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ON HIGH ENERGY NEUTRINO PHYSICS

M. A. Markov

A new branch of physics-high energy neutrino physics - is likely to appear in the nearest future, At
present a discussion of experimental possibilities of observation of varions reactions with high energy

neutrino seems already be very essential.

Possible experimental results, which will be spoken about helow, are not excluded to be able

to play a decisive part when constructing future theory of elementary particles .

As is known, weak four- fermion interactions lead to cross-sections of reactions with a square

energy dependence (in the center of mmass system of colliding particles ).

2 .
~ E: (1)
R
From the point of view of the recent formalism, the cross-section (1) is correct up to the enerqy

10ll eV in the center of mass systein, as the perturbation theory, with whose help the cross-section

(1) is obtained, is valid up to the lengths

\/———- ~ 06. 10 (2)

where G— - characteristic constant of weak interactions.

The question arises - how far does the square increase of the weak interaction cross-sections in
Yeal effectsllz/proceed with the energy ? 1n other words, are of any physical meaning in the real
space for example lengths of the order of the characteristic lengths of weak four-fermion interactions;
or does the universal length of the larger dimension ( as is required by strong interactions ) exist,
which cuts off the weak interaction cross-sections earlier than the limit established here by the app-

lication of the perturbation theory.

Unfortunately, energies 104'l eV in the center of mass system at least in the nearest years will
not be accessible for experimentalists ( i.e. counter beams with the energy 1011 eV ), therefore the

questions put should be eansweered in some indirect way.

One of such indirect ways is connected with consideration of high effects of the perturbation

theory of weak interactions, which in intermediate states allows whatever large momenta.

A number of the like effects was theoretically analysed ( Pontecorvo3/: Asanov, VGIU6V4/ and

Toffe™ ) with the supposition that the momenta of the intermediate states are cut off for such K. <K



of the ultimate = 103 m N which gives the maximum value of the considered effect being

not contradictory to experimental data.

These effects are of the type

+ +
4. /u+n—-n+e e oA e

N

n n
Kmax < 200 My

M L w({(*c"—- fet) o
e $ w(p-evd)

e .3
Y

The immediate conclusion from the given estimations rather proves that the momenta are cut off

in the intermediat'e states by some factor which effect for smaller momenta than those for which the

perturbation theory could be suspected as not applied.

Analysing these results, lepton-baryon effects should separated from lepton-lepton effects.

—
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Lepton—Barion Interactions

The point of view becomes lately very probable that four-fermion interactions with the participa-
tion of baryons for example for the vector variant (weak¥ electrodynamics ) are cut off by the same

Hofstadter form-factor, i.e. on the lengths

4 >,;’z; ~ 2107 em,

(%

It is naturally to suppose that the total interaction ( \/— A ) is cut off by the same form-factar,

though the last statement is a new hypothesis.

For these suppositions the effects of the type 1 are small and agree with the experiment.

For the neutrino of energy ~s1 BeV the cross-sections of effects of the type

V+ 0 — e (3)

n+ e

become of the order of 10738 cm2. As to higher energies the further increase of the cross-section
with the energy ( 1) is essentially modified by the form—factors/ . The application of the extrapola-
tion of Hofstadter form-factor (which is actually not quite lawful ) in the region of such large momenta

leads to the constant cross-section 10_38cm2 for large energy values.

_Lepton-Lepton Interactions

For lepton-lepton interactions of the type

. Y+e — [+ Vv (4)

the expression for the cross-section in the center of mass system has the same form ( 1 ). Consi-
derations as to the limitation of the energy increase of the cross-sections of the four-fermion lepton-
baryon interactions are rather reasonable, but the limitation of lepton-lepton interactions by the charac-

teristic nucleon, or pion lengths may be considered at present from the point of view of common theore-

tical ideas as little probable.

There is adifferent situation for example with the non-linear theory of Heisenberq type.



The question arises: how do really lepton-lepton interactions behave with the energy ?

Cross-section (1) in the laboratory coordinate system becomes of the form:
S~ m E v - ' (5)

Consequently, cross-sections for ( Y € ) interactions for the given neutrino energy are 103
A
times smaller than the corresponding cross-sections of the neutrino-nucleon interactions. The last
circumstance makes at present meaningless the attempt of detection of direct ( Y€ )-»( r(, V)

interaction with the most powerful modern accelerators.

But there are effects of neutrino interaction on 'bound’ electrons, which conserve higher energy

dependence of the cross-section at high energies and in the laboratory coordinate system.

We gave an example of such effecte,/ namely-neutrino V in the field of a nucleus 2‘ scat-

terin roduces the pair Y "ha -et o Vi et Lt ifec
g, P! p el‘(,ee)r(,r()f(,e. 1ebeexet.

of the form

V4+2— 2+ € +et ¢y {6)

Chou Kuang-chao (Dubna ) estimated this effect and obtained the cross-section in the form:

3§ 2\
Q = 86 (2<) E*&-E—V-- (7)
3@n)> v 0m

In case of effect ( VQ) (Ye) for & = 80 and taking into account the screening of the
Coulomb field of a nucleus by the shell electrons

2

S %407 € (8)

v

here E v is expressed in BeV.

At neutrino energies E v 5.10g eV cross-section (8) for Gy ¢ already compared

with the expected according to ( 3) value of the maximum cross-section * &~ ve

. As at little collision parameters the Hofstadter formfactor ia unknown, the cross-section sz may

drop quicker with neutrino energy and at energy Q s~ 10 BeV for example, may be that SYL7 6""’
on lead deteotor. ’



-33 —38 2
ey = 2107 "cm* > Oyp ~ 10 ™" cm (9)

and for Ev = 10 BeV

-3 ., 2
Goy ~ 10777 em?,

Approximately ( till the diferences in screening effects ) the like cross-sections in the region
T +, - + -
of the same energies are obtained for the effects with the production of pairs /k f( ) r( € for

neutrino scattering on the’ Coulomb center.

Theoretical consideration of lepton-lepton effects of the type 3.4 seems also to indicate that

lepton-lepton interactions should be also cut off on the momenta, which are smaller than critical ones.

Such types of effects are in the most detailed and consistent manner considered by B.I.Ioffes./
The decay

/u.——-e-a-b/ ' (10)

proves to be most critical, as according to the existing experimental upper limit for this effect
e+ -6
w(ee¥) 2 940
w (e+V+V)

the critical momentum should be chosen

/{max <50 My.

With further increase of the upper limit accuracy for the effect /(-’ e +X probability the value

Kmax may become still closer to the baryon mass value.

Certainly, statement of the Jact of such universality in cut off of all weak interactions on one length,

close to that of pion or baryon, should be itself fundamentally for the theory of elementary particles.

Unfortunately, the results of the preceeding analysis of the effects of weak lepton-lepton interactions
are greatly ambiguous even if mathematical apparatus of the theory of weak interactions to momenta

300 Bev is considered correct.
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If the hypothesis is accepted that two kinds of neutrinoes ( \) M~ and \)e_ )1/8/exist, the
possibility of different effects of the considered type is substantially limited.

One of the natural mechanisms able of cutting of the weak interaction cross-sections on the
lengths close to those of baryons, would be the mechanism with the idea of intermediate vector me-

son with the mass close to that of baryon.

Intermediate Doson

From dimension considerations the crude estimation for the cross-section of ve ctor meson produc-
tion from neutrino in the Coulomb nuclear field 2’ ‘ is given by the expression*
2 \1
&~ (51 G, (11)
2

where G = f constant of weak interaction, expressed in terms of the characteristic length
( oC ~ 0.5. 10'16 cm ). For 2 ~ 10 the cross-section {11) may be expected:

A 10320 10736 cn? (12)

And if the considered charged vector boson weakly interacts with nucleons and pions, the more
probable process of vector meson production is the pair production from photon in the Coulomb nuclear

field.

. . . . ’ * %k
The cross-section of such process 'is given in the form

e\ 1?2 Eo I
ds =(far) 42 L (g g0 (2-28 &%)

*
First indications to this effect seems to belong to Ponteocorvo and Ryndin, Kilev Conferenoce, 1959.
** Here, as in ( 11 ), corrections are necessary, as the production of particlegpairs with such large mass
takes place with the impact parameters %c ~ {O~'¢Yn and thus in the region of reiatively small energies E
the cross-section may be realized less, e.g. ~ 2 but not ~ 21_
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1. Intermediate A.leson

Assuming the cross-section of production of the vector meson with the mass, equal to that of

nucleon, for E > 2 BeV being equal tc !7 3H cm , and assummg the accelerated proton flux 101 1/ sec,

1 event per 1 day* takes place in the detector target of the volume of 1 m3 and :\7 = 10. Due to
Y
fast decay of the vector meson to /e( +v  these events will be detected as /‘-( - meson and
&

electron production from neutral primary component of the beam.

Under these conditions:

E,"N Ev ~ O)b 62\/

with the distribution close to the isotropic one. Barashenkov and Hsieng Ding-chang estimated photon

beams for bevatrons (preprint, Dubna ).

Per one proton-nucleon collision of protons with Ei ~ 1010 MeV at the distance of 50 meters
from the target b/ - quantum flux appears of about 10_6 guar%}%_ with the energy able to give
a pair of charged particles with the mass equal to that of a nucleon.

According to experimental data of the CERN accelerator (report made by Adams ) at the distance of

-L
100 meters from the target at the intensity 10 11 protons per pulse 1 Sem photons are produced

with the energy v 11 BeV

Under the same conditions the photon flux with EK ~ 5 Bev attains 2. IO_'3cm_'2 per pulse.

The last value gives about 2 events per 1 hour for the production of the vector meson pair in

the lead plate 1 cm thick and with the surface of 102 cm2.

The production of the pairs of vector mesons fastly decaying into € Y and r( Y means in
reality another mechanism for the production of pairs _e r‘ r{ r(,

The last r('.i\l— with much larger cross-section will be produced in the same photon beam.

But the characteristic properties of the considered effects may be used. For j\( -mesons and
electrons, produced from the decay of vector mesons of not too great velocities a great probability

will be characteristic for the momenta directed to the second semi-sphere ( large angles ), the

¢ Not taking into account the magnetic focusing of pion beam.
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energy of l‘(,e. - decay being El:‘)o.s BeV.

8
Pairs of I‘(+f!.-mesons, resulting from direct photoproduction will be localized in small anqles:v: .

The selection of pairs /(+€ with E’; e = 0.5 BeV at large angles would be stil] more criti-
cal. '

These properties of the considered effect are not excluded to be decisive for this experiment,

It is worth emphasize, that the application of photon beams with modern proton accelerators is

becoming or with fur ther increase of intensities will become expedient, Proton-antiproton pairs wil]
be produced uppfoximately with the same cross-section* (13).

An essential property of the production of charged particle pairs from photon is, that the

cross-section for the production of even such paticles as =, -hyperans is almost the same, like

that for the production of nucleon pairs.

. , - _
In this sense the search of possible, according to Gell-Mann systematic, particles Z , ( 2
4

hyperons and W ™ -mesons and even multiply charged particles is expedient in the photon beam. -

v " -—veA problem
|

Basing on the previous estimations and having the accelerated proton flux 0 1
may expect at the distance of 50. me
~10% e,

/sec, we
ters from the target the neutrino flux with & ) >> 1 BeV >

Using in the target 1/10 of the number of primary protons, in ] m3

of heavy detector 1/4 of
event per one day takes place, i.e. the events of the type:
n+ r&*‘
-+
n+ e

Vi p e

( without magnetic focusing ),

* More exactly:

~ 2\ a6 (s .
e de Z2[2-g(1-8))
o(,S'P—- rcl o(a%. <3 m ( )
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Neutrino-Lepton Interactions

On the basis of the consideration of the effect ( \) +Z ) and the increase of this effect with
the energy (9) it would be of use to try to detect the eifect of neutrino-lepton interactions at neutri:

no energies ©> 5 BeV.

<A
The cross-section at Ev = 3 RBev reaches those expected for neutrino-nucleon interaction, and

at Ev ~ 30 Bev reaches those on lead (10“36 c,—nz ). Then the cress section may even become
greater than for neutrino-nucleon interaction , if the iast decreases with neutrino energy. Thus, it is
expedient to investigate the neutrino-lepton interactions, raking use the features of effect into con-
sideration : ) Z - dependence, b) creation of characteristic pairs of ( l‘-(+€ Vkind, ¢) Ev-
-dependence. In this way the detection of neutrino-electron interactions in principle is the .proble::

of the highest energy accelerators. Note that rational technical suggestion for characteristic re

pairs detection could make this experiment expedient on bevatrons with intensity* 1012 ~- 0
. . . . o
particles per one sec, The last experiment would become essentially simpler if \)“L = \V) e -

It is worth emphasize that the considered events should be identified in the presence of cosmig
rays background, which gives on the F.arth surface 10'2 mesons c:r‘..z/sec with € ~7 109 eV and

- - -t
10 . neutrons c_'r.2 seC approximately with the same energy ( 1 eV ).

Here the positive factor is the duration of the pulse in the machine 10_3 sec,

Tt is important to note that the absolute number of the decayed mesons ( i.e. the neutrino num-
ber) increases with the increase of the distance from the accelerator target, but due to the geometry

factor the neutrino flux density decreases ( it reaches its maximum immediately near the tarqetl%.

Even for the parallel pion team the density of the decay neutrino beam has at some distance from

the target the maximum value, and then decreases because of the disturbance in the decay act of the

- 4 * -
* Of order of ?naﬂ e (0/"‘ e )event per one day: the number of neutrinoes decreases. fast with
inoreasing o E’.
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vazalleliz:n of the pritzary bea : of i ~@S0Ns, transioriiing into newzinc heq.al V

M the rievicus estmations were given without corrections  for the possible :nagnetic focus-

Tl onion hea

This factor mav ‘norease the previous estimations by more than one order, that could increase the

nuber »f corresponding counts un ler the sae condition for the proton flux lO“/sec.

1) Intervediate meson - | count per an hour .

2) V+n— ‘;1’ z 5-10 events per one day .
3 -~ o+ . -
o)\)+-a__,a+r+e 1_\))~1e\.entperone..on~h,
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ON_HIGH ENERGY NEUTRINO PHYSICS IN COSMIC RAYS

I.M. Zheleznykhx) and M.A, Markov

The preliminary disoussion of different estimations in general detected effects

from neutrinoes in cosmic rays was given by us in the previous paperxx)

The given paper contains the further corrections of estimations and the development
of the prodblem on the whole,

. ' . +
Let us consider, firetly, the neutrino flux creating from the deocays of‘gT -mesons

produced in the Earth atmosphere from primary cosmic protons (i.e. the neutrinoes of

Earth origin), The energy speotrum of cosmic neutrinces (i.e. neutrinoes, coming to the

Barth from the Universe) 1s unknown at the present time. And even here some considera-

tions of quantitative oharacter are possible. Thus, the considered below first estima-

tions of effecis, caused by high energy neutrinoes of the Earth origin are the loyest
ones,

For the decay

Jy— f“’ \Y (D
T
in the rest system of \)l -meson the energy of decayed neutrino

2 2
_ Ma=Myn (2)
SR T

E.~33€E, . ©

%) Puysical Institute of the U.S.S.R. Academy of Sciences.

xx) I.M, Zheleznykh, ’"Qn interaotion of high energy neutrinoces in oosmic rays with
substance™, Diploma, Moscow City Univ., 1958,
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Further, we assume, that at an average in the laboratory system the energy of the
corresponding neutrino and f(.qmeson is connected by the same ratio (3),

The neutrino energy spectrum was reduced over the corresponding‘/4 -mesons energy
spectrum, In the paperx) the experimental /K, -mesons energy spectrum at two hundred
feet above the sea level is given up to the /( -meson energy ~N 1012 eV,

In different intervals the neutrino energy spectrum was approximated in the follow-
ing way. :

In the regions: 1-3 BeV ‘?(EV) = 4’540~?'; EV

A
EEV

Ey
2
E,

-2 dE€E,
32
EEV
The isotropy of neutrino flux and small value of the neutrino interaction cross-—

3-30 BeV = 5‘,5.10—3
4

30-100 Bev 5%.10

section allow to suggest the experiment deep under the ground, separating reactions from
neutrinoes, coming‘from the low semi-sphere, 1.e, passing all the Earth.

‘It is essential to note, that such an organization of the experiment, in principle;
can completely exclude the cosmic-ray background., Charged partioles do not pass
through the Earth and small-probable back reflections of jq -mesons may be apparently
separated using corresponding registrating schemes, In case of the experiment with
accelerators the cosmic-ray background makes a problem for recent intensities of accele~
rated particles,

In the underground experiment the relative smallness of the background allows to
use large detector masses, that compensates to some extent the smallness of cosmic
neutrino fluxes, 7

Note, that the background due to the natural radiocactivity in the ground may be
avoided, using deteotors with the threshold of the energy release detection, e.g. 0,5 BeV,

X) F. Ashton. "Nature," 185, 4710, p. 364.
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1, Neutrino-Nucleon Interaction

In the limits of existing experimental faocts and theoretiocal ideas the followq.ng
reaotions may be supposed:
D Vet — P (e
» VptpP — n+ p(e)
) Vu+h — T +pt(e?) (%
d) vf"+ P — Zo*‘fd (e-e-)
DV +p — A+ pM(e)
If Vf" end ve are the same, both the produoction of € and /‘( -mesons are
possible,

The oroua-seotibn of the interaotion \) with nuoleons, may be, out off for
exchange momenta, oorresponding to nuoleon dimensions and then the¢ oross-seotion for
Ev91 BeV 18 ~v 0,8-10'38 om?, For anti-neutrino the oross-seotion for EV = 1 BeV 1s

approximately three times smaller,
By integration (4) we get the total neutrino and anti-neutrino flux with the
energles, larger than 1 BeV, that gives S (Ev> 46¢v) =4.‘/0-SCM'1-"¢-'""-"

The number of events per 1 seo, in 100 mJ of the water is
S 2, .
N= (6'v+zl€g '233'/‘/»«.,.5"‘/” 13,407 day™ (6

or one oase per 75 days, If eleotrons are alsoc produoced, 1 event per 40 days in 103 mJ
of water takes plaoe,

Not only produced in detsotor ’l(_ -mesons but from adjaocent layers of the ground
are deteoted., The effeot is strengthened due to the proportionality paths of /‘( -muona
to the first degree of the energy. For eleotrons it is muoh weaker, For neutrino-
nuoleon interaotion the oontribution from adjacent layers is of the same order, as the
effeot in the detector (1:;. one 3:':: sven per 20 days).

If the interaotion in oase (5) is not out off at nuoleon wave length, the number

of deteotsd events is 5 times greater,
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11, Production of Lepton and Baryon Pairs of Particles
Lepton-=Tepton Interaction .

The following effects are possible, when neutrino produces a pair of leptons in

the nuolear field:

\)+Z ]‘{-c-& +v +Z
\)P+Z—~/*<+c + P +Z!

Vo+ Z = ,%+f«+V+z i
V + 7 — /t( + ]+ v,&+Z
1f \) and Y, are the same, the following prooesses will be added:
Y+ Z. — €e'+e” v+ 2 o

et
;),_._Z — €++e +Y '+Z.

'Since small momenta of nuclear recoil in (7) and (8) are essential, the cross—sect¥on

does not depend on formfactor., The cross-section of such processes 13 supposed )
2 -2
&qg" Z 2
3 2
3 (an) 131

E
n . ©)

Aoccording to Chou Kuang-chao the aocount of soreening changes the logarithm only
For the oross-section, oorresponding to (8) eﬂ E is ohanged to én 43:2 =3,35
on lead in the region of energles we are concerned with. <

For production of /4 -mesons the minimum momentum of recoil 1s /Q_ times larger.
Therefore, in our oase for reactions with production of two or one /L -meson the

screeening is not essential. .

X) Chou Kuang-chao (Dubna).
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- 2
ror (8) 6=%2.10 e (on lead, £ 1in Bev). (10)
For (7) in lead 2
6=19.10"""E €n10E
in "ground" (Z = 40) A= ,ZO) ‘ ‘ ‘
-v2 -2 .

In case of reactions (8) the meutrino flux gives 1 event per 6000 days in 100 m3

of lead.

Reactions (7) are of greater interest, Since the path of /‘L -mesons with the
energy up to 100 BeV i1s proportional to E s this circumstance leads to the resulting
effect increasing as E3€n ’/OE s instead of 52&7 '/OE .

Thus, the flux of /44, -mesons from "the pillow" (adjacent layers of the ground)
becomes more essential here, than their production in detector itself,

The energy distridution of three leptons produced in reaction, 1s unknown. e
shall suppose for estimations, that at an average we get 1/3 of initial neutrino energy
per one lepton,

2 2 -

Then the path of /‘L -mesons in the ground will be equal to -5— fo ty (""')

( EV in BeV) (we suppose, that in 100 cm of the ground 0,5 BeV is lest). It should be
taken into account, that the effective path dependé on the angle

R¢ff=-§—4OZE‘y-Cos 9 (12)

The number of mesons (N), passing through the surface S s taking into account the

Faad
fact, that in reactions (7) the flux Y and v glves 3 /‘(. -mesons :
300

N= 3NL“A"'£—--§—4015 S, f4(6)€3€n 10€ dE.
1

> —Y
For the ground P:i A :,ZO) S, = 2}8'{0 t‘u-z’

@13)

)
’f(E) 1s taken from (4).

-3 .
If S:.”O?CML) N=3,640 sec™ ! , 1.e. 1 case per 300 days.
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- a
vor (8) 6=7%2.10 YOE (on lead, & 1n Bev). (10)
For (7) in lead a
6=19.10"""E n10E
in "ground® (Z = ’IO) A = 42 O) .
—v2 .2 —
S'=¢?,8-’/O E tn40E. , 11)

In case of reactiops (8) the neutrino flux gives 1 event per 6000 days in 100 m3
of lead.

Reactions (7) are of greater interest. Sinoe the path of /‘(« -mesons with the
energy up to 100 BeV is proportional to E s this circumstance leads to the resulting
effect increasing as Es‘eﬂ ’,OE s 1lnstead of 526'7 406 .

Thus, the flux of I(L -mesons from "the pillow" (adjacent layers of the ground)
becomes more essential here, than their production in detector itself,

The energy distribdution of three leptons produced in reaction, is unknown, Ve
shall suppose for estimations, that at an average we get 1/3 of initial neutrino energy
per one lepton.

2 2 -

Then the path of /‘(, -mesons in the ground will be equal to 3 ’/O tv ("M)

( EV in BeV) (we suppose, that in 100 em of the ground 0,5 BeV is lost). It should be
taken into account, that the effective path depends on the angle

2 2 ,
Reff = 5 407, - Cos . a2)
The number of mesons (N), passing through the surface S s taking into account the
a2
fact, that in reactions (7) the flux Y and Y &ives 3 /( -mesons :
300

N= 3nN—”/§'J)—- § 1028 s, ﬂ(E)E"’@n 10€ dE.
1

. -Y2
For the ground P:i A 2,,20) S’o = 2/8"0 Y c'n",

13)

)

’((E) is taken from (4).
-8
It S:.'fO?CM"/ N= 3, 6.10 sec™? » 1.e. 1 case per 300 days.



In lead ores the flux of .IL ~mesons, and hence, the number of deteoted events is
t
7 times greater, in 1ren ores -~ 2,5 times and becemes oorreepondingly one event per.

40 days and one event per 100 days. These oqtinations give only the lowest limit of
the effect. ' ‘

In these estimations the comtributien from neutrinoes with the energy > 300 BeV
was not taken into acoount, as /K, -mesons from these neutrinoes averagely have the path,

" increasing more slowly than f; . Here, the contribution of meutrinoes from/q.qmeson

decays was not taken into acoount.
Further, more ocareful caloulatien of the ¢ross-section, than in (2) where only one

‘matrix element was taken into acoount is required, that will several times increase the
effect, -

The following reactiens may in principlq, take place in the field of nuc;eus:
. $+Z_—~h+f5+ +(€+)+_ZI
V+2Z — P+n + J‘t’(l‘) + 2/

v + z—-2+h+f<+(€*)+2.
'v+Z—*§+P+I‘(e+)+Z
v+Z-/\+P+r‘+(e+)+Z

that also increases the number of detected events,

(4)

It soattering \)on baryons exists, reactions with production of baryen palrs are
alse possible, e.g.

NE)+Z — A A V(P + 2]
V(9)+2 = prefr eV + 2]

@a5)

eto,

The last remarks testify te the fact, that oresu-sgoticns, givex above, may be
equal to ome order lewer than the real enes, that weuld cor:ospendingly glve 1 ocase for
the grégnd per 30 days, fer irem eres PeTr 10 days and’;gad cncé - per feur daYys.

TN
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111, _Heavy Meson

There may exist a heavy meson, which with very little life—time decays into: .
| + + ~
M= T+ Y (V) a6

or

Mt ——ef+v (V).

Then reactions also exist: - . , s - ) , ,
Y+ —~ M+"'/'¢'(€-)+_Z — /4. +/¢L(e )+ V + 2
T4 Z =M+ pF(eH)+Z = [ () + ez @D

These reactions are of the first order over the weak interaction constant g « For the

part of effect, being due to Z-— dependence, the cross—seotion is given by expres-

sion (18)x)
2 3
_ 1 Z (@n aZEVQo)
S="r G (¢ =5 |

@1s8)
ML
E, >> 2q. " 2L BeV.
For'z = 10
-3¢ 3
6 =407 (en )" @) 19)

The contribution into the cross-section (18) 1s given by the region of impact

parameter from nucleon radius to the radius, corresponding to minimum recoil momentum

26
Mm* .

%) 1,0, Lee, C.N. Yang. Phys.Rev.Lett., 4, 307 (1960).



/(. —meson flux from "the pillow" ( 6217710 BeV)
300

NAV.F — =3/~
N=5son——§\’——§-4ozsmfﬂe)c(en§- A€

(20)

For S= 107, two meson per 1 day,

)

IV.__The Estimations for Neutrino Fluxes from

Cosmic Space

With the isotropy of sources and isotropic cosmic rays distribution in Galaxy
neutrino flux on the Earth must be fully determined by the flux of produced in atmosphere
neutrinoes, since in this case, the probability of meson production in the interstellar

space, where density is 1024 3

gr.cm -, is extremely small.

But apparently, observations testify in favour of the theory of production of cosmic
particles in the shells of supernew and new sta.rsx). According to radio—astronomical
data there are many relativistic electrons in expanding shells of these stars,

In Crab-=like nebula the electron energy in the expanding shell is estimated as
(3-1050 - 1053) BeV, and the spectrum of electrons decreases as 'é’ - ET,'s"

If these electrons were produced as the result of nuclear collisions, we get 3 neutrinoes
approximately of .the same energy per each electron. According to estimations from
maximum data {(and also, supposing, that electrons were stored for 300 years,
R = 5-1021 cm, Ehvax = 1031 BeV) we obtain, that neutrino flux on the Earth has the

2 —

spectrum +(E)-_-; 5-10-$-é_" em , Where & 1is expressed in BeV,

Then for reactions (7), taking into accoynt (13), we obtain, that through 1000 n’

of
the ground the flux of 1 f(_ -meson per two days will be,

In conclusion it is necessary to emphasize, that a ground layer, which is equivalent

to AV10 km of water, absorbs completely all the kinds of benetrating radiation, except

x) y.L. Ginzburg, Usp. Fiz. Nauk, 1953, 1957.
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%*
ELECTRON AND MUON NEUTRINOS

B. Pontecorvo

The cross section for /% -particle production in the collision of free neutrinos with nuclei
was first evaluated in 1934 by Bethe and Pierls ! . As is well-known the cross section for 1 MeV
neutrinos was expected to be 10-44 cm2. Because of this for a long time the effects induced by

free neutrinos were considered unobservable. Later on it was shown 22 that experimenting with

free neutrinos was a real posstbility and only recently some experiments were performed in which

free antineutrinos from reactors were used. These experiments, in fact, showed that free neutrino

effects are observable and, thus demonstrated the ‘reality’ of neutrinos 4, They proved also the
two-component nature 4 of neutrinos and indicated that the neutrino and the antineutrino are dif-
ferent particles.

The purpose of this paper is to emphasize the possibility of solving new problems of neutrino
physics by investigating some effects induced by free neuttinos which have not yet been discussed.
Such experiments may appéar to be unfeasible at present, but the discussion of their planning

seems to be not more premature than was at its time the discussion of expcrlments with antineutri-
nos from reactors.

Mainly attention will be drawn to the possibility of answering the question whether the neutri-

nos emitted in the 77—*/{ -decay (\),u ) and the neutrinos emitted in the ﬂ -decay( Vt) are
ideatical particles,

REACTIONS INDUCED BY NEMTRINOS

All the known slow processes ate, appatantly, due to the interaction between the following
fermion pairs:

(e, (P, (pw), (pF)
(R, (R, () (FN)

Any pair of particles may intetact with the same pair or with another one; according to the

Matkov-Sakata-Okun® scheme str;nge particles other than A -hyperons are not included in the com-
position of the

(1)

‘strange’ pair. In terms of the universal interaction theory 7.8 this scheme impli-
es that the current /+ entermg into the weak interaction Lagranglan consists of four terms

+ _ e ’»/e N J Vr, N j %f\, ) /\ t\./
j = | + = 12)
each of which corresponds to the above-mentioned pairs.

Some processes induced by free neutrinos, if the Markov-Sakata-Okun scheme and the universal
interaction theory are assumed to be valid, are listed below (Table 1).

*» JETP 87, 1751 /1959%/



The question whether L) and
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are identical particles is open and will be discussed

in the next Section. There are no reasons for asserting that U and V/"’ are identical pamc-

les. Therefore, in the Table and in the differeat terms of the lepton current it was written® V

f/(/_/}b andnore}// /LA/V

as is usually accepted.

Table 1.

2}

SOME REACTIONS INDUCED BY FREE NEUTRINOS ON REAL

TARGETS

NN Reaction

N o t e

~ +
1.
ue+/m———> e +/m

In investigating this process 4 free neutral leptons
were first observed. The experiment supported the two-
component nature of the neutrino.

~ iz ¥ -
2. Y, +Ce— A'+e 2,3,5

The non-observability of this process 5 proved
that /), and V), are not identical particles.

3.1 + (L A e

The investigation of this process might be of ia-
terest in astrophysics, particularly, for measuring the
neutrino flux from the sun!

Vv, +A— TTre A
V,+A— T+ +A

Inverse TT-€ -decay in the field of a nucleus.
Note that Vg produce T+ -mesons, V(’, -pro-
duce I~ -mesons.

5. Y tl— T+T°

6. ;/;ﬁ-f\,—)/\'f'?j-

Va_‘l' A —> hyperfragments +

o
Only ) (butnot }/ ) may produce strange
particles. '

7. Ytn—5S+e’

This process may occur only in nuclei.




s tA— kire +A
g@,’*‘A - K-‘i'ea++A

0.V, + & K4

-~

0. ¥ +0 ~ |

* e
P4

L +é

Vot € =~ Vpte”

Scattering of neutrinos by electrons, pre-

dicted by the universal theory of weak interac-
tions ( 8 ).

Ve tA - Y v +€ + 4

-~ -~ + - ,
V+A- Yter A

+ -
Creation of a £ €  -pair in the field of a
aucleus. 10 This is the inverse process of the

lepton bremsstrahlung by electrons described
in '

2 Y% +€— V/“V1./Al

Ve t& = Yy + L7

Inverse f*‘/ -decay.

Forbidden, if \é;é V‘u,

13. \;b +A -~ )D'ILV+€++{M:+A

Ve +A — Vf4—+e~+[bb++A

Formation of a ft‘@ -pair in the field of
a nucleus.

! +
" Vf‘/ +f\/ — it

Vit — ey

Inverse f‘r -capture.

Forbidden, if 1) —£ V),

15.

16.

Vet A= TO2p #A
l;//v*A"’? Tr§+/4’++A

Inverse 7{'—/4 -decay in the field of a
nucleus.

Vit A+ p”
Vutp— A+ e”
U +A — W't

hyperfragment

.Forbidden, if Ve # V/A/
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‘ft“ +A— fu‘+/c_*+A
VetA— WK +A
15, YA Yot F A
~ ~  t, -
utA= bt A

17.

Scattering of neutrinos by fA. -mesons in the

field of a nucleus.

(R

19. Vl,b‘f'ev — Vf"" IU.« Inverse }’{-‘ -decay.

va“'é = et Forbidden, it Vo 7 1),

20. V/,d-A — A+ }ov.+€,++ Ve

~ + - =~ Formation of a -2  pairin the
VII~+A - A + /"’ t¢ + Va field of a nucleus. /.IL
21. = - .. -
Vf"" +¢ — Vf" +e 1f Ve#—' Vﬂ- y the reaction is possible

only as a second order process.

Among the processes enumerated above, only the reactions 1, 2, 3, 10 had been previously dis-
cussed in the literature. For the most of the processes listed above we limit ourselves to the remarks

made in the Table. Only some processes, which are related to the problem of the distinction between
Vf«. and lJ? particles, are discussed in detail below.

ARE Ve AND M IDENTICAL PARTICLES?

The upper limit of the mass of neutral leptons emitted in the fb decay, the magnitude of
Michel’s parameter f and theoretical considerations show that neutral leptons in the f(.« -
decay have a mass equal or close to 0 and are not identical. Because of this, the IL(,- decay is
usually described as follows: f(. - e+ V+y

It is easy to see, however, that experimental and theoretical data require only that the two
neutral leptons in the /4- -decay should be not identical, but do not require that they should be
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necessarily a particle and an antiparticle. The possibility has already been discussed 12 that ther
re exist two pairs of neutrinos. At first sight the question of the existence of two types of neutri-
nos — an electron neutrino ( }/, ) and a muon neutrino ( \J},‘, ) may be consider-
ed as an irrelevant and unnecessary complication. There are reasons, however, which make attracti-
ve the hypothesis that the electron and muon neutrinos are distinct particles. The absence in nature
of some processes of the-type /&432, P:+!~ - 6-+/\, etc. indicates that only paits involving

one charged and one neutral particle (see 1 and 2) may contribute to the currents entering into the
weak intetaction Lagrangian. The existence of only ‘c harged’ currents might be naturally explain-

ed 8 if in nature there would exist a charged vector boson B

coupled with different fermions
by an  ‘intermediate intensity’ interaction.

The well-known weak interaction processes in this
case would be due to an interaction of the second order with respect to the ‘intermediate interac-

tion’ constant. As  is shown in Ref. 13, the nonlocality of the Y~€ decay related to the exis-

tance of the intermidiate vector boson would requite a transition rate for the decay /4—) e +a’
which contradicts the experimental data 14

It can be easily seen, however, that even if there exists a B -meson the probability of the
process }L-—)Q-I-X would be zero®, (that is entirely consistent with the experimental data), if the
electron and muon neutrinos were different particles. Thus, the fact that the current in the Lagtangi-
an of weak interaction is ‘charged’ would be very well explainable in terms of the intermidiate boson
assumption only if Vg isdifferent from |, .

Besides this reason, as it seems, the existence of two different types of neutrinos, which are
not able to annihilate®*. is attractive from the point of view of the symmetry and the classification
of particles and might help to understand the difference in the nature of muons and electrons.

It follows from what has been said that experimental data on the question whether or not Ve
and V/W are identical particles would pe of great interest. One possibility to get information on this
point would consist in measuring the spirality of the /"/ -meson. If in nature there is only one
neutrino - antineutrino pair the \/-A -interaction requires a positive spirality of a ll«\,— -meson.
If in the experiment the /A: -spirality turned out to be negative, there would be a strong evidence

in favour of the existence of two types of neutrinos : the /LL* decay, in this case, might be describ-
+ +
ed by the scheme A" 2 27+ Fe tFHp .

Even if thers isno B meason the process 'L‘-"’e'f"r is poss ble in higher order approximations of the perturbation
theory, if there 1a only one type of neutriWe -entinautrine palirs, while it is absolutely forbidden 1f ’Je' # p"-
»

» +,-
Note n:F! if Vr., and Ve are different particles the muonium system( a )cannat go over into the antimuonium
system { “ .e ) In any apprd ximation.
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The experiment 16 shows, however, that the spirality of a }A.«- -meson is likely to be po-
sitive, as expected. Therefore, the problem whether there are two types of neutral lepton pairs in
nature is open. The positive spirality of a }A,- -meson indicates, however, that if in nature there
are really two neutrino-antineutrino pairs the weak interaction must be described just as in (1), and
the decay of a }r\f -meson must follow the scheme }4- '—96 + Vo + P Here, as usual,

Ve is defined as the particle emitted together with a positron in /5 ~decay. Its spirality,
determmed experimentally, is negatm:17 (the ):h spirality is, of course, positive). As for )
and V , these particles are difined as having negative aad positive s pirality. Thus, the decay
of a -n‘"' -meson follows the scheme Tff—) ll&tf p[,;, . These notations were used in the
Table of the previous paragraph.

To clear up the question whether PC and Vl"' ate different particles there remains one
possibility which isdiscussed in the next paragraph.

DISCUSSION OF AN EXPERIMENTAL ARRANGEMENT
WHICH, IN PRINCIPLE, IS APT TO ANSWER THE QUESTION AS TO WHETHER
V), AND Vf*' ARE IDENTICAL

The method which is suggested below is essentially analogous to that used in deciding
. whether a neutrino and an antineutrino (in our definition V and )/ ) are identical partic-
les 25 or whether Ko and Ko -mesons are 1dent1ca?part1c'es 18 In these cases the.son-
identity of particles and antiparticles has been proved experimentally by the non-observability of
some transitions, the matrix elements of which differ from 0 only if ?pamcles and antiparticles
are i identical. For example, the absence of the process U¢ "'Cl«“' A proves that Yo and

ph are not identical since the processVe+C2 ?—)A +€ must, undoubtedly , occurs.

In our case we are not concerned with the problem already solved of the non-identity of neu.-
trinos and antineutrinos, but with that of the possible non-identity of ]Je and V/"' (or of )};
and )J ~

To solve this problem it is suggested to test experimentally whether a beam of U is able
to induce transitions which may be, undoubtedly, induced by Lé -particles. From an experimen-
tal point of view a beam of muon neutrinos is more attractive than an electron -neutrino beam for
the following reasons. Usual intensive sources of electron neutrinos are radioactive isotopes.
The latter ones by their nature are not capable of emitting neutrinos of high energies. On the cont-
rary, muon neutrinos are obtained, naturally, with high energy.

On the one hand, it is of interest to use antineutrino of very high energy, say2100 MeV,since
the cross section for the processes induced by these particles rapidly increases with energy. On
the other hand, at very high energies the intensity of muon neutrino generation decreases due to a
relativistic lengthening of the pion lifetimes. Therefore, we discuss here the arrangement of an
experiment with VP of energy of & 100 MeV.

Consider for example the reactions (see the Table I)
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~ T
\Jl_y'l‘rb_"’lu’ tn (a)
gﬁu"‘f‘—-ﬁé‘f‘f‘% (b)

Reaction (b), if ue and }J, are identical particles, was successfully observed by
Reines and Cowan 4 5 if Uatlﬂ‘ ; (&) is not observable. The reaction ( a ) is a threshold reac-
tion and is unobservable at energies {100 MeV. The problem consists in determining the
cross section for the reaction ( b ). In the energy range where the neutron from the reaction (b )
may be detected with a good efficiency inside a large scintillation counter containing cadmium,

Reines’s and Cowan’s method is quite suitable. When an event induced by the reaction ( b ) takes
place, two impulses will appear in the scintillation counter one,One of these corresponds to the
positron energy release (the neutron gets a small share of energy) and the second, which is delay-
ed with respect to the first impulse corresponds to the photon energy released in the neutron cap-
ture by cadmium. To detect the reaction ( b ) a scintillation counter of the Reines and Cowan type
may be bombarded by a beam of muongntixxeu:rinos which because of their energy are not capable
of inducing the reaction ( a ). Such }J),, beam must have a negligible small contamination of elec-
tron antineutrinos, which might induce the ‘trivial’ reaction Ve‘l‘f’\,-——) e +M,

In order to clear up the experimental conditions, we consider the production of neutral
leptons of different types in an accelerator of protons, say, a 700 MeV accelerator.

The radioelements which are produced in the target and in other parts of the accelerator are
sources of Ve , and to a less extent, ge with a low energy ( é_ 10 MeV). These electron
neutrinos do not give a dangerous background, since:

a) their energy is small, and, essentially, they can be easily discriminated by analyzing the
corresponding pulses from the scintillator; -

b) the cross section for the reaction Vp+ r\,~) M+€. is proportional to the square of the
incident antineutrino energy, and, thus it is relatively small at low energies. Pions of both signs
vill be produced in the accelerator target. They will generate neutral leptons as follows:

1. h T ,.4,*'1- Vo 2) f*«+—) ARNPES pfv
3) T(‘.—al.[-f- ]j{w 4) ‘U:—ie:‘f' l:}_a‘!'V/»v
5) f,(_- + nucleus ——p Vf"’

Contaminations of Ve and Vfu in the beams are not harmful, since it is already known
that neutrinos (both JJ‘L‘_ and ,”0_ ) cannot induce the reaction under consideration. It is easy to
see that the *harmful’ contamination of V& appears only from the decay ( 4 ) of "~ -mesons.

However, ‘Lb -mesons stopping in matter of high atomic number (it is not difficult to make it im-
possible for mesons to stop in light materials) do not practically undergo a /A-. -decay. As far as



a ; -decay in flight is concerned, it may be neglected, since the decay mean free path of [A,
mesons is measured in hundreds of meters whereas it is reasonable to place the detector of the reac-
tion (b) at a distance ofal0 meters from the garget.

Thus, it is possible to obtain a beam of V -particles, which practically has no contamination
of ge‘ . The Gl“ from reactig_n (2), (originating from stopped lA- -mesons), have a mean
energy of a 35 MeV, whereas V. from reaction (3) may have considerably greater energy (de-
cay in flight), but their intensity will be in general small, + :

The number of Pl,‘, produced in reaction (2) may be close to thet of the T produced in the

target. Therefore,the number of D;,_ generated in modern phasotrons may attain the value 1012/sec.

Models of new accelerators are being discussed now in which the intensity of the accelerated pro-
tons may be increased as much as by three ordets of magnitude. Thus, one may hope that in the
near future a flux of 108 V}‘V/cmz sec. at a distance of 10 m from the target may become
real. The cross section for the process (b) was estimated by the perturbation theory and turned out
to be 2.1074! cm?, if V€=Vf~ for V/‘, of energy of 35 MeV If we make use of a scintilla-
tion counter of the Reines and Cowan's type (1-2 tons), the number of events is equal tod per hour
( ~ ]08 / em? sec), if the detection efficiency is unity and if Yo == V .

As Reines and Cowan? showed recently, the efficiency may exceed 0.5. The recording of
events under consideration is less difficult technically than in Reines and Cowan’s experiment, as
the energy of the emitted VP, -particles is large. Thus, the reality of the experiment depends ~
upon the magnitude of the background, which is very difficult to evaluate a priori. . One may only
note that unfortunately, the ratio signal to background must be considerably less than in Reines and
Cowan's experiment. It is of interest to note that VPV from reaction (2), in contrast to the ney-
trons emitted in the target, are emitted isotropically. This makes it possible to decrease the diffi-
culties which are due to the accelerator background; the detector of V}v must be placed at an
angle 2 90° with respect to the direction of the protons incident on the target.

Summarizing one may say that experiments planned to test the identity of ))e and ).)‘_4, 3
though very difficult, must be seriously thought over when new intense accelerators are being design-
ed. In particular, the problem of radiation shielding in such experiments must be considered at a ve-
ty early stage of the accelerator’s design.

In conclusion the author considers it his pleasant duty to thank Chou Huang Chao,
L.B. Okun, and J.A. Smorodinsky for numerous discussjons.
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ON_THE INTERMEDIATE BOSON_IN WEAK INTERACTIONS

B, Pontecorvo, R.M., Ryndin

The question as to whether weak interactions processes are mediated through a

vector B~boson has alread§<been raised1>. The small probability of the process
f‘-*"fz4-3/ can hardly be conciliated with the intermediate boson assumption if in
nature there exists only one type of neutrino-antineutrino pa1r32>. However, 1if
"electron® ( Vg ) and ™muon" ( \)f") neutrinoes are different particles, there are no
arguments agalnst this assumption. Even more, it can be said that the existence of‘
the B-boson would practically prove that muon and electron neutrinoes are different
particles, ) .

Aocording to Lee and Ya.ng”, the hon~locality of the f(. -decay connected with the
B=boson affects the Michel parameter and the f( -decay rate, However, the accuracy of
the ‘measurements is entirely insufficient to determine possible limits on the B-meson
mass., Below are discussed some oonsequences of the B-particle assumption,

If there exists a B-meson, all the known weak interactlon processes will be of the
second order in the constant 935, coupling the B-meson field with various fermion
pairs. The Ferml constant G. (G- = 11‘%;‘) h=cC= 4) M- nucleon mass) 1s then a
phenomenological constant: G- ~ Qé/m;« (VYI6 is the B-meson mass). Assuming, e.g.
My~ M | we get gé ~ 4075 , which is only thougand times less than ez' . It is
hardly possible to get some information on the existence of the B-meson by studying
ordinary weak interaction processes in which virtual B-mesons are involved. Consequently
we turn our attention to the processes involving the production oi’ real B-mesons..

It 1s oclear that B-mesons will decay, in particular, as follows:

Bwfk-\—\) ) B -2 +V B — Jr+Jr.

)

x) This paper was reported at the IX Conference on High Energy Physics, Kilev, 1959,
(See discussion after the report of Alikhanov and also the report of Marshak).



The decay rate of the B-meson is of the order of 467{8134—1 . As the mean 1ife 1is
relatively short, the collisions in which regl B-mescns are generated will simulate
stars with apparent production of muons and electrons, although these lepteons are.
emitted with a charaocteristic time uncomparably greater than the coliision time, There-
fore, the B-particle existence implies_that prooesses apparently accompanied by lepfon
emission become relatively probable when the collision energy in the é¢.m.s, 1s greater
than the B-meson mass: in high-energy stars there will be emitted muons and electrons
with a probability only five or six orders of magnitude smaller than the emission
probability of plons, a faot which might help to prove experimentally the B-particle
existenoe, Putting aside the processes of B-meson produotion by strong 1nterécting
partiéles and B-meson photoproéuction processes (the ocross—section of which contains a
factor : Q,’ )s we will consider some procesées,of first or zero orders in 96 ’
especlally attraotive from the experimental point of view.
1; "Eleotromagnetic"_produotion of B-meson pairs:
¥+A— B"+B +A
7+ A B*+ R +A !

The oross-—seotions contain the factors Zze‘6 and Zzqu_:: respectively,

2. The production of a B-meson by neutrinoes in the field of a nucleus:

B+€+ A
\) + A’_’ {54./‘. + A )

Clearly the processes 2 are the only first order processes in 96 s which may be induced
by neutrinoes. The probability of suoh prooesses 1s relatively suppressed because of the
large value of m,, . Dimension arguments suggest that the cross—section for neutrino
induoed processes 2 is ~v Zz : Q,l' m;" « At neutrino energles of a few BeV the
cross—section for B-meson production in collisions with lead nuclel attains a value
AJ10-34 cmz, which 1s quite a reasonable value from the point of view of ﬁeople wishing to
plan experiments on the subject, Events of B-meson productiog_will simulate, for example,
the generation of electron, muon and f(e pairs. In the experiment an attempt must be
indertaken to observe (let us say with a xenon bubble chamber or by means of electronic

methods) individual events induced by very hard neutral radlation from an accelerator, under
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such conditions of shielding, that effects produced by other neutral radiation either
are negligible or can be evaluated, '
Eventually it may be noted that quite é part from the possibility of parity noﬁ—
Gonservation in strong interactions, the zeal production of B-mesons with their
subsequent disintegration into plons will simuldte parity non-conservation ;n strong
interactions at high energies (1n v 1077 of the ‘total number of events),
The authors are grateful to J.B. Zeldovich and Chou Kuang-cthao for useful

discussions, N
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EXPERIMENTS WITH NEUTRINOS EMITTED BY MESONS

B. Pontecorvo

Recently there were widely disoussed the possibilities of using beams of high
energy neutrinos emitted by mesons to get information on weak interactions.(1’2’3’4’5)

In the papers(3’4) it has been shown that the form—factors related to the
presence of strong interacting particles suppress the increase with energy of the
cross-sections for reactions of the type f\; -+ P —— €_++ n at neutrino
energies Ay 1 BeV,

In the discussion of experiments with high energy neutrino ( ;;1 BeV) the problem
as to whether there exists the intermediate vector B-meson has a special place, since
the corresponding experiments may turn out to be feasible within a relatively short
time, R.M. Ryndin and the author(6), and Lee and Yang(j), as a matter of fact, have

‘;Shown that a B-boson with a mass of a few nucleon masses can be discovered in
reactions of the type V+Z——B+ﬂ(€)+z, the cross—section of which 1is much greater
than the cross-section characterizing the reactions 1n€2fed by neutrinos in the case of
local interaction. In(l), it was poiﬁted out that ' \“~ of relatively low energy
emitted by stopping r{f-mesons may be used in order to decide whether muon ( \ﬁ“')
and electron ('Ve_) neutrinos are identical particles.

Below additional arguments are given on neutrino of intermediate energy ( < 300MeV)
which may be useful in planning experiments with neutrino beams and in designing
accelerators meant for performing such experiments,

Apart from the B-meson problem and the problem of the energy dependence of the
cross—-sectlions for weak proc;sses, the solution of which clearly demands neutrinos with
very high energy, the main qualitative questions in neutrino physics are the following
ones:

l. Are \)Q and \)", identical particles?

2. Does neutrino scattering by leptons occur as a first order process in the

weak interaction constant?
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From an experimental point of view, the neutrinos with intermediate enefgy have
definite advantages in connection with the above-mentioned problems: mnot only their
intensity (for a number of reasons) can exceed very much the intensity of very high
energy neutrinos, but they can easily be obtained with very well defined energy, a
circumstance allowing a kinematic interpretation of néutrino induced events.

+, .+ -
HMonochromatic sources of neutrinos may be obtained by stopping Qﬁ')K and ft

in matter, as follows:x) il
Neutrino source Neutrino energy (MeV)
Jr— fu. + Vi . 29,8
Kt— f** + Vo 23547

W+ A— V.+. A 100

It 1is to be noted that monochromatic \)r, sy rather than C%L are obtained
when a ﬁ; 1 BeV proton beam is being stopped in a block of heavy material, The
moderation in the same block of the produced mesons permits, according to the Table,
to obtain a spatially well localized monochromatic neutrino source. These lines of
monochromatic neutrinos are, of ggurse, accompanied by a background of a continuous
spectrum, especially \26 and \fﬁ' from fd+-meson deCayl). o

For example, to test whether \)e and V)F,are identical particles, it is
possible to measure the cross—-sections for the reaction \%t+-(f21—- QT*-AJI% The
énergy of the electrons emitted by incident monoenergetic neutrino is known, the time
at which the electrons are emitted must coincide with the time at which the neutrino
is absorbed (today's electronics allows to make use of the time characteristics of the
accelerator, including the cyclotron with a spatial variation of the magnetic field),
Besidesy, it 1is necessary to record delayed positrons from le decay. Such an experiment
can be performed with large magnetic bubble chambers or with electronic methods of
registration. The counting rate is comparable with the rate expected in the experiment

suggested 1n(1).

x) The possibility of using a K-capture radioelement as a strong source of low
energy (EVIVI MeV), monochromatic neutrinos, is beyond the scope of the present note,
Such a possibility is attractive from the point of view of performing experiments on
(Ye@) scattering under conditions in which the kinematics of the events can be analysed.
Here we wish to mention also the possibility that the answer to the question aiyfo
whether there 1is the (VEQ) scattering process might be given by astrophysics.



-2V

References

B, Pontecorvo, JETP, 37, 1751 (1959), and IX International Conf. on High Energy
Physics, Kiev, 1959,

M. Schwartz, Phys, Rev. Lett., 4, 306 (1960).

T.D. Lee, C.W. Yang, Phys. Rev. Lett., 4, 307 (1960).

N. Cabibbo, R, Gatto, tNuovo Cimento 15, 304 (1960).

H.A, Markow, Hyperonen und K-llesonen, Verlag der Wissenschaften, Berlin, 1960.

B. Pontecorvo, R, Ryndin, IX International Conf, on High Energy Physics.
Discussion after Alikhanov's report, See also R. Marshak's report,

B. Pontecorvo, JETP, 36, 1615 (1959).
G.M, Gandelman, V.S, Pinaev, J2TP, 37, 1072 (1959).
Hong-Yee Chin, preprint, Institute For Advamnced Study, Princeton, 1960.



S meuteina-

45

MESONIUM AND ANTIMESONTGU Mx)

B, Pontecorvo

Gell-Mann and Paisl) first pointed out the interesting consequence of the Tact- that
~ : ~.
z° and X° particles are not identical?), phe Possibllity of K®—= %° transitions induced
by weak interactions makes 1t necessary to consider neutral ¥ mesons as a mixture of

particles of Aifferent (combined)a) parity (K; and Kg).

e discuss here the problem as to whether there exist other alxed " neutral partice

les (not necessarily "elementary" ones) which are not identical to the Ccorresponding

antiparticles and ror which particle = antiparticle transitions are not strictly

forbiiden,

The nunmber of possible mixed neutral cystems are strongly limiteqd by conservation

. .
lavs Tar the number of baryons and Iight Fermions (conservation of nuclea:r‘r> and

et

5 .
7 chnarges), According to the first law mixeq barticles cannot exist among,

bYaryosns {(lor instance, neutron, hyivogen atom) and due to the second law such particles
oannot exist among systemsvof 1izht particles with only one ferminn (e.g., neutrino,
Jf+e- snd JT-€+ systems,,.),

From this 1t apparently Tollows that mesonium definec as the bound systenm ( +e—)
is the only mixed narticle of interest existing (in addition to the k° meson) among
already welleknown systems, Antimesonium, that is the system ( /(-€+f%obviously
d1ffers from mesonium; in addition nesonium 4w antimesonium transitions not only are not

forbidden by any known law but, what is more, they must take place dye to knowr inter-

actions,

1l

Inleed, transitions

(ke ) =(v+5) —(|cer)

(D

*) mrp, 33, 549 (1957).



are induced by the same interaction which is responsible for the /‘(-meson deca&.
Incidentally the probability 4/9 of real decay processes
o~
(/‘(*“e') — Y+V +106,1MeV
, )
which can be easily estimated taking into account the dimensions of mesonium, turns out

to be equal to 107 sec-l, that is about 1019

times less than the decay probabillity
4/‘(: of the ,L meson, For this reason it 1s practically impossible to observe the
{non trivial) absence of an electron track at the point where a /l(tmeson comes to rest,
which would be connected with the process (2).

As for the mesonium — antimesonium transitilon, its characteristlc tilme m
is determined by the mass diTference’ A M between the symmetrical ( ‘[/ mesonium -
k’V antimesonium) and the antisymmetrical ( V/ mesonium - ‘)Ua.ntimesonium) systems, The
value Am is proportlonal to the first power of the matrix element fesponsible for the
nesonium -~ antimesonium transformation and that is why AM is proportional to the
square of the coupling constant when such transformation is due to two successive
transitiomsas in .

Thus, the time characterizing the transformation (1) 1s of the same order of

magnitude as 9 , that 1s about 1010

times larger than the life-time of I‘-(—meson

(T = 2x].0_6 sec), which in fact determines also the rate of the mesonium decay.,

If we assume, however, that the mesonium s antimesonium transformation is due to the
direct interaction ( r("?——) ( r(—C+ ), the time Tchara.cterizing this transformation
turns out to be considerably smaller than 9 . Indeed, In this case the mass difference
Am’ between the symmetrical and antisymmetrical systems (Am': g—? , where M 1s the
matrix element) is proportional to the first power7) of the coupling constant g .

Zonsequently, we have _h__ t

T~ g ™ 29 /me-®

where © is the mesonium radius. If we suppose that the direct interaction

¢ “kfe.— ) ( rti_") has an intensity comparable with the intensity of all the other

-4 erg.cmj, and T is found to be

known weak interactions, 9 is about 3,10
~ 5.].0_4 sec, that 1s only ~ 300 times larger than C . Under such circumstances it
seems at Tirst glance that the process of mesonlum -» antimesonium transformation can be

“easily observed, for instance, by detecting a "fast" negative electron from a /q+-meson
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coming to rest

(rda’) —'(P—U) — e;m +V+V+et

Unfortunately, however, the mesonium —»antimesonium transformation in presence of
matter 1s impossible: on account of the electrical asymmetry of nucleons the masses of
mesonium and antimesonium are no more egual under such conditions, Besides, it is
necessary to note that the probabllity of fast negative electron emission from mesonium
(in vacuum) 1is proportional to %) and not to :"z_:‘ . Indeed, if 8,(_,_ [’6) and

ftp (f) are the probabilities that (in vaouum) mesonium or antimesonium nre found

at the time t when at € = 0 there 1s ome "a.tom" of mesonium, then
8,«-’-({)"’&2’ ('f—f—COS'_T:)
~t
& (t)~%e (f—“-\‘?)

where the life-—times of the symmetrical and antisymmetrical systems are assumed to be
identical and equal to the {(—meson life-time, Under such initial conditions the

probabllity of emission of a fast positive or negative electron in the decay process is

found to be

b

P(e*} f—a&)dt 4(1+ T4 'cl)~
P(e)~ f~f'-—)c/é 11— T)~3E)"

respectively,

If in nature there existed other weakly interacting charged particles with a very
long life-time it is possible that effects analogous to those discussed here might be
observed, The life~time of the particles with mass about 500 me recently discovered
by Alikhanyan and others (JETP, 31, 955, (1956), has not yet been determined; only its
lower limit (5 x 10~ sec) is known,

Above 1t was supposed that neutrino charge 1is conserved, This means that scat-
tering cannot convert a neutr#no into an antineufrino in any approximation. The law of
conservation of neutrino charge 1s not yet definitely established: 1t is only eutab-

%)

lished experimentally that neutrino and antineutrino are not identical particles™7.



If the theory of two component neutr1n09> was not valid (which 1is hardly probable
at present) and if the conservation law for neutrino charge took no place, neutrino wm
antineutrino transitions in vacuum would be in principle possible. ZEven in this case,
Just as in the case where it is supposed that to every would correspond an antiworld,
the number of neutrino and antineutrine in the universe would be the same,

The author is grateful to Ya.B. Zeldovich, L,B. Okun and I.6. Ivanter for critical

remarks and interesting discussion,
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UNIVEKSAYL FERMI INTERACTION AND ASTROPHYSICg)
B. Pontecorvo

The hypothesis of a deep analogy between various slow decay processes (both leptonal)
and non~lepton52)) found recently a briliant formulation in the universal interaction
(vector and axlal-veotor) theory of Sudarshan—larahakj) and Feynman-Gell—lénn‘). According
to this theory scattering of neutrino by electrons 1is described as a process of first or-
der in the weak interaction constant"j). Bxperimental evidence on this process would be
extremely desirable. However, direot deteotion of the scattering by electrons of reactor
antineutrino (that 1is, deteotion of the lonization produced by antineutrino, not sonnected
with inverse ;> processes) seems at present quite hard, although in principle the possibi-~
1lity of such experiment should not be excluded.

In the present note we wish to point out that the existence of a first order ' € in-
teraction could have macroscopic consequences. Suoh interaction implies that positron-elec-—
tron annihilation can result in the emission of a neutrino-antineutrino pair*. Comsequently
in electromagnetic processes it is possible that a V P pair, through the virtual produc-
tion of a 2+€; pair, is emitted instead of a photon. This general <fundamental connection
between electromagnetic and lepton processes 1s a direct consequence of the universal Permi
interaction.

0f oourse the emission of )J; pairs 1is extremely unlikely'in comparison with the emis-
sion of photons. However, the tremendous penetrating power of neutrino suggests that
effects connected with the electron-neutrino interaction might-exist in big bodies as high
temperature T . Let us consider the process of electron bremstrahlung with emission either

of a photon or V¥ palr in a collision of an electron with a neucleus A with oharge 2:

¢+A — e +A+ Y

(photon bremstrahlung)
¢+tA — e +A+ Pty (lepton bremstrahlung)
Let { indicate the ratio of the probabilities Wﬁ- and Mfyﬁ' that in a defleotion of

an electron with energy E by a nucleus a photon or a VYV pair is emitted. Dimension

arguments suggest that;

* In particular ortopositronium annihilation with emission of a Y ¥ pair is about
1015 times less probable than annihitation into three photons. Parapositronium cannot under-
go annihilation with emission of a vV pair, if neutrinos are longitudinal.

x)

o—

Jurr, 36, I6T5 (I1959).
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L
o= Nr o (&Z/4¢) ¢ he
Wip (€3 C)t G Edmc )t

where (5= g 3 is the dimentionless weak interaction constant, § = 1.4 x 10-:‘2;@7
is the Fermi constant and m is the eleotron mass.

Clearly X 1is enormously big at any temperature whigh may be encouatered in astro~
physios. However, beoause of the difference in penetrating power of photons and neutrinos,
the radiation in space of a given energ} (let us say ~ Kﬁr ) in form of photons by stars
occurs eventually as a result of a colossal number of photon bremstrahlung processes.

Suoh number is incomparably larger than the number (~1) of lepton bremstrahlung pro-
cesses in which in form of neutrinos the same energy'kar is emitted. Consequently at
some stage in the star evolution it may well be that the energies radiated in space in
form of neutrinos and photons become comparable i1n spite of the extraordinary small value
of W&R/W} ,characterizing an elementary act.

It should be noted that the dimensions of the Fermi constant imply a very rapid in-
crease with temperature of the relative probability of lepton bremstrahlung. In addition
the photon mean free path deoreases with increasing 2, a fact which increases the weight
of neutrino processes in the energy balance at high 2.

All these considerations suggest that the process might become important at a star
evolution stage when the star temperature and average Z are considerably larger than
the ocorresponding solar values. It is not difficult to see that the lepton bremstrahlung
mechanism praotically does not play any role in the energy balamoce of the Sun,
(¢T~fkev, ZT~1).

The mechanizm of neutrino emission by stars suggested above is connected with the
first order neutrino-electron interaction and fundamentally differs from the “Urka-proocess
suggested by Gamow and Shoenbergs)which 18 connected with nuclear (direct and inverse)

/3 -processes. Lepton bremstrahlung of electrons is a threaholdless process while the
"Urka-process® has a definite threshold.

Recently Gandelman and Pinaev7)1nvestigated quantitatively the astrophy-
sics effects ceonnected with the mechanism of lepton bremstrahlung guggeated above. They
showed that in the region of temperature KTZ ﬁ keV ana ptw;’sdz lol;/cmj the
energy radiated by stars in form of neutrino is larger than that radiated in fora of pho~
tons (2 % 20).
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WHEN _DOES WEAK INTERACTION BECOME STRONG?x)
D, Blokhintsev

The concept of strong interactionI was considered in my paper "On Non-Local and

Non-Linear Field Theories™ which was published in the second issue of "Usp., Fiz,

Nauk" for 1957, Strong interaction was understood there as such when during the
collisions of the particles their energy 1is concentrated mainly in the interaction
energy but not in their proper kinetic one,

A set of examples was considered on the basis of this criterion and, in particular,
the electromagnetic interactions of electrons, But weak interaction of electrons with
the participation of rt -mesons and neutrinos was not considered,

It appears that this interaction may become strong in the sense defined above,

The proof of this assertion is given below, This letter therefore, 1s a contribu-
tion to the chapter of my paper, devoted to strong interaction physics,

Let us consider the process of the interaction between neutrino and electron with

" the eleéctron transformation into r& -meson,

V+€ — f‘L+V @

This is an original "combinational" scattering of neutrinos on an electron,
The energy density by the order of magnitude, in this case is equal to:
— — !

W = 9* e \'U %% (2
where E? is Fermi constant, and VV Hﬁu yq, are the wave functions of electfon,
rL -meson and neutrino, respectively.

The magnitude 9* may be written in the form:
*
g 2
2 = o )

where /\0 - a certain length of the order of A 10™1% om,

x) Usp. Fiz. Nauk, U,S.S.R,, LXII, 381, (1957).



(It was I.S, Shapiro who noticed the rossible magnitude of this length in connec-
tion with the non-conservation of parity. 2 )

For instance, the kinetic energy density for electromns is

g‘= Vv, D Ye ”

- 1
where D=Ll P+pMC15 Dirac Hamiltonian,
Therefore, the order of the magnitude 7

\f w =~ (5
ﬁc
where e - the characteristic scale of space region which determines the magnitudes of
the gradlents so that
12 0
c ot , 0X

I

4
€
Thus, the order of the magnitude W 1s

9
Assuming 6¢=o££) S,._=/88,, EV=X€) i

where é — the total energy density, we find:
*,2
—~ Vd 4 4
= E(rpry)+ L nighy n

In accordance with the definition, the interaction will be strong, if

oL+P+X<<*L ( b’>o}

= 1.z
Not (8)
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Now let us oonsider the neutrino paokage falling on the electron (in the system
of the electron and neutrino oentre of gravity), with the oharaoteristic wave length X
and with diametric dimensions (A > x . In this case the energy density 6 is

6 . ﬁw _ #C
= A‘a}' —_— ALa'z. . v (g)

b4
Further @ = x o The condition (8) gives now a,z< Ao s since Q& >X, strong

interaction of eleotrond and neutrino occurs if

k </\°- (10)

The direct calculation shows that the oross—seotion for the oonsidered prooess

(%)

V+&-—~ I‘("'v' by the order of the magnitude is equal to:
e = APAL ,

2 x* 1)
probably becomes greater JJ X if i( Ao' In this oonnection it can be expeoted that
at the wave lengths of the order of /\o some other effects may ocour, whioh will change
essentially the electromagnetic interaotion of eleotrons.

Namely at small distances there g.rises an interaction between eleotrons whioh will
lead to mutual electron scattering by means of the following process: at first one of
the electrons emits a pair of neutrinos (or neutrino and antineutrino) and transforms
into r( -meson. The second electron absorbs these neutrinos and also transforms into
another fL -meson, Then this meson emits neutrinos, which are absrobed by the first
meson, As a result two scattered electrons arise.

These very processes lead to electron charge spreading, il.e, to the arising of
electron "form factor.”

This "form factor"™ will essentially ohange both the Compton effect on the eleotron
at high energies of photons and the electromagnetio interaction of elsotrons.

The origin of such a gprea.ding can be easily seen from the fact that besides direot
absorption and emission 01: real or virtual photons by an eleotron it is also possible
their absorption and emission by l‘(. -meson arising in the temporary electron dissocia-
tion into f{ -meson and a pair of neutrinos.

The situation is analogous to the arising of JT ~meson cloud around the nucleons,
This analogy 1is, however, incomplete as in the case of JU -meson cloud its scales are

determined by the Compton length of JT -meson, and in the case of electron it is the



length Ao which is essential but not the Compton length of ,k —meson,

The effects mentloned here are also essentlal at the wave lengths of real or
virtual photons, close fo /\o .

In conclusion one more remark about the fole of the weak interaction of the mode

P—";-' n+Q++\) in nucleon collisions. As it was underlined in my vpaper this inter-
action falls to become strong at any energiles.

At the same time 1t was assumed that the nucleon emergy in the centre of gravity
system 1s distributed in the ellipsoid volume Vg Zj’/ﬂ?, where (o - Compton
length of JU -mesons ( t/’(c ) or, may be that of nucleons ( ‘h/MC )y € - nuclex
energy in the laboratory coordinate system.

If we assume that the nucleon energy mayr be concentrated on any small region,
then at the lengths of the nucleon waves k < /\o (in the centre of gravity system)
the weak interaction will become essential.

We can show it by the considerations similar to those given above for neutrino and
electron, It can be seen also directly from Tamm-Ivanenko theory of pair P ~forces 3.

The expression for the potential of these forces states:

} B 4 9'*1' 4 Ao SFC. a2
V“ 1> Fe RS — 792\ R/ Ae
@n)> ticR Q) R o

where R - the distance between nucleons.

1 R< Ao then V = Zc > Mct.

And the nucleon is assumed to be point. Thus the estimation of the magnitudes of weak

interactions in nucleon collisions depends essentially on the reliadbility of the assump-
tion that 3‘c):te proper nucleon energy at rest is distrihuted in the volume not less than
( 1‘/Mt: ). The theory of meson generation in the energetic nucleon collisions confirms

this last assgumption 4 .
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On a Possible Limit of Applicability of Quantum Elecirodynamics.
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(ricevuto il 17 Marzo 1958)

Summary. — In the present note the processes ¢ 'ompeting with the electro-
magnetic ones at high energies are considered. It is shown that such
processes may he those involving the four-fermion interactions.

1. - Introduction.

It has been shown (') that the application of the modern renormalization
method in quantum electrodynamics leads to a diffic ‘ulty of principle, i.e., to the
vanishing of the renormalized charge. Although the absolute proof uf this
conclusion was argued (%), none the less, the presence of the principle diffi-
culties in the energy region E determined by the condition xIn(E/me?)~ 1
(x = e*/ic) appears to be rather conviheing. The - space scale ly~ (hime)-
exp [— 3n/z] corresponding (o this energy is far beyond the limits of the
gravitational radius. of the electron as it was first poiuted out in (3). The
extreme energy itself is enormously high (E, ~ me*-exp [3n/a]).

() L. D. Laxpav. AL AL .-\Bn'fm).\:uv and 1. M. HALATNIKOV: Do.lrl. Akad. Nauk
SSNR, 95, 1177 (1954).
{(*) N. N. Bouor 1( Bov and D. V. Siekov: [atroduction 1o Quanium  Field Theory

08cOowW, 19'):), pPp. 355-356.
(*) M M. A. Marxov: Zu. Exper. Teor. Fiz.. 17, 661 (1947).
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It can be expected, therefore, that the limits of applicability of modern
electrodynamics will be revealed much earlier, e.g., due to a possible change
of space-time structure in space-time regions which are small but still consid-
erably greater than I,.

There is, however, another possibility of limiting the significance of
quantum ele('tlodylnmlcs which i8 more accesgible to theoretical analysis.

Together with the purely electrodynamic interactions of photons, electrons
and positrons there occur the processes involving mesons and nucleons. They
may be induced in a purely electrodynamic way, eg- by photon interaction
with an electron. ) *

If it would turn out that the contribution of these non-electromagnetic pro-
cesgses exceed that of the electromagnetic ones then it would not be possible
to consider pure electrodynamics without essentially involving other types of
interactions. In particular, from a certain energy K, . the e\panswn in a series
e*/lic would become not reasonable.

We will show that such a competing interaction may be the weak four-
fermion Fermi interaction.

The validity of thisinteractionin the high energy region is not experimentally
checked and different theoretical doubts on the applicability of this inter-
action for the energies E > mec? may arise.

However, we shall start from the assumption about the applicability of
this interaction up to very high energies and consider the conclusions resulting
from this assumption.

The physical property of the pure fermion interactions is that their matrix
elements do not decrease with the increase of the energy of the fermions in-
volved in the process, while the matrix elements of the processes involving
bosons (photons, = and K-mesons) decrease while the boson ener 2y increases.
It can be accounted for the fact that the boson field falls as K * with in-
creasing boson energy as follows:

D, = exp [iKx]b} + conj.

I
oK
where K is the boson momentum, by is the operator of the boson production:
while the fermion field is constant with increasing fermion energy:

Yy~ tt, exp [iKrle, | conj., -

where », is the spinor amplitude, a, is the operator of fermion prodnction.

We s]u\ll show further that due to this property the fermion inter actions
become essential in the electromagnetic processes much earlier than the energy
reaches the logarithmig limit E ~ me? exp [3n/x].
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2. - Fermion-electromagnetic interaction.

Let us consider the interaction process of a photon (K) with an electron
(¢} leading to the production of a p-meson () and two neutrinos (v, v):

(1) . K4ge »>u+v+9.

Such a proeess will be deseribed by the mter.utlon Lagrangian

(2) W=relW el - gW .

where eW = (I_4) is the electron interaction (I, is the electron current) with
the electromagnetic tield (A is the vector potentml), eW, hag the'sume‘ meaning
for a meson. Finally, gW_ is the four-fermion inter ution: of an 'elel'c}t‘ron,
4 p-meson and a neutrino:

= hed] ~ 10-0 erg - em?
i$ the Fermi constant, A, = 6-10-17 ¢m*, whereas
]‘V"u.v = (Er()l T/"')(ﬁy*/()ztll)v) + COllj’

Here y,, . p, are the spinor electron, meson and neutrino tields, respectively;
O, and O, are certain spinor operators.
The total effective cross-section for the process (1) is:

P AP, a0, P dP 19’
(2uhydk,

(3) 0 ’ W, 2 .

/l(‘

where W, is the matrix element from the interaction energy (2) for process (1)
P,. I, are neutrino and antineutrino momenta, £, is energy of ‘the finite state.

The structure of this matrix clement W, is sueh that in the tivst non-
vanishing approximation it is equal to

iWeleYep Weur W e W f)
) ey z {(a h()ilh‘r‘m f) ey 4;;: (—(‘ Wae, ]} ’

. A/ P P - -
where K, is the energy of the initial state.and £, is the interniediate state energy.
In the gystem of the center of gravity of a photon and electron E, — E, ~ ficK

(K is the photon wave vector),

(@IWje)~K4,  (e]W,|] K’i
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Therefore, |W,, [t~ egK-3. The weight factor in (3) is proportional to Ks
Thus, the total cross-section is as follows

(6) 0, 2aA'K*F,

where F is a factor of order 1, which weakly depends on K (*).
Just in a similar manner one may consider the collision of two electrons
and their simultaneous conversion into two mesons, in accordance with the

scheme .

(1) e'4e"—>pu'+ TR

The differential cross-section (in the center of mass system) for this process
will be :

(6) dg,, >~ Aq*P*F-dQ,

where ¢ is the momentum transfer and P is the initial electron momentum,
both measured in reciprocal lengths.

On the other hand, the cross-sections of purely electromagnetic processes
are equal to IR

1 1 4K 1
_ . ___ —_ e
® I (;ln ET 2)\
for the Compton effect,
2

(8) do. = a? Iqi‘ dQ
for electron elastic collision,

28 1 ( 4K* _ _
(9) Oy = —9— QSTK—.(]II.TK-GT—S.O)

for pair production (here K, = (mefh), « — (e*/fic)) and

. 1
-(10) oy = 4o

4

In T

3.5

for the bremsstrahlung in the electron collision.

(*) These qualitative conclusions are supported by more detailed calculations made
by Dr. M. MAYER (Rumania). The author is very grateful to him.

750
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The comparison of these cross-sections with those of mixed processes (1)
and (1’) shows that ‘

~ 4/,{ -4
(11) o, > 0. with K > QL /\ °
A .:1
(12) 0,> o, with KX o /\O ,
. ~ 1
(13) do,, > dg.. with q > at 1

40 \1 ) )
(14) Gu>oy  with gep3 o /’”(Kc/\o) £) AL

Here the factors ~1 are omitted (*).

We see from these inequalities that if four-fermion interactions may be
considered applicable in the energy range K > 1/4,, the processes with neut-
rinos and 1i-meson production are more intensive than the purely electro-
mmagnetic processes. The corresponding photon apd electron_energv in the
system of center of gravity should be greater than (fic/A,)~ as0 gev.

This is a great cnergy but, nevertheless, it is mucl lower than the loga-
rithmie one.

It should be noted that the production of nucleon and meson pairs will
play a considerably smaller role, since their production cross-section will be
(m/M)* times less than that of electron-positron pairs,

" The processes involving the production of neutrinos and boson mesons
will be essential later, due to the above-mentioned diffe;‘ence in the behaviour
of the boson and fermion matrix elements,

Thus, the fermion interaction may be the one which restricts the region
of applicability of electrodynamics by a scale > A,. For smaller scales and,
consequently, for energies above he[A, it i3 not reasonable at all to study
electrodynamics without considering the processes involving both -mesons
and neutrinos and the Fermi constant g, together with etfhc.

*) Note that pair roduction in this energy range is the main electromagnetic
p T LTV, t-4 g
Process,

RILSSUNTO (¥)

Si counsiderano nella presente nota i processi che alle alte energie competono cou
quello elettromagnetico. i dimostra che tali processi possono essere quelli che inte-
ressano le interazioni fra quadrifermioni.

(*) Traduzione « cure della Redazione.

—
w
o~
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THE_PHOTO-PRODUCTION OF Y =Y  PAIRS ON ELECTRONS

I. Ciwlldi, S, Ciulli, J. Fischer and Vang Yong.

Two years ago Professor D.I. Blokhintsev suggested that at very high energies the weak
interactions could become comparable with the electromagnetic interactions. [1]. Among
the processes he considered, the photo-production of v-3 pairs on electrons
( X?-Q — V'ﬁg-*/k ) has a larger cross—section than others, and he estimated roughly
that it could be comparable with the Compton-effect at 250 BeV. We calculated in detail
the expression for the cross—section of the above mentioned process, and obtained a value
which confirms his estimations.

The interaction Hamiltonian has the following form:

H = {e(RAv) + ie (g Ap) +
_ 3 _ (1)
+ LS I E L LRI + L Y [101% U fo 11+ 5T

and we took into account the two diagrams of lowest order, which are similar to the
lowest order diagrams of the Compton-effect,

After averaging over the initial polarizations and summing over the final ones with
neglecting the quadratic terms in m and 'me s we got the following expression

f‘
for the total cross-section

= f 8 dp d'p dps
O = VEwde \Trna o Strtkeropeps) s

» N *skinr) _ (KpXPsRIRK)
AT

[(ﬂ-ﬁk}’-}‘mT- [~=k) + ™a

(2)

1
e ey {/ MR pO+ BRI (R () +

TRRIPKIRLR) = RRXBRIPK + KRN LRBR) ~ (k/%)(ﬂ;/;)(ﬂ/%)}



This expression was integrated in the center of mass system and the following extreme
relativistic approximations were taken:

£¢-w= r > é,. =/P;I R f':"'=_§_. > V=z2

(where £ 15 the total energy of the system),

The final expression of the extreme relativistio oross—section 1s

1]

1 p2
G. % w*(h% - 0.7014) &)

where & is the energy of the J —quanta in the center of mass system,
Using the well-known expression for the oross-—section of the Compton-effect in the

center of mass system G, , we found the condition for G, PG, as being

ef .t L i
Y 3T )

and thus, the oross-section of the N ralr photo-production on eleotrons beoomes
equal to that of the Compton-effect for an energy of the inoident ) —quanta w = 243Be,
We wish to express our thanks to Professor D,I, Blokhintsev for the helpful discus-

sions,

Reference

[1]. D.I. Blokhintsev, Nuovo Cim., 9, 925 (1958). See also the work of M,A. Markov,

Translated by authors.
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ON_THE GENERATION OF FAST NEUTRINO BEAMS

‘ V.S. Barashenkov, Hsien Ding-chang

Many physicists are lately attracted by the possibillity of experiments with the
high enéfgy neutrinos”‘:l . These experiments give a fine opportunity to investigate
many important properties of weak interactions. In particular, 1t 1s possible to test
experimentally whether weak interactions really become strong ones at high energiestaj.

Intensive neutrino beams of high enefgies may be generated with large proton
accelerators such as the synchroﬁhasotron in Dubna and the 30-BeV accelerator in Geneva,
In this case neutrinos appear when oharged plons produoed at fast nucleon colllsions
(see Fig, 1) decay. The energy spectrum and angular distribution of such neutrinos
may be calculated if the spectrum and angular distribution of the pions produced in

N=N ~collisions are known, In the general case the problem 1s rather complicated,
especlally if the finite dimensions of the neutrino detector are taken 1nto account
%] ])

(compare . However, the caloulations are oonsiderably simplified 1f only fast
neutrino, outgding at small angles in the direction of the primary accelerated proton
beams are considered. In this case the emergence angle of neutrinos O, 1s little
differing from the angle at which the decaying plon was moving: 6, = © (see Fig. 1).

Further on we shall consider the neutrinoes with the energles F,.> 1 BeV and the
angles O, of the order of several degrees. As in the planned experiments the
neutrino detector with the square of the transverse cross-section ,Sbfvl m2 is to be
placed at a distance of some tens of metres from the target 1), such approximation seems
to be quite sufficient at present.

If Wx;($,08) 1s the momentum distribution of the outgoing charged pions in the
direction © from the prim;}y proton beam, the corresponding energy spectrum of the

neutrinos at distance of L, from the target, where the pions are generated, has the

1) Remind that due to the relativistic contraction of 'time fast pilons will decay
only at great distances from the target.
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form
‘ , ~Lmy) L dp
W, (E, 8, L) = “f“’w(f’;e) {1 exp (-3 r)} P )
Here a= m? (-n.,*-/ul) ; m - 1s the pion massj AL « is the muon

mass. If L1 4s given in metres, so 1= ‘Cc-lq-z= F.6% ; T = 1s the life~time of
the charged pion, R

Expression (I) differs from the corresponding expressic;n for the Y-qua.nta, produced
at neutral pion deca.y“”ﬂ only by the exponential term and the value of the ooefficient
a .

The calculated values of the neutrino spectra for the angle O = (P are in Fig, 2
in the logarithmic scale. The calculations showed that at small angles the neutrino
spectra very weakly depend on the angle. For example the values of the neutrino spectra
for an angle 8 = 3° gre only 5 per cent smaller than the corresponding values for
& =10° Tt is also seen from Fig, 3 where the flux of all neutrino with energies

E> 1 BeV and E > 2 BeV for the angles 0= 0°and O = 3° are given,

")

W, (6, l-)=f W, (E,8,uL) dE .
E>{ ’

E>2

)
In Fig. 2 and 3 the spectra W and fluxes W, are given, which are calculated

from the spectra of the charged pions created in one single act of inelastic nucleon-

nucleon collision in the target

fw,,(e,e,u Jdode = m

where M = 2, 3 - the mean number of charged pions, generating in one single act of
inelastic M- N -collision at the energy of 10 BeVr'5’6]. The values of function
wn(p,“o) are calculated as in pa.perr'5J according to the statistic theory of
multiple production,
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It is seen from Flg. 3 that the neutrino flux per unit solid angle ‘\/;4)( 6,L)
increases rapidly as the distance from the target increases, Table 1 gives the 1imit
values for L = ca

However, with the increase of L the solid angle of the negtrino detector
Jln:=‘SD/G‘1 decreases rapidly, Therefore the number of neutrino registered by the
detector decreases as the distance between the detector and the target increase:

at distance L, =30 M, 14x 107f neutrinos pass through 1 cm? of the detector
area in one single act of inelastic nucleon-nucleon collision, at distance Ly = 50 m
and 100 m 0,6x10™° ang 0,27x10™8 neutrinos correspondingly,

These figures might be very useful for various estimations when planning
experiments'with the synchrophasotron of the Joint Institute,

Concluding we thank M.A. Markov for numerous discussions and valuable advice,

We also thank R, Asanov and I, Polubarinov for discussion and critical remarks,

e .-




3.

4,
S

M.A, Markov, "Hyperonen und K-mesonen” Verlag der Wissenschaften,
T.D. Lee, C.N. Yang,
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Fig. 1.

Neutrino beam

produced at the decay of charged pions, generated by
Tast protons.
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, . .
1 2 rigo 3 E

Energy distribution of the neutrino at different distances from the
target L at angle €=0° from the primary proton beam, (Logarithmic
scale), L is given in metres; neutrino energy in BeV, The
laboratory Ccoordinate system,
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0.2

0.1

0

Fig. 3.

4 )
W =2w, (6,L) - neutrino fluxes with the energy
E > 1 Bev at different distances from the target L at angles © =0°,
(full curve) and @ = 30 (dashed curve) from the primary proton
beam, :
W' 45 the same for the neutrimo with the energy E>2BeV, L ig
Ziven in metres (logarithmic scale), the flux values W) are given

calculating on the unit of a solid angle, The laboratory coordinate
system,
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INTERACTION OF NEUTRINQES PRODUCED BY PARALLEL MONOCHROMATIC

BEAM OF __JC-MESONS

I.V. Polubarinov

1. Introductlon. The posaibilitles of experiment with high energy neutrinoesl’2
from the decay of pions, generated with the high energy aocelerators are estimated,

The estimations suppose magnetic focusing of the decaying pilons into the parallel
monochromatic beam, The neutrino detector of the volume Vv (0,52 or 9,9 m3) is placed
on the beam axis, It is supposed that the shielding of the thickmess gi absorbing
plons (as well as all other particles but néutrinoes) is placed before the neutrino
detector and that the pion beam 1s abrupting just on the board of the shielding
(see Fig. 1 and 4).

In Section 2 and 3 necessary for estimations most simple expressions for the
probability of the pion decay and the cross—sections of the interaction V and ’;

‘ with nucleons and electrons are collected. In Section 4 and 5 the general expression is
derived for the number of the neutrino interaction acts in the volume element from the
decay of the arbitrary pion beam.

Numerical calculations are made in Section 6 for the case of the infinitely thin
plon beam and numbers of the antineutrino interaction acts in 24 hours are obtained
depending on the distance gi'between the pion source and the detector for the shielding
of different thickness §, (see Fig, 2 and 3). The plon energy is taken equal to

€x = 4,2 BeV., The curves are normalized on the intensity of the negative pilons

108 mesons

Sec —° On the collision of the 10-BeV proton with the nucleon with the production

of pions ~~ 0,05 of the negatiwe plon is produced in the energy interval 3.7 - 5.1 BeV
( E; = 4,2 BeV), Thus the given flux of negative pions of these energiles appears from
the flux of ~~ 2.1010 2%%%25, when 0,1 part of it 1s absorbed in the target with the
plon production.

The maximum in the curves appears due to the increase of the number of acts with the

increase of the used part of the plon beam and the decrease of their number at large



distances where the angle between the plon direction and the direction of the neutrino
outgoing affects,

In Section 7 estimation is made for the case of the pion wide beam,

These calculations were carried out on the proposition of Prof., M.A. Markov and

represent the 1959 report.

2. The pion decay. At plon decay :R.-»rk-t-v neutrinoes of the cnergy

2 )

- “\}—Yﬂk It:t:il (I)

9 = Tler —posd)

are produced, Here My and m!‘ are the rest masses of the plon and p-meson; Ca’ and
PS‘ are the pion energy and the momentum; 0 is the angle between the primary
direction of the pion and the direction of the neutrino outgoing,

The probability per unit of time of the decay or the pion with the momentum F_;

provided that the outgoing neutrino has the momentum in ( F' )F‘,-(-JF‘,) equals (h=e=1),

RT(eR)(md —w\;)t

- — N\ (= b 4
dw =, = $ (% )?V)‘lh = == Q.E N ? [(r*-‘}")z +m:‘\} (2

) 2
where P* and Pv — are the 4-momenta of the pion and neutrino /P.---”‘:- s Pv =°/
t@x) is the life-time of the pion with the energy E, « It results from this
expression that the ratio of the number of the pion decays with the outgoing of

neutrinoes of the energy exceeding some €, to the number of all decays 1s equal to

€ pax —Eo

= AX v
W= N im‘ga Siosi—‘:nnx (3)

€ max -i‘:m'u‘
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2 s iR it R R e e a2 b A R i
€x BeV SO A A B T L R A : I e 1
L _ 9 : : : : : : : : M
g =MW DL, 0 b h b
min o €5t Ps) : MeV : : : : : : : : :
LS Y ‘0,43 ' 0,86 1,28 ‘1,71 % 2,14 | 2,57 ! 3,00 ? 3,42 i3,86°4,28
v - x—M : : : : » H H : : : :
im‘(-'———”—' : BeV : BeV : BeV .: BeV : BeV : BeV : BeV : BeV :BeV :BeV
2(Ex ~ ) : : : : : : : : : :
==:===========:=::=====é======é===:==é======-_='=====£;======3—.==:,:-r.r._-:.::::::—3::::::'—5’:::::1;:::::
3. Interaction of neutrinoes and antineutrinoes with nucleons and eleotrons,
If
¥ (s ) e : h
x) = < (POOY, (1+35)n)) e V&) + h.c.

% = 1,41 erg.cm3

is taken as the Lagrangian of the P ~interaction then for all possible (in the first

order) processes of interaotion of neutrinoes and antineutrinces with nucleons and

electrons
Ven-—+ec4
;)'-y.P —_TAn
(6)
J+e—on+h
m

we obtain the following cross~sections:

£ M LUmpamg)  (wp —me)- miemby mp4mg
1- P T M4 - i... {- .

Y4n-» eﬁz =lmt’."'t,t,p. M ME T
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1
& _ = L Ml - 9 (mE+m3) + (ma —m)*
A1 SR TE S S FCINN M2 M4

'{i—"‘**’“i“"%m% (¢ (D) =9 ook + B aved)

aMT - 9 M

_ (mben)otomd) s QrbemB) ot om) | (o) (o)

9IM® M3

(9)

: ( -
s = y M 4 - 9_(m}+m}) 4 (M’;-—vﬁ)" '
Vresntf 12wt € E5po Mt MY

. L8
g maempe m3 AmZ _ (mr-m3)*+ (Wl3.‘~'"%)".—9.(‘ﬂ3+m%)@’€+m§

im* 2 M
_ Bt nd) oot oS ow) | (o) (] o)
M M

These cross—sections are written in the arbitrary unit system and the arbitrary of
reference frame,

P, is the relative velocity of colliding particles divided by the velocity of
light; masses WA and energies € are marked by indexes indicating to what particles
they are related, M is the mass of system being expressed in terms of the energies
and momenta of colliding particles 1 ( ¥V or v Jand 2 ( W, p or € ) according to

the expression
MY = Eg) [e4 - Qi) et

In the coordinate system where particle 2 rests and the neutrino or antineutrino
[
have momentum p, M =W\:‘_ +dIwmgp [c
If interaction

L0 = % @ @xr(\ws\\?@(\)@ @Y (1) eon) (11)
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is taking place, the following processes will be possible
Ve v .
J4eoT4

the oross-seotions for which are:

e M [ b)) | bond) wém%)’-
viervee 4xtl g€.€ b, M2 M M2 (12)

3 M 2 +od) | (mdmdP
qu-.wz =k E.85 . 1= M M
Jyomiand  Amimg  lond)(mimd  (mi-owmdl
M TTME T M W

The meaning of the symbols i1s like that as above. For the energy i.v}_, 1 BeV

L 3

3 o 39 oo .
Sapetm TR My 4810 e G

and the other oross-seotions are expressed in terms of this oross-seotion in the
following way: ‘
= 3o

Vinsetp VaponeT

6 ~x Me , . .
VeeonP Mo G?ﬂ’-m-tt 1%
6 V4a-2N4e zb%‘; 6?-07-!1&3

Y™,

4. ZExpression of the neutrino phase demsity im terms of the phase demsity of piens
producing them, If @, () 1s the pion phase density so that ’,@,ﬁ,}l?l&
mesons are in the phase space (?, X+d ) ?,”?,,*-4&) , and J‘ﬂﬁ.fb-}(};,ﬂ) li",

1s the probability per unit of time of the decay of the plon with the momentum
provided that the cutgoing neutrino has the momentum in (?,, ,?‘, +J?,) then



(4 52 G0) 4G P 747 Ge)

neutrino 1s outgoing per unit of time from the volume (X 2X44X) yith the momentum

in (fz ,F:, +¢lf") « Only those neutrinoes will hit point _13' from point ;(' which
have ) _

—_ 2 -~

P . 3%

TARY S| an

-
Ve have Jﬂ:y&dh JQ in the spherical coordinate system with the origin in X .

If V¥, is the velocity of neutrino, \g:\'\iu\, JS]_ is the volume which is occupiled
by all neutrinoes ingoing into JS!. per unit of time. Therefore in volume

(§,3+dq) win1 ve

S‘“’r 91(?7\’:() 5'(71 y?v) A*‘l “3 Sah §= 1?") S'(?* )V" ) 4% ?"'-A?Vdg
Gy, dSL (F-D* v,

neutrinoes with the momentum in the interval ( p., .,‘7\,4-4?,,) supplied by the volume
( ?,?-‘-O\i’ ) ox

rd = —-— J-, 3& -
8@ )T dp = SL \ AEICE AT = 3%y kT a8)
neutrinoes supplied by the whole space. )
Consequently in the phase space (\'A’,\Z.Q.&% )T"v 7?""'&?\') will be
IASEL: =§—°""—-§A;~; 20 s R)s( & - EE) R
T 4F = Ve ) LR R 8  m)
neutrinoes, Here S K "\ \q—x\ - two-dimensional ® -~function taking

into account (17) and having the property

SASL.S \?\ %)--1
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Thus the neutrino phase density is equal to
~X (19)
T = e

5. The number of events V+P — na+C per unit of time caused by a.ntineutrinoes

from_pion decay in volume (‘é y 3+J|Z) is evidently equal to

M‘}')d%’ = §r S‘l[v 6(pv) Vo (py) Pv (Y, pv) dy . (20) RN

where g‘, is the proton density; 6(_‘)‘,) - 1s a cross-section of the interaction
of the neutrino with the momentum Pv with a proton, 5, (fv) - 1s a relative velocity

; - proton, g, (t'a',r,,) - 1s the integrated respect to the directlions of v phase
density, 1,e, (18).

By setting (18) into (20) we' have

n(@) al-‘s'= Qe So\\’v 6(?") Vo(fv), ‘L & ;)’-SJ""' (R GZ )5(‘;1_ 7"* \S' _.| .‘A’ (21)

6. Linear monochromatic beam of pilonms. The beam of decaying pions moving along

2 =axls has the phase density.

__=
Px&) k)——— S(FH-K)3@S(y) e =TED

(22)

where i’={x,~3,z}> y 1 - is the 1inear flux of pions through point 2 = O, Tr;
and Vg their momentum and velocity., The detector will be taken in the form of a
sphere of radius oL with the centre on the beam axis in point =2, (Fig. J.). The
pion beam will be conslidered to begin and abrupt at distances §9. and

respectively,

ttg_ from Zg,

Substituting g,(i’,[) " and -}(F' ,?,,) in (21) by their expression (22) and (2),
respectively, integrating respect to _‘5 (over the s phere volume) and respect to PV
and substituting 6(‘7\;) by approximate expression (14) we qbtain the number of
events (7). per unit of time in the sphere volume equal to



%
__ gmz (dp
n(Vogewr) grnre e QRO IERSC L E S | WY e AT
» 1
s
) e'%«i‘a& = g
ﬁﬁﬁlt@sbt“ my di,z - — y" = .
B L T

‘LEL*—’I!— ___3___ wech
Pomaet e ,i _ax
BT ™

where Cory = LeLE - m’,; +W\::
LoxEy

The results of calculations according to this expression are represented in Fig, 2

al (_elf;,,c)!: (23)
{[1 +9‘c iv5 T mid

and 3, It was supposed that the linear flux of negative pions is equal to

8 meson
L-10" 5%e

.volume 0,52 m° or 9,9 m3),’ 9P= l,2x1024 roton = {  of low emergies, detected for
) cm

their mean energy €g = 4,2 BeV, @ = 0,5 mor 1,33 m (the sphere

il = 0,5 m, are interacting with a smaller cross-section than that given by 4).

Therefore the curve for i. = 0,5 m in Fig, 2 gives excessive values,

7. Wide parallel beam of pions. 1In case of wide parallel monochromatic beam of
decaying plons

PLX)
- S(&‘?) e Prirte) inside Vg\—
k) = o0
24
0 outside VJ\‘

=&,

where J 1s the initial flux per unit of surface, V-.- is~the cylindrical region of
radius 6 with the axis, parallel to TD', (Fig. 4). The detector will be taken in
the form of an infinitely thin (of thickness d€ ) disc with radius a . The disc and
beum axes coincide.

Substituting x Ci',z) and }G" ,fy) in (21) by the expressions'(24) and
(2), respectively, integrating respect to '\-5 (over the disc volume) and the azimuth

-
and the distance from axis of X ;s We obtain
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3 gp mx de Vo) %@3
Vo) T ST ) g AL Dk el

fz {'
dg @ VETEED ’l[e(e-cn):na." +0 (a- Q)% € 0(1-8l -5 ty) +
¢
PLI "-q-—cﬂ* o4 !{%1‘{__ ez-
st -gig)olgpt-l- D[ oncen EFELES et ancen ™ 2T
‘L,; \I‘mtel— (a‘+@7‘-—g’~t3’-\fy‘]} (2%)

i
If o=8 =0,5mand as before L="Jma: = 108 =ZBES0R & _ 4 > Bev, the

sec R
detector volume \lhsf 0,52 m3, gr,= 1,2.1024 BEQE%E’ the last expression and
' cm
-event
expression (9) for $, = 25 m and f9 = Fg= 50 m give N = 0,075 srgeurs *

I express my gratitude to Prof, M.,A. Markov for the suggestion of the problem and

continual attention,
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OY THE RQLE OF HIGH APPROXIMATIONS FOR YiiK FOUR-FERLICY

INTERACTIONS

R.A. Asanov, B.N, Valuev

The applicability 1imit of the recent weak interactions theory on the basis of the
analysls of different high effects over the interaction constant is discussed below.[i]

The quantitative estimations of these effects depend on the cut off the correspon-
ding divergent integrals. The comparison with the experiment glves upper limits for the
cut off momentum,

As 1t 1s known, weak interactions are well described in the first approximation of
the perturbation theory ovér the constant (;— + It i1s explained bythe smaliness of the
constant G; s Or, more éxactly, by the smallness of Aimensionless exXpansion parameter
(;k€4§m)1;here 4E = is the maxime) virtual momentum (fcut off momentum?”),

The use of highly non—éatisfactory "eut off" techntaue was Ffor ths nresent
inevitable, 2s the four-fermiosn interaction theory is not renormalized in itsn present
form, For the momenta 'k<< 41000 m,,, say, for f'v My or k"'m” y the smallness of
the expansion parameter is provided, However, if only /3 -decay lengths ~ 1@'15 cm,
are essential, the situation may change, The simplest indication on the length value
10"16 ¢m may be already obtailned from the dimension considerations of the constant(; ’
which regquires the introduction of some length into the theory (the combination vilue

G?/%c. has the order of lO"16 cm), Then, some characteristic length nmay ve obtained
consldering the correction to the proper electron mass on the account of the four—

fermion interaction (V.P. Silin[2]), i.e., diagram of the form

that gives an addition in the scalar variant

AMe ~ 29p K
e 5 G
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from where the electron "radius® ( fv~-:‘ N where k corresponds to /%ﬂ/,\, i )y 1s
due to such interaction, is also equal to A/ 10716 o,

Let us note for comparison, that other lengths (excluding nucleon ones), which
could appear in the theory, for instance, oconnected with the gravitational[JJ or
electrodynamical forces, have, apparently, much smaller value. In fact, the gravita-
tional eleotron "radius" has the value of the order of 10'55 cmy, and the electron
"radius, " 18 due to the electrodynamical forces, i.e, to the Addition to the proper

electron energy

AMme _ 3d x i_)
me = an ehm‘ *
(\‘Jeisskopf’-—g )

has even smaller value A/ 107140 om.

64 10'17) cm (and corresponding momenta

Thus, 1f the lengths £ ~ (107}
4(~ %- ~ 1000 M,, ) are really éssential for weak 1nteract?ns,' the expansion parame-
ter of the perturbation theory becomes close to the unit ('%;_»v 41 and it 1s clear,
that in this oase the high approximations cannot be negligibdble,

We shall try to consider, to what consequences suoh a situation would lead for low
energy prooesses, using rough estimations over the value order, without taking into
aocount the matrix structure of interaotion, (Let us note, that account of high appro-

ximations does not lead to a change of the variant in the effective Hamiltonian for

2
ﬂ -deoay[5-]). Note, that the conception (gx)z.“' 1 could be attractive for the
N
theory of universal Fermi interaotion in the sense, that 1t would decrease the number of

phenomenological Hamiltoniansy explaining the interaction of all the currents j,‘ 16]
between eaoh other, At first, we shall accept, that only one kind of neutrino exists,
The possibility of investigation of the prooesses with the partioipation of strong
interaoting partioles in the sense, which we are interested 1in, is apparently exocluded
as the result of the existenoe of the electromagnetic (Hofstadter[7] ) fucleon form-
factor, which will lead to the virtual momentum cut- off at sufficlently low value

( ~ m‘/5 ). In a case of absence of this formfactor the acoount of the second
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approximation, for K ~ 1000 m, , would give /‘0 -meson transformation into the

electron, for inastance, on the ‘proton, as the result of interaction of the form
. n e
p
Thé.eatimation of the seoogd approximation gives
- - L,y
sy ( KPp—ep) Gk
* Jen ~
~
- Jr
6; (fp—=n¥)

1

tor K~1000 m,
while the experiment for this ratio glves ’

g_-—’;_ < s5.07 [8?
Consequently, the experiment would already require the restriotion by out’ off momentum of
the order of K izoomnlhowever, the "out off" surely takes place evan lower, because
~of the existence of Hofstadter formfactor, .
Therefore, we shall fa.ke the prooesses with the parfioipation of the partioles
N, )Y ) € and photons only, whioh don't take part in strong interaotions., The
Process of oharge-esxohange of muonium into antimuonium.

P Y ‘. e rL"-—- e + V’f’ v

Y e
e

with the following fL--meaon decay was considered by B.M, Ponteoorvo[gj e . The estima-

! : 3
tions given by him oorrespond to the  faot, that for the momentum 'kmax ~ 410 m,, the
. . . + -
probability of this prooess, 'rela.ting to the probability of /‘( =meson deoay, whioch in
general must determine the lifeftine of the primary system, is equal to



W (rt+€_;—- I“-—C+’ /‘C——Z’VV) -5
po ~ 10
W (e —evV)

that is apparently accessible to the experiment, In case of cut off ’t"’my s this
ratio is many orders smaller tha.n (~v10729y, 1¢ may be shown, that the prehibition of
the transition /(« e /L et s which could appear because of muonium and antimuenium
mass difference in substanoe does not take place in fact., Thus, the experiment on the
observation of muonium-charge-exchange is quite possible,

Let us oon_sider the /‘(——36 decay piocess with the help of weak interactiens, In
the lowest approximation the diagram has the form

: 4
v ‘e

r* e

the estimation of the 6ontribution of such a diagram gives:

w (f—3e) ~ ¢k
w(pu—evy)  fga?

that for K~ f03m~ 1s equal to A/ 1, being in an evident contradiction with the experi-
ment, The experimeﬁt gives for this ratio the value™ < 4/ /O-‘[:lo]é.nd it should be
neoessary to take k,,mx é CO mﬂ for non-contradiction with the experiment, Note,
that we supposed the existenoe of (é—v)(VQ_) interaotion, However, diagrams with the
participatidn of "real® vertioes enly are possible, for imstanoce:




91

3
For k'vah]vsuch dlagrams also lead to the probabilities, exceeding those experi-

mentally observed, but in this case {'"ax in formulae is of a higher degree,

Let us consider the diagrams of the form

/L j e,b/ \2}{& /‘"r e
e OO /N

leading to /‘(- — e+Y decay. The estimation of such diagrams gives for the probabi-
" 11ty of process ,-(. - e+

2
fadiae (4JT)" (G )

4Jr’~) <

here N is —-meson mass, It 1s known experimentally, that
- 7 e
-1 (147

We get the estimation from here

't-may S 16‘0 ml\/

fuy ~ 1“

Thus 1t could seem that the experiment for the present doesn't confirm the supposi-
tion of the possibility of large intermediate momenta existence in weak interactions.
It should be noted, however, that processes of the ‘l;ype /‘1+€ — /‘<< /‘(—’3<-) f(—'f-"r
can be strictly prohibited for the other reasons, but not for the smallness of inter-
mediate momentum. It would be enough for this, for instance, the existence of two
kinds of neutrinoes VQ and \/’L’ each of them interacting together with electron or
muon onlyrlz-) In this case all the considered @iagrams would be prohibited (except
the proper energy diagrams of electron and muon), In the scheme of Feynman and Gell-Manr,
such processes are prohibited with the help of phenomenological prohibition at neutral
currents of phenomenological prohibition at neutral currents j-L e As to the existénce
of two kinds of neutrinoes Ve_ and VI“ » such possibility in fact exists till now, and
it 1s necessary to have special expe;iments to confirm the identity and non-identity of
these kinds of neutrinoes. (In detall see B.M. Pontecorvo[ljj D).

Let us take now the processes, in which the role of high approximations could
influence even in the case of existence of two different kinds of neutrinoes V(_ and
Vr~ s J. Smorodinsky's remarkllu may be essential for clearing out the role of high

approximations in weak interactioms., It is the following: the vector constant
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14

~
determined from 077, and the constant, determined from decay /(—’CVV are known to be

leJ

rather different from each other then electromagnetical corrections are introduced,

this difference still more 1ncreases[i6j ). At the same time, as it was marked Ly

Smorodinsky, the account of high approximations could influence the diference of

effective constant, In fact, if the role of high approximation in the process}1—-/)+€+{7
is apparently small, as the result of presence of strong interacting

~
particles (that excludes the possibility of high intermediate momenta) in /(—'eVV-@ecay

they would surely play the role:
f( e e /( e c e
: : | %
Y \ Ye Ve < eHte
V(“ Vo '3 . ,
and it 1s essential, that the situation takes place not depending on the fact if two
(muon and electron) or one kind of neutrinoes exist. Hence 1t follows, that /L -meson
life-time ohserved experimentally, may differ from the time, which is computed
theoretically in the first approximation with the use of constant (;V y determined from

014

decay. Let us estimate, what restriction this difference between zkﬁptznd'tkiur
may put over the intermediate momentum, if to suppose that it is commnletely oblipged to

—~
high approximations, ZLet us suppose, that the probability of the nrocess f(-—* evyy

1s determined only by the sum of two diagrams of the first and second orders, 1i.e,

| e
_ €
N
y Y Y Y ’
Then, supposing G‘,«L = GC?—
22 s “x’
a k 5
Wes _ 4.6 = [+ copg (6K, [67K

W, <t 42 " 16a?
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Using data 1 _ 2,20+1078 ge, [25]
thﬁp
4
and*—:L—- T e = 2,33-10"6 sec.[iej
L‘H«r Uy

we must obtain

Ve shall obtain the hardest restriction for the maximal cut offr momentum, if the phase
ee 15 equal to zZero, 1,e, CosY¥ = 1. Then ‘%rk—- < 0,06, hence f,,.",{JOO m, .

For any other values of the phase ‘f y the estimation 1s less hard, However, the
estimation 1is rather rough, neither higher approximations nor electromagnetical Core=
rections are not taken into account here, Besides, the value 1:££“rcannot be
considered much rellable, as electromagnetical corrections to the vector constant 014,
with the help of which the Ccorrections to 't}kuf are 1ntroduced, are obtained in the
lowast approximation and when cut off is used, and therefore, they cannot be considered
as absolutely certainlis] [173 B

Resuming, we may say, that the analysis of the Problem of existence of high
mamentum May LY tonsidering lov—energy Processes depends first of all on the difference
or ldentity of muon and electron neutrinoes, Besiges, the situation Mmay change if the
Interaction between currents j&_ is realised with the helyp of intermediate vector
mesonsli?J field; the hypothesis on their existence cannot bhe apparently rejected ror
the present,

The authors éxpress thelr sincere gratitude to Prof, Markov fot the settling of

the problem ang Permanent courtesy,
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In the reoent. paper by B.L. Ioffe [18] effects of high approximations for weak
interaotions were oonsidered in more detail,

Restricticns on the out off momentum, obtained in this paper rather differ from
our estimations. These differences are oaused by the faot, that some graphs, according
to B.L. Ioffe, give a small contribution, while they are essefitial in our estimations.
For instance, in case of a typioal graph (r(+€~* /‘-f-f)

x > p

e e

it turns out, that this graph does not glve the term ~ kz:mix .
We would like to note, that this result 1is not unconditional, In fact, the term
~KL disappeﬁrs, if to introduce the out off in such a way, as in the oase of photon
proper energy in the eleotrodynamios, 1,e. with the conservation of gauge invariance
of the theory. But VA-theory in general has no suoh a property of symmetry, analogioal
to the gauge invarianoe in eleotrodynamics. (Even the oondition rovf"/é)% = 0
is not proved yet),
'.l‘he .above mentioned graph, taken separately, assumes such a srmmetry approximately
(1.6. for terms ~K )s but requirements to the introduction of out off must include,

generally speaking, only the conservation of symmetries, characteristic for all the
theory on the whole,

We are thankful to B.L..Ioffe for discussion of this point,
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