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The energy spectra and angular distribution of neutrinos produced in the atmosphere in the 
1r- fl. + v and fl.- e + v + v decays are calculated taking the fl.-meson energy losses at 
neutrino energies £ = 109-3 x 1011 ev into account. It is shown that the neutrino flux from 
the fl. - e + v + v decay is comparable with that from the 1r- fl. + v decay. fl.-meson energy 
losses only weakly affect neutrino production. K mesons produce neutrinos more efficiently 
than do 1r mesons. An experimental arrangement for detecting high-energy cosmic ray 
neutrinos is proposed. 

1. INTRODUCTION 

CONSIDERABLY increased attention has recently 
been given to possible experiments on the detection 
of neutrinos in cosmic rays. [1 5] This interest is 
due primarily to the possible investigation of weak 
interactions at high energies, and to the possibility 
of finding an explanation to a number of basic theo­
retical questions (the behavior of the weak interac­
tion cross section with increasing energy, [4- 6] the 
existence of an intermediate vector meson respon­
sible for weak interactions, the existence of two 
pairs of neutral leptons: muonic and electronic, [7 •6] 

etc.). On the other hand, cosmic-ray neutrino ex­
periments open a new approach to a number of 
astrophysical problems. 

The main object of the investigation in the un­
derground cosmic-ray neutrino experiment as P.ro­
posed by Markov, and in a modified form by us,CsJ 
are the neutrino-nucleon reactions of the type 

v + N--+ N' + ll• 
v + N--+ N' + !l + mt (1) 

(where N denotes a baryon). This is so because 
the cross sections of these processes are consid­
erably larger than the cross sections of lepton­
lepton interactions [6•9•4] and because of the re­
markable interaction properties of the fl. meson.c4•5J 
The character of the energy dependence of the in­
teraction cross section of neutrinos with nucleons 
may vary with the transferred momentum corre­
sponding to the nucleon size ti/MNc· The study of 
interactions at neutrino energies £ ;::, 1 Bev is 
therefore of special interest. 

The neutrino flux in cosmic rays consists 
basically of two components of different origin. 
One comprises the truly cosmic neutrinos, i.e., 

those coming to earth from outer space, of galactic 
or metagalactic origin. The other component com­
prises the neutrinos produced by cosmic rays in 
the atmosphere of the earth. If we make the natu-
ral assumption that the "intrinsic" high-energy 
neutrinos are due to cosmic rays only, then their 
intensity should be of the same order of magnitude 
as the intensity of photons of corresponding ener­
gies incident upon the earth from outer space (if 
we neglect the proton absorption processes). Up 
to now, photons have not been found in the primary 
cosmic radiation, and the upper limit of the ac­
ceptable flux obtained by the Bristol group [1oJ 
amounts to 10-3 of the cosmic-ray particle inten-
sity. The possible flux of photons and neutrinos 
calculated from commonly accepted astro-physical 
values turns out to be two orders of magnitude 
lower.[3] As has been shown by our calculations, 
the flux of atmospheric high-energy neutrinos 
amounts to ~ 10-1 of the intensity of primary cos­
mic rays, i.e., three orders of magnitude greater 
than the expected flux of intrinsic cosmic neu­
trinos. Therefore, if we do not take various far­
reaching hypotheses [U] into consideration, we can 
suppose that in the experiment on cosmic-ray neu­
trinos we shall have to deal with neutrinos of at-
mospheric origin. 

The atmospheric neutrinos are convenient for 
experiments devoted to the study of high-energy 
weak interactions, since their energy spectrum 
and angular distributions in the atmosphere can be 
calculated very exactly. This permits us to calcu­
late the spectrum and angular distribution of the 
detected products of neutrino reactions with matter 
in the apparatus for each variant of the theory. Any 
deviations can be observed and interpreted. The 
low intensity, which imposes difficult requirements 
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upon the experiment is, however, a drawback. 
The estimate of the flux of atmospheric neu­

trinos from the 1r - f.l + v decay was carried out 
by Markov and Zheleznykh. [sJ Exact calculations 
of the neutrino spectrum have not been carried out 
so far. We have calculated the spectrum of neu­
trinos from the 1r - f.l + v and f.l - e + v + "'ii de­
cays, taking into account the energy losses of f.l 
mesons and the angular distributions of neutrino 
flux in the atmosphere. The calculation carried 
out gives higher neutrino fluxes than the earlier 
estimates, and therefore supports the optimistic 
conclusions of Markov and Zheleznykh [4•5] on the 
feasibility of the experiments with high-energy 
cosmic-ray neutrinos. 

2. NEUTRINOS FROM PION DE CAY 

Pions produced in the collisions of primary 
radiation with air nuclei produce both f.l mesons 
and neutrinos in their decay. The energy spectrum 
of such neutrinos can easily be calculated from the 
1r-meson spectrum, and, in the case where the f.l 
mesons are produced only by 1r mesons, is deter­
mined without ambiguity by the well-known f.l­
meson spectrum. 

Let us consider the one-dimensional problem, 
assuming that all secondary particles conserve the 
direction of the primary ones. The path x of the 
particles is measured in mass units and is calcu­
lated from the top of the atmosphere. Let 
p'Tr(x, E, e) be the 1r-meson spectrum at the depth 
x at a zenith angle e. The function of the neutrino 
source is then given by the expression 

G;. (x, e, 8) 

(l~ (E) p (x, 8)]-1 P"' (x, E, 8) Dnv (E, e) dE, 
(2) 

where E is the neutrino energy, l1r(E) is the linear 
decay mean free path of a 1r meson with energy E, 
p ( x, e) is the air density, and D1rv ( E, E) dE is 
the spectrum of neutrinos originating from the de­
cay of 1r mesons with energy E in the laboratory 
system (l.s.). The values Emin and Emax and the 
function D1rv ( E, E) are found from the kinematics 
of the 1r - f.l + v decay: 

Dnv (E, e) de =de (E (1 - m2/M 2)]-l for (M/E)2 ~ 1, 

where m and M are the masses of the f.l and 1r 
mesons, respectively. 

The spectrum p'Tr(x, E, e) and the function 
G~( x, E, e) are calculated as described in the pre-

vious article.C12J By integrating the function 
G# ( x, r,, e) over the depth x, we find the neutrino 
spectrum: 

p;. (X, e, 8) = (1- e-x) p" (e, 8) 

v I" co £-(Y+2) dE 
F (e, 6)= 1-m2/M2 ~ _ 1+£/£"(6)' 

• (1-m'/M') 1 

1 ( m2)y 
Anv = 1 + I 1 - M• , (3) 

where x is expressed in the units of A (interaction 
mean free path of 1r mesons), I1r is the intensity 
of 1r-meson production at E = 1 (energy expressed 
in Bev), 'Y is the exponent of the integral produc­
tion spectrum of the 1r mesons, and E1r (e) is the 
critical 1r-meson energy for which the decay prob­
ability of a 1r meson at the depth x = 1 is equal to 
the probability of nuclear interaction. The quantity 
E1r (e) was calculated earlier.[i2J To simplify the 
calculations, we have assumed A = An• where An 
is the absorption mean free path in the atmosphere 
of the 1r-meson producing component; according to 
experimental data, An = 120 g/cm2• 

At sea level, (x » 1 ), the vertical-flux spec­
trum can be approximated by the function (in units 
of em - 2 sec - 1 sr-1 Bev-1) 

I v {1,85·10-2 (0.08+e)-2•80 de, 1<e<10 I 
Pn(e,O)de= . (4) 

6,65·10-2 (1.1 + e)-3•22 de, 10 < e < 300 

The total neutrino flux with energy > 1 Bev is equal 
to P~(>l.O) = 8.9 x 10-3 cm-2 sec-1 sr-1• In the 
article of Zheleznykh and Markov, [4] this flux was 
found to be 4 x 10-3 cm-2 sec-1 sr-1• Equation (3) 
permits us to calculate the angular distributions 
in the atmosphere of the neutrinos from the 1r - f.l 
+ v decay. 

3. NEUTRINOS ORIGINATING IN MUON DECAY 

Muons also contribute to the flux of atmos­
pheric neutrinos. Owing to the large path trav­
ersed by f.l mesons in the atmosphere, and the 
large energy fraction transferred in their decay to 
the neutrinos, muons, in spite of their long lifetime, 
produce a neutrino flux comparable to that from 
the 1r - f.l + v decay. The spectrum of neutrinos 
and antineutrinos from the f.l± meson tlecay is 
found by integrating the neutrino source function 
G~ ( x, E, e) for the f.l - e + v + 1i decay over x. 

The function at< X, £, e) is constructed simi­
larly to the function (2), provided the f.l-meson 
spectrum Pf.l( x, E, e) is known: 
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G~ (x, e, 8) 

Emax (<) 

~ Emin (<) 

II~>- (E) p(x, 8)]-1 p~>- (x, E, 8) R~"-'' (E, e) dE, 
(5) 

where lp. (E) is the decay mean free path of p. 
mesons with energy E; R~-p>(E, £) d£ and 
R~+J< E, £) d£ are the neutrino spectra from the 
decay of p.- and p.+ mesons with energy E, re­
spectively, in the I.s. 

(6) 

From the decay kinematics, we find the values 
of Emin< £) and Emax< £ ): 

Emtn = e, Emax = oo for (m/E)2 ~ I. 

The spectra R~~l(E, £)and R~V(E, £)are 
calculated in the Appendix [Eqs. (18) and (19)]. For 
antineutrinos we have R~:p> = R~+J and R~~ = R~~>. 

The expression for the spectrum Pp ( x, £, 8) 
can be conveniently written in the form: 

oc 

P~(x, e, 8) = ~p~ (x, E, 8) Rl'-v (E, e) dE, (7) 

where 
X 

P~ (x, E, 8) =~[II'- (E) p (t, 8)]-Ip~>- (t, E, 8) dt (8) 
0 

represents the total number of p. mesons which 
decayed while moving in the atmosphere at a 
zenith angle 8 between the top of the atmosphere 
and the level x, and which had an energy E at the 
moment of decay. 

A general expression for the p.-meson spectrum 
pfJ. ( x, E, 8) was obtained by us earlier [12] taking 
the decay and the energy loss of p. mesons in a 
spherical atmosphere into account. For the neu­
trino spectrum at energies £ ;S 1011 ev, the ex­
pression simplifies somewhat since we can re­
strict ourselves to ionization losses only (see Fig. 
1). pfJ.(x, E, 8) is then of the form 

~ -(Y+l) 

P~"- (x, E, 8) = I" A,~>- E- <·~+t> ~ eu-t [I + ~ (x- t)] 
0 

{ 1,22£ [ f3 ]}-1 
X I+ E,. (S) I+ y(x- t) dt, (9) 

where 
t 

1·- (mf M)2(Y+l) 

A,l'- = (1 + rl (1- m2jM2)' 
me \ dz 

U= -r0 1'- .)p(z,B)[E+f3(x-z)]' 
X 

(9a) 

and (3 is the ionization energy loss of the p. mesons 
per unit path. For angles 0.1 <cos 8 s 1, the at­
mosphere can, with sufficient accuracy, be re-

FIG. 1. Contribution 
of J1. mesons of differ­
ent energies to the 'flux 
of neutrinos with ener­
gy e. 

dPfti ln( E/E) 

5 . 10 

E/{ 

garded as flat, so that p( x, 8) = hQ1 x cos 8 ( h0 is 
the height of the homogeneous atmosphere) and 

eu = (tjx) 8 [I + (~IE) (x- t)l-8, 

6 = mcholr:0 ~>- IE+ ~xl cos(,) = h0/ 1~"-(E + ~x) cos 8. (9b) 

Substituting (9) and (8) and integrating numer­
ically, we obtained the function PM<x, E, 8). Using 
relation (7), we then found the spectrum and the 
angular distribution in the atmosphere of neutrinos 
from the fJ.- e + v + v decay, taking the energy 
loss of the p. mesons into account. 

If we neglect the p.-meson energy loss, i.e., if 
we set (3 = 0, then ( x » 1 ) 

P~ (x, E, 8) = {1 - exp [-L (x, Xeff• 8)//1, (E)l 

x r( 1 + 6)} Fi (E, 8 ) , (10) 

where L ( x, Xeff• 8) is the effective linear path 
traversed by the p. mesons in a spherical atmos­
phere from the point of production to sea level. 
The values of L ( x, Xeff• 8) for various 8 and the 
function F~ have been found earlier.Ct:O r(z) is 
the gamma function. 

Substituting (10) into (7) we find pv(x, £, 8). 
The calculated spectrum is found to differ little 
from the neutrino spectrum calculated with ac­
count of the energy loss of the 11 mesons. The 
losses lead to a neutrino flux decrease that is 
small and varies little with energy. The role of 
the losses determined by the factor 
1-PIJ /PIJ (without loss) varies from ~ 25% for neu­
trino energy £ = 1 Bev to ~ 12% for £ = 100 Bev. 

Since anyway the role of the losses varies little 
with increasing zenith angle e, the angular distri­
butions calculated with and without account of the 
energy loss differ little. The angular distribution 
in the atmosphere of neutrinos from the 1r - 11 + v 
and 11 - e + v + v decays is shown in Fig. 2. 
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FIG. 2. Distributions of neutrinos of 
different energies in the atmosphere for the 
two production mechanisms: curve 1-
e: = 1 x 109 ev, curve 2- e: = 3 x 10" ev, 
curve 3- e: = 1 x 10'0 ev, curve 4 -
e:= 3 x 1010 ev, curve 5- e: = 1 x 1011 ev. 

The neutrino spectrum from the ~-meson decay, 
with ·account of the ~-meson energy loss in the 
vertical flux at sea level is approximated by the 
function (in units of em- 2 sec - 1 sr - 1 Bev - 1) 

v {7 .65 ·10-2 (0,37 + e)-3•76 de, 1 < e < 10 
Pp.(e,O)de= _451 

1,48 (3,5 +e) · de, 10 < e < 100 
(11) 

(we do not differentiate here between muonic and 
electronic neutrinos). The total neutrino flux with 
energy greater than 1 Bevis equal to 

The total spectrum of the neutrinos from the decay 
of 1r and ~ mesons pV = P~ + P~ in the vertical 
flux is approximated by the function (in the same 
units) 

{
6.0·10-Z (0.15 + e)-3•16 ds, 

Pv (e 0) de= · 
' 0,12 (0,9 + e)-3•34 de, 

1<e'10 

10' 8 < 300 . (12) 

The total flux of neutrinos with energy greater 
than 1 Bev is then 

pv (> 1 ,0) = 2,06·10-2 em - 2 sec - 1 sr-i. 

The spectra of electronic ve and muonic v~ neu­
trinos are given by the relations 

Pv, = P~ /2, Pvp. = P~ + P~ /2. 

The energy spectra of neutrinos in the vertical 
and horizontal flux are shown in Fig. 3. The angu­
lar distribution in the atmosphere of the total neu­
trino flux from the 1r - ~ + v and ~ - e + v + 11 
decays is shown in Fig. 4. 

0.2 0.6 I 
coso 

So far we have always had the total flux of neu­
trinos and antineutrinos in mind when speaking 
about neutrinos. Moreover, it was not necessary 
to take the positive excess of 71' and ~ mesons in 
the atmosphere into account, and p11'( x, E, e) and 
P~(x, E, e) denoted the total intensity of mesons 
of both signs. In order to calculate the partial in­
tehsity of v and v, it is necessary to define 
p7T'(x, E, e) and P~(x, E, e) as the spectrum of 
mesons of one sign. To calculate the spectrum of 
electronic or muonic neutrinos and antineutrinos 
from the ~ - e + v + 11 decay, it is also necessary 
to use the function R<+J of the form (19) or R~-;> 
from Eq. (18) instead of R~v from Eq. (6). Thus, 
say for electronic neutrinos, the expression (7) 
will now have the form 

00 

Pv8 (x, e,8) =~p~<+>(x,E,8) R~~>(E, e) dE. (13) 

Using this expression, let us estimate the spectrum 
of electronic neutrinos and antineutrinos kv( K) 
and k'j;i( K) determined by the relations 

P. (e) = kv (x) p~<+>(e), P; (e) = k; (x) P~<-> (e), 

where K is the exponent of the integral spectrum 
of decaying ~+ ( ~-) mesons. For simplicity, let 
us write 

p~<+> (E) = p~H (E) = AE-(x+1) . 

Substituting R~+J from Eq. (19) and R~-;> from 
Eq. (18) into (13) for ve and 'Ve respectively, we 
find 
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FIG. 4. Angular 
distribution in the at­
mosphere of the total 
neutrino flux from the 
77 -+ fl + v and fl -+ e 

'\ 

+ v + ii decays at neu­
trino energies 1-
8 = 1 x 10" ev, curve 2 
- 8 = 1 x 1()1° ev, curve 
3-1 x 1011 ev. The 
curves are normalized 
to the intensity of the 
vertical flux. 

s 1 3 4 1 
kv(x)=3x+1-x+3+3x+4' 

( 1 3 2 ) 
k-y{x)= 2 x+1-x+3+x+4 · 

For K = 2, the ratio kvlkv amounts to 4/ 3• This 
means that, replacing the quantity Rp,v in Eq. (7) 
by, say 2R~J· the flux of neutrinos and antineu­
trinos (electric and muonic) will increase by 2/1.75 
times, i.e., by 14%. 

It should ·be noted that we have neglected the 
polarization of cosmic-ray p, mesons. Taking the 
polarization into account increases the neutrino 
intensity from t-t-meson decay by ""'5%. 

FIG. 3. Different energy spectra of neutrinos from 
77-+ fl + v (curve 1) and fl-+ e + v + ii (curve 2) and the 
total spectrum (curve 3) for the angle (} = 0 and (} = 77/2. 

4. NORMALIZATION OF THE NEUTRINO 
SPECTRA 

The neutrino spectra from the rr and f..t meson 
decay were normalized to experimental spectra of 
the p, mesons at sea level.c13•14J For this, we have 
calculated the spectrum of the p, mesons at sea 
level taking into account the decay and energy loss 
of the f..t mesons according to Eqs. (9) and (9b) for 
different values of 'Y and h. 

For Irr = 0.15 9 em - 2 sec - 1 sr - 1 Bev - 1 and for 
'Y = 1.62, the calculated spectrum of the f..t mesons 
agrees with the experimental results within the 
errors of the experiment in the 109-1012 ev energy 
range. It should be noted that the values of Irr and 
'Y chosen are close to those obtained by Paine, 
Davison, and Greisen;[ta] Irr = 0.156 cm- 2 sec-1 sr-1 

Bev-1, 'Y = 1.64. 

5. DISCUSSION OF RESULTS 

The above calculations show that the rr- f..t + v 
f..t- e + v + 1i decays produce comparable neu­
trino fluxes. Account of the energy loss by the fJ. 

mesons causes little change in the intensity of the 
neutrino flux from the fJ.- e + v + "ii decay. The 
neutrino fluxes in the atmosphere are anisotrop­
ically distributed, and the degree of anisotropy 
P" ( r., rr/2 )/P"( r,, 0) increases with increasing 
neutrino energy, tending to about 10 for the 1r- p, 
+ v decay Cu1 and to 10 L ( x, Xeff, rr/2 )/L (x, Xeff• 0) 
""'300 for the f..t- e + v + v decay for r. » 1012 ev. 
For the neutrino energies under consideration, 
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£ = 109-1011 ev, the angular distributions of the 
total neutrino flux from the 1r - f.l + 11 and f.l - e 
+ 11 + v decay are close to the distributions of the 
neutrino flux from the 1r-meson decay. Since the 
neutrinos of energies under consideration traverse 
the whole earth without absorption (the absorption 
cross section a« a critical ,..., 10-34 cmo/nucleon), 
the angular distribution of neutrino fluxes from the 
lower hemisphere are identical to the distributions 
from the upper hemisphere at every point on the 
earth's surface: 

P" (e, 8) = P" (e, :rt -8). 

the Jl-meson flux of ,...,100 Bev energy, so that the 
neutrino flux of corresponding energies increased 
by a factor of two. Unfortunately, the experimental 
data available so far do not permit us to determine 
the contribution of K mesons to the neutrino flux. 
The accuracy of the data is such that it permits a 
contribution of the order of several tens percent to 
the neutrino flux of K mesons even in the energy 
range of~ 1 Bev, not considering higher energies. 
At any rate, it is clear that, by assuming the 1r 

mesons to be the only source of the f.l mesons, we 
do not overestimate the neutrino flux. 

The results obtained show that the total vertical 
We have assumed in the calculations that all flux of neutrinos with energy greater than 1 Bev 

secondary particles conserve the direction of mo- from the 1r and f.l meson decays in the atmosphere 
tion of the primary ones. Such an assumption is is five times greater than the estimate of Zhelez­
acceptable since, at low neutrino energies £ ,..., 1 Bev, nykh and Markov, [4] which took only the 1r- f.l + 11 

their fluxes (both from 1r- and f.l-meson decays) decay into account. This fact, and an account of 
are distributed in the atmosphere quasi-isotrop- the increase of the flux for inclined directions, . 
ically, and at high energies, £ ;:: 10 Bev, the angle increases the possibility of detecting f.l mesons 
of emission of particles in the l.s. is small. from reaction (1). 

It should be noted that the results of calculations It is necessary to mention here the experimental 
of the neutrino spectrum are practically independ- setup for the detection of events of the type (1). We 
ent of the arbitrarily chosen value i\ for normali- assume that to observe f.l mesons produced by 
zation of the spectra according to the experimental neutrinos [in particular in reactions of type (1)] it 
data on the f.l-meson spectrum. In fact, the func- is not practical to construct arrays with fixed re-
tion f( x, E, 8) = p7r( x, E, 8)/L7r( E ) p ( x, 8) deter- action volume. [3•4] As has been shown by Zhelez-
mines the number of 1r mesons with energy E nykh and Markov, in fixed-volume arrays of rea-
which decay per unit path length at the depth x. sonable dimensions the main part of the f.l mesons 
Since the parameters I1r and y determining the come from the outside, i.e., are spurious. It is, 
function f( x, E, 8) are chosen for a match between therefore, necessary to use an array that detects 
the calculated and observed f.l-meson spectrum, f.l mesons produced only below it and is based on 
f(x, E, 8) is fixed and independent of the choice of the measurement of the delay in the signals pro-
i\, The neutrino spectra are therefore calculated duced by f.l mesons traversing three rows of scin-
very accurately, even though the auxiliary function tillators. 
p7r (x, E, 8), when substituting i\ for A', is deter- The proposed array is schematically shown in 
mined with a relative error of the order Fig. 5. Here 1, 2, and 3 denote mosaic layers of 
i\./.A' ( 1 + E1r/E ). scintillation counters placed at a sufficient dis-

The inaccuracy in calculating the neutrino spec- tance from each other, by means of which we can 
trum is thus mainly due to the indeterminacy of fix the trajectory of the f.l meson traversing the 
the contribution of K mesons to the neutrino flux. array and measure the relative delay times; this 
K mesons produce neutrinos more efficiently than enables us to separate the mesons arriving from 
1r mesons since the energy distribution between the the lower hemisphere. Absorber a, whose total 
neutrino and the f.l meson is more favorable for 
the neutrino ( E 11/Ef.l 1'::1 0. 91 for the K- f.l + 11 and 
0.30 for the 1r- f.l + 11 decay), and because of the 
shorter lifetime and the higher mass of the K 
mesons. Thus, if the fluxes of the f.l mesons with 
energies ,..., 1 Bev from the K - f.l + 11 and 1r - f.l 
+ 11 decays are equal, the neutrino flux of the same 
energies from K mesons will be roughly six times 
greater than from 1r mesons. A neutrino with an 
energy of ,...,100 Bev is produced by K mesons 
roughly 11 times more efficiently. This means that 
there is a ten percent contribution of K mesons to 

FIG. 5. Array for the detection of events of type (1) 
produced by neutrinos from the lower hemisphere (ex­
planation in text). 
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thickness determines the threshold energy of f.J,­

meson detection, is placed between the scintilla­
tors. Such an array permits us to determine the 
statistics of events (1) for different threshold en­
ergies and the angular distributions of the detected 
f.l mesons. Both results are sensitive to the behav­
ior of the effective cross section of f.J,-meson pro­
duction as a function of neutrino energy, and thus 
to the particular theoretical assumptions made. 
The existence of an intermediate meson may, in 
addition, be observed by the detection of f.l meson 
pairs. 

APPENDIX 

SPECTRA OF THE PARTICLES FROM THE 
f.l - e + 11 + v DECAY 

Formulas are given below for the spectra of 
neutrinos and antineutrinos in the f.l- - e- + 11 + v 
decay for the V-A variant of the four-fermion in­
teraction.* The energy spectrum of the neutrinos 

from the f.l- - e- + v + v decay in the coordinate 
system in which the f.l meson is at rest (c.m.s.) 
calculated neglecting the electron mass is 

Nv (x) dx = 2x2 (3 -2x) dx, (14) 

where x = E v!Em, E v is the neutrino energy, and 
Em= m/2 is the maximum neutrino c.m.s. energy. 
Because of the symmetry of the matrix element 
with respect to the permutation of the momenta of 
the neutrino and of the electron, the neutrino spec­
trum [t4J coincides naturally with the electron spec­
trumP5J 

The spectrum of antineutrinos in the c.m.s. is 
given by the formula 

Nv (x) dx = 12x2 (1-x) dx, (15) 

where x = Ev/Em. The mean energies carried 
away by neutrinos and antineutrinos equal 0.35 and 
0.30 m respectively. 

In the l.s., the spectra v and v are of the form 
(assuming an unpolarized f.J,-meson beam) 

r - f (1 ~6p•)• [ 3 (1- p•)- ~ (3-+ p•) y J yz dy, 0 < y < 1-;- p 

J\vL(y)dy-l1 {5 4 [8 J •} 1-p 1+p' 
(16) 

[3 :r+ (1+ p)3 3Y-3(1+p) y· dy, ~'Cy<C-2~ 

32 2 2 2 1-p - - J ~1- p2)3 [3 (1- f3)- 2 (3 + f3) y] y dy, 0 < y < -2-

NvL (y) dy - j 2 { 4 } 1 - [3 1 + P' 
~ lf 1 + (1 + f3)a[4y-3(1 + [3)] y2 dy, -2 -<y< -2-

(17) 

where (3 is the velocity of the f.l meson in units of 
the light velocity, y = £/E, £ is the energy of the 
neutrino (antineutrino), and E is the energy of the 
f.l meson in the l.s. 

In the limit (3 - 0, the spectra (16) and (17) 
transform (as they should) into (14) and (15). In 
practice, (3 Ri 1, ( m/E )2 « 1, and they become 
(O:Sy:S1) 

NvdY) dy = R.~-,> (£, E) de= (: - 3y2 + 1 y3)dy, (18) 

N;L (y) dy = R.f:J (E, e) de= 2 (1- 3y2 + 2y3) dy. (19) 
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