectively, then the polarization i s 

PP » 
PP 

2 

where e i s the parent meson energy i n terms of i t s rest mass, Mc ^ No?/ 

f o r a l l muon energies that we shall consider v = b/Ei can be taken as 

unity and v" = 'j^f/^ = (M^ ~ m^)/(M^ -+ has values 0.272 and 0.921 

f o r pions and K̂ ^ respectively. I f the d i f f e r e n t i a l production spectrum 

of parent mesons i s a power law of exponent y the mean polarization averag

ed over t h i s spectrum i s ( c . f . equation ( 4 . 8 ) ) 

Where, as before, f o r pions and respectively, r = (l+v ) / ( l - v ) has 

values of 1.74 and 21.82 and B = 118.1 GeV and 867 GeV. For E^ < 10 &eV, 

which ,^Is the enei'gy range covered by the experimental results, the 

pr o b a b i l i t y of absorption rather than decay of the parent mesons is 

negligible and the factor ( I + SE^B)->1. In th i s case (4 .13) 

becomes 

(N.B. i n the o r i g i n a l paper, Hayakawa (1957) , there i s a mistake i n the 
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derivation of t h i s formula v/hich has been pointed out by l a t e r authors). 
Therefore, i f the meson spectrum has a constant exponent the muon polart-
zation w i l l be independent of energy and height of production i n the 
atmosphere. 

I f a l l muons come from pion decay then, data from magnetic spectro

graph measurements of the v e r t i c a l muon spectrum indicate that the pion 

production spectrum has a constant exponent, V = 2.63 from 5 GeV/c to 

beyond 20 &eV/c. Substituting t h i s value i n (Z*̂  14) the mean polarization 

of muons from pions i s found to be 0.327. Thus the predicted polariza

t i o n w i l l be Constant at t h i s value down to a muon momentum at sea level 

of 2 GeV/c which corresponds to the 5 GeV/c pion production momentum 

(see Fig. 3«'l)« Below 5 G-eV/c the slope of the pion spectrum becomes 

smaller. Since rauons of a given momentum at sea level are produced by 

pions whose momentum i s a fimction of the a l t i t u d e at v/hich the muon i s 

produced, the calculation of the expected polarization i n t h i s momentum 

region requires detailed knov/ledge of the behaviour of the pion production 

spectrum and the a l t i t u d e dependence of the rate of production of muons 

at lov momenta. Although the muon polarization has been predicted by 

Berezinskii and Dolgoshein ( I962) down to 100 MeV/c using the pion pro

duction spectrum of Olbert (1954) and the calculations of muon production 

versus a l t i t u d e of Sands (1950) , v/e do not consider that, at very lov/ 

momenta, these quantities are well enough?, established f o r the polarization 

to be calculated with s u f f i c i e n t accuracy to allow a quantitative com

parison with measured values below 1 GeV/c. The calculated polarization 

of muons from pion decay i s shown i n Fig. 4.11 down to 1 GeV/c. 
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Before the polarization of muons from kaons can be calculated i t 
i s necessary to know the form of the kaon production spectrum, which 
depends on the var i a t i o n of the I 0 r r a t i o with energy. The procedure 
adopted here i s to take the simplest case, i n which the r a t i o i s assumed 
to be constant and then to ascertain whether any change i n the r a t i o 
w ith energy i s indicated by a comparison between the predicted polarization 
and the measured values. Because the production spectrum of kaons then 
has the same shape as that of pions and since muons having sea level 
momentum of 1 GeV/c come from kaons of mean momentum 5.4 GeV/c or greater, 
depending on the mode of decay, the slope of the spectrum i s constant 
at y = 2'. 65 over the relevant momentum range. The production spectra 
of charged and neutral kaons are taken to be id e n t i c a l , F^+(E) = F 0 ,70(E) 
= AE and a l l decay modes are considered. The muons may be divided 

in t o three groups. Those from K̂ ^ ^©cay, v/hen the appropriate values of 

V* and r are substituted i n ( 4 . 1 4 ) , have a mean polarization of 0.943. 

From ( 2 .24 ) i t can be seen that at low momenta the production spectram 

of pions from kaon decay has the same slope as the kaon spectrum, so that 

muons produced i n two-stage kaon decays have polarization 0.327. Muons 

from R̂ ^ and have a range of energies i n the kaon rest system and 

varying polarizations correlated to these energies. These have been c a l 

culated by Brene et a l . ( I961) f o r various values of a param.eter ^ (see 

Appendix C.3). In the previous analysis the mean polarization, averaged 

over the production spectrum of kaons was calculated to be 0.273, assuming 

^ = 1. A, recent accelerator experiment on the polarization of muons from 

K̂ ^ (Borreanni et a l . (1965)) confirms that § l i e s between 0 and 1. For 
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1"= 0 the mean polarization would be a few per cent greater than f o r 

J" = 1. The polarization of positive rauons from K̂ ^ i s of opposite sign 

to that of rauons from the two-body decays. 

The r e l a t i v e numbers of positive rauons of a given energy are given 

i n Table 4 . 4 : tne spectra are expressed as fractions of the kaon produc

t i o n spectrum. I f we define r^^ = Pj^+(E)/5'^_^(E) then the overall polariz

ation of positive muons from kaons i s 

Pj^= (0.059 + 0 .238r j^ ) / (0 .148 +0 .31- i r j ^ ) (4 .15) 

The value of r i s not kno?ni precisely. I f a l l muons did come from 

kaon decay only then r^^ = 0 .6 v/oiald give agreement with the observed 

positive to negative r a t i o of muons of 1.23. The predicted polarization 

then i s 0 .542; t h i s i s shown i n Fig. 4 . 1 1 . On the other hand i f only 

a small f r a c t i o n of muons came from kaons r ^ could be larger without 

contradicting the observed muon charge r a t i o . At lower, machine, energies 

the observed value of r^^ i s ~ 0.8 and one would expect the value to f a l l 

rather than r i s e with increasing energy. Therefore r^^ = 0 .8 i s taken 

as an upper l i m i t and the measured data i s interpreted below f o r both 

values or r^^. 

4 . 4 . 2 Summary of the Experimental Data 

A l l measurements of the polarization of cosmic ray rauons that 

have been made up to the present time have involved stopping the particles 

i n a copper, brass or aluminium absorber and examining the angular 

d i s t r i b u t i o n , of the positrons produced i n t h e i r decay. In some cases 

a multiplate cloud chamber was used v/hile i n the others the positions 



Table 4»4 

The Production Spectra and Polarizations of Muons from Kaons 

Production Spectrum Production Spectrum 
Decay Mode of Positive Muons^ Polarization 

of Muons tFjf;±(̂ ) •\+(E) 

0.229 0.299rj^ 0.943 

0.064 0.064rj^ 0.327 

K̂ ^ 0.021 0.007(1^+1) 0.327 

K^^, 0.002 0.002rj^ 0.327 

± 0.008 0.008r,^ -0.273 
U3 K 

K° 0.168 0.084 0.327 

K°, 0.015 0.008 0.327 
7r3 

K°^(s) 0.033 0.017 -0.273 

(K°^+K°^)(SK) 0.066 0.033 0.327 

(H) D i r e c t l y produced muons only 

(HH) Includes muons from via two-stage decay only 
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were recorded electronically by a delayed coincidence technique. The 

positive muons are automatically separated from the negative muons by 

t h i s method because the l a t t e r are absorbed by copper nuclei within 

~10 ^ sec. The sea level raomentam of the muons stopping i n the absorber 

could be altered by placing a variable thickness of 'moderator' over 

the apparatus^by s i t i n g the instrument underground. The measurements 

thus cover a range of sea lev e l momenta from 0.113 GeV/c to 8.7 GeV/c. 

Those above 1.0 G-eV/c are l i s t e d i n Table 4.5 and plotted i n Fig. 4.11. 

The results of three experiments by Soviet workers reported by Asatiani 

et al.(1964) were not included i n the previous analysis. The predicted 

polarizations obtained i n the previous section refer to the value at 

production: depolarization i n the a i r and moderator has to be taken into 

account. Hayakawa (1957) has calculated the f r a c t i o n a l depolarization 

due to multiple Coulomb scattering to be 5" = 4.4 -x/^^^, where x i s 

the thickness of a i r and moderator i n g cm and p^ i s the momentum of 

the muon at production i n MeV/c. At the momenta under consideration 

the range, x> i s very nearly proportional to p^ and S i s p r a c t i c a l l y con

stant at V/here i t had not already been done by the authors the measur

ed polarizations have been corrected by t h i s araoiint. Corrections to the 

measured values due to depolarization of the muon af t e r stopping and 

Coulomb scattering of the positron, i n the absorber, and decay of negative 

muons have been discussed by the various authors and are generally con

sidered to be negligible. Instrumental assymetries could have an important 

effect on the measured polarization; i n the 'delayed coincidence' 

experiments t h i s was combated by regularly exchanging upper and lower 
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Table 4.5 

Measurements of Muon Polarization 

Muon Sea Level 
Momentum (GeV/c) 

Muon Polarization 
at Production Reference Key to 

Fig: 4.11 

1.00 0.37 + 0.11 Bamin et a l . (1960) 0 

1.05 0.37^0.09 Alikhanyan (1959) X 

1.15 0A2±0.08 Dolgoshein et al.(1962) a 

1.3- 1.4 0.36 + 0.11 Sen Gupta and Sinha(l962) 

1.50 (kP=0.23i:0.03)^ Bradt and Clark (1963) • 
1.50 0.37 + 0.05 Dolgoshein et al.(1962) • 

1.50 0 . 5 4 ± 0 . 0 9 Alikhanyan (1959) X 

1.55 0 . 3 4 ± 0 . 0 9 Asatiani et a l . (1964) • 

1.65 0.42 + 0.05 Dolgoshein et al.(1962) 0 

1.70 • 0.31+0.10 Baniiin et a l . (I960) 0 

2.0 0.23 + 0.12 Kocharyan et al.(1960) A 

2.1 0.41+0.033 Asatiani et al.(1964) • 
2.1 0.41^0.025 Asatiani et al.(I964) 

8.7 (kP=0.21 j . .0.02) '^ Bradt and Clark(l963) • 

"See text 
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detectors or by measuring the up-down ratios with a depolarizing magnetic 

f i e l d applied to the absoroer. Bradt and Clark (I963) do not attempt 

to estimate the absolute polarization, however, but investigate i t s 

change with sea l e v e l momentum. Their results are given as kP, rihere 

k i s a constant that contains the unevaluated systematic errors. I f 

t h e i r r e s u l t at I .50 GeV/c i s normalised to the mean of the other measure

ments then the absolute value at 8.7 GeV/c i s 0.367 + 0.035. I t can be 

seen from Fig. 4.11 that there i s a wide spread i n the measured vaihues 

of polarization at comparable momenta. Although, because of the large 

s t a t i s t i c a l errors, no two sets of results are d e f i n i t e l y contradictory, 

i t seems l i k e l y that there are systematic errors i n some of the measure

ments that have not been accounted for. The fact that a l l except two 

of the points l i e above the l i n e f o r pions only suggests strongly, hov/ever, 

that there must be at least a small admixture of kaons among the muon 

parents. For each point the F/TT r a t i o was determined f o r r^^ = 0.6 and 

0.8, using the expression 

_ k "-^^^TT ^y^jr ^ (4.16) 
= 3 (o. 148^.311 v 

P^jPj^ , and P̂  are the measured andpMdic^tea. polarizations respectively; 

the production spectrum of positive muons from pions i s 0.68r^P^(E). 

r^, the fr a c t i o n of charged pions that are positive, i s assumed to have 

the value 0.552, to agree with the observed positive excess of muons. 

The twelve values between 1.0 and;2.1 GeV/c were then divided into three 

groups according to momentum and the mean values were calculated. 

(Because of possible systematic errors the individual values were not 
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weighted accoi'ding to the quoted s t a t i s t i c a l errors). These points, 
together with that from the measui-^ment at 8.7 GeV/c are plotted i n 
Fig. 4.12 as a function of the corresponding kaon and pion energies, 
f o r the two values of r^^. The large s t a t i s t i c a l errors make i t impossible 
to draw detailed conclusions about the behaviour of the ] 0 r r a t i o , R. 
An increase of R over the meson energy range 4 Ge? to l6 GeV can be 
ruled out with reasonable confidence. I f a constant r a t i o i s assumed 
then the values are (50 j;15)/o and (35 ±^0)% f o r r^, = 0.6 and 0.8 
respectively. A decrease of R by a factor of two between 4 GeV and l6 GeV 
would, however, be i n accord with -the data. As stated above, t h i s would 
a l t e r the predicted polarization of muons from kaons and thus the absolute 
values of the r a t i o obtained from (4 .16) . For example, i f the slope of 
the kaon spectrum were assumed to be y = 3.15 to account f o r this factor 
of two, the predicted kaon polarization would be increased such that K 
would be reduced to ~ 91/<' of the values given i n Fig. 4 .11. 
4.5 Conclusions concerning the K/TT Ratio 

The three methods of examining the 'K/TT r a t i o may be combined to 

give an overall estimate over a range of meson energies from 3 GeV to 

5000 GeV. This i s shown i n Fig. 4.13, where l i m i t s are plotted correspond

ing to one standard devdation on the measured data. Because of the 

reservations stated above concerning the behaviour of the photon produc

t i o n spectrum at the low energy end, obtained from the nuclear emulsion 

measurements, the measured value i s taken as the upper l i m i t at 400 GeV 

I t i s seen that the results f o r a l l three,-methods can give with certainty 

only an upper l i m i t to the r a t i o , although the polarization results at 
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the very lowest energies strongly indicate a f i n i t e number of kaons. I f 
the r a t i o i s assumed to be independent of energy then a value of 20$.o 
would f i t the measured data best, but the error on this value approaches 
i 20^. 

Any substantial improvement i n the determination of the r a t i o i s 

probably l i m i t e d to the horizontal spectrum results. The Durham horizontal 

spectrograph has already been enlarged, increasing i t s m.d.m. to ~ 1950 

GeV/c (MacKeown (1965)), thus allowing the detemin:ition of the muon 

i n t e n s i t y i n the region close to 1000 GeV/c where i t i s most sensitive 

to the YJU r a t i o . Further measurements by the B r i s t o l group should 

improve our knowledge of the photon production spectrum i n the region 

of 400 Ge?. Measurements incidental to the two neutrino experiments des

cribed i n Chapter 7 ^ v i l l give greater accuracy to the data on the variation 

of muon in t e n s i t y vdth depth and thus lead to a more accurate value of 

the muon sea lev e l spectrum at high energies. This should indicate whether 

the apparent increase i n the YJTV r a t i o above 2000 GeV i s real. I t must 

be noted, however, that there are systematic errors i n the detemination 

of the energy of cascades i n nuclear emulsions that may amount to lO^j. 

This means that there i s an inherent uncertainty i n the absolute in t e n s i 

t i e s of the photons, and hence i n the YJTV r a t i o , that cannot be much.^smaller 

than that represented by the present s t a t i s t i c a l l i m i t s . As pointed out 

be Asatiani et a l . (1964) the measurements of the muon polarization could 

be improved by c a l i b r a t i n g the apparatus i n a beam of muons of known 

polarization from an accelerator. This method of removing systematic 

errors has not been used up to the present time. However, even i f the 
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polarization were knomexactly, there would s t i l l be uncertainties i n 

the interpretation due to the largely unknovm charge r a t i o of kaons 

and the lack of knowledge of the exact shape of the kaon spectrum. 

The results given i n Fig. 4.13 refer to the r a t i o of the production 

spectra of kaons and pions averaged over a l l interactions of the primary 

p a r t i c l e s . This i s the same as the r a t i o of kaons and pions produced 

i n individual nuclear interactions only i f the effective mean energies 

of the two types of mesons from the interactions are the same. The 

in d i r e c t results given above are compared with the direct results from 

the study of the individual interactions i n the f i n a l Chapter. 



Chapter 5 73. 

High Energy Neutrino Interactions 

From the study of muons arising from the products of the interactions 

of cosmic ray primaries we now turn to particles produced i n conjunction with 

the muons or i n th e i r decay: high energy neutrinos. I n t h i s .Chapter a 

summary i s given of the present state of knowledge on high energy neutrino 

interactions from accelerator measurements and the possible modes of 

behaviour, at higher energies, predicted by various theories. The p r e d i c t B d 

rates of interactions deep underground may then be calculated and compared 

with the preliminary measurements. With the present type of detector of 

cosmic ray neutrinos only those interactions i n which a muon of kinetic 

energy ^ lOO MeV i s produced w i l l be registered. These may be conveniently 

divided i n t o four groups: el a s t i c and in e l a s t i c interactions, the production 

of the hypothetical Intermediate Boson i n the Coulomb f i e l d of a nucleus, 

and resonance interactions, 

5.1 Elastic Interactions 

The in t e r a c t i o n between a neutrino and a nucleon i n which the charge 

of the lepton changes but no additional hadrons are produced i s termed an 

•elastic i n t e r a c t i o n ' . For the case of incident muon-neutrinos we have 

v,̂  + n-> n" + p (5 .1 ) and + p ^ l ^ * + n (5 .2) 

The cross-sections f o r these interactions have been calculated by Yamaguchi 

(1961). Below 1 GeV the t o t a l cross-sections increase approximately^ 

l i n e a r l y with energy, that of (5 .1) being about three times that of ( 5 . 2 ) . 

Near to 1 GeV the e f f e c t s of strong interactions i n r e s t r i c t i n g the four-

momentum transfer to the nucleon l i m i t t h i s increase. This e f f e c t manifests 

i t s e l f as four form-factors i n the expression f o r the d i f f e r e n t i a l cross-
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section. The Conserved Vector Current hypothesis predicts that, of these, 

the two vector form-factors are i d e n t i c a l to the Hofstadter electromagnetic 
2 2 —2 2 form-factor f o r electron-proton scattering, v i z . ( 1 + q /0,8 m^)' , where q 

i s the four-momentum transfer. The form of the two axial-vector form-factors 

i s not knovm but i t i s , a r b i t r a r i l y , taken to be id e n t i c a l to the electro

magnetic one. Under t h i s assumption, the t o t a l cross-sections for both ( 5.1) 

and (5 .2 ) tend at high energies to a constant value of 0,75 10~^^ cm^, the 

former from above and the l a t t e r from below, 
2 

The v a r i a t i o n with q of the d i f f e r e n t i a l cross-section f o r elastic 

interactions has been measured i n the CliEN heavy l i q u i d bubble chamber 

(Block et a l . ( I964)) confirming that, f o r t h i s interaction, the vector and 

axial-vector form-factors are similar. The present neutrino telescopes do 

not d i f f e r e n t i a t e between positive and negative rauons, and since Z/A = 0 . 5 

f o r the surrounding rock one may take the mean of the cross-sections f o r 
—38 2 —1 (5.'1) and ( 5 .2 ) giving a consteint value of 0,75 ^0 cm (n-p p a i r ) down 

to 1 GeV, Because of the r e s t r i c t i o n on the momentum transfer the muon may 

be assumed to retain e f f e c t i v e l y the whole of the neutrino energy. This 

cross-section was derived under the assumption that the Intermediate Boson 

has i n f i n i t e mass. To take account of a boson of mass m̂.̂  the form-factors 
2 2—1 

would be m u l t i p l i e d by an additional factor ( l + q /m^ ) . With the 

present lower limdt to m̂,̂  t h i s would have only a marginal effect on the cross-

section, 

5.2 I n e l a s t i c Interactions 

Under t h i s heading are considered a l l interactions i n which one or more 

hadrons are generated excluding those i n which a real Intermediate Boson i s 

produced. The processes may be very diverse; Paty ( I 9 6 5 ) gives a summary of 
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the many theoretical works on the subject. At energies available to machine 
experiments an important mechanism seems to be the production of a single 
pion via the 1236 MeV ( j , |-) isobar 

+ N->ii' • N * - ^ j i " + N + Tt ( 5 . 3 ) 

Herman and Veltman ("1965) have calculated the t o t a l cross-section f o r t h i s 

i n t e r a c t i o n and have foimd that i t behaves s i m i l a r l y to the elastic cross-

section i f the same form-factors are assumed, but saturates at a higher 

value. This i s i n agreement with the bubble chamber results f o r single pion 

production. The number of channels through which the in e l a s t i c interaction 

can occur increases with neutrino energy. For each channel the asymptotic 

form of the cross-section depends on the generally unknown behaviour of the 

relevant fom-factors at large momentum transfers. (Cabibbo and Cnilton 

( 1 9 6 5 ) show that f o r f ( q ) tending to K, I^q and the asymptotic cross-

section i s proportional to E , InE and constant respectively). Since v/ith 

the present detector i t i s not possible to d i f f e r e n t i a t e between the channels 

through which the i n e l a s t i c interaction occurs, only the t o t a l i nelastic 

cross-section f o r a l l channels i s of i n t e r e s t . I f we take a r b i t r a r y forms 

f o r the var i a t i o n of cross-section with energy, with the r e s t r i c t i o n that 

they s h a l l agree with the machine results at low energies then the predicted 

and observed rates of events underground may be compared. The inel a s t i c 

cross-section has been obtained experimentally i n the HLBC from 1 to 10 GeV 

but at the high energy end the s t a t i s t i c s are very poor and there i s some 

uncertainty i n the neutrino f l u x . I t seems that ajn approximately linear 

increase with energy i s indicated, and, under th i s assumption, a least squares 
—38 2 —1 f i t to the data gives ^ j ^ g ^ ^ = 0 ,45 "lO cm nucleon" . I f , however, a 

quadratic increase i s f i t t e d to the data then 6^ , = 0 , 1 9 10~^^ E^ cm^nucleon"^ 
xnel V 
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In Chapter 7 the predicted rates of events are given f o r these cross-sections 
with various cut o f f energies above which the cross-section i s assumed to 
become constaint. For the energy region where the cross-section i s steadily 
increasing we assume that the muon retains half of the neutrino energy. I n 
the region where the cross-section i s constant due to the r e s t r i c t i o n on the 
momentum transfer the muon i s assumed to r e t a i n e f f e c t i v e l y the whole of the 
neutrino energy. Lee (''96'l), using the f a c t that the t o t a l inelastic cross-
section i s expected to be proportional to K , the average of the sqiiare 
of the four-momentiom transfer, has predicted i t s form by assuming that, at 
very high energies, the behaviour of the m u l t i p l i c i t y and transverse momentum 
d i s t r i b u t i o n of the s econdaries from i n e l a s t i c interactions i s similar to that 
i n nucleon-nucleon c o l l i s i o n s . Then the dependence of the cross-section on 
neutrino energy i s the same as the dependence of the m u l t i p l i c i t y on nucleon 
energy, ^•^•'^^nel'^ where 0 , 2 5 0 . 5 • This type of behaviour i s , 

hov/ever, obviously not the case i n the energy region i n which machine results 

have been obtained, 

5 . 3 Production of the Intermediate Boson 

I f the Intermediate Vector Boson, exists then i t w i l l be produced i n 

the interaction-w^ (v^)->|i^ + W-, Conservation of energy and momentum 

prevent t h i s interaction from occTorring i n a vacuum but the v i r t u a l muon and 

boson can be made real i f they are scattered i n the Coulomb f i e l d of a 

nucleus. The minimum momentum transfer to the nucleus (neglecting the mass 

of the muon) i s m^2E^ j thus the momentum transfer, necessary to conserve 

momentum i n the above inter a c t i o n , becomes smaller f o r higher neutrino 

energies. I f the momentum transfer i s so large that the impact pareuneter 

approaches the nuclear radius then the scattering most probably occurs on a 
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single nucleon; t h i s i s termed an "incoherent" interaction. For lower 

momentum transfers, corresponding t o peripheral c o l l i s i o n s , the nucleus 

r e c o i l s as a whole; a "coherent" in t e r a c t i o n . The c r i t i c a l energy f o r which 

the impact parameter i s approximately equal to the nuclear radius i s 
- 2 

' v 2 , 5 A"' m̂  G-eV, Below t h i s energy the incoherent interaction w i l l 

predominate, while above i t the coherent intei-action becomes more important, 

5.3."I Cross-sections f o r W" Production 

There have been a number of calculations of both the coherent and incoherent 

cross-sections f o r W production. Numerical methods have been used i n deriving 

the cross-section up to 20 GreV f o r use i n interpreting the accelerator 

r e s u l t s . The shape of the cross-section i s such that when i t i s folded into 

the cosmic ray neutrino spectrum the contribution to the t o t a l interaction 

rate i s s i g n i f i c a n t up to energies beyond 1000 GeV, I n th i s high energy 

region a n a l y t i c a l expressions f o r •ftie asymptotic behaviour of the t o t a l cross-

section have been obtained. 

Von &ehlen (1963) gives the threshold energy f o r incoherent interactions 

as E.^^ = 0 .75. m̂  ( l + myZm^) G-eV; the factor 0 ,75 represents the lowering 

of the threshold due to the Fermi motion of the nucleons i n the nucleus, 

Wu et a l , ( I 9 6 4 ) have calculated the separate contributions of neutrons and 

protons to the incoherent cross-section from threshold to 10 G-eV f o r m̂  up 

to 1,5 &eV. They f i n d that the neutron contribution, neglected i n previous 

calculations, amounts to ' w 3 0 ^ of that of the proton. They also tsike into 

account the e f f e c t of the Pauli exclusion p r i n c i p l e . This r e s t r i c t s small 

momentum transfers to nucleons and the f r a c t i o n a l reduction of cross-section 

due to i t therefore increases with E . Further values of the t o t a l cross-
V 

sections f o r Ê  up to 20 &eV and f o r m̂  up to 2 ,5 G-eV, obtained by these 

authors, are quoted by Bums et a l , ( I 9 6 5 ) , Crouch et a l . ( I 9 6 5 ) have used 
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Wu's program to obtain values of the incoherent cross-section f o r 

= 3 .0 &eV and E =16» 38 and 100 CĴ V, These results taken together allow 
W V 

the estimation of the cross-section up to 100 G-eV f o r m̂  ranging from 1.8 

to 3 .0 G-eV, Above lOO GeV the incoherent cross-section i s only a small 

f r a c t i o n of the t o t a l . The results are for aluminium (Z = I 3 , A = 27) 

but t h i s i s very similar to K&F rock (Z = 12 ,9 , A = 2 6 , 3 ) . 

Values of the coherent cross-section are also given by V/u et a l , ( I 9 6 4 ) 

up to 10 G-eV and are compared with previous calculations. At these low 

energies the momentum transfer to the nucleus i s large and the coherent 

cross-section i s very sensitive to the l i t t l e knovm form of the t a i l of the 

nuclear form-factor. However the contribution of the coherent interaction 

i s only a small f r a c t i o n of that of t he incoherent interaction i n t h i s energy 

region. For high energy neutrinos an asymptotic expression f o r the coherent 

cross-section has been given by von Gehlen ( I 9 6 3 ) which i s expected to be 

v a l i d f o r ^ 25 . I t can be expressed i n the form of a series i n 

= 2 J 1 2 \/^'^ ( R being the nuclear radius), the f i r s t term of which 

i s i d e n t i c a l to the well-known asymptotic expression of Lee et a l . ( I 9 6 I ) 

^ c o h = ( / (inc. y> ( 5 . 4 ) 

— 2 2 —19 —1 

where J 2 g /m^ = 2.26 IO cm freV i s the vector coupling constant of 

muon decay. At 1000 GeV for m̂^ = 2 GeV ( 5 . 4 ) represents only 30^ of the 

whole expression. Using a value of the coherent cross-section at IOO GeV 

f o r m̂  = 3 . 0 GeV evaluated by Crouch et a l . ( I 9 6 5 ) as a check, i t i s not 

d i f f i c u l t to interpolate between the 20 GeV upper l i m i t of the numerical 

calculations and the IOO GeV lower l i m i t to the v a l i d i t y of the asymptotic 

formula, and thus to obtain values f o r the coherent cross-sections over a 
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wide range of energies. The t o t a l cross-section are plotted i n Fig. 5,1 f o r 
a range of values of from 1 ,8 to 3 . 0 G-eV, which are of present int e r e s t , 
together with the value f o r m̂  = 1 ,2 G-eV for comparison. The dashed line 
(A - B) intersects each curve at the energy at which the incoherent and 
coherent cross-sections are equal. I t should be noted that these cross-
sections are f o r the case where the anomalous magnetic moment of the boson, 
k, i s equal to zero. This i s usually i m p l i c i t l y assumed when experimental 
l i m i t s to the boson mass are quoted. Cross-sections have been calculated for 
k = + 1 also: f o r k = + 1 the cross-section i s enhanced by about 30^ while 
f o r k = -1 i t i a reduced by about 20^. 

Each muon-neutrino interaction i n which an Intermediate Boson i s produced 

w i l l lead to the generation of one or two muons; we shall label the muon 

produced together with the boson as the 'prompt' muon. I f the boson then 

decays i n the W->|i + mode a second muon, the 'decay' muon, i s also 

produced. Because of the r e l a t i o n betv/een muon energy and the effective 

target thickness of rock the expected rate of detection of muons for a given 

value of m̂Y i s approximately proportional to ( r ^ + b r ^ ) ; where r ^ and r ^ 

are the mean fractions of the neutrino energy retained by the 'prompt' and 

'decay' muons respectively, b i s the branching r a t i o f o r muonic decay of 

the boson. The possible values of these parameters are discussed below, 

5 , 3 . 2 The Energy of the 'Prompt' Muon 

Of a l l the possible momentum configurations when a W i s produced i n the 

Coulomb f i e l d of the nucleus, that involving a minimum momentum transfer to 

the nucleus i s the most l i k e l y . I n t h i s case the boson and the muon emerge 

i n the same direction with t h e i r t o t a l energy divided between them i n 

proportion to t h e i r mass. Thus the most probable value of r i s m,, /(m + m ). 



Fig. 3,1 Total Gross-section f o r Intermediate Boson Production 
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The energi'- spectrum of muons i s therefore peaked at low energies. The 
sharpness of the peaking depends on the shape of the form-factor of the 
nucleon or nucleus near to m^2Ev: as the neutrino energy increases the 

spectrum becomes less sharply peaked. Veltman ( I 9 6 3 ) and Uberall ( I 9 6 4 ) 

have given plots of the muon spectra f o r coherent and incoherent interactions 

f o r a boson mass of 1 GeV and for neutrino energies up to 10 G-eV, Those 

corresponding to the coherent interaction are very strongly peaked and the 

mean value, r ^ , can be assumed equal t o the most probable value, A neutrino 

energy of IO G-eV f o r a boson mass of 1 G-eV i s equivalent to energies of 40 

G-eV and 90 G-eV f o r m^ = 2 G-eV and 3 G-eV respectively, and the above resul t 

i s therefore applicable at least up to these energies. I n the incoherent 

i n t e r a c t i o n , the e f f e c t of the Pauli exclusion pr i n c i p l e i n discriminating 

against small momentum transfers i s to broaden the high energy t a i l of the 

muon spectrum s l i g h t l y . The mean value of r ^ would therefore be a l i t t l e 

higher than f o r the coherent i n t e r a c t i o n . I t i s shown i n Chapter 7 that 

the effe c t of folding the cosmic ray neutrino spectrim into the t o t a l cross-

section i s that the median energy of neutrinos producing V«'s i s IOO GeV, 

Therefore, up to the median energy, r^O/ m,/(m̂ ^ + m^)» At very high neutrino 

energies the effect of. the nculear form-factor i s very much reduced, the 

muon spectrum becomes f l a t , and r ^ w i l l tend to 0,5, Since there i s , at 

present, no quantitative analysis of the forms o f t h e muon spectra at 

neutrino energies above those attained i n accelerator experiments, the 

eff e c t i v e value of r ^ that should be applied over the whole range of neutrino 

energies relevant to cosmic ray studies i s not known. The rates of events are 

predicted i n Chapter 7 foi* corresponding to both the upper and lower 

l i m i t s . The true value w i l l c ertainly be well below the upper l i f l i i t and i s 
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expected to be somewhat above the lower l i m i t , 

5.3.3 The Energy of the 'Decay' muon 

B e l l and Veltman ( I 9 6 3 ) and Uberall ( I 9 6 4 ) have calculated the polarization 

of the intermediate boson and conclude that, independent of the value of k, i t 

i s almost ^0Q^o c i r c u l a r l y polarized. I n t h i s case muons from i t s decay are 

emitted predominantly backwards i n the c.m,s., having an angular d i s t r i b u t i o n 

(1 - cos 9 ) . I n the laboratory system the muon therefore has a mean energy 

0.25 of that of the boson. Thus r ^ = 0.25 (1 - r ^ ) , 

5 . 3 . 4 The Muonic Branching Ratio , 
G m;; 

The rate of leptonic decay of the boson, W->i + v- i s 
1 7 5 - 1 ^ ' ^ ^ 6 10 seo , and themtio of the decay rates + v^)/(V/~* e + v^) 

i s expected to be close to unity. The boson may, however, decay into tvio or 

more hadrons. The r e l a t i v e d e c ^ rates i n t o two mesons have been calculated 

on the basis of \initary symmetry by Mani and Nearing ( I 9 6 4 ) and Namias and 

Wolfenstein ( I 9 6 5 ) . They also give estimates of the absolute*cay rates, 

which imply a branching r a t i o of non-leptonic to leptonic decay of 2 or 3 

f o r m̂y = 2 G-eV. I n a more recent work, however, Carhart and Dooher ( I 9 6 5 ) , 

estimating the ef f e c t s of strong interactions on these decay rates, conclude 

that boson decay into mesons i s strongly suppressed and that f o r boson masses 

up to at least 3 GeV the leptonic decay modes predominate. They predict that 

fo r m̂ '> 2 GeV the decay rate i n t o two baryons i s comparable to the leptonic 

r a t e . I t seems impossible, at present, to assign a value to b with any 

certainty from theoretical predictions. In Chapter 7 we, a r b i t r a r i l y , take 

b = 0.4; the dependence on b of the rate of miions detected, f o r a given boson 

mass, i s easily calculated. 
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5.3.5 Experimental Data on the Mass of the Boson 

The Intermediate Boson has been searched f o r amongst the neutrino events 

produced i n both the CEHN and Brookhaven experiments. At present there i s no 

clear evidence f o r the production of the W. Meas-jred upper l i m i t s to the 

rate of possible boson reactions lead to lower l i m i t s to the boson mass. The 

lower l i m i t from the CERN experiments (Bernardini et a l , ( I 9 6 5 ) ) i s expressed 

as a function of the branching-ratio f o r leptonic decays (2b i n our notation). 

In t h i s experiment, a multiplate spark chamber containing magnetized iron was 

used to look f o r bosons decaying i n the W'*"-> [i*' + mode. Of a t o t a l of 

about 5000 neutrino events produced i n the chamber there were 33 i n v/hich two 

non-interacting particles with ranges > 30 cm of iron and v/ith bending i n the 

magnetized i r o n consistent with t h e i r having charges of opposite sign. This 

does not however exceed the background of (nix) and (up) pairs produced i n 

i n e l a s t i c interactions that would satisfy these c r i t e r i a and are predicted from 

the bubble chamber r e s u l t s . Furthermore t h e i r range distributions are not 

consistent with t h e i r being muons from W production, A n u l l result sets a 

l i m i t of m .̂̂ ^̂ 2,2 GeV i f the boson decays into leptons only, Non-leptonic 

decays of the V/"*" were searched f o r amongst the t o t a l of 456 events observed 

i n the HLBC where the momenta and energies of individua,l particles could be 

determined with f a i r accuracy. Five events were found which could be interpreted 

as being produced by a boson decaying into three, four or five mesons. This 

upper l i m i t gives m^>1.7 GeV i f the leptonic branching r a t i o i s zero. 

Combining the spark chamber and HLBC results, the lower l i m i t to m̂ ,̂ expressed 

as a function of b, i s 

b 0,5 0.4 0,25 0.13 0 

m̂  (&eV) 2,2 2.2 2.1 1 .9 1-.7 
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These values are f o r a s t a t i s t i c a l confidence of 99^, assuming that the high 

energy end of the neutrino spectrum used i s correct. 

I n the Brookhaven experiment (Bums et a l . ( I965)) a spark chamber was 

used to search f o r the Y}"^-^ e"*" + v decay mode. No events were found. This 
s 

result agrees with the CERN experiment but gives a less stringent lov/er l i m i t 

to m̂ . 

Two experiments have been recently reported, using protons from the Argonne 

ZGS and the Brookhaven AGS (Lamb et a l . (I965) and Burns et a l . (1965a)) to 

look f o r the effects of Intermediate Bosons produced i n proton-nucleus 

interactions. Muons from the Y/-̂  \i decay of a boson of mass > 2 &eV would 

t y p i c a l l y have a much higher transverse momentum than i s found i n normal 

secondary p a r t i c l e s from high energy interactions; thus the method used i s to 

look f o r muons at large angles to the proton beam. Both experiments give only 

upper l i m i t s to the number of excess muons. In the f i r s t the results were 

interpreted, by way of a predicted production cross-section, as giving a lower 

l i m i t to the boson mass of 2,5 &eV with a s t a t i s t i c a l confidence of 97/o. 

However, i n a revised prediction of the cross-section (Chilton et a l . ( I965)) 

i t i s stated that the previous values should be multiplied by an unknown 

constant factor, which may be as small as lO ̂ . I n the second experiment upper 

l i m i t s to the cross-section f o r the production of the Intermediate Boson are 
—34 2 

given as a function of assumed boson mass from 2 to 6 G-eV and are r^^O cm ; 

but i t i s stated that present calculations of the expected cross-sections are 

not s u f f i c i e n t l y certain to allow the interpretation of the data i n tenns of 

the existence of a boson with mass nijy<^6 G-eV. Yamaguohi (1965) has pointed out 

that the expected rate of muons with large transverse momenta from muon pair 

production i n nuclear interactions would be greater than that from Intermediate 
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Boson decay for these experiments. The best estimate of the lower l i m i t of the 
boson mass therefore i s s t i l l that obtained from the CERN neutrino experiment, 
5.4 The G-lashow Resonance Interaction> 

I f one considers the e l a s t i c lepton-lepton scattering interactions 

V, + e ^ 1~ + ( 5 . 5 a ) and + e 1 + ( 5 . 5 b ) 
X 9 e x 

then<s'{a)x^{h) X Ĝ  (£";)!« 10 E cm (5 i s the cms energy). I f the 

Intermediate Boson exists and has mass m̂^ then t h i s i s true f o r cms energies 
. 2 ^ 

<S niyy ( i . e . E^-d^^m^m^). The cross-section i s down by a factor of "'10 on the 
lepton-nucleon interactions ( 5 . 1 ) and (5.2) because the laboratory energies 

required to give comparable cms energies are higher by a factor of my^^- In 

( 5 . 5 a ) the e f f e c t of the vV i s to multiply the cross-section by a factor 
— 2 —1 "41 2 —2 

( 1 + (E^m^) ) which gives an asymptotic l i m i t to o (a) of * ' 1 0 (m^^m^) cm . 
In ( 5 . 5 b ) , however, a real boson may be produced at a threshold laboratory 

2 
energy, B.̂., of m^Zrn^ and a resonance occurs i n the cross-section 

(5.6) 
—28 2 

which has a peak value, f o r electrons at rest, of a/ 10 cm , This fact 

was f i r s t remarked upon by Glashow (I96O), The velocity d i s t r i b u t i o n of 

target atomic electrons has the effect of increasing the width of the resonance 
-31 2 

tOrt/E^lO G-eV; over t h i s energy region the effective cross-section iS / « / 1 0 cm . 

In the o r i g i n a l paper of Glashow the f l u x of muons produced underground by t h i s 

mechanism was overestimated due to the i m p l i c i t assumption that = and 

m̂,̂-̂  l&eV. Zagrebin and Zheleznykh ( I 9 6 4 ) have calculated the f l u x and angular 

d i s t r i b u t i o n of muons produced by v" from the decay of muons and kaons i n the 

K̂ ^ mode i n the atmosphere. The absorption of neutrinos i n the earth, which 

i s important f o r interactions having cross-sections as high as these, was 
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allowed f o r , and a more sophisticated electron velocity d i s t r i b u t i o n than that 
assumed by Glashow was used. In Chapter 7 t h e i r r e s u l t s , modified to apply to 
the KGF apparatus under our assumptions of the boson branching r a t i o , are 
presented. I t should be noted that t h i s interaction i s the only one of those 
discussed so f a r i n which a muon i s produced by an electron-neutrino. I t 
also d i f f e r s from the others i n that i t i s only i n i t i a t e d by the anti-neutrino, 
I n t h i s p a r t i c u l a r case, therefore, the rate of events i s dependent upon the 
charge r a t i o of the parent mesons. 

Above E^ the boson may be produced together with al^-r&y 

+ e"-^ W~ + , ( 5 . 7 ) 

This process has been discussed by Hiroshige and Matsuda ( I965) , They predict 

that the cross-section f a l l s with increasing energy from a maximum value at E^ 

to an asymptotic value 10 cm , The contribution to the muon rate would be 

approximately the same as from the resonance interaction. 
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Chapter 6 
The Flux of Neutrinos at Sea Level 

6,1 Introduction 

Experiments i n which neutrino interactions are studied d i f f e r 

from those with other elementary particles i n that the beam of 

neutrinos cannot be separately monitored. In the cases of both cosmic 

ray and accelerator produced neutrinos, the intensity of the beam 

may be deduced from the measured in t e n s i t i e s either of the parent 

par t i c l e s or of the muons or photons which are produced from them t o 

gether with the neutrinos. The type of apparatus used at present to 

study the high energy cosmic ray neutrinos has a threshold energy 

such that the interactions are detected only of the neutrinos with 

energies >̂  100 MeV. The low energy electron-neutrinos from t e r r e s t i a l 

beta decay and from nuclear reactions i n the sxrn are thus excluded. 

In t h i s case i t i s expected that the predominant contribution to the 

neutrino f l u x comes from the decays of mesons prx>duced i n the atmos

phere. I t can be shown that the f l u x from the decays of mesons pro

duced i n the i n t e r - s t e l l a r material must be two orders of magnitude 

less than t h i s . One cannot, however, rule"out completely the possib

i l i t y of an e x t r a - t e r r e s t i a l f l u x of the same order as the atmospheric 

one; possible sources of high energy cosmic neutrinos are discussed 

i n the f i n a l section of t h i s chapter. 

The neutrinos produced i n the a-bnosphere come from the decays of 

pions, kaons and muons. There have been a number of calciilations of 
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the neutilno sea l e v e l intensity. Markov and Zheleznykh (1961) derived 
the v e r t i c a l neutrino spectrum from pion decay, which they considered 
to be the most important source. At energies up to 10 GeV, however, 
and p a r t i c u l a r l y a t large zenith angles, muons have a r e l a t i v e l y high 
p r o b a b i l i t y of decay i n the atmosphere and t h e i r contribution to the 
neutrino i n t e n s i t y cannot be ignored. Zatsepin and Kuzmin ( I962) c a l 
culated the neutin.no intensity from both pion and muon decay and gave 
the vari a t i o n with zenith angle from 0 ° to 9 0 ° . Because of the con
siderably greater amount of energy available to the neutrino i n the 
decay of the kaon i n the mode than i n pion decay, kaons are more 
e f f i c i e n t i n producing neutrinos than pions. Thus an admixture of 
kaons i n the atmospheric meson f l u x , while, as has been shown, i t has 
only a marginal effect on the muon i n t e n s i t i e s , has a considerable 
effect on the t o t a l neutrino intensify. Cowsik et a l . (1964) , taking, 
the r a t i o , (V"")tQ^]_j ^® 20^ obtained the neutrino intensity from 
rauons and pions and the most important decay modes of the kaons i n the 
v e r t i c a l and horizontal directions. The re l a t i v e numbers of neutrinos 
and anti-neutrinos i n the t o t a l f l u x were also given. The results of 
the present calculations, the details of which are given i n the follow
ing section, have been reported by Osborne et a l , (1965). In these, 
a l l decay modes of the kaons are taken in t o account and the variation 
of i n t e n s i t y with zenith angle i s calculated. From the previous analysis, 
the most l i k e l y value of {^'^)^Q^g^i relevant energy range i s 

taken to be 20^, but the effects i n both the horizontal and v e r t i c a l 

directions of the uncertainties i n the r a t i o are also shown. Cowsik 
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et a l . (1965) have given results of further calculations of the neutrino 
i n t e n s i t y using a similar model to that of t h e i r f i r s t paper but with 
s l i g h t l y d i f f e r e n t basic data. Tliese spectra, which are somewhat 
d i f f e r e n t from the previous ones, are compared with the present results 
i n section 6 .3 . 

6.2 Neutrinos Produced i n the Atmosphere 

I n calculating the i n t e n s i t y of neutrinos at sea level i t i s 

necessary to d i f f e r e n t i a t e between muon-neutrinos and electron-

neutrinos. At the present l e v e l of sophistication of the apparatus 

used to examine neutrino interactions, the signs of the charges of the 

products of the interaction are not determined and, i n general, i t i s 

not possible to d i f f e r e n t i a t e between neutrinos and anti-neutrinos. 

The i n t e n s i t y that we calculate i s therefore the sum of particles and 

ant i - p a r t i c l e s . 

6.2 .1 Neutrinos from Pion and Kaon Decay 

The procedure used i n calculating the neutrino i n t e n s i t y at sea 

l e v e l from kaon and pion decay i s similar to that f o r the rauon int e n s i t y 

but i t i s considerably si m p l i f i e d because no decay probability or 

energy loss have to be considered. The neutrino spectra are based on 

the OPW v e r t i c a l spectrum i n that the values used f o r the kaon and 

pion production spectra are those derived from i t i n Chapter 2. Follow

ing the same argviments as f o r the muon spectrum, the depth rate of 

production of muon-neutrinos from v -i- \^ + decay at depth x i n the 

v e r t i c a l direction (corresponding to ( 2 . 1 5 ) ) i s 
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Because the neutrinos do not decay and lose no energy t h i s expression 

also represents the contribution to the in t e n s i t y at sea level from 

production at a height x, (E^,x). The t o t a l i n t e n s i t y i s then 

obtained by integrating over the entire atmosphere. In ( 6 , l ) B^ i s 

the only term inside the in t e g r a l that i s dependent upon x (and t h i s 

only f o r x > 253.3 g cm ). Taking a constant value B = 1 1 8 . 1 GeV 
^ TT 

introduces negligible error and M^(E^,x) can then be integrated 

analyticallj"-, the sea l e v e l neutrino spectrum from pions becoming 

M:M = - ' « ^ v - ' C ̂ "'"V- (6.2) 

A l l of the kaon decay modes l i s t e d i n Appendix C except , and 

K̂ ,̂ contribute to the neutrino f l u x either d i r e c t l y or via the decay 

of charged pions. The contribution from K̂ ^ leptonic three-

body decays were calculated by a procedure enti r e l y analogous to that 

given above f o r pions. The f l u x from two-stage decays was obtained via 

the production, spectrum of secondary pions already calculated i n 

deriving the muon f l u x . The meson production spectrum ( 2 . 2 5 ) together 

with the relaxation factor of Fig. 2 . 1 1 was used to obtain the neutrino 

i n t e n s i t i e s f o r the IS/TT r a t i o , R, equal to 0.2. This value of R was 

used i n the calculations of the i n t e n s i t i e s at intermediate zenith 

angles but v e r t i c a l and horizontal i n t e n s i t i e s were calculated f o r R=0 

and 0.4 also, i n order to examine the s e n s i t i v i t y to the I^TT r a t i o . 

In Fig. 6.1 the contributions f o r R = 0.2 of pions and the various decay 

modes of kaons to the v e r t i c a l neutrino i n t e n s i t y at sea level are shown. 

They are given as fractions of the t o t a l i ntensity of muon-neutrinos 
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from pions and kaons; the decay modes give r i s e to electron-neutrinos. 

I n the inclined directions these expressions are modified as 

before. For example the depth rate of production of neutrinos from 

decay at a depth l(x, 9 ) i s given by 

Again, the t o t a l i n t e n s i t y at sea l e v e l i s obtained by integrating over 

1. For © <̂  70°, l(x, 6 ) = X sec © and the sea level intensity i s given 

by 

N ' ; V S ^ ) = - - - « ^ k ^ ; ^ - ^ £ / " ' ' "V'^ ti^sY^^ (6.4) 

At larger zenith angles l(xr,©) i s obtained by interpolation from the 

data of Table 2.3 and the integration over 1 i s performed numerically. 

The r e l a t i v e contributions of the various decay modes at 9 = 90° are 

given i n Fig. 6.2. I n Fig. 6.3 the angular d i s t r i b u t i o n of muons from 

kaons and pions are given, v/here the in t e n s i t i e s f o r each sea lev e l 

energy are normalised to those a t 90°. The maximiam at 90° i s due to 

the greater probability of meson decay i n the less dense atmosphere 

at large zenith angles. In the l i m i t i n g case of >> Bj^ the r a t i o of 

the i n t e n s i t y at zenith angle 9 to tliat i n the v e r t i c a l direction i s 

equal to the effective value of l(x , 9 ) / x ; at 90° f o r example th i s i s 

approximately 9.5. 

6.2.2 Neutrinos from Muon Decay 

In order to derive the f l u x of neutrinos from muon decay i n the 

atmosphere the i n t e n s i t y of muons throughout the atmosphere must f i r s t 

be calculated. The inte n s i t y at v e r t i c a l depth t of energy at 

zenith angle 9* w i l l be denoted by p^(E^,9;J); 9*(t,9) i s the local zenith 
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angle at t corresponding to 9 at sea level. The values of this expression 
have already been obtained f o r t = 1030 g cra~^ since t h i s i s simply 
the muon in t e n s i t y at sea le v e l . The general expression f o r this 
i n t e n s i t y may be obtained from (3.5) as 

•'o 

E^(x,E^,9^) i s the energy at x of a muon having energy E^ and zenith 

angle 9^ at t and SP^(x,E^,9^) i s the survival probability of such a 

muon from x to t . Values of E and SP, corresponding to standard — — |j t ; 

energies, E^, f o r d i f f e r e n t values of t were calculated and were i n t e r 

polated upon i n the numerical integration of (6.5). Most of these 

were obtained i n turn by interpolation from the values already calcul

ated f o r the sea le v e l i n t e n s i t y ; those f o r the lowest energies that 

can be derived i n th i s way are f o r energies at t corresponding to 1 GeV 

at sea le v e l . For lower energies down to E^ = 1 G-eV extra calculations 

of survival p r o b a b i l i t y and energy loss were performed by the method 

outlined i n section 2.3.3. For n^(E^,l) expression (3.4) i s used. 

Thus the neutrino f l u x from muon decay i s calculated f o r the case i n 

which the muons come from pions only. Near to the v e r t i c a l direction 

an admixture of kaons v/ould make no difference to the results since 

the v e r t i c a l muon spectrum i s normalised to the measured one. At large 

zenith angles i t has been shown that a non-zero "K/TT r a t i o results i n 

a reduction of the sea le v e l rauon i n t e n s i t y by jxp to 10 - 15/̂ . A 

similar reduction i n the neutrino in t e n s i t y would be expected; however, 

the reduction i n the muon i n t e n s i t y becomes r e a l l y significant only f o r 

E > 500 GeV and at these energies the r e l a t i v e contribution of muon 
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decay to the t o t a l f l u x i s - lOfo. 

The i n t e n s i t y p^(S^,9^) was calculated f o r E^ from 1 to 1000 GeV 

fofr ten values of t between 0 and 1030 g cm and f o r zenith angles 

9 = 0 ° , 45° , 75° , 86° , 90°. In Figs. 6.4, 6.5 and 6.6 p^(E^,9j) i s 

plotted against t f o r 9 = 0 ° , 75° and 90° respectively. The shapes 

of the curves are determined by the competing processes of enhancement 

of the muon in t e n s i t y due to pion decay and reduction due to muon decay 

and energy loss. At 1000 GeV the probability of muon decay i s small 

at a l l zenith angles and the intensitj"- f i r s t increases with t due to 

muon production and then remains p r a c t i c a l l y constant with depth. For 

lower energies as muon decay becomes increasingly important a d i s t i n c t 

maximum appears i n the int e n s i t y p r o f i l e ; t h i s becomes more pronounced 

as the zenith angle increases. 

Since the neutrinos do not lose energy i t i s of no consequence-at 

what height i n the atmosphere the muon decay occurs. Thus i t i s 

meaningful to calculate the muon decay spectrum, D(E^,9), which i s the 

in t e n s i t y of muons of energy Ê , having a trajectory which would i n t e r 

sect the earthAs surface at a zenith angle 9, which decay at a l l heights 

i n the atmosphere. This i s derived from the muon intensity versus t 

resu l t s : 

The r e l a t i o n between 1 and t was obtained by interpolation from the 

data of Table 2.3. ^ 

Zatsepin and Kuzmin (19^2) give the following expressions f o r the 

cm. s. spectra of and produced by muon decay 
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Pj|̂  (fx)cix -- 2.x" ̂ ? - i - ) ^ (6.7) 

and 

^x)ctx = \Xyc'- C<-^) <^ (6,8) 

where x = E / E , E being the maximum neutrino energy equal to 4 max' max ° i 
m̂ c / 2 , Transforming to the laboratory system, forp-j> 1 these become 

respectively 

Pv/a)''3- I - f - ' r ^ r V J (6.9) 
and 

K^^^h - t - ^ s ^ * " * ' ] ^ * (6.10) 

where y = E / E ^ . Thus the sea lev e l spectra of and from muon 

decay are 

N , ; Ce.,e)- Z 1 ^ ' T l > ] (6.11) 

and 

N'^, (B,a)'- i o{E,,O)It; -rj^-ryl^^f^ (6.12) 

The angular d i s t r i b u t i o n of neutrinos from muon decay, normalised to 

the i n t e n s i t i e s at 90° , are given i n Fig. 6,7. The anomalous 

behaviour of the d i s t r i b u t i o n at 1 GeV i s due to the changing slope 

of the pion production spectrum at low energfies. 

I t should be noted that the values of p.j.(E^,9^) were obtained 

neglecting the effects of scattering of the muons. The value of the 

in t e n s i t y at sea lev e l calculated i n t h i s way f o r = 1 GeV and 9 = 90° 

i s increased by a factor of ~ 10 when scattering i s allowed for. However, 

an examination of the i n t e n s i t y p r o f i l e f o r E^ = 1 GeV i n Fig. 6.6 shows 

that i t i s strongly peaked at t = 15 g cm . The result of th i s i s that 
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by f a r the greatest contribution to the muon decay spectrum at t h i s 
-2 

energy comes from t < 100 g cm where the effects of scattering are 

not important. By neglecting scattering the neutrino in t e n s i t y • at 

1 GeV f o r extreme zenith angles i s underestimated by a few percent. 

The calculated i n t e n s i t i e s at sea lev e l of v and v from muon, 
H e ' 

pion and kaon decay f o r R = 0.2 are given i n Tables 6,1 and 6.2 f o r 

the v e r t i c a l and horizontal directions. The spectra are plotted i n 

Figs, 6,8 and 6,9 and the v e r t i c a l muon spectrum i s also shown f o r 

comparison. In the v e r t i c a l direction the relative contribution from 

muon decay decreases rapidly w i t h increasing energy and at high energies, 

where the f r a c t i o n a l energy loss of muons i s small, the slope of these 

spectra i s greater than that of the muon spectrum by xmity because 

the decay probability f a l l s as E \ The r a t i o of the intensities of 
V. and V are almost constant, the l a t t e r being smaller because of the M e 
lower mean energy of the v. i n the cm,s. of muon decay. At high 

energies the v e r t i c a l • spectrum from pion decay i s approximately 

p a r a l l e l to the muon spectrum because the majority of muons also come 

from pion decay. At low energies the muon spectrum i s reduced below 

that of the neutrinos by ionisation loss and decay. In the horizontal 

d i r e c t i o n the contribution of muon decay to the t o t a l neutrino intensity-

remains important to much higher energies because of the increased 

path length i n the alanosphere. Fig, 6,10 gives the angular d i s t r i b u 

t i o n of the t o t a l i n t e n s i t y of muon-neutrinos. 

The t o t a l i n t e n s i t i e s have also been calculated i n the v e r t i c a l 

and horizontal directions f o r R = 0 and 0.4. In Fig. 6,11 they are 
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Table 6,1 

Calculated Sea Level Neutrino Spectra i n the Vert i c a l Direction 

Energy _2 ^ifntensity^ _̂  
(G-eV) (cm" sec sterad" GeV 

Muon-neutrino Electron-neutrino 
Muon Pion Kaon Total Muon Kaon Total 

1 1.10'^ 
-2 

1.29 5.94""-̂  2.98^^ 8.75"^ 
-4 

7.00 ^ 9.45"^ 

2 1.66"^ 2.23"^ 1.05"^ 4.94"^ 1.22"^ 1.17-^ 1.34"^ 

3 4.53'^ 7.06-^ 3.39"^ 1.50"^ 3.24''^ 3.77-5 3.62-"^ 

5 7.87"^ 1.75"^ 3.41"'̂  5.57"^ 6.51"^ 

7 2.42"^ 6.85'^ 3.55"^ 1.28'^ 1.70"^ 3.83"^ 2.09-5 

10 6,78"^ 2.46"^ 1.34"^ 4.48"^ 4.70"^ 1.44"^ 6,13"^ 

20 5.09"^ 3.06-^ 1.94"^ 5.51"^ 3.45"^ 2.01"^ 5.45"^ 

30 1.05"^ 8.58"^ 6.19"^ 1.58"^ 7.02"^ 6.12"^ 1.31"^ 

50 1.36"^ 1.68"^ 1.48'^ 3.30"^ 9.03"^ 1.35-^ 2.25-^ 

70 3.47"^ 5.63"^ 5.78-^ 1.17"'̂  
-9 

2.30 ^ 4.96"^ -9 
7.25 ^ 

loo 8.07-^° 1.75"^ 2.15"^ 3.98-^ 5 . 3 0 - ' ° 1.70"^ 2.23-^ 

200 4.33-^^ 1.72"^ 3.11"^ .4.87"^ 2.78-" 2,07-^° 2.34-^° 

300 7.28-^2 4.09-^° 9.19-^° 1.34"^ 5.90-^^ 

500 7.13"^^ 6.12-^^ 1.77-^° 2.39-^° 
-12 

9.04 9.48-^2 

700 1.49-^^ 1.74-̂ ^ 5.82-^^ 7.57-^^ 9.11-"^ 2.82-'2 2.91-^2 

1000 2.63-^^ 4.81-^2 2.32-^^ 1.61-"^ 8.32-'5 8.48"''̂  

(the superscript denotes the power of ten) 
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Table 6.2 

Calculated Sea Level Neutrino Spectra at 90° to the Zenith 

Intensity 
—2 ~1 ""1 —1 

(cm sec sterad &eV ) 
Huon-neutrino Elec tron-neutrino 

Muon Pion Eaon Total Muon Kaon Total 
1 2.34"^ 

-2 
1.33 6.02"^ 4.27"^ 1.86"2 7.00"^ -2 

1.93 

2 4.09'^ 2.35"^ 1.07"^ 7.51'^ 3.22"^ 1.20"^ 3.34"^ 

3 
-3 

1.39 ^ 7.65"^ 3.47-"^ 2.50'^ I.OS"^ 3.90"5 1.12"^ 

5 3.Wf"^ 2.00"^ -5 
9.11 6.35"^ 2.66"^ 9.97-^ 2.76-^ 

7 1.35'^ 8.15"^ 3.74"^ 2.54'^ 1.04-^ 4.13-^ 1.08"^ 

10 4.96"^ 3.10"^ 1.43"^ 9.49"^ 3.78'^ 1.59-^ 3.94-5 

20 6.57"^ 4.56-^ 2.15"^ 1.33-5 4.91-^ 2.40"^ 5.15"^ 

30 1.92'^ 1.47-^ 7.08"'̂  -6 
4.09 1.42"^ 7.98-^ 1.50'^ 

50 3.70"'' 3.58''' 1.79'^ 9.07'"̂  2.69""̂  1.94-^ 3.03-^ 

70 1.22"^ 1.41"^ 7.36"^ 3.36-"^ 8.72'^ 7.86'5 9.41"^ 

100 63 5.28-^ 2.93-^ 1.18"^ 2.62-^ 3.04"^ 2.92'^ 

200 3.29'^ 7.12"^ 4.59'^ 1.50"^ 2.27"^ 4.68-^° 2.74"^ 

300 7.18-^° 1.96"^ 1.45'^ 4.10"^ 4.86-^° 5.28-^° 

500 9.70"''̂  3.53-^° 3.17-^° 7.67-^° 6.45-^^ 9.34-^^ 

700 2.49-^^. 1.17-^° 1.23-^° 2.65-^° 1.64-^^ 1.04-^^ 2.68-^^ 

1000 5.77-^2 3.53-^^ 4.47-^^ 8.58"'''' 3.61-^2 3.51-^^ 7.32-^2 

(the superscript denotes the power of ten) 
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compared with those f o r R = 0 .2. The considerably smaller contribution 
of the kaon decay to the t o t a l i n t e n s i t y at 90° means that the horizon
t a l i n t e n s i t y i s much less sensitive to the value of R than the 
v e r t i c a l one. 

The division of the t o t a l fluxes of neutrinos, given above, into 

numbers of particles and anti - p a r t i c l e s depends on the charge ratios 

of the parents. I f one may assumet. that these ratios are independent 

of energy then t h i s division can very easily be calculated; from pions 

Vjj/v^ = Tx^f-K , from rauons "^J^^ = '^J^q = t^Vl^ from charged 

kaons = v = kVk while neutral kaons produce equal nimbers 

of neutrinos and anti-neutrinos. Cowsik et a l . (1965) take |iV|i to 

be 1.25 as the best constant value f i t to the muon charge r a t i o versus 

energy. This value i s used f o r the pion charge r a t i o also; v/hile, 

from measurements of kaons stopping i n emulsion stacks by Lai et a l . 

(1953), a production r a t i o of kVk i s deduced Which i s assumed to 

apply to the whole of the relevant energy range, and has a value of 20. 

6.3 Comparison with Other Results 

Of the spectra given by Zatsepin and Kuzmin ( I962) , who do not 

d i f f e r e n t i a t e between and and assume that pions alone are ••̂'>-. 

produced i n high energy c o l l i s i o n s , only the contribution from muon 

decay can be compared wititi present work. There i s agreement to within 

^fo i n the v e r t i c a l , direction f o r energies from 10 to 1000 GeV. At 

lower energies the difference, which increases so that t h e i r value i s 

16^ greater at 1 GeV, i s mainly due to the adoption of a s l i g h t l y d i f f 

erent spectrum f o r low energy muons. In the horizontal direction t h e i r 
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i n t e n s i t y i s , at 1 GeV 25% less than, at 25 GeV equal t o , and at 100 &eV 
20fo greater than the present values. I t seems that some of t h i s 
discrepancy i s due to the approximations they have made i n the muon 
energy loss and survival probability. 

In the published report of the present calculations (Osborne et a l . 

(1965)) the results were compared v/ith those of Cowsik et a l . (1964). 

The t o t a l i n t e n s i t i e s given by the l a t t e r were found to oe about 30% 

less i n both the horizontal and v e r t i c a l directions and when individual 

contributions were compared even greater differences were apparent. 

For neutrinos of kaon o r i g i n t h e i r values were only 50 to 60^ of the 

present ones; t h i s was p a r t l y due to t h e i r assumption that N(K°) = 

1.4I'T(K"'") and t h e i r neglecting the contribution from two-stage kaon 

decays but the major part of the discrepancy could not be explained. 

I n Fig. 6.12 the present results are compared with the t o t a l muon-

neutrino spectra of Cowsik et a l . ( I965) i n the horizontal and v e r t i c a l 

dir*ections. I t i s seen that the differences have now decreased to 

between 10 and 2 0 ^ Also there are no longer such large discrepancies 

between the individual contributions to the neutrino intensity. V/hen 

t h e i r values f o r the kaon contribution are increased (by up to 15/^) 

to allow f o r neutrinos from tv/o-stage decays a l l of t h e i r intensities 

are less than the corresponding values of the present work by an approxi

mately constant factor of 10 to 15fo. In calculating the neutrino 

i n t e n s i t i e s Cowsik et a l . use the treatment, of Yash Pal and Peters (1964) 

f o r meson production at high energies via isobar formation. In t h i s 

the calculation of the muon and neutrino i n t e n s i t i e s from the production 
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specti^ of kaons and pions i s essentially the same as used here. The 
pion and kaon production spectra are obtained, however, by taking the 
slope equal to that of the measured primary spectrum (a constant 
value, y = 2.67) and then normalising the predicted muon inte n s i t y i n 
the v e r t i c a l direction to a measured value. The authors have normalised 
to the (imcorrected) i n t e n s i t y of Hayman and Wolfendale (1962) at 30 GeV. 
In Chapter 2 i t was pointed out t l i a t to allow f o r selection bias the 
measured i n t e n s i t i e s must be increased by a factor that amounts to 10̂ o 
at 30 GeV. Taking account of the two-stage decays of kaons and then 
increasing a l l of the neutrino int e n s i t i e s by 10^ w i l l bring the Cowsik 
et a l . values to within ^% of the present results. 
6.4 E x t i u - t e r r e s t i a l Neutrinos 

In the previous sections i t has been shown that the intensity of 

the •beam* of cosmic ray neutrinos produced i n the atmosphere can be 

calculated with s u f f i c i e n t accuracy tlia t i t should be possible to draw 

meaningful conclusions from experiments i n which the products of t h e i r 

interactions are examined. I f t h i s i s to be done then the interactions 

produced by neutrinos of e x t r a - t e r r e s t i a l o r i g i n must be i d e n t i f i e d as 

such or i t must be possible to assume that t h e i r contribution to the. 

t o t a l number i s negligible. 

The e x t r a - t e r r e s t i a l neutrinos may be divided into two classes; 

those produced as secondary particles i n interactions between the 

nuclear component of the primary f l u x and i n t e r - s t e l l a r or i n t e r -

galactic material and those that may be considered to be primaries 

themselves and come from discrete sources. The neutrinos generated by 



98. 

the f i r s t mechanism are expected to be approximately isotropic i n 

a r r i v a l direction; strong radio sources are possible candidates 

as generators of the second type. I n present theories of the pro

duction of high energy neutrinos (e.g. Burbidge (I962)) they w i l l be 

associated with a corresponding f l u x of high energy y-rays. High 

energy neutrinos, both primaries and secondaries, are expected to be 

generated by the decay of pions produced i n nuclear collisions. 

Neuti*inos w i l l come from the t t -> | i -> e decay of charged pions while 

y-rays w i l l be produced by the neutral pions. The calculation of 

the r e l a t i v e numbers of neutrinos and y-rays i s simplified when the 

densitj'- of matter i n the source i s so low that the absorption and 

energy loss of the pions and muons does not occur. Assuming the pro-

duction spectrum of pions to be of the form N E , and using the same 

decay spectra as before, the r a t i o of electron-neutrinos to y-rays of 

the same energy may be shown to be 

'—-—-— - ^ ' ' L ot. aifj. oi*i}L -J (6.13) 
r io ) 

and f o r muon-neutrinos 

.. • f - ^ r - ; ^ * ^ J [ ' - " - - J (6.14) 

A VVr r a t i o of 20% w i l l not a f f e c t (6.13) but w i l l increase (6.14) by 

about 20^?. 

The f l u x of y-rays from ir° decay i n i n t e r - s t e l l a r space has been 

calculated by several authors. Hayalcawa et a l . (1964), using a 

d i s t r i b u t i o n of atomic hydrogen i n the Galactic disc from radio 

astronomical 21cm measurements together with the known cosmic ray 
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i n t e n s i t y , predict that the t o t a l i n t e n s i t y of y-rays averaged over 

a l l directions i s 3 10 cm sec sterad and that the number with 

energy greater than 1 GeV i s 3 10 ^ cm ^sec~^sterad~\ From the 

spectrum of y-rays, Hayakawa et a l . (1965) derive a corresponding 

spectrum of neutrinos. Equation (6.14) gives the r a t i o of muon-neutrinos 

to y-rays when o( = 2.65 to be 0.64, and therefore the intensity of 
-6 - 2 - 1 -1 

muon-neutrinos vdth energy greater than 1 GeV i s 2 10 cm sec sterad . 

This i s about four oixLers of magnitude less than the integral i n t e n s i 

t i e s of atmospheric neutrinos i n the horizontal and v e r t i c a l directions 
—2 ~2 -2 —1 —1 (2.76 10 and 1.86 10 cm sec sterad respectively). The integral 

spectrum of Galactic neutrinos i s less steep than the atmospheric one 

but at 10^ GeV the difference i s s t i l l more than two orders of magni

tude. The intensity of y-rays produced i n inter-galactic space i s 

much more uncertain since i t depends on the inter-galactic primary 

nuclear f l u x and density of matter, both of which are d i f f i c u l t to 

ascertain. Hayakawa et a l . (1964) take the inter-galactic hydrogen 
-5 -3 

density to be 10 atom cm . The f l a t t e n i n g of the primary spectrum, 

measured at the Earth, above the Galactic cut o f f energy (~10^^eV) i s 

taken to indicate that the inter-galactic primary spectrum i s less 

steep than the i n t e r - s t e l l a r one and therefore, at lower energies, the 

inter-galactic i n t e n s i t y i s very much smaller than the i n t e r - s t e l l a r 

i n t e n s i t y . The resul t i s that, below 10^ GeV, the inter-galactic y-ray 

f l u x i s negligible although i t dominates at higher energies. Gould 

and Burbidge (1965), however, assume that the inter-galactic primary 

i n t e n s i t y i s the same as that at the Earth and arrive at an i n t e r -
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galactic Y-ray i n t e n s i t y 3 0 times greater than the Galactic one over 

the whole energy spectrum. I t i s also possible that there may be 

appreciable amounts of molecular hydrogen i n association with the 

observed i n t e r - s t e l l a r atomic hydrogen which could give enhanced 

y-ray and neutrino i n t e n s i t i e s . 

A number of experiments have been performed i n which upper 

l i m i t s on the primary Y-ray f l u x incident on the Earth have been 

obtained. The Explorer XI Earth s a t e l l i t e (Kraushaar ( 1 9 6 5 ) ) gave 

an upper liraituabout an order of magnitude greater than the calculated 

Galactic i n t e n s i t y f o r energies greater than 1 0 0 MeV, and the balloon 

f l i g h t nuclear emulsion data of Kidd ( 1 9 6 3 ) and Duthie et a l . ( I 9 6 2 ) 

gave upper l i m i t s three orders of magnitude greater than the calculated 

values at 80 GeV and 4-^0 GeV respectively. When these are converted 

to equivalent neutrino i n t e n s i t i e s the resultant upper l i m i t at 1 GeV 

is 2 0 0 times smaller than the atmospheric muon-neutrino intensity; the 

difference decreases with increasing energy, and above 1 0 0 GeV the 

upper l i m i t of e x t r a - t e r r e s t i a l neutrinos i s approximately equal to 

the atmospheric i n t e n s i t y i n the v e r t i c a l direction. The non-resonant 

neutrino interactions discussed i n Chapter 5 have cross-sections which 

vary with energy i n such a way that, when the steeply f a l l i n g spectinm 

i s taken i n t o account, the contribution of neutrinos of energy greater 

than 1 0 0 GeV to the t o t a l rate of interactions i s very small. Thus 

i t seems that, unless there i s some, as yet unspecified; mechanism 

whereby high energy neutrinos can be produced without an associated 

f l u x of Y-rays, the contribution of the isotropic e x t r a - t e r r e s t i a l 
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neutrino f l u x to the t o t a l sea level f l u x may be neglected. 

Bahcall and Frautschi (I964) have remarked on the p o s s i b i l i t y 

of detecting v from discrete radio sources via the Glashow resonance 

inte r a c t i o n i n which the Intermediate Boson i s produced. I f the 

value of the magnetic f i e l d i n the source i s assumed then the spectrum 

of high energy electrons i n the source can be calculated from the 

observed optical and radio synchrotron radiation and the corresponding 

spectrum of high energy y-rays and neutrinos can be obtained. Assuming 

the mass of the boson to be about 1 GeV and calculating the spectrum 

of neutrinos from the Crab Nebula from the observed optical synchrotron 
-2 -1 

emission, they predicted a rate of detection of muons of 100 ra y r 

f o r an apparatus of the KGF type. Bahcall (1964), however, i n a l a t e r 

paper, points out that with a lower l i m i t of ~ 2 GeV on the I n t e r 

mediate Boson mass the resonant energy v / i l l be greater than 5000 GeV 

while there i s expected to be a cut o f f i n the neutrino spectrum from 

the Crab at about 2000 GeV so that the predicted rate from this source 

must be d r a s t i c a l l y reduced. The fluxes of predicted i n t h i s v/ay 

from quasars and other strong radio sources are of about the same order 

of magnitude at 50OO GeV as the atmospheric neutrino fluxes. Goiild 

and Burbidge (I965) do not consider that a steady state production of 

very high energy neutrinos by these sources i s l i k e l y but supernova 

explosions occuring as a chain reaction within a quasar could give 

r i s e to comparable fluxes of neutrinos. 

Measurements of the high energy y-ray fluxes from discrete radio 

sources have been made bv>Ci|^5^^Dy et a l . (1964) and Long et a l . (1965). 
1 0 juu wfcfc 
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Cherenkov telescopes, which give high angular resolution, were used 

to look f o r enhancement of the f l u x of Extensive A i r Showers of energies 

greater than 5000 GeV i n the directions of possible sources. The 

l a t t e r authors have examined the Crab Nebula, f i v e quasars (3CkB, 5C147, 

3CI96, 3C273, and 3C286) and three other radio sources. Their results 

may be summarised as giving apparent fluices of Y-rays with energy 
-11 -2 -1 

greater than 5OOO GeV as < 8 10 cm sec with upper l i m i t s to the 

flvixes of ~ 3 1 0 ' ^ ° cm ^sec \ I f the d i f f e r e n t i a l spectrum of the 

y-rays i s assumed to have an exponent of "-2.5 then the r a t i o of v to 

Y-rays from (6 .13) i s 0.15 and the upper l i m i t to the intensity of 

y. with energy greater than 5000 GeV from the quasars, averaged over 
-11 -2 -1 -1 a l l directions, i s ~ 10 cm sec sterad . This i s approximately 

the same as that of produced i n the atmosphere. The spectrum of 

the l a t t e r neutrinos i s steeper than that of the former so that i f the 

Intermediate Boson exists and has a mass greater than 2 GeV and i f the 

neutrino i n t e n s i t y i s close to the upper l i m i t , interactions produced 

by e x t r a - t e r r e s t i a l neutrinos w i l l tend to predominate over those 

produced by atmospheric neutrinos. I t i s shown i n Chapter 7 , however, 

that with mŷ >2 GeV the rate of detection of muons produced by the 

Glashow resonance interaction f o r atmospheric neutrinos i s considerably 

smaller than the observed rate. I t should be noted that the quasars 

are among the most distant objects observed i n the universe (3C147 

appears to be at a distance of 5.3 10^ l i g h t years) and that attenua

t i o n of the high energy Y-ray, f l u x by interaction with optical photons 

i n i n t e r - g a l a c t i c space may be serious over path lengths of this magni-
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tude. The upper l i m i t s to the neutrino f l u x obtained from the y-ray 
f l u x from these sources could, therefore, be too low. 

In conclusion i t may be stated that on a l l present hypotheses 

the rate of detection of events produced by ex t r a - t e r r e s t i a l neutrinos 

should be very small compared t o that from atmospheric neutrinos. I f , 

however, the former rate does turn out to be an appreciable fractio n 

of the t o t a l then the most probable source w i l l be the Glashow resonance 

of high energy v coming from discrete sources. Bahcall (1964) has 

pointed out that the muons from this interaction would be highly 

collimated so that p l o t t i n g the a r r i v a l directions of a l l muons pro

duced by neutrinos should enable any from these sources to be id e n t i f i e d . 
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Chapter 7 

The Kolar Gold Field Neutrino Experiment 

The background to t h i s experiment has been discussed i n Chapter 1, Here 

the i n i t i a l stages of operation are described and the f i r s t results are 

presented. Only those details of the apparatus relevant to the interpretation 

of the results are given: further information concerning the day to day running 

of the equipment has been given by Pattison ( I 9 6 5 ) . Using values of the neutrino 

i n t e n s i t y derived i n the previous chapter, the expected rates and angular 

d i s t r i b u t i o n s of muons incident on the apparatus are calculated and are compared 

with the preliminary r e s u l t s . F i n a l l y the f i r s t results of therCase-»dts 

experiment are discussed, 

7.'1 The Neutrino Telescopes 

The experimental s i t e i s a tunnel approximately 3.5 m wide and 4 m high 

running i n an East-West direc t i o n at a depth of 76OO f t below ground l e v e l . 

The mean density of the l o c a l rock being 3,02 g cm ̂ , t h i s corresponds to .-

-2 

7000 hg cm , or, converting to the equivalent depth i n 'standard' rock 

(2 /A = 5 . 5 ) , 7500 hg cm' . There are two i d e n t i c a l telescopes (Tel, 1 and Tel.2) 

aligned i n a North-South direction and thus with t h e i r v e r t i c a l detecting faces 

p a r a l l e l to the walls of the tunnel. Fig, 7.1 i s an elevation corresponding to 

the East end of Tel. 1 or the n/est end of Tel, 2 . Each detecting face i s 

approximately 3 m high by 2 m wide and consists of 6 one metre squares of 

pla s t i c s c i n t i l l a t o r each enclosed i n an aluminium cone and viewed by two 

photomultipliers. There are small gaps between the s c i n t i l l a t o r s so that the 
2 

overall dimensions of the detecting faces are 2,07 x 3*125 m . The gaps have 

been taken i n t o account i n calculating the aperture. The two v e r t i c a l walls of 

s c i n t i l l a t o r are 84,5 cm apart. Between them are nine boxes of neon flash 
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tubes i n three columns separated by two walls of lead absorber each 2.5 cm 
th i c k . This 10 radiation lengths of lead serves to d i f f e r e n t i a t e betv/een high 
energy electrons and muons. Because of the absorber the threshold energy 
f o r muons i s 100 MeV, Except f o r t h e i r being 2 m long the flash tubes are 
i d e n t i c a l to those used i n the Durham horizontal spectrograph. Each box 
contains 210 tubes i n four columns. When a f o u r - f o l d coincidence occurs between 
any two pairs of photomultipliers, one on each side of a telescope, the pulses 
are displayed on oscilloscopes and a high voltage pulse i s applied to the 
flash tubes. The tubes which flash are recorded, together with the time of the 
event, by two cameras moiinted on the corresponding face of the other telescope 
at a distance of 6 m. Prom the oscilloscope traces the s c i n t i l l a t o r s giving the 
coincidence can be i d e n t i f i e d and i t i s possible to d i f f e r e n t i a t e between a 
pulse due to a single p a r t i c l e and that produced by a number of p a r t i c l e s . 
The numbering of the s c i n t i l l a t o r s i s shown i n Pig,7.1. Those with even numbers 
are at the f r o n t , those with odd numbers at the back of the telescopes. Tne 
fl a s h tubes serve three purposes: they discriminate against 'events' due to 
sp\irious f o u r - f o l d coincidences; they allow the projected zenith angle of the 
muon tracks to be measured to within an accuracy of about 1 ° , and they 
f a c i l i t a t e the interpretation of complex events where more than one p a r t i c l e i s 
incident on the telescope or an interaction occurs inside the telescope. I n 
the f i r s t stages of the experiment, when the observed number of events i s small, 
i t i s necessary to divide the t o t a l zenith angular range covered by each 
telescope i n t o a small number of c e l l s , each covering a wide range i n order that 
a meaningful comparison can be made between the observed and predicted angular 
d i s t r i b u t i o n s of neutrino-induced and atmospheric muons. A convenient 
c l a s s i f i c a t i o n i s provided by the r e l a t i v e positions of the s c i n t i l l a t o r s that 
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are traversed on opposite sides of the telescope. The events are then denoted 
as type I (opposite), type I I (adjacent) and type I I I (top and bottom) as 
shown i n Fig.7.1, 

7.2 The Predicted Numbers of Events 

7.2.1 The Aperture of the Telescopes 

The aperture of each telescope i s defined by the dimensions and separation 

of the s c i n t i l l a t o r s . Expressions f o r the d i f f e r e n t i e i l aperture with respect 

to both spatial zenith angle, Q, and projected zenith angle, p , are given i n 

Appendix D, With the notation used there, the present telescopes have 

dimensions, X = 2.07 m, Y = 3,125 m ajid Z = 0,845 m. Thus the t o t a l aperture 

of each telescope, taking i n t o account the reduction due to the small gaps 
2 

between the s c i n t i l l a t o r s , i s 19.5 m sterad. The azimuthal angles of particles 

incident on the telescopes are only poorly defined; f o r a coincidence between 

two even or odd numbered s c i n t i l l a t o r s k7°^j6^ - 47° , while f o r an odd-even 

coincidence 66° ̂  -66° {j6 = 0° i s the normal to the detecting surface). 

The d i f f e r e n t i a l aperture with respect to projected zenith angle f o r the upper 

hemisphere i s shorn i n Fig,7.2, together with the p a r t i a l apertures f o r types 

I , I I a n d l O events, 
7.2.2 The Flux of Neutrino-initiated Muons Underground 

For each of the interactions discussed i n Chapter 5 the f l u x of muons 

underground produced by cosmic ray neutrinos can be calculated. Using the 

present apparatus the i n t e n s i t y measured i n a particular direction i s that 

summed over a l l rauon energies above the threshold of lOO MeV, The general 

expression f o r the intensity at a zenith angle 9 i s 
I (e) = V p N (E ,0) R (E )<r(E ) dE^ (7.1) 

. - e f f 
'mxn 
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N ^ ( E ^ , 6 ) i s the i n t e n s i t y o f n e u t r i n o s , of energy E^, a t ground l e v e l , as 

c a l c u l a t e d i n t ^ e previous chapter^ For a l l i n t e r a c t i o n s except the 

G-lashow resonance., t h e a t t e n u a t i o n of the n e u t r i n o f l x i x i n the Earth 

i s n e g l i g i b l e i n a l l d i r e c t i o n s , ^ ( E ^ ) i s the t o t a l cross-section per 

nucleus f o r the i n t e r a c t i o n under c o n s i d e r a t i o n , ^ e f f ^ ' ^ v ^ e f f e c t i v e 

range i n rock o f muons produced by neutrinos of energy E^ and represents 

the thickness of rock a c t i n g as a t a r g e t f o r the i n t e r a c t i o n . I n general 

we have the r e l a t i o n R ^ ( E ) = R (rE ) - fi ( 100 MeV), R (E ) being the 

range i n rock o f muons o f energy E^ as given i n F i g 2 , 1 and r being the 

mean f r a c t i o n o f the n e u t r i n o energy r e t a i n e d by the muon. Ê .̂̂  i s e i t h e r 

t h e t h r e s h o l d energy of the i n t e r a c t i o n or 100 HeY.f whichever i s the lower. 

There are. no simple a n a l y t i c a l expressions f o r the three v a r i a b l e s i n ( 7»1 ) 

and the i n t e g r a t i o n over energy i s performed n u m e r i c a l l y . I t can be seen 

t h a t the median energy o f neutrinos c o n t r i b u t i n g t o the t o t a l i n t e n s i t y o f 

muons from, a given i n t e r a c t i o n , depends on the way i n which the cross-section 

v a r i e s w i t h energy; the f a s t e r the r i s e i n cross-section the higher the 

median energy. I n ob t a i n i n g ( 7 , 1 ) i t has been assumed t h a t the muon enters 

the telescope t r a v e l l i n g i a the same d i r e c t i o n as the i n t e r a c t i n g n e u t r i n o . 

I n t h e e l a s t i c and i n e l a s t i c i n t e r a c t i o n s and i n the production of a 'prompt' 

muon i n a s s o c i a t i o n w i t h the intermediate boson the muon i s emitted i n the 

forward, d i r e c t i o n i n the c.m,s. and the l a b o r a t o r y angle between i t and 

the neutrino- i s l e s s than q/E, where £ i s the ZK-momentum t r a n s f e r . The 

Coulomb s c a t t e r i n g of the muon i n rock depends on the energy of the p a r t 

i c l e on reaching the telescope: f o r an energy at the telescope o f l&eV the 

r.m.s, p r o j e c t e d angle o f s c a t t e r ±s^3»3°» The r e s u l t i s t h a t , w i t h the 

po s s i b l e exception o f e l a s t i c i n t e r a c t i o n s , the e f f e c t on the ze n i t h angialar 
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d i s t r i b u t i o n o f dev i a t i o n s of the muon from the n e u t r i n o d i r e c t i o n i s 

n e g l i g i b l e . I n the G-lashow resonance i n t e r a c t i o n the neutrino d i r e c t i o n 

would be p a r t i c u l a r l y w e l l defined; the angle between the neutrino and the 

my.on would be ̂  2m Jvi^ and the muon produced would have a very high energy 

and thus experience n e g l i g i b l e s c a t t e r i n g . 

The E l a s t i c I n t e r a c t i o n 

Because the e l a s t i c i n t e r a c t i o n has a constant cross-section above 1 GeV 

and the n e u t r i n o spectrum f a l l s approximately as E""^, the median energy f o r 

t h i s i n t e r a c t i o n i s o n l y 2 . 5 G-eV. I n order t o p r e d i c t the c o n t r i b u t i o n to 

the t o t a l i n t e n s i t y from i n t e r a c t i o n s of neutrinos w i t h energies less than 

1 G-eV i t i s necessary' t o extr a p o l a t e the ca l c u l a t e d i n t e n s i t i e s below 1 GeV. 

The c o n t r i b u t i o n of these neutrinos isA/2C^ of the t o t a l and the u n c e r t a i n t y 

i n the t o t a l i n t e n s i t y due t o u n c e r t a i n t i e s i n the e x t r a p o l a t i o n is'«'lQ?o. An 

eq u a l l y important f a c t o r i s the e f f e c t o f geomagnetic cut o f f of the primary 

cosmic rays of the low energy n e u t r i n o spectrum. I t i s assumed i n c a l c u l a t i n g 

the t o t a l r a t e s o f events t h a t the n e u t r i n o f l u x i s i s o t r o p i c w i t h respect t o 

azimuthal d i r e c t i o n . The neut r i n o i n t e n s i t i e s given i n Chapter 6 are derived 

from the v e r t i c a l muon spectrum measured at Durham (53°N) where the effects of 

geomagnetic cut o f f are minimal. At K&F ('I3*W) the cut o f f becomes important 

i n some d i r e c t i o n s , p a r t i c u l a r l y i n the lower hemisphere, f o r neutrino energies 

below 4 &eV, A.t 1 freV the t r u e f l u x i s , i n some d i r e c t i o n s , less by a f a c t o r 

of two than the assumed i s o t r o p i c f l u x (S, Miyake, p . c ) . Because of these 

considerations the p r e d i c t e d r a t e s of e l a s t i c events quoted below must be taken 

to be u n c e r t a i n by a; 30^, This applies only t o t h i s p a r t i c u l a r i n t e r a c t i o n 

where the median energy i s close t o the thr e s h o l d energy of the apparatus. 

I t i s shown belov/ t h a t the. c o n t r i b u t i o n of these events t o the t o t a l r a t e i s , 

i n any case, small. 
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The I n e l a s t i c I n t e r a c t i o n 

Of the very large choice of forms of the v a r i a t i o n of the i n e l a s t i c cross-

section w i t h energy, which v/ould be compatible w i t h the experimental r e s u l t s 

below 10 &eV, we quote the r a t e s of events expected f o r f o u r p a r t i c u l a r cases, 
—58 2 —1 

I n e l a s t i c ( 1 ) : = 0 ;45 10 E cm nucleon"" , w i t h a cut o f f at 10 &eV. This 

i s the minimum cross-section t h a t would agree w i t h machine r e s i i l t s , 
—58 2 —1 I n e l a s t i c ( 2 ) : f f ' = 0 .45 10 E cm nucleon , w i t h a cut o f f » l 0 GeV. The 

cross-section cannot, of course, r i s e l i n e a r l y w i t h energy i n d e f i n i t e l y but i f 

the cut o f f energy were ^ 500 G-eV the p r e d i c t e d r a t e of events would not be 

s e n s i t i v e t o i t s a c t u a l value, 
—58 2 2 —1 I n e l a s t i c ( 3 ) : <y = 0 .19 10 E cm nucleon' , w i t h a c u t v o f f a t 10 G-eV. 
"58 2 2 """1 I n e l a s t i c ( 4 ) : = 0 .19 lO""^ E cm nucleon , w i t h a cut o f f at 40 &eV. 

This quadratic r a t e of increase of the cross-section cannot be r u l e d out by 

the machine r e s i i l t s . 

I n an i n e l a s t i c i n t e r a c t i o n a t l e a s t one hadron i s produced i n a d d i t i o n t o 

the muon. I f the i n t e r a c t i o n occurs i n the surrounding rock s u f f i c i e n t l y close 

to the telescope then a double event may be recorded i n which two p a r t i c l e s are 

seen t o be i n c i d e n t on the apparatus simultaneously. Because of the strong 

i n t e r a c t i o n s o f the hadrons the e f f e c t i v e t a r g e t thickness of rock f o r a double 

event of t h i s k i n d i s r e s t r i c t e d t o about 120 g cm . An estimate of the r a t e 

of double events has been made f o r each of the cross-sections l i s t e d above. The 

constant e f f e c t i v e t a r g e t thickness means t h a t the r a t e i s only a small f r a c t i o n 

o f t h a t o f s i n g l e muons f o r which the t a r g e t thickness i s approximately 

p r o p o r t i o n a l t o the neutrino energy. An i n t e r e s t i n g p o i n t i s t h a t t h i s r e s u l t s 

i n the median energy of neutrinos causing double events being low and the rates 

being independent of the behaviour of the cross-section a t high energies. 
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Production o f the Intermediate Boson 

The dependence of the i n t e n s i t y of muons, y;hich are produced i n association 

w i t h the Intermediate Boson or i n i t s decay, on t h e energy sharing between the 

'prompt' muon and the boson and on the branching r a t i o , b, f o r W-^ii + decay 

have been discussed i n Chapter 5 . The i n t e n s i t i e s are given here f o r b = 0 , 4 and 

the two l i m i t i n g values of the energy d i v i s i o n ( i ) r ^ = m^/(m^ + m.̂ ) and 

( i i ) = 0 . 5 * The sum of the i n t e n s i t i e s of 'prompt' and 'decay' muons has 

been used i n c a l c u l a t i n g the r a t e o f events. The median distance from the 

telescopes a t v/hich detected i n t e r a c t i o n s occur i s from 20 t o 40 metres of rock 

and muons from decay of the boson, being emitted predominantly i n back\7ard 

d i r e c t i o n s i n the boson r e s t system, w i l l g e nerally t r a v e l i n the laboratory-

system a t small but f i n i t e angles t o the prompt muons. Thus i n only a f r a c t i o n 

of the i n t e r a c t i o n s i n which two muons are produced w i l l the tv.'o muons traverse 

the telescopes t o g e t h e r . As a rough estimate, about 1 0 ^ of the events due t o 

inter m e d i a t e boson production v/ould be expected t o contain two muons, f o r the 

assumed value o f the muonic branching r a t i o . P r e d i c t i o n s of the ra t e s o f events 

f o r three values of the boson mass above the experimental lower l i m i t have been 

made (m^ = 1 . 8 , 2 . 5 and 5 . 0 &eV). 

The G-lashow Resonance I n t e r a c t i o n 

There are b i g u n c e r t a i n t i e s i n the r a t e o f events due t o the Glashow 

resonance i n t e r a c t i o n because o f u n c e r t a i n t i e s i n the f l u x o f v a t energies 

above 1000 &eV. The rates quoted below are obtained assuming t h a t the V i 

r a t i o , R, i s 0 . 2 , K^/k" = 1 and t h a t the muonic branching r a t i o , b, i s 0 . 4 . 

At these high energies the m a j o r i t y of electron-neutrinos would be produced by 

and decay r a t h e r than from muon decay and t h e r e f o r e , f o r t h i s 

i n t e r a c t i o n , the r a t e o f events i s approximately p r o p o r t i o n a l t o R. I f R were 
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i n f a c t zero at these energies the rates would be too high by two orders of 
magnitude. I f there were a l a r g e p o s i t i v e excess of charged kaons then the 
ne u t r i n o f l u x e s assumed should be halved. F i n a l l y , the i n t e n s i t y of muons from 
t h i s i n t e r a c t i o n i s p r o p o r t i o n a l t o b which could have a considerably smaller 
value than 0.4. I t i s t h e r e f o r e apparent t h a t t h e quoted rates are i n the 
nature of upper l i m i t s . The r a t i o of events, i n i t i a t e d by neutrinos produced 
i n the atmosphere, from the resonance production of the boson t o the number 
from boson production on atomic n u c l e i i s less than u n i t y and decreases w i t h 
i n c r e a s i n g boson mass. The importance of the resonance i n t e r a c t i o n l i e s i n 
the f a c t t h a t i t would provide a channel whereby high energy e x t r a - t e r r e s t i a l 
n e u t r i n o s c o u l d be detected. 

The i n t e n s i t i e s of muons were c a l c u l a t e d from equation (7«1) foJ^ each of 

the non-resonant i n t e r a c t i o n s l i s t e d above. The v a r i a t i o n of muon i n t e n s i t y 

w i t h z e n i t h angle f o r three cases, e l a s t i c , i n e l a s t i c ( 2 ) and Intermediate 

Boson produ c t i o n (m^ = 2 . 5 GeV) are shown i n F i g . 7 * 3 , The angular d i s t r i b u t i o n s 

are symmetrical about the h o r i z o n t a l plane. By f o l d i n g the muon i n t e n s i t i e s 

i n t o the d i f f e r e n t i a l aperture of the telescopes (equation D . 4 ) the angular 

d i s t r i b u t i o n s and t o t a l rates of events detected by the telescopes were 

p r e d i c t e d . The r e s u l t s are given i n Table 7,1, where the approximate median 

energies of the neutrinos causing the i n t e r a c t i o n s are also i n d i c a t e d . Two 

values of the ra t e s are given f o r Intermediate Boson production, corresponding 

t o the l i m i t i n g cases of energy sharing discussed i n section 5 . 3 , 2 . The 

angular d i s t r i b u t i o n s f o r some of the i n t e r a c t i o n s are given i n P i g . 7 , 4 where 

each curve i s normalized t o u n i t area. I t i s seen t h a t the angular 

d i s t r i b u t i o n i s not very s e n s i t i v e t o the type of i n t e r a c t i o n but i t i s more 

s t r o n g l y peaked i n the h o r i z o n t a l d i r e c t i o n f o r those where the median energy 

i s h i g her. 
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Table 7*' ' 

P r e d i c t e d Rates of Events f o r K&F Neutrino Telescopes 

I n t e r a c t i o n Rate of Events 
(per telescope-day) 

Median Neutrino 
Energy (&eV) 
(Approximate values) 

( a ) E l a s t i c 1.1 1 0 " ^ 2 .5 

( b ) I n e l a s t i c ( 1 ) 2 , 9 tO"^ ( 2 . 5 1 0 " ^ ) * 10 

( c ) I n e l a s t i c ( 2 ) 4 . 9 1 0 " ^ ( 2 . 5 1 0 ' ^ ) 25 

( d ) I n e l a s t i c ( 3 ) 8 .9 1 0 ' ^ ( 3 . 0 1 0 " ^ ) 15 

( e ) I n e l a s t i c ( 4 ) 3 . 3 1 0 ' ^ ( 3 , 5 1 0 " ^ ) 45 

( f ) Intermediate Boson 
m„, = 1 ,8 &eV 

( i ) 4 . 8 1 0 " ^ 
( i i ) 1 .7 10" '^ 

100 

( g ) Intermediate Boson 
\ = 2 . 5 &eV 

( h ) Intermediate Boson 
m^ = 3 . 0 GeV 

( i ) G-lashow Resonance 
m^ = 1 .8 &eV 

( j ) G-lashow Resonance 
m^ = 2 . 5 &eV 

Lower L i m i t ( a + b) 

( i ) 2 . 2 10"5 
( i i ) 8 . 0 1 0 " ^ 

- 3 ( i ) 1.5 i o : ^ 

( i i ) 5 . 2 10 ^ 

. - 3 1.5 10 

3 . 1 10 
. - 4 

4 , 0 10 - 3 

200 

300 

3000 

6000 

*Values i n brackets are the approximate r a t e s 
o f double events 
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7 . 2 , 3 The Flux of Atmospheric Muons 

Although the neu t r i n o telescopes are o r i e n t a t e d i n the h o r i z o n t a l d i r e c t i o n , 

muons are accepted which have z e n i t h angles as low as 1 5 ° , The f l u x of 
- 2 

atmospheric muons i s g r e a t l y attenuated by the 7500 hg cm of rock above the 

apparatus but s t i l l may be appreciable a t the lower zenith angles when compared 

to the f l u x of neutrino-induced muons. P r i o r t o the two neu t r i n o experiments, 

a series of measurements of the i n t e n s i t y of rauons, using v e r t i c a l l y o r i e n t a t e d 
_2 

d e t e c t o r s , had been made down t o 6900 hg cm of standard rock by Miyalce e t a l . 
_2 

( 1 9 6 4 ) and a f u r t h e r exposure at 9200 hg cm had y i e l d e d zero counts, r e s u l t i n g 

i n an upper l i m i t t o the flxxx.. Combining these w i t h previous r e s u l t s at 

shallower depths the d e p t h - i n t e n s i t y curve can be extrapolated t o give an 

estimate o f the v e r t i c a l i n t e n s i t y and angular d i s t r i b u t i o n of atmospheric 

muons a t the present s i t e . The angular d i s t r i b u t i o n i s simply r e l a t e d to 

the v a r i a t i o n o f v e r t i c a l i n t e n s i t y w i t h depth. I f the v e r t i c a l i n t e n s i t y 

at depth D can be represented by a power law, 1 ^ ( 0 ) = A.D ^̂ '̂ •̂ ^̂  then the 

angular d i s t r i b u t i o n i s of the form l ( 9 ) = I^cos^9. The reduction by u n i t y 

of the exponent takes account of the angular d i s t r i b u t i o n at sea l e v e l of 

muons ( w i t h sea l e v e l energy/v 1,5 1 0 ^ GeV) t h a t penetrate t o these depths 

which i s p r o p o r t i o n a l t o sec 9. At shallower depths, where the muon range i s 

p r o p o r t i o n a l t o energy, the power law expression f i t s the data w e l l , but a t 

great depths ( n + l ) , the slope of the d e p t h - i n t e n s i t y curve on a log a r i t h m i c 

p l o t , i s i n c r e a s i n g slov/ly w i t h depth, 
- 2 

The e x t r a p o l a t e d curve and i t s slope at 7500 hg cm gives the f o l l o w i n g 

expression f o r the i n t e n s i t y of atmospheric muons, 
I ^ ( e ) = 8 , 5 1 0 " ^ cos^*^ Q sec""* sterad"** ( 7 , 2 ) 
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The u n c e r t a i n t y i n the v e r t i c a l i n t e n s i t y i s about + 30^^, I n F i g , 7 ,5 the 

d i f f e r e n t i a l r a t e of atmospheric muons w i t h respect t o p r o j e c t e d z e n i t h angle 

t h a t i s expected to be recorded by each of the KGF telescopes i s given. For 

comparison the r a t e of neutrino-induced muons from the ' i n e l a s t i c ( 2 ) ' 

i n t e r a c t i o n i s also shown. I n t h i s case the r a t e p l o t t e d i s the combined value 

f o r upward and downvfard moving muons since the d i r e c t i o n cannot usually be 

determined. The f i g u r e should be regarded as g i v i n g the form of the angular 

d i s t r i b u t i o n s only; t h e i r r e l a t i v e amplitudes must be determined from 

observation. I t can be seen, however, t h a t , unless the neutrino-induced muon 

f l u x i s very much greater than t h a t p r e d i c t e d f o r the ' i n e l a s t i c ( 2 ) ' case, the 

overwhelming m a j o r i t y of muons below ̂  = 3 0 ° w i l l be of atmospheric o r i g i n . 

S i m i l a r l y any muons observed beyond ^ = 60° can be a t t r i b u t e d t o neutrino 

i n t e r a c t i o n s w i t h very high p r o b a b i l i t y . The r e l a t i v e proportions of muons 

between 3 0 ° and 60° must be estimated from the observed angular d i s t r i b u t i o n . 

The continued operation o f the neutrino experiments themselves w i l l l ead 

t o more accurate values o f the i n t e n s i t y of atmospheric muons. The Case-rfits 

experiment, being at a greater depth, w i l l improve our knowledge of t h e 
- 2 

angular d i s t r i b u t i o n a t 7500 hg cm . The e f f e c t of the i n i t i a l r e s u l t s from 

t h i s experiment on the assumed angular d i s t r i b u t i o n i s discussed belov/, 

7 ,3 P r e l i m i n a r y Results from the KGF Neutrino Experiment 

The f i r s t phase of the experiment was from 1 s t A p r i l , 1965 t o 3r'd November, 
1 9 6 5 , I n t h i s time there was a t o t a l of 2 9 8 , 8 telescope-days c.v''' TTf 7'iV"̂  

8 2 

( 5 , 0 3 10 m sec sterad f o r i s o t r o p i c r a d i a t i o n ) of operation, during which 16 

events were recorded, ( P r i o r t o 1st A p r i l the p a r t l y assembled apparatus was 

i n o p e r a t i o n f o r 36 telescope-days during.which no d e f i n i t e events were seen). 

The 16 events are l i s t e d i n Table 7 , 2 ; the events marked O.G (out of geometry) 
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Table 7 .2 

Events Recorded by the KGF Neutrino Telescopes ( 1 / 4 / 6 5 t o 3 / 1 1 / 6 5 ) 

Event Date 
No. 

Time 
IST* MSTt 

Tele- S c i n t i l - Type Projected 
scope l a t o r s Zenith Angle 

(degrees) 

1 5 / V 6 5 20.04 0 8 , 3 8 

2 2 7 / V 6 5 18 .26 08 .30 

3 2 5 / 5 / 6 5 20 ,03 1 1 . 5 8 

4 3 / 7 / 6 5 1 2 . 3 0 0 6 . 5 7 

5 1 3 / 7 / 6 5 16 . 14 11 .21 

6 18 / 7 / 6 5 0 2 . 5 0 2 2 . 1 4 

1 2 4 / 7 / 6 5 1 1 . 4 7 0 7 . 3 7 

8 2 7 / 7 / 6 5 03 .22 2 3 , 2 3 

9 2 9 / 7 / 6 5 1 9 . 0 7 15.18 

10 1 / 8 / 6 5 2 1 . 0 0 17 .23 

11 2 / 8 / 6 5 0 3 . 3 8 0 0 . 0 2 

12 1 1 / 8 / 6 5 1 7 . 3 7 1 4 . 3 8 

13 1 2 / 8 / 6 5 1 1 . 3 8 11 .21 

14 9 / 9 / 6 5 0 2 . 2 2 01.12 

15 1 0 / 9 / 6 5 08 . 20 07 .15 

16 1 3 / 1 0 / 6 5 1 2 . 1 4 13 .23 

1 N4 I > 3 9 
S4 

1 Nl I 48 
SI 

2 N6 I 75+10 
S6 

2 Nl I 9 6 . 2 + 0 . 8 
S1 9 9 . 2 T 0 . 3 

2 N4 I I 45 
S356 

1 • N36 O.G 8 ,5 
S12 

2 N6 I I 3 7 . 5 
S3 

1 N6 I I 29 .5 
S3 

2 N1 I I 3 2 . 5 
S3 

1 - O.G 25 

1 N6 I I 47 
S4 

1 N4 O.G 33 
S5 

Large shov/er i n telescope 2 

2 N5 I I I 21 
S I3 

1 N6 I I 26 .5 
S3 

1 N3 I I 40 
SI 

* Indian Standard Time Mean Sidereal Time 
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are those where the muon d i d not pass through both s c i n t i l l a t o r s , the necessary 

coincidence being provided by an accompanying p a r t i c l e or a knock-on produced 

i n s i d e the apparatus. P a r t i c u l a r f e a t u r e s of the events are l i s t e d below. 

Event 1 Telescope 1 contained no f l a s h tubes a t t h i s time. The s c i n t i l l a t o r 

i n f o r m a t i o n shows t h a t t h i s i s a Type I event and th e r e f o r e has zen i t h angle> 3 9 ° . 

Event 2 A s i n g l e t r a c k . Only the two outer columns of f l a s h tube boxes were 

i n s t a l l e d a t t h i s t i m e . 

Event 3 ^ s i n g l e t r a c k . Only the centre f l a s h tube boxes were present. 

Event 4 This i s of p a r t i c u l a r i n t e r e s t since i t contains two almost p a r a l l e l 

p a r t i c l e s i n c i d e n t on the telescope i n the h o r i z o n t a l d i r e c t i o n . F i g , 7 . 6 

shows the two t r a c k s i n the lower t h i r d o f T e l . 2 , The i n t e r p r e t a t i o n of the 

event has been discussed a t l e n g t h i n the paper by Achar e t a l . ( 1 9 6 5 b ) , where 

the f o l l o w i n g conclusions were drawn. The p r o j e c t e d z e n i t h angle between the 

tr a c k s i s (3+1 )° and they appear t o diverge from a p o i n t which may be a t the 

surface of the southern rock w a l l or at a depth of up t o 1 m, i n the plane of 

the diagram, i n s i d e i t ( t o the extent of 1 standard d e v i a t i o n ) . The p a r t i c l e 

producing t r a c k 'a' penetrates 10 r a d i a t i o n lengths of lead without s c a t t e r i n g 

or producing a cascade, and i s t h e r e f o r e not ein e l e c t r o n and i s presumably e i t h e r 

a muon or a p i o n . Considering t r a c k 'b', i f the tv/o p a r t i c l e s were produced 

i n the southern rock wedl the absence of a t r a c k i n the southern f l a s h tube 

t r a y would be due t o the azimuthal angle being such t h a t the p a r t i c l e , passing 

through the back of the telescope, missed t h i s t r a y . The lead w a l l s protrude 

7 cm beyond the back of the f l a s h tubes and i t i s probable t h a t the p a r t i c l e 

passed through both l e a d w a l l s . The p a i r of p a r t i c l e s could, on the other hand, 

have been produced i n the n o r t h rock w a l l and then have been scattered i n t o the 

observed d i r e c t i o n s . I n t h i s case the p a r t i c l e producing t r a c k 'b' may e i t h e r 
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have missed the southern f l a s h tubes or have stopped i n the second lead w a l l . 
I n e i t h e r case t r a c k 'b' was almost c e r t a i n l y caused by a muon or a p i o n . The 
simplest i n t e r p r e t a t i o n i s t h a t these two tracks are a muon and a pion produced 
i n an i n e l a s t i c n e u t r i n o i n t e r a c t i o n close t o the surface of the rock. I t i s 
apparent from the f i g u r e s given i n Table 7 , 1 , however, t h a t i f the Intermediate 
Boson e x i s t s w i t h mass^ 3 GeV there i s an equal p r o b a b i l i t y t h a t the event 
represents the 'prompt' and 'decay' muons r e s u l t i n g from i t s production. 
A s i m i l a r event w i t h two, more widely separated but near p a r a l l e l , p e n e t r a t i n g 
t r a c k s could be d e f i n i t e l y a t t r i b u t e d t o a p a i r of muons and would be ra t h e r 
strong evidence f o r the existence of the boson. 
Event 5 ^ s i n g l e t r a c k . 

Event 6 A near v e r t i c a l t r a c k i n t e r s e c t i n g the Si s c i n t i l l a t o r . The t r a c k o f 

one o f the knock-on el e c t r o n s causing the coincidence w i t h the no r t h s c i n t i l l a t o r s 

i s v i s i b l e . 

Event 7 A p e n e t r a t i n g t r a c k w i t h a knock-on i n the nor t h f l a s h tube t r a y i n d i c 

a t i n g a downward moving p a r t i c l e . 

Event 8 A p e n e t r a t i n g t r a c k w i t h t h r e e knock-ons i n the centre t r a y i n d i c a t i n g 

a downward moving p a r t i c l e . 

Event 9 A p e n e t r a t i n g t r a c k producing a shower i n the north lead w a l l i n d i c a t i n g 

a dowmardmoving p a r t i c l e . 

Event 10 A si n g l e t r a c k which misses the south s c i n t i l l a t o r s . The coincidence 

was presumably caused by a knock-on from the rock. 

Event t i A si n g l e t r a c k w i t h a small shower generated i n the south lead w a l l 

i n d i c a t i n g t h a t the p a r t i c l e i s t r a v e l l i n g downwards. 

Event 12 A s i n g l e t r a c k which misses the south s c i n t i l l a t o r s . The coincidence 

i s caused by an associated shower from the rock w a l l . 
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Event i j A very large shower i n c i d e n t on the south side of T e l , 2, A l l s i x 

s c i n t i l l a t o r s on t h i s side sho'Vfed saturated pulses; f i v e on the north side also 

gave pulses. Almost a l l the tubes i n the south t r a y s f l a s h e d . Pulses were 

also recorded from T e l . 1 althoiigh only a few tubes f l a s h e d . The shov/er was 

estimated t o have an energy of several hundred G-eV. No penet r a t i n g tracks were 

c l e a r l y d e f i n e d t o give the d i r e c t i o n of the i n i t i a t i n g p a r t i c l e . 

Event 14 A p e n e t r a t i n g t r a c k w i t h a shower produced i n the n o r t h lead v m l l 

i n d i c a t i n g a d ^ ^ ^ i S L moving p a r t i c l e . 

Events 15 and 16 Single t r a c k s . 

7.4- Discussion of the P r e l i m i n a r y Results 

With the small number of events so f a r detected i t i s not possible t o draw 

any d e f i n i t e conclusions w i t h regard t o the character of the neutrino i n t e r a c t i o n s . 

I t i s of i n t e r e s t , however, t o compare the pres e n t l y observed rates of events 

w i t h those p r e d i c t e d i n Table 'J.'\. 

Of the 16 events, numbers 6, 10 and 12 must be ignored because they do not 

conform w i t h the s e l e c t i o n c r i t e r i a and event I3 cannot be i n t e r p r e t e d i n terms 

of i t s i n i t i a t i n g p a r t i c l e . The remaining 12 events contain two (2 and 4) w i t h 

z e n i t h angles gre a t e r than 60° and these can be d e f i n i t e l y a t t r i b u t e d t o n e u t r i n o 

i n t e r a c t i o n s . The probable d i v i s i o n of the remaining ten i n t o atmospheric and 

neutrino-induced muons can be made by comparing t h e i r angular d i s t r i b u t i o n w i t h 

those given i n F i g . 7.5• The r e s u l t i s t h a t a combination of roughly equal 

amplitudes o f the tv̂ 'o d i s t r i b u t i o n s f i t s the observed d i s t r i b u t i o n best. An 

equivalent method i s to compare the observed d i v i s i o n of events i n t o types I , 

I I and I I w i t h the expected d i s t r i b u t i o n s f o r the two types of muons. This i s 

shovm i n Table 7.3. 
+1 2 ~2 A t o t a l of s i x n e u t r i n o - i n i t i a t e d events gives a r a t e of (2,0 p,'o)'^0~ per —U ,0 



Table 7.3 

Comparison of Observed aiid Predicted Angular D i s t r i b u t i o n s 

( i ) Neutrino-induced Muons 

( i i ) Atmospheric Muons 

Equal Amplitudes of ( i ) and ( i i ) 

Equivalent D i s t r i b u t i o n of 
12 events 

Observed D i s t r i b u t i o n of 
12 events 

S c i n t i l l a t o r Configuration 
I I I I I I 

12.6fo 25,3% 1.5fo 

5.5% 61.3% 33.2% 
39.1% 43.6% 17.3/0 

4.7 5.2 2.1 

1 
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Tel-day. This i s seen t o be 5 times greater than the lower l i m i t derived 

from the most conservative e x t r a p o l a t i o n of the machine r e s u l t s , i . e . assuming 

t h a t the Intermediate Boson, i f i t e x i s t s , has mass ̂  5 G-eV and t h a t the 

i n e l a s t i c cross-section does not increase beyond 10 &eV. A continued increase 

i n c ross-section above 10 G-eV i s thus i n d i c a t e d . From the observed rates 

alone i t i s not possible t o d i f f e r e n t i a t e between the e f f e c t of; the production 

of a boson w i t h mass not much greater than the present lower l i m i t from machine 

r e s u l t s and a r a p i d l y i n c r e a s i n g i n e l a s t i c cress-section. For example, 

comparing the p r e d i c t i o n s f o r the ' i n e l a s t i c (3) ' and ' i n e l a s t i c (4) ' cases, 

the present t o t a l o f s i x events could be explained by a quadratic increase 

of i n e l a s t i c cross-section up to a cut o f f energy of'w30 G-eV. 

I t i s i n t e r e s t i n g t o note t h a t , o f the f i v e events w i t h zenith angles 

>̂  37.5°» v/hich are expected t o be mostly atmospheric muons, f o u r are e i t h e r 

accompanied by an electromagnetic component or produce knock-ons or showers 

w i t h i n the telescope, while of the s i x at l a r g e r z e n i t h angles, which are 

expected t o be predominantly neutrino-induced, only one shows an i n t e r a c t i o n 

\ v i t h i n the telescope. This behaviour i s t o be expected because of the 

considerably higher mean energy of atmospheric muons i n c i d e n t on the 

telescopes. 

The C e l e s t i a l coordinates of the a r r i v a l d i r e c t i o n s of the muons have 

been computed and are shown i n Appendix E. 

7,5 Results o f the Case-Wits Experiment 

The experiment being performed i n a c o l l a b o r a t i o n between the Case 

I n s t i t u t e , Ohio and the U n i v e r s i t y o f Witwatersrand i s b a s i c a l l y s i m i l a r 

t o the KG-F experiment. The p r e l i m i n a r y r e s u l t s from i t have been reported 

by Reines e t a l . (1965) and Crouch et a l , (I965). The apparatus i s 
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s i t u a t e d i n a tunne l running i n a Worth-South d i r e c t i o n at a depth of 

10,492 f t below ground l e v e l . The l o c a l rock having a density of 2,75 6 cm ̂ 
2 —2 and Z /A = 5,0, t h i s i s equivalent t o 8500 hg cm of standard rock. The 

det e c t o r has two p a r a l l e l w a l l s of l i q u i d s c i n t i l l a t o r of o v e r a l l dimensions 

37ni long by 1.9111 h i g h . The w a l l s are 1 .8m apart and consist of 36 rectangular 

tanks 12,5 cm t h i c k , each viewed from i t s two ends by fo u r p h o t o - m u l t i p l i e r s . 

The gaps between the tanks account f o r 21/? of the o v e r a l l w a l l area. 

The minimijm requirement f o r the recording of an event was a coincidence 

between any f o u r p h o t o - m u l t i p l i e r s i n the same w a l l . Up to 2nd October I965 

a time o f operation equivalent t o 147 days f o r the complete assembly had been 

a t t a i n e d . The t o t a l o f 85 events recorded are d i v i d e d i n t o four classes as 

f o l l o w s : ( i ) 7 e i g h t - f o l d coincidences i n v o l v i n g one tank i n each w a l l , ( i i ) 

59 f o u r - f o l d coincidences from a s i n g l e tank i n one v / a l l , ( i i i ) 15 m u l t i p l e 

tank events i n one w a l l o n l y , ( i v ) 4 m u l t i p l e tank events i n both w a l l s . 

Events of type ( i ) are i n t e r p r e t e d as being due t o a single p a r t i c l e passing 

through both w a l l s o f the telescope. The minimum z e n i t h angle f o r these i s 

43° and, since the i n t e n s i t y of atmospheric muons at t h i s depth and at angles 

g r e a t e r than 43° i s n e g l i g i b l e , they can be a t t r i b u t e d t o n e u t r i n o - i n i t i a t e d 
2 

muons. The aperture o f the apparatus f o r type ( i ) events i s I50 m sterad. 

Type ( i i ) and ( i i i ) events are caused by atmospheric and n e u t r i n o - i n i t i a t e d 

muons t h a t i n t e r s e c t only one w a l l o f the telescope. I n the absence of 

v i s u a l d etectors the i n t e r p r e t a t i o n of the type ( i v ) events i s d i f f i c u l t ; 

i t i s po s s i b l e t h a t they are due to two or more p a r t i c l e s i n c i d e n t i n the 

near h o r i z o n t a l d i r e c t i o n and t h e r e f o r e a t t r i b u t a b l e t o neutrino i n t e r a c t i o n s . 

On the other hand, they c o u l d be caused by near v e r t i c a l atmospheric muons 

tog e t h e r w i t h showers from the rock. The possible complexities have been 
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i l l u s t r a t e d by the events recorded by the KG'F telescopes. From the 7 type 

( i ) events the i n t e n s i t y of n e u t r i n o - i n i t i a t e d muons, f o r an i s o t r o p i c 
+2 0 —9 —2 —1 —1 d i s t r i b u t i o n i s (3 •7_^ *2̂ )''0 m sec sterad : i f the f o u r simbiguous 

events are included then t h i s becomes (5.8^^'g) 10 ^ m ^ sec ^ s t e r a d ^ , 
+0 8 —8 —2 —1 

This should be compared w i t h the corresponding value of ( l . 2 - * j.)lO m sec 

s t e r a d f o r the s i x events from the KG-F experiment. The Case-wits r e s u l t 

gives a lower r a t e , but there i s no r e a l discrepancy because of the 
s t a t i s t i c a l u n c e r t a i n t y . 

I t i s possible t o o b t a i n an estimate of the f l u x of atmospheric muons 
-2 

at 8500 hg cm from the above r e s u l t s . Using the observed rat e o f events 

at angles greater than 43°, the expected admixture o f neutrino-induced muons 

among the type ( i i ) and ( i i i ) events may be c a l c u l a t e d and subtracted o u t . 

I t i s concluded t h a t t h e v e r t i c a l i n t e n s i t y of atmospheric muons i s 
_7 -2 -1 -1 (3,4+1.0) 10 m sec sterad . When t h i s r e s u l t i s combined w i t h the 

measurements of Miyake e t a l , (I964) and values of the i n t e n s i t i e s at 

intermediate depths obtained from a d i r e c t measiirement of the angular d i s t r i -

b u t i o n of muons at 4 I O O hg cm by Achar e t a l . (1965c), the increasing slope 

o f a l o g a r i t h m i c p l o t o f the d e p t h - i n t e n s i t y curve i s confirmed. Thus a 

cos'̂ © angular d i s t r i b u t i o n somewhat overestimates the i n t e n s i t y of muons 

at l a r g e aenith angles at the KG-F s i t e . I t i s found t h a t an exponential 
-2 

decrease o f i n t e n s i t y w i t h depth f i t s the combined data best below 4000hg cm 
-2 

I n t h i s case the angular d i s t r i b u t i o n at 7500 hg cm , neglecting t he s l i g h t 

broadening due t o muon s c a t t e r i n g , i s o f the form 

1(9) = I ^ exp(-8 . 9(sece - 1 ) ) secS (7-3) 

I n F i g , 7.7 the r e s u l t a n t angular d i s t r i b u t i o n i n the KG-F telescopes i s 

shown compared w i t h t h a t obtained using (7.2). The area under both curves 
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i s made t o agree w i t h the observed r a t e of atmospheric muons, the v e r t i c a l 

i n t e n s i t y d e r i v e d from the s i x events f o r the angular d i s t r i b u t i o n (7.3) being 

( l . l ' * " ^ * ^ ) 1o"^ m~̂  sec"^ sterad"''. I t i s seen t h a t the e f f e c t i v e cut o f f 
-0,5 

f o r atmospheric muons i s reduced by about 5° . None o f the 16 observed 

events l i e s i n the region from 50° t o 60°, however, so t h a t t h i s does not 

a f f e c t the present i n t e i p r e t a t i o n . 
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Chapter 8 

Conclusions 

8.1 The Production o f Kaons i n High Energy Kuclear I n t e r a c t i o n s 

By the combination o f three methods i n v o l v i n g measurements on 

cosmic ray muons an estimate was made, i n Chapter 4, of R, the r a t i o 

o f the production spectra o f charged and n e u t r a l kaons and pions, over 

a range o f meson energies from 3 t o 5000 GeV. I f the energy spectra o f 

kaons and pions produced i n i n d i v i d u a l i n t e r a c t i o n s were of the same 

form R would be i d e n t i c a l t o the r a t i o o f the numbers of kaons and 

pions produced i n these i n t e r a c t i o n s , R̂ . I f , on the other hand, 

the mean energy of the kaons v/ere g r e a t e r than t h a t of the pions then, 

because of the r a p i d l y f a l l i n g primary spectrum, R̂  would be less than 

R and v i c e versa. To compare these r e s u l t s w i t h d i r e c t measurements 

of R̂  l e t us i n i t i a l l y assume equal energy spectra f o r kaons and pions. 

The set of e m p i r i c a l r u l e s o f Cocconi et a l . ( I 9 6 1 ) , the C.K.P. model, 

give the m u l t i p l i c i t y o f secondary p a r t i c l e s of a l l charges i n both 

the forward and backward d i r e c t i o n s i n the cm. s. from the i n t e r a c t i o n 

o f a primary o f energy E as n = 2.7 F^'^^. The energy going i n t o pions 
o s , 0 

i n the forward cone i s approximately E J j ) and the mean energy of these 

pions i s thus T = 2 £ ^ 3 n^ = 0.25 I f , as an approximation, one 

assumes e q u i p a r t i t i o n of energy amon^t these pions then the mean energy 

of primary p a r t i c l e s g i v i n g pions of energy E i s 

E^ = 6.35 E^*^^ (8.1) 

A primary o f a given energy produces secondaries w i t h a spectrtmi o f 

energies, however, and because o f the f a l l i n g spectrum o f primaries 
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those t h a t r e t a i n a l a r g e r than average energy c o n t r i b u t e most t o the 

f l u x o f pions o f a given energy. Equation ( 8 .1) th e r e f o r e overestimates 

E^. The C.K.P. model gives the energy spectmun o f pions as 
n E 

N ( E j dE^ = J e x p ( ^ ) dE^ (8.2) 

When t h i s i s f o l d e d i n t o the spectrum o f primary p a r t i c l e s i t i s found 

t h a t the mean primary energy g i v i n g pions o f energy E may be expressed as 

E^ = 5.8 e''-^'' (8.3) 

Using t h i s expression the r e s u l t s o f Fig. 4.13 are p l o t t e d as a f u n c t i o n 

o f primary energy i n Pig. 8.1. 

Perkins (I961) has made a sunmiary o f d i r e c t measurements o f non-

pi o n production i n nuclear c o l l i s i o n s frcsii the study o f i n d i v i d u a l 

i n t e r a c t i o n s i n m u l t i p l a t e cloud chambers and nuclear emulsions. By 

counting the number of n e u t r a l pions, i d e n t i f i e d by t h e i r decay, and 

assuming charge symmetry i n the production of pions, the pro p o r t i o n of 

non-pions amonst a l l charged p a r t i c l e s i s found. The r a t i o of il.o 

niMiber of secondary i n t e r a c t i o n s produced by n e u t r a l p a r t i c l e s t o the 

t o t a l number o f charged secondaries can also be measured and i t i c found 

t h a t there are approximately equal numbers o f charged and n e u t r a l 

non-pions. The r e s u l t s are p l o t t e d i n Fig. 8,1. I n the cloud chamber 

measurements ( p o i n t s I and I I ) the energy of the secondaries i s such 

t l i a t some o f the K° mesons would be missed because of t h e i r r a p i d decay 

i n t o pions; t h i s does not apply t o the emulsion r e s u l t s . The values 

are p l o t t e d as equivalent t o R̂ ,̂ b u t since the non-pions may be made up 

o f o t h e r p a r t i c l e s beside kaons the r e s u l t s must be regarded as g i v i n g 

an upper l i m i t t o R̂ , 
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The l a r g e e r r o r s on the i n d i r e c t measurements together w i t h the 

appreciable e r r o r s o f the d i r e c t l y measured values make i t d i f f i c u l t 

t o draw any v e i y d e f i n i t e conclusions. I f the m a j o r i t y of the non-pions 

produced i n i n d i v i d u a l nuclear i n t e r a c t i o n s are kaons then the 

agreement between the two types o f measurement shows t h a t there i s no 

i n d i c a t i o n o f the e f f e c t i v e mean energies of kaons and pions from 

i n d i v i d u a l i n t e r a c t i o n s being d i f f e r e n t . I n the range of primary energies 
3 5 

from 10 t o 10 GeV the mean kaon energy could not be more than 50>'o 

g r e a t e r than the mean pion energy but t h i s l i m i t i s higher i n the region 

where the i n d i r e c t data comes from p o l a r i z a t i o n measurements. I f , on 

the o t h e r hand, as suggested by Peters, the m a j o r i t y o f the non-pions 

were nucleon-antinucleon p a i r s the i n d i c a t i o n i s t h a t the kaons t h a t are 

produced would have t o have high mean energies t o account f o r the observed 

value o f R, This i s p a r t i c u l a r l y evident i n the range of primary energies 

up t o a few hundred GeV. 

P a r t i c l e s produced i n high energy i n t e r a c t i o n s t h a t move i n the 

extreme backward d i r e c t i o n i n the cm. s. have s u f f i c i e n t l y low laboratory-

energies t h a t t h e i r mass may be deduced from measurements of g r a i n density 

and s c a t t e r i n g i n nuclear emulsions. Most models of nucleon-nucleon 

c o l l i s i o n s imply forrrard-backward symmetry i n the cm, s. both i n p a r t i c l e 

composition and angular d i s t r i b u t i o n ; i f t h i s i s so measurements on 

the backv/ard cone p a r t i c l e s having low l a b o r a t o r y energy may be applied 

t o the high l a b o r a t o r y energy forward cone. Kim (19^4) has examined 22 

j e t s produced by protons, neutrons and alpha p a r t i c l e s w i t h energies 

between 200 and 1,5 10^ &eV. From the i d e n t i f i e d secondary p a r t i c l e s a t 
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cm. s. angles less than 175° the r a t i o of numbers of charged kaons to 

pions i s 0.20 + 0.07 and the r a t i o of t h e i r cm., s. momenta i s 1.4. This 

r e s u l t , does not c o n t r a d i c t our data on the r a t i o o f the production spectra 

R. For cm. s. angles g r e a t e r than 175°, however, of the observed mesons, 

9 are i d e n t i f i e d as kaons and 7 as pions, the r a t i o of t h e i r cm. s. 

momenta being 1,7. Although these p a r t i c l e s c o n s t i t u t e only a small 

f r a c t i o n o f the t o t a l number of secondaries t h e i r mean cm. s. momenta 

are approximately an order o f magnitude greater than those o f the others. 

I f forward-backward symmetry i s assumed these p a r t i c l e s would dominate 

the f l u x o f mesons of a given energy a t production, r e s u l t i n g i n a value 

of R gr-eater than 300%. This disagrees s t r o n g l y v/ith the observed 

l i m i t i n g value. The simplest explanation of t h i s discrepany v/ould be 

t h a t the i d e n t i f i c a t i o n o f the p a r t i c l e s by g r a i n density and s c a t t e r i n g 

measurements i s a t f a u l t . I t i s possible t h a t the assumption of symmetry 

i n the cm. s. i s not c o r r e c t f o r the p a r t i c u l a r i n t e r a c t i o n s i n which 

these p a r t i c l e s were produced. 

Recent measurements of the v e r t i c a l i n t e n s i t y of muons underground 

by Achar e t a l . (1965c) have a bearing on the v e r t i c a l muon sea l e v e l 

spectrum and thus on the value o f R. There i s good general agreement 

w i t h the r e s u l t s o f Miyake et a l . (1964) which were used i n d e r i v i n g 
_2 

the OPW muon spectrum. The biggest d i f f e r e n c e i s a t 1871 hg cm of 

standard rock where the former i s 12% greater than the l a t t e r . Using 

these r e s u l t s , P a t t i s o n (1965) has derived new values f o r the muon sea 

l e v e l spectrum. The maximum d i f f e r e n c e from the OP?̂  spectrum i s a t 

1000 G-eV v;here the former i s greater by a corresponding 12%. I t can 
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be seen from Table 2.1 t h a t t h i s l i e s w i t h i n the estimated e r r o r on 
the OPvY spectrum. I f the r e v i s e d spectrun i s used together w i t h the 
electromagnetic cascade data t o estimate R, the r e s u l t i s t h a t the 
value of R a t 1500 GeV meson energy i s increased t o 30?o and the d i p 
i n R a t t h i s energy ( F i g . 4.10) l a r g e l y disappears. 

The r a t i o , 2> kaon and pion production spectra i s also relevant 

t o the observed charge r a t i o of muons a t sea l e v e l . MacKeo\vn (19^5) 

has given the r e s u l t s o f measurements using the Durham h o r i z o n t a l 

spectrograph and a comprehensive review of previous experiments. The 

r a t i o o f the numbers of [ i " ^ t o | i p l o t t e d against muon energy a t production 

shov/s an approximately constant value o f 1.20 t o 1.25 above 3 GeV. Above 

100 GeV the s t a t i s t i c s are poor and an increase or decrease i n the r a t i o 

cannot be r u l e d out. I t has been shown by MacKeown and also by Cohen 

e t a l . (1965) t h a t the production of pions by a p i o n i s a t i o n process, t a k i n g 

i n t o account s t a t i s t i c a l f l u c t u a t i o n s i n m u l t i p l i c i t y , cannot alone 

account f o r the observed p o s i t i v e excess.of muons. This suggests t h a t 

the generation of pions v i a isobar production makes an important c o n t r i 

b u t i o n t o the pion production spectrum. I f , however, the e f f e c t i v e r a t i o 

of kaons t o antikaons produced i n h i g h energy i n t e r a c t i o n s remains a t 

the value o f 4 observed a t machine energies then a kaonisation process 

c o u l d give r e s u l t s i n agreement w i t h the observed p o s i t i v e excess. 

MacKeown has shown t h a t a value o f R of 0. 5 v/ould be needed, i n t h i s case, 

t o give r e s u l t s i n agreement w i t h experiment. This i s somewhat higher 

than the most probable value t h a t we have derived but i t cannot d e f i n i t e l y 

be r u l e d out on the basis o f the present r e s u l t s . I t has also been sho\m 
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t h a t , i f the major p a r t of the observed p o s i t i v e excess i s due t o 

kaon production, e i t h e r v i a kaonisa t i o n or isobar production, then the 

muon charge r a t i o should vary w i t h z e n i t h angle. The reason f o r t h i s 

i s the d i f f e r e n t r e l a t i v e c o n t r i b u t i o n s t o the muon i n t e n s i t y from kaons 

i n the v e r t i c a l and near h o r i z o n t a l d i r e c t i o n s (see Figs. 2.12 and 3 .3) . 

The r a t i o o f the values of the muon charge r a t i o s i n the h o r i z o n t a l and 

v e r t i c a l d i r e c t i o n s i s a f u n c t i o n of R and the e f f e c t i v e value of K^K.. 

I t s v a r i a t i o n w i t h rauon energy i s analogous t o t h a t of the muon 

i n t e n s i t i e s shown i n Figs. 3.4 and 3.5, there being a maximum di f f e r e n c e 

between the charge r a t i o s i n the two d i r e c t i o n s a t 1000 G-eV. I f the 

charge r a t i o i s due t o pion production o n l y ^ i t s v a r i a t i o n w i t h z e n i t h 

angle i s n e g l i g i b l e . Thus a dependence of charge r a t i o on z e n i t h angle 

would i n d i c a t e an appreciable c o n t r i b u t i o n from kaon production. The 

Mark I I v e r s i o n o f the Durham h o r i z o n t a l spectrograph w i l l enable the 

charge r a t i o t o be measured up t o 1000 GeV but an accurate determination 

o f the r a t i o up t o t h i s energy i n the v e r t i c a l d i r e c t i o n i s s t i l l l a cking. 

8.2 The Preliminary Results o f the Neutrino Experiment 

The value o f R, as w e l l as g i v i n g i n f o r m a t i o n on the production of 

kaons i n high energy nuclear i n t e r a c t i o n s , i s needed i n making c a l c u l a t i o n s 

o f muon-neutrino production i n the atmosphere. I t has been shown t h a t 

the i m c e r t a i n t y i n the muon-neutrino i n t e n s i t y i n the h o r i z o n t a l d i r e c t i o n 

due t o the range o f possible values of R i s not greater than 15% up 

to a n e u t r i n o energy o f 100 G-eV. I t has t h e r e f o r e been possible t o make 

c a l c u l a t i o n s o f the expected r a t e of neutrino-induced i n t e r a c t i o n s 

detected by the KG-F ne u t r i n o telescopes uJider various assumptions con-
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c e m i n g the behaviour o f the n e u t r i n o i n t e r a c t i o n cross-sections above 
machine energies. 

At present the experiment i s i n i t s p r e l i m i n a r y stages and one should 

not attempt to draw d e f i n i t e conclusions. There i s a strong i n d i c a t i o n , 

however, t h a t w i t h the observed niunber of events, 6 i n 298.8 telescope 

days, a conservative e x t r a p o l a t i o n o f the machine data v/ith no f u r t h e r 

appreciable increase i n the i n e l a s t i c cross-section above 10 GeV does 

not giv e a s u f f i c i e n t l y h igh r a t e o f events. The Case-V^its experiment, 

although g i v i n g a r a t e o f ne u t r i n o events between one h a l f and one t h i r d 

of t h a t observed i n the KGF experiment supports t h i s argument. Taking 

i n t o account the small number o f events so f a r observed and some ambiguity 

i n the i n t e r p r e t a t i o n of those recorded i n the former experiment, there 

i s no r e a l discrepancy between the ty/o sets of r e s u l t s . 

I f the present r a t e o f events detected by the KGF telescopes i s 

maintained then an increase i n the i n e l a s t i c cross-section depending on 

the square o f the energy up t o 30 GeV could be an explanation of t h i s . 

Considerably enhanced s t a t i s t i c s are needed before conclusions of t h i s 

k i n d can be drawn, hovfever. 

P r e d i c t i o n s of the rates o f neutrino-induced muons from the pro

d u c t i o n of the h y p o t h e t i c a l Intennediate Boson i n the Coulomb f i e l d of 

the nucleus have been given and i t i s shown t h a t , even when the mass of 

the boson i s assumed, there are considerable u n c e r t a i n t i e s i n the rates. 

I f i s apparent t h a t , w i t h the absolute lower l i m i t t o m^ of 1.8 GeV 

from maciiine experiments and the p r e s e n t l y unknown behaviour of the 

i n e l a s t i c cross-section above 10 GeV, i t w i l l not be possible t o gain 

i n f o r m a t i o n about the existence of the boson or i t s mass from measurements 
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o f the r a t e s alone of s i n g l e neutrino-induced muons. Event 4, containing 

two p e n e t r a t i n g t r a c k s i n the telescopes, has, however, demonstrated the 

p o s s i b i l i t y of i n f e r r i n g the existence of the boson from the observation 

o f double•track events where both tracks could be unambiguously 

i d e n t i f i e d as muons. Czyz e t a l . (1964) liave shov/n t h a t the cross-section 

f o r d i r e c t production of muons pa i r s i n neutrino-nucleon i n t e r a c t i o n s 

w i t h o u t the mediation of a r e a l intermediate boson i s approximately 1)j 

o f the e l a s t i c cross-section and we have demonstrated t h a t e l a s t i c i n t e r 

a c t i o n s can account f o r only a small f r a c t i o n of the observed r a t e o f 

events. The c o n d i t i o n s f o r d i s t i n g u i s h i n g between double events due t o 

p a i r s of rauons and those due t o a muon and hadron are t h a t the tracks 

should show no evidence o f i n t e r a c t i o n s i n s i d e the telescopes and t h a t 

they should appear to diverge from a p o i n t a t a distance i n s i d e the rock 

w a l l of several mean f r e e paths f o r strong i n t e r a c t i o n s . To f a c i l l i t a t e 

the i d e n t i f i c a t i o n o f such events, should they occur, three more telescopes 

are a t present under c o n s t r u c t i o n . They are b a s i c a l l y s i m i l a r t o 

telescopes 1 and 2 but have s c i n t i l l a t o r w a lls of dimensions 2 ra by 2 m 

separated by 133 cm. The t o t a l thickness of absorber between the walls 
_2 

i s increased t o 220 g cm o f i r o n and i n a d d i t i o n t o the three layers 

o f f l a s h tubes g i v i n g the p r o j e c t e d z e n i t h angles of the tracks there 

are two l a y e r s o f v e r t i c a l tubes to give the asimuth. 

I t has been shown t h a t the i n t e n s i t y o f e x t r a - t e r r e s t i a l neutrinos 

i s only l i k e l y t o be comparable v;ith the i n t e n s i t y of those produced i n 

the atmosphere a t energies above 1000 GeV. I f the intermediate boson 

e x i s t s then the v among these might p o s s i b l y produce, v i a the G-lashow 

resonance i n t e r a c t i o n , an i n t e n s i t y of muons t h a t i s a s i g n i f i c a n t 
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f r a c t i o n of the intensity from atmospheric neutrinos. According to 

present hypotheses, neutrinos of these energies are expected to be pro

duced by only a few discrete sources. I t i s important therefore to examine 

the a r r i v a l directions of neutrino-induced muons for any anisotropics. 

In Appendix E the c e l e s t i a l coordinates of a l l possible neutrino-induced 

events at KGP are plotted. There i s no evidence for any anisotropy i n 

these events or i n those from the Case-Wits experiment, whose a r r i v a l 

d i r ections have also been calculated. V±th the very small number of 

events, however, t h i s i s hardly surprising. The new telescopes w i l l 

enable both the Right Ascension and the Declination of the observed 

events to be determined with good accuracy. 

I n conclusion i t may be stated that interactions have been observed 

that can d e f i n i t e l y be attilbuted to cosmic ray neutrinos and that, 

already, interesting events have been recorded by the KG-F telescopes 

(e.g. the double track of event 4 and the large shower event I3) that 

warrant further investigation by apparatus of increased size and 

sophistication. 
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Appendix A 

Rate of Energy l o s s of Sigh Energy Muons 

A.1 Introduction 

Calculations of the propagation of cosmic ray muons i n the 

atmosphere require knowledge of the rate of energy loss i n a i r , 

CZ = 7 .2 , A. = 14 .2 , variable d e n s i t y ) . The rate of energy l o s s i n 

'^standard* rock, (Z = 11, A = 22 , density = 2.65 g cm"^^), i s used 

i n deriving the. muon sea l e v e l spectrum from the depthr-intensity 

measurements. The processes by which muons lose energy have been 

discussed i n d e t a i l by Cousins and Nash (1962) and Hayman et a l . (1963). 

Only the f i n a l exgpressions are given here together with the numerical 

values for a i r and. rook. 

A .2 C o l l i s i o n 

Energy l o s s e s by ionisation.and excitation, caused "by i n e l a s t i c 

c o l l i s i o n s of the muon with atomic electrons, are given by 

'(4i\ = Kk[i«k£lla.l- (I- ^t)- * i g-^cm ̂  (Al) 

f o r and 

for|l4 • K i s a constant, • 'J" .-̂  , (for both a i r and rock, 

where Z/A = 0 ,5 , K = 7^66 10'^ MeV g'"''cm'̂ ), l ( z ) i s the ionization 

potential of the atom, which i s taken to be 1,35 10"^ Z MeV. 

E =r E ^ ( E + m^C /̂2m i s the ma.ximiim transferable energy of a m: ^ |i ' e' 
muon to an electron. 5 ' ' t i * i i - P i s the d i e l e c t r i c constant of 
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the medium* Tbe other symbols have t h e i r conventional meanings. 
For rock f^=-^ when E = 0*5 GeV and for energies higher than t h i s 
(A . 1 ) becomes - ^ ^ j ^ « /.ros- + o.o7^i[^eK + i ( L | ^ y " j MeV g"''cm̂  (A . 3 ) 
For E;5L»10 GeV t h i s reduces to 

''M =. 1.524 -tr 0^'^''^^ "'-̂ ^ -"1A™2 
dx/ co l 

For a i r (A*1) and (A .2) become 

- 1.524 0*0766 I n E MeV g cm (A . 4 ) ' col nx 

f o r E-^ 105.7 ( ^ J ^ * 1 ) ^ ^ ^ MeV, and 

' ( ^ ^ L = '-^'^^ ""''^^ f ^^'^'^'^(•^TT^yJ' rrstio-'-j MeV g~''cm̂  (A , 6 ) 

f o r E > - ^ 2 ^ MeV* ^ 
r 

A*3 P a i r Production 

The creation of an electron pair i n the Coulomb f i e l d of the 

nucleus by a rauon givesi the following contribution to the energy loss. 

-/rf£) . fi^ytiMnY^ ELn-iJUlE^\-^i-7l MeV g'^cm^ (A*7) 

When E. >25 GeV a screening factor 

f = [ln ( l 8 3 Z ' ) + 9/16 J [ i n (l/m^c^) - 7/8 + 9 / l 6 l n z]""* (A , 8 ) 

must be applied hence 

-(41] , 3 V78 io-'r.e.£r772-fl2.]|Xe-'^«^3jp^e-^'^^'*MeV g'^cm^ (A , 9 ) 

This expression may be approximated up^ to 10^ GeV by 

^ ( S ) e e ^ 1.6 1 0 " ^ MeV g"̂ ''cm̂ , for rock (A*iO) 

and /dEl -1 2 

- ( ^ p p = 1.0 10 E MeV g cm , for a i r . (A*11) 

These approximations introduce an error of l e s s than IJSS into 

the t o t a l rate of energy l o s s * 
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A J4- Bremsstrahlung 

The average rate of radiation of energy from the acceleration 

of the muon i n the Coulomb f i e l d of the nucleus i s given by the following 

expressions. For E.^4000 GeV the e f f e c t s of atomic screening are 

ignored and. 

For E> 4000 GeV 

- ( ^ ) & =- [^""^^ * '̂̂ ^ S'^m^ (A .13) 

where the constant C =A'*W'''̂ -̂ ]kMeV g^^cm^. Again (A.I2) and (A .13) 

may be approximated by l i n e a r relationships 

- ^gjg = 1.7 10~^ E MeV s'̂ 'cm̂  for rock, and 

-rl^L. = 1-0 10~^ E MeV g~^cm^ for a i r , with an error of l e s s than 
\dx/3. 

^fo i n the t o t a l rate of energy l o s s . 

A .5 Nuclear Interaction 

The contribution to the muon energy l o s s due to nuclear interaction 

becomes increasingly important at high energies. The interaction 

i s assTimed to occur between the v i r t u a l photon cloud svirrounding 

the muon,and the nucleus. There i s , however, some tincertainty 

i n the calculation of the spe&trum of v i r t u a l photons and i n the 

photo-nuclear cross^section, tf'.^ j j , at high energies. Hayman et a l . 

(1963), using the Williams-Weiszacker equation for the v i r t u a l photon 

spectrum, express the energy l o s s as 

-(tl - ̂ ^^-"^'^ MaV 0.^ (A .14) 

and, with a valuefi^y jj = 2.6 10" cm nucleon" , from Higashi et a l . 

(1962),, obtain the expression 
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~ | j ^ = 7 10"'̂  E: MeV g'''cm̂  (A*15) 
This i s the value used here* I t must be noted, however, that 
nuclear interactions give the l e a s t certain contribution to the 
t o t a l energy l o s s * The effect of t h i s uncertainty on the range-
energy r e l a t i o n i n rock, and the derivation of the muon sea l e v e l 
spectrum at energies above 1 TeV i s discussed i n Chapter 2 , On 
the other hand, the f r a c t i o n a l energy l o s s of muons of energies above 
1 TeV i n traversing the whole of the atmosphere i s small so that 
the effect of the uncertainty i n the contribution of nuclear interactions 
to the t o t a l rate of energy l o s s i n a i r i s not important, 

A.,6 Total Rate of Energy Loss 

Summing the four contributions a n i expressing E and E i n GeV, 
m 

we have the following expressions^ For rock . 

~ ( S ) t o t = 2.05 10'^ + 7*66 1 0"^[ln e J + 4.0 10"^ E GeV g~''cm̂  (A*16) 

and f or a i r 

a/37 (o-V7-«i/o'^[£e^+ii2.E + i ^ L ^ * J + a ,j/o-'£ GeV g'̂ 'cm̂  (A.17) 

f o r E ^ ^ ^ GreY. and 

f or E ̂  ^ GeV* 
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APPENDIX B 
PROPJI;RTIES OF THE ATMOSPHERE 

Relations between pressure, x, density,|3 , and altitude, h, are derived 

below. (Subscript T refers to values at the tropopause; subscript o to those 

at sea l e v e l ) . 

dx = p dh g cm"^ ( B l ) 

= X g g cm""̂  (B2 ) 
V R T(h) 

where R = 2.888 10^ erg ^K""" g""* and T(h) i s the absolute temperature at 

altitude h. 

Combining (B1) and (B 2 ) and integrating 

- = exp / -g \ dh 

""o I R^" itlT)/ (B3) 
For h ̂  h^, T(h) = T^ - P h, where T i s the lapse rate i n km , 

and ( B 3 ) becomes, for x>x^ 

(1 - l ^ h ) ^ ^ (B4) 
0 

For the stratosphere h>h^, T(h) = T^ and (B 3 ) becomes for x^x^j, 
X = x^ exp -__s_ (h - h,̂  ) 

^ L ^'^^ (B5) 
Goody (1954) gives the following values at the latitude of Durham ( 5 5 ° N ) . 

Mean annual height of tropopause \ = 10,3 km 

Mean annual temperature at sea l e v e l T 
0 

= 282°K 

Mean annual temperature of tropopause T 
T 

= 219°K 

Pressure at sea l e v e l X 
0 

-2 
= 1030 g cm 

thus the lapse rate r = 6.078 °Yi km' -1 

Then (B 4 ) and (B5) become 

X = 1030 (1 - 0.02156 h)5-587 g cm-2 when h v< 10.3 km (B6) 
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( B 7 ) X = 253.3 exp (-0.1549 (h - 10 .3 ) ) g cm"^ when h > 1 0 . 3 km 

Conversely 

h(x) = 46.380 - 13.398 x^*"*^^ km when x > 253.3 g cm"^ (B8) 

h(x).= 46.040 - 64.576 l n ( x ) km when x<253.3 g aa'^ ( B 9 ) 

and from (B2) 

^ (x) = 4.170 10"^ x^*^^** g cm"^ when x :>>253.3 g cm"^ (BlO) 

p ( x ) = 1.548 10"*̂  x g om"̂  when x 253.3 g cm"^ (B11) 
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Appendix C 

Kaon Decay Modes and Energy Spectra of Decay P a r t i c l e s 

C.I Decay Modes 

The following decay modes and branching r a t i o s have been used 

i n oalculating the spectra of muons, neutrinos and photons produced 

by kaon decays. 

Decay Mode Branching Ratio (fo) 

1) Charged Kaons 

(rj^+ = 1-22 10"^ sec) 

^72^ ^ ^ V^l.^ 58 

^n2"^ * "° 26 

K-,-> 71- + n* + 71̂  6 
7l3 

E-, '-̂  + n + Ji 2 
7t3' 

^ 3 ^ , ^ H . n ° ^ v ^ ( y 4 

-?> e^ + n° + V. (v ) 5 e j e e 

2) Neutral Kaons 

i ) K° (r^o = 0*9 10"''° sec.) 

K ° ^ - . K ° 4 : / 15.5 
nZ 

i i - ) K ^ ( t j ^ . 6 10-8 33,) 

^ 3 ^ » ^ + " " ^ ^ ^^(V 16 

K ^ 3 - ^ ^ * n = ^ * v J v J 17 

K° _ ^ n + + T i - + Ti° 6.5 

K°f'.^7l° + K ° + K ° 10.5 
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Notes 

1) Branching ra t i o s are given to the nearest 0,3%; only those with branching 

r a t i o s greater than ^fo are included, 

2 ) The branching r a t i o of the K°^' mode of i n which only neutral particles 

are produced i s d i f f i c u l t to measiare. Experimental values varying from ^ 

to '\9fo have been quoted. The present estimate from experiment i s 13»6+ 1 .0^ 

(Barkas and Rosenfeld ( I 9 6 5 ) ) . The value of 10 .5% i s obtained from the 

measured d.eca.y rates of the charged kaon under the assumption that A T = 

i s v a l i d . 

3 ) Barkas and Rosenfeld give a branching r a t i o of 63.2% f o r K̂ ,̂ which i s 

based mainly on a xenon bubble chamber experiment. The value of 5 ^ comes 

from a nuclear emulsion experiment of Becker et £LL. ( I 9 6 4 ) , who point out 

that a l l r e s u l t s from emulsion work are systematically lovfer than the bubble 

chamber value. 

C.2 Two-body Kaon Decay Modes 

The decay i s analogous to the + decay. I n the laboratory 

system the muon has energy between 0 . 0 4 5 8 and Ê ^ and the neutrino has 

energy between 0 and 0 . 9 5 4 2 Ê .̂ 

I f the small differences i n mass between charged and neutral pions 

and charged and neutral kaons are ignored, then i n a l l kaon decays into two 

pions the pion energy i n the laboratory system l i e s between 0.086 E and 

0 . 9 1 4 Eĵ » 
C.3 Three-bod^ Kaon Decay Modes 

For kaon decay int o pions the cm.s. spectrum of Kalmus et a l , ( I 9 6 4 ) 

has been used. The c.m.s. spectra of the decay products i n three-body leptonic 

decay modes have been calculated by Furuichi ( 1 9 5 8 ) and Brene et a l . ( 1 9 6 1 ) 
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on the basis of the Universal Fermi Interaction f o r various values of the 

r a t i o , ^ = f o f the form factors describing the effects of strong 

i n t e r a c t i o n . A l l recent measurements of the energy spectra and polarisation 

of the decay pa r t i c l e s (e.g. Cutts et a l . (1965)) are consistent with the 

rea l part ofjbeing zero. Vfe shall therefore use the calculated spectra f o r 

1 = 0 . 

Let the energy spectrum of a decay p a r t i c l e i i n the c.m.s. be P(E^) 

where ?r~ i s the c.m.s. energy and E. max i s the maximiom energy. I n the 

laboratory sj'Stem where the energy of the p a r t i c l e i_ i s expressed as 

£• = E^/EJ^ the minimum and maximum energies cf the p a r t i c l e are 

= 'iK.c' (C.l) 

respectively, and the energy spectrum i s 

QdY- !v ? ? ? - <c-y^ (0.3) 

The spectra obtained from t h i s i n t e g r a l are not i n the form of simple analytical 

expressions; however, with the required accuracy they may be represented by 

jjrd order polynomials. As a test of the accuracy of the poljmomials giving 

least squares f i t s to each of the numerically evaluated spectra, the mean 

energies of the polynomial expression and the true spectrum were compared; i n 

no case was there a discrepancy of more than 3?̂  between the mean energies. 

The polynomial expressions are as follows, 

1) K , - ^ 7 I + |i + V 

(a) Pion 
Q(£) = -0.7822 + 16.74£" - 31.42E^ + 15-50^ (C,4) 
.0830 .9548 
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(b) Muon 

Q(£) = - 0.3903 + 19.70e - 45.29^:^ + 26.69^^ (C.5) 

.0496<<£<.9165 

(c ) Muon-neutrino 

Q(£.) = 2.522 + 0.01823^ - 11.86^^ + 9.745^^ (C.6) 

0 ^ 0.7340 

2) K ^ ^ K + e + 

(a) Pion 

Q(g) = -0.4293 + 12.42^- 2l.63f^ + 9.777£.^ (C.7) 

.0793 <^^1.0 

(b) Electron-neutrino 

Q(€) = 2.241 + 0.22466 - 9.191^^ + 6.8628^ (C.8) 

0 0.862 

3) K^-*Jl + 7 1 + 7 1 

Q(£) = -8.306 + 93.91£ - 233.Ot^ + 166 .8^^ (c .9) 

0.1234 ^£<0.6430 

A l l of the spectra given above are normalised to unit area. Certain of these 

spectra may be combined before being used to calculate the muon and neutrino 

i n t e n s i t i e s . The pion spectrum from K̂ ^ and K̂ ,̂ combining (C.4) and (C.7) 

i n the r a t i o 16:17, i s 

Q(£) =-0.6004 + 14.53£ - 26.38£^ + 12.55£^ (C.10) 

0.0811-5^^^0.9781 with a t o t a l branching r a t i o of 33%. 

• The pion spectrum from K̂ ^ and ' i s , allowing f o r three pions from the 

f i r s t decay and one from the second i n the r a t i o 6:2, 

Q(£) = -20.77 + 234.8€ - 582.51^ + 417.0£^ (c.11) 

0.1234-^^£^0.6430 f o r a t o t a l branching r a t i o of 
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To obtain the spectrum f o r K° ^ decay i n which two charged pions are produced 

the c o e f f i c i e n t s of (C.9) must be doubled. 
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Appendix D 

The D i f f e r e n t i a l Aperture of Horizontally Orientated Telescopes 

&eneral expressions f o r the d i f f e r e n t i a l aperture of simple rectangular 

telescopes of the type i n current use i n the two cosmic ray neutrino 

experiments are given below. Consider a telescope with two p a r a l l e l v e r t i c a l 

detecting areas of height Y and width X separated by a distance Z. I f , 

i n a d i r e c t i o n that makes an angle^ with the normal to the detecting 

surfaces, the area of the f r o n t surface projected on to the back surface i s 

A{Q,j6), where 6 and ̂  are the spherical coordinates of zenith and azimuth 

respectively corresponding t o ^ , then the aperture i s given by 

djD. = A(G,jei) cos|sine dO dj6 (j).1) 

With cos^ = cosj^ sine and substituting f o r A{Q,^) the d i f f e r e n t i a l aperture 

with respect t o spatial zenith angle becomes 

- h=^X - ' - (cos/tan9) ^ ^ ^''^^ 
2 2 — The value of 0 depends on Q, For tan 0 ̂ ( X + Z )VY, )6 i s l i m i t e d by 

ni3<x 

the v e r t i c a l edge of the detecting surface and ̂ ^^^^ = V^. For smaller 

values of Q, i s l i m i t e d by the horizontal edge of the detecting surface 

and sec^l = Y tanO/Z, Substituting f o r i n (D.2) we have 

fo r " ? > e > tan"'' ((X^ + l^fM and 
2 

^ = K,j^6]^yi^-6-^^ un-ef^Xz^e+ ^ei7^-^7.^'i^^eyt^^Uf^ (D.3b) 

f o r tan"'' ((X^ + Z^)2/Y)>e> tail"'' ( Z / Y ) . 

Over the range IT > 9 > - the r e l a t i o n — (e) = — (TT - e) may be used. \/hen 
2 de dQ 

calculating the t o t a l aperture, (D.3a) may be integrated analytically over 

the relevant range of 9 but (D.3b) must be evaluated numerically. 
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xn 

I f the d i f f e r e n t i a l aperture with respect to projected zenith angle p 

the YZ plane i s required then t a n f = cos^ tan« and (D.2) becomes 

^4 (DA) 

fo r ^ > ^;>tan~'' (Z/Y). This must be evaluated numerically. 
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Appendix E 

Cele s t i a l Coordinates of Muong i n the K&F Neutrino Experiment 

I n Chapter 6 i t was shown that the rate of events detected by the 

K&F telescopes due to the interactions of extracterrestial neutrinos i s 

expected to be considerably smaller than that due to neutrinos produced 

i a the atmosphere. I f t h i s i s not the case, the most probable soiirce 

of the l a t t e r events would be the G-lashow resonance interaction of 

very high energy v - These high energy neutrinos are l i k e l y to come 

from: only a l i m i t e d number of discrete sources. I t i s therefore 

important t o p l o t the a r r i v a l directions of a l l possible neutrino-

induced muons i n Celestial coordinates and to look f o r any anisotropies. 

The telescopes are aligned i n a North-South direction and are at 

a l a t i t u d e of 12.9°N. I f the a r r i v a l direction of the muon with repect 

t o the telescope has a zenith angle 6 and an azimuth angle 0, then 

the Celestial coordinates are given by 

cosS* = cos© cosfi^ + sinG sinB^oosjS (E.l) 

2 — 
and cos{j6^- ) = (cosG sinG^- cosj^ sinG cosQ^)/(l - cos G^)^ (E , 2 ) 

where ji*" i s the Right Ascension and the Declination i s (90°- G'')N f o r 

G' < 90° and (G» - 90°)s f o r 6'̂ > 90°. Ĝ  and jEl^ define the position of 

the telescope: Ĝ = 77.1° and jZl^ i s the Sidereal Time i n degrees. 

The Celestial coordinates of the 11 events with known projected 

zenith angle that f e l l w i t h i n the geometry of the telescopes are shown 

i n Figs.. E,1 and E.2, which represent the Worth and South Celestial 

hemispheres repectively. With the present telescopes only the l i m i t s of 

azimuth are known and t h i s resiolts i n uncertainty mainly i n the 



Pig, E.1 The North Celestial Hemisphere 

Ke^; Quasars: a 3C147, ^ 3C196 c 3C273, d 3C345, e 3C48, f 3C286 
Colliding galaaies: g 3Ci95,h Cyg. ^ 

• Supernova remaina: i Cass* A, j Crab Nebula (M1) 



' Fig» E.2 The South Celestial Hemisphere 
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coordinate of Right Ascension* I n general i t i s not possible to t e l l 

whether a p a r t i c l e traverses the telescope i n an upward or downward 

d i r e c t i o n . For muons induced by non-resonant neutrino interactions 

either i s equally probable. Neutrinos taking part i n the G-lashow 

resonance interaction would, however, have an absorption length of a 

few hundred- kilometres of rock* Thus the number of muons incident on 

the telescopes from t h i s i n t e r a c t i o n at zenith angles greater than 

about 120° would be quite negligible. Only events 3 and 4 satisfy t h i s 

c r i t e r i o n f o r upward going p a r t i c l e s and they are plotted twice, once 

i n each hend.sphere. With t h i s r e s t r i c t i o n on 9, i t i s apparent that not 

a l l of the North Celestial hemisphere i s covered tsj the telescopes. 

For p a r t i c l e s with azimuth angle f6 = 0° the minimum declination i s 

27.9°N, while f o r p a r t i c l e s with the largest possible azimuth angle 

t h i s i s reduced to 21.6°N:* This l i m i t i n g value i s shown i n Fig. E,1. 

The whole of the southern hemisphere i s covered. 

The positions of some possible sources of high energy neutrinos 

are shown. I t should be noted that the Crab Nebula (Ml) does not l i e 

w i t h i n the f i e l d of view of the present telescopes. 

^ 0 JUN 1966 


