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J.HE discovery of CP-violation in K^-meson decays,
and the hypotheses advanced in connection with this
discovery, have led to the performance of many new
experiments aimed at verifying T- and C-invariance
in weak, electromagnetic, and strong interactions. We
shall discuss here experiments on the verification of
T-invariance in elastic nucleon-nucleon scattering. In
addition, we shall consider briefly the possible experi-
ments aimed at verifying CPT-invariance during the
process of elastic scattering of antiprotons by protons.

I. VERIFICATION OF T-INVARIANCE IN EXPERI-
MENTS ON THE SCATTERING OF NUCLEONS

1. As is well known, the requirement that the S-
matrix be invariant against time reversal leads to the
following relation between the amplitudes of the direct
and inverse processes:

Here | i >>p (| f)-p) describes the same particles as
I i ) ( I f ) ) , but with opposite signs of the momenta and
spins.

In the case of elastic scattering of particles with
spin, relation (1) becomes a limitation on the possible
form of the scattering amplitude, and leads to relations
between the different observables pertaining to one and
the same process. The experimental verification of
such relations is indeed the verification of T-invariance
of the scattering matrix. We note that in the case of
scattering of spinless particles by particles with spin
%, T-invariance imposes no additional limitations on
the scattering matrix, provided the latter is invariant
against rotations and reflections. Thus, if parity is
conserved in the elastic-scattering processes 0 + %
—* 0 + /2, then an investigation of such processes can-
not yield any information concerning T-violation. On
the other hand, in the case of elastic collisions of two
particles with spin %, for example nucleon-nucleon
scattering, as first shown in[1>2], T-invariance im-
poses additional limitations on the scattering matrix,
which satisfies the requirements of invariance against
rotations and reflections. The possible experiments
on the verification of T-invariance in nucleon-nucleon
scattering has been discussed in[3"5]. Here we consider
the relations between the polarization characteristics
of the nucleon-nucleon scattering process, which fol-
low from T-invariance, and discuss the organization
and the results of the corresponding experiments.

2. In the general case, when no invariance of the
interactions under time reversal is assumed, the
proton-proton scattering matrix M(p', p) (p' and p
- momenta of the incident and scattered protons in

the c.m.s.) can always be represented in the form

M(p', p) = jUt(p', p)-(-M-(p',p), (2)

M±(P'. P) = ± (tf-'ATt (— P. -p')U)T. (3)

The unitary matrix U satisfies the relations

ffH"'mrr="!'" w

where (/2)cii and (%)ff2i are the nucleon spin
operators, and the symbol T denotes the transpose.
The requirement that the nucleon-nucleon interactions
be invariant under time reversal signifies that M. = 0.

Upon rotation through an angle n around the vector

p'-p
I p'—p I (5)

the momentum ( -p ) goes over into p' and ( -p ' ) into
p, and from the invariance against rotations we obtain

M( — p, — p') = (<r1m)(<r2m)M(p\ p) ((T,m)(a2m). (6)

If T-invariance holds (M = M t), then it is easy to ob-
tain directly from (3), (4), and (6) relations between
the different polarization characteristics of the pp
scattering process. We confine ourselves to a con-
sideration of the relations between the polarization,
asymmetry, and components of the depolarization
tensor. The polarization and asymmetry vectors and
the depolarization tensor are defined as follows (see,

<ToP« =

cr0Ai =

TSP(TliMM+,

-y Spil/o'ijAf'1",4

X Sp ot,MoihM
+,

(7a)

(7b)

(7c)

where a0 is the differential cross section of the scat-
tering of unpolarized particles in the c.m.s.

Using the requirement of T-invariance and the in-
variance against rotations (M = M+ and formulas (3),
(4), and (6)), we get from (7)

= A,

where P = ( P - n ) , A = (A-n) , D a b = aj
vectors 1 and n are defined as follows:

(8)

(9)

and the

p+p
IP+P'I '

IPP'1 (10)

If the scattering matrix is not invariant against
time reversal (M. * 0), then we obtain in lieu of (8)
and (9)

P — A = — Re Sp (oin) M+M+, (11)
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mi + Dlm ------ — Re Sp (ff,m) M+ (oj) M+_. (12)

We note that in deriving (11) and (12) no assumptions
were made concerning P-parity conservation. The
matrices M± can always be broken up into P-even
and P-odd parts:

where

M± (P\ p) -- M'± (p', p) + M'± (p', p),

M'±(p',p)^M<
±(-pl, -p),

Ml (p\ P) = -Ml ( - p \ - P ) .

(13)

(14a)

(14b)

Upon rotation through an angle ir around the normal to
the scattering plane, ( -p ' ) does over into p' and
(—p) goes over into p. From the invariance against
rotations we obtain

(-p', - p ) - (a,n) (d2n) p', p)(atn)(a2n). (15)

With the aid of (14) and (15) we can easily verify that
the parity nonconserving matrices M± enter in the
considered observables P, A, DmZ, and D/m quad-
ratically. The results of experiments aimed at observ-
ing the effect of parity nonconservation in nuclear reac-
tions at low energies are compatible with the assump-
tion that parity is conserved in strong and in electro-
magnetic interactions. Therefore, in expressions for
the observable quantities it is reasonable to confine
oneself only to terms linear in M^. In this approxima-
tion, it is necessary to replace M± by M± in the right
sides of (11) and (12).

From considerations of invariance and from the
Pauli principle it follows [1>2'4~5] that

M+ = (u + v) + (u — u) (din) (<T,n) + c [(o,n) + (<T2n)]

+ (g-h) (<r,m) (or2m) + (g + h) (a,l) (<r2l),

Mc- -r I [(ff,m) (<r2l) + (0,1) («rzm)].

With the aid of (16) and (17) we get

(16)

(17)

D,,a -V Dlm ^ — Ro Sp (o,m) Ml (<r,l) Ml* = -^ Re *#•. (19)
Go ' Co

The parameters P and A are directly observable
quantities. It is easy to show (see, e.g./6-1), that the
left side of (19) is connected with the known triple-
scattering parameters R, R', A, and A' [7-1. Taking
into account the relativistic spin flip'-8-', we get[6]

Dmi + Dlm = ( ) cos 0, - (A'— R) sin 9;, (20)

where Q\ is the scattering angle in the l.s.
If T-invariance holds, then the parameters of the

triple scattering are connected, as seen from (9) and
(20), by the relation191

The amplitudes g and h, which enter in (18) and (19),
are known at present from a phase-shift analysis in the
energy interval up to ~700 MeV. By the same token,
comparison of (18) and (19) with the experimental data
makes it possible to obtain information on the
T-violating amplitude t.

Let us consider briefly the question of the para-
metrization of the nucleon-nucleon scattering matrix

in the (J, M, I, S) representation (J, M-total angular
momentum at its projection, I - orbital angular mo-
mentum, S - total spin). We shall assume now for
simplicity that the parity is conserved. We denote the
elements of the S-matrix in the considered represen-
tation in terms of S J for singlet-singlet transitions
and Sw., for triplet-triplet transitions* (singlet-triplet

i , *•

t r a n s i t i o n s a r e f o r b i d d e n b y p a r i t y c o n s e r v a t i o n a n d b y

t h e P a u l i p r i n c i p l e ) . T h e i n v a r i a n c e u n d e r t i m e r e -

v e r s a l i m p o s e s n o l i m i t a t i o n s o n S ^ a n d o n t h e d i a g o -

n a l e l e m e n t s s f . , , a n d l e a d s t o e q u a l i t y o f t h e n o n d i a g o -

n a l e l e m e n t s

Sj (-1; J-l = - S / - 1 ; J-j-1. ( 2 2 )

W h e n T - i n v a r i a n c e i s v i o l a t e d , E q . ( 2 2 ) d o e s n o t h o l d ,

b u t i t i s e a s y t o s h o w 1 - 1 0 ' 4 1 t h a t t h e r e q u i r e m e n t o f u n i -

t a r i t y o f t h e S - m a t r i x i n t h e e n e r g y r e g i o n u p t o t h e

t h r e s h o l d o f m e s o n p r o d u c t i o n l e a d s t o e q u a l i t y o f t h e

m o d u l i

J-l I = I 'S ' . / - ! ; J + l I ( 2 3 )

a n d t h e e l e m e n t s o f t h e S m a t r i x a r e p a r a m e t r i z e d i n

t h e f o l l o w i n g m a n n e r ( t h e S t a p p p a r a m e t r i z a t i o n ^ 1 1 ^ ) :

S = e"x J , . S j ; j = e"l J ' J,

S j - i ; j - i = c o s 2 e j e
2 i 6 J - i . J ,

•^J+i ; J + i = cos 2e j e 2 l 6 J+ i ' J ,

Sj-u J + I = i s i n 2eJe
i (SJ-<. J + ^ + i . J 4

( 2 4 a )

( 2 4 b )

W e n o t e t h a t w h e n p a r i t y i s n o t c o n s e r v e d , s i n g l e t -

t r i p l e t t r a n s i t i o n s a p p e a r , b u t t h e p a r a m e t r i z a t i o n o f

t h e m a t r i x e l e m e n t s w r i t t e n o u t a b o v e r e m a i n s v a l i d

i n t h e l i n e a r a p p r o x i m a t i o n i n t h e p a r a m e t e r s c o r r e -

s p o n d i n g t o p a r i t y n o n c o n s e r v a t i o n 1 - 5 ' 1 2 1 . T h e p a r a m e -

t e r A j c h a r a c t e r i z e s t h e v i o l a t i o n o f T - i n v a r i a n c e .

T h e m a x i m u m v i o l a t i o n o f T - i n v a r i a n c e c o r r e s p o n d s

t o a r e l a t i v e p h a s e 2 A = n o f t h e n o n - d i a g o n a l e l e m e n t s .

F i n a l l y , t h e T - v i o l a t i n g a m p l i t u d e t i s e x p r e s s e d a s

f o l l o w s i n t e r m s o f t h e S - m a t r i x e l e m e n t s [ 5 > 1 2 ] :

j l(l~l) Pt (0) s i n O + P j " (0) cos 9 ] ,

»i, i + 1 + c ( + 2, ;+ . ) . ( 2 5 )( = - 2 s i n 2 e ; + 1 s i n

3 . T h e f i r s t e x p e r i m e n t s o n t h e v e r i f i c a t i o n o f T -

i n v a r i a n c e i n p r o t o n - p r o t o n s c a t t e r i n g w e r e p e r f o r m e d

i n 1 9 5 8 [ 1 3 ' 1 4 ] . I n t h e s e e x p e r i m e n t s t h e p o l a r i z a t i o n P

a n d t h e a s y m m e t r y A w e r e m e a s u r e d i n d e p e n d e n t l y .

B e f o r e p r o c e e d i n g t o d e s c r i b e t h e s e e x p e r i m e n t s , w e

n o t e t h a t i n t h e c a s e o f e l a s t i c s c a t t e r i n g o f p r o t o n s b y

p a r t i c l e s w i t h z e r o s p i n t h e " p o l a r i z a t i o n - a s y m m e t r y "

r e l a t i o n i s t h e c o n s e q u e n c e o f o n l y p a r i t y c o n s e r v a t i o n .

T h i s m a k e s i t p o s s i b l e t o d e t e r m i n e f r o m e x p e r i m e n t s

o n d o u b l e s c a t t e r i n g b y i d e n t i c a l t a r g e t s w i t h z e r o s p i n

t h e a n a l y z i n g ( o r p o l a r i z i n g ) a b i l i t y o f s u c h t a r g e t s ,

r e g a r d l e s s o f w h e t h e r T - i n v a r i a n c e h o l d s o r n o t . I n

t h e m e a s u r e m e n t o f p o l a r i z a t i o n i n p p - s c a t t e r i n g , a

b e a m o f u n p o l a r i z e d p r o t o n s w a s s c a t t e r e d b y a h y d r o -

* O w i n g t o t h e P a u l i p r i n c i p l e / a n d / ' a r e e q u a l t o J ± 1 w h e n J i s

e v e n a n d J = / = / ' w h e n J i s o d d .
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Values of measured quantities
(if T-invariance holds, then
these quantities should be

equal to zero)
/>„—Ao= — 0.029J-0.018
Po — Ao = 0.007+0.023

0.011+0.022
—0.043+0.025
— 0.023+0.023

po—A0= 0.063+0.024
0.010+0.023
0.002+0.048

— 0.083+0.066
0.045+0.057

po — Ao=— 0,021+0,032
— 0.021+0,035
— 0,023+0.039

(A+ R') cose—(A'— R) sin0 =
= 0.0019±0,009

Cjn.s.
angle,
deg.

30
30,9
50.0
15
20
25
30
35
40
41.2
47,8
60.8
71,8
8 = 30°

(8— angle
in l.s.)

L.s.
energy,
MeV

210
176
179

142

635

430

Refer-
ence

13
14

15

16

17

Upper limit of
phase 2̂« charac-
terizing the violat-
ion of T-invariance

X2<0.07i

Tt
X2< 0.06T

gen target, and was then scattered again, in the same
plane, by a target with zero spin and with known
analyzing ability (carbon). In the measurements of the
asymmetry A, the unpolarized proton beam was first
scattered by carbon, and then the scattered beam, with
known degree of polarization, was scattered again by a
hydrogen target. In the measurement of P, the un-
polarized beam was first decelerated in order that the
energy at which the scattering by the hydrogen takes
place correspond to the pp-scattering energy in the
experiment in which A was measured. In subsequent
investigations1"'161, the "polarization-asymmetry"
relation was verified in experiments on triple scatter-
ing in a single plane. The advantage of these experi-
ments was that P and A was automatically measured
in them at the same energy. The results of these ex-
periments are listed in the table. An analysis of the
results of[J3~18] (energy interval from 140 to 210 MeV)
was carried out in[12^and led to the conclusion that the
parameter X2 (the parameter characterizing the vio-
lation of T-invariance in transitions 3P2 ~

 3F2) does
not exceed 0.07 of the possible maximum value ir/2.

The most accurate experiment on the verification
of T-invariance in pp scattering was performed re-
cently1^71. In this experiment, relation (21) between the
parameters of the triple scattering was verified at
430 MeV energy. The scheme of this experiment is
shown in Fig. 1. It is obvious that the configurations

a) b)

FIG. 1. Experimental scheme for verifying relation (21) between the
triple-scattering parameters (in the c.m.s.). The double arrows denote the
spin directions.

shown in Figs, lb and la are connected by a T-trans-
formation, and the configuration of Fig. lc is obtained
from the configuration of Fig. lb by rotation through
an angle v - 8 around the normal to the scattering
plane. If T-invariance holds, then the projections of
the final polarizations on the directions indicated by
the double arrows in Figs, la and lc should be equ l̂
at an equal degree of polarization of the initial parti-
cles (the directions of the initial polarizations are
also indicated by the double arrows).

Under a Lorentz transformation* from the c.m.s. to
the l.s., the directions of the initial polarization re-
main unchanged, and xf ~* Xt = Xf + ̂ l m the case off l
the configuration shown in Fig. la, and Xi ~~* X- = Xi
- 9i for the configuration of Fig. lc [ 8 ] . Here B\ is the
scattering angle in the l.s., and xl- a*"e the angles be-
tween the momenta of the scattered particles and
those l.s. directions, the polarization projections on
which should be measured in order to compare con-
figurations la and lc. The scheme of the l.s. experi-
ments corresponding to the configurations of Figs, la
and lc is shown in Figs. 2a and 2b respectively.

a)
FIG. 2. Experimental scheme for verifying T-invariance in the l.s. Fig.

2a corresponds to Fig. la in the c.m.s., and Fig. 2b corresponds to Fig.
lc.

Let us denote by PA and P B the projections of the
final polarizations on the directions indicated by the
double arrows in Figs. 2a and 2b, in the case of a
fully polarized initial beam. It is easy to see that

PA -PB = [(A + R') cos B,~(A'-R) sin 9,] sin (%1 + Xf)- (26)

It follows therefore that the difference PA - P B
vanishes in accordance with (21) if T-invariance holds.
The angles xi and Xf were chosen to be equal to JT/4

*In the relativistic case, the angles x and x' shou ld b e t a k e n t o m e a n

the angles between the directions of the momenta and the polarizations
in the rest systems obtained from the c.m.s. and l.s. by Lorentz transfor-
mation along the corresponding momenta.
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in the experiments. This ensured a maximum differ-
ence P A - P B a nd made it possible to use the same
polarized beam in both measurements.

In the experiments under consideration, the un-
polarized proton beam was scattered first by a target
with known polarizing ability. The polarized beam ob-
tained in this manner passed through a solenoid, which
did not change the spin and momentum orientations,
but turned the spin in the primary-scattering plane. A
deflecting magnet then changed the relative orientation
of the spin and the momentum to an angle TT/4. The
investigated scattering at the angle 6[ = 30° from hy-
drogen was carried out in the same plane as the first
scattering. Placed in front of a third scatterer, which
played the role of an analyzer, was a second deflecting
magnet, which changed the relative orientation of the
final polarization and momentum in such a way that
the polarization component of interest to us was per-
pendicular to the momentum.

It was found in this experiment that

PA-PB = 0.0019 ±0.009.

It is obvious from (26) and (19) that

P*P.*egt.
The value of the modulus of the T-invariant amplitude
g was determined on the basis of the results of other
experiments and equals 8 | g | = 3.4 (mb/sr)1/2. The
value obtained for CT0 is 3.6 mb/sr. It follows there-
fore that

111 cos a = 0.0020 ± o.oio (mb/sr)1

where a is the phase difference between the ampli-
tudes t and g. If it is assumed that cos a ~ 1, then
It I ^ (/2)%<7o (for one standard deviation). Using the
results of the phase-shift analysis at 430 MeV energy,
and assuming that the parameter X4 responsible for
T-violation in the transitions 3F4 ^

 3H4 vanishes, the
authors of[17] reach the conclusion that X2 <̂  0.06 of
the maximum value w/2. We see that the upper limit
of X2 greatly exceeds the upper limit of | t |. This is
connected with the smallness of the mixing parameter
€2 at the energy under consideration. In connection
with future experiments on T-invariance verification,
we note that in pp scattering, in the entire energy
region to ~600 MeV, the mixing parameters are
small, making searches for possible T-violation in
this region difficult. It may be sensible to set up
analogous experiments on np scattering where, ac-
cording to presently available phase-shift analysis
results, the mixing parameter of the 3Si and 3Di states
is £i ~ 25° at an energy of 310 MeV.

In addition, with further increase of the experimental
accuracy, it will become necessary to take into account
the bremsstrahlung effects, as was recently done by
A. V. Tarasov (see[18]).

In the analysis of future experiments at high ener-
gies, where there are no detailed data on the N-N
scattering amplitudes, it may be useful to employ the
expressions derived inCl8] for the ratio of the ampli-
tude t in (17) to the other amplitudes in (16) directly
in terms of measurable quantities.

n. VERIFICATION OF CPT INVARIANCE IN EXPERI-
MENTS OF THE SCATTERING OF ANTINUCLEONS
BY NUCLEONS

W19-', attention was called to the unique possibilities
of a direct verification of CPT invariance in the study
of polarization effects in the process of elastic scat-
tering of antiprotons by protons

P + P-^P+P. (27)

The point is that CPT invariance imposes limitations
on the antiproton-proton scattering matrix, and these
lead to definite relations between the different polari-
zation characteristics.

We denote by M(p', p) the matrix of the process
(27), where p and p' are the momenta of the initial
and final antiprotons. The invariance condition in CPT
transformation is given by

M (p\ p) = (U'XPOM (— p, — p') PaU)T, (28)

where U is a matrix satisfying the conditions (4) and
Pff = %(1 + °i 'Qz) is the operator of permutation of
the spins of the nucleon and antinucleon (particle 1 will
be taken to be the antinucleon). Using the invariance
against rotations, we obtain in analogy with (6)

M (— p, — p') = (otm) (<r2m) M (p', p) (<r,m) (<r2m). (29)

From (28) and (29) follow relations between the differ-
ent observable quantities. We present the simplest
ones[20]:

Pt = A2, P, = At, (30)

where Pj = (Pi • n) is the polarization of the i-th par-
ticle and Ai = (Ai -n) is the asymmetry in the case
when the initial particle i is polarized. A verification
of these relations calls for experiments with polarized
proton target and polarized antiprotons.

If CPT invariance is violated, then relations (30)
do not hold. The amplitude which is not invariant
against CPT transformation (assuming that P-parity
is conserved) is given by

' (p', p) = d (ol — a2) n + e [ (<r,m) (CT21) + (a4l) (<r2m) ]. (31)

The first term in this expression is P- and T-invari-
ant, but C-noninvariant, while the second term is P-
and C-invariant but T-noninvariant. If CPT-invariance
does not hold, then simultaneous measurement of all
four observables contained in (30) will make it possible
not only to establish the CPT violation, but also to as-
certain t l9 ] whether this violation is due to violation of
C- or T-invariance.
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DISCUSSION

Ya. A. Smorodinskii:
Assume that CPT-odd correlation is observed in an

experiment with pp scattering. How does this change
our picture of the world ?

V. N. Gribov:
In this experiment we verify whether the particle

scattered by the proton is antiproton. For example, if
we consider the scattering A + p — A + p, then the
amplitude, in the case of T conservation, contains six
invariant functions, and differs" thereby from the p + p
~~* P + P amplitude, where there are only five functions.

Ya. A. Smorodinskii:
If there was no real antiproton in the experiment,

i.e., there is one other antiproton, already real, and
the number of particles has doubled. This explains the
experiment.

I. Yu. Kobzarev:
I wish to ask Gribov a question. Does he believe that

if the proposed experiment shows that the forbidden
term exists then this will denote, as proposed by
Smorodinskii, that there exists one other antiproton
which is a true antiparticle relative to the proton?

V. N. Gribov:
From the point of view of theory - yes. Without a

theory we cannot say anything.

K. Term-Martirosyan:
I wish to make a rather trivial remark. The ques-

tion of verifying CPT invariance is radically different
from verification of P or T invariance. In the latter,
violation of invariance denotes the presence in the
Lagrangian of "extra" terms (e.g., with an "extra"
factor y5 in the case of P violation or with an addi-
tional phase factor ê > in the case of T violation),
which can exist in principle. The task of the experi-
ment is to determine whether these terms exist or not.
In the case of CPT invariance the situation is entirely
different. There is a well known Pauli-Luders theorem
that there is no CPT violating local Lorentz-invariant
interaction. It seems to me that none of us has ever
seen such a Lagrangian in an any way reasonable form

(I'm afraid that we shall never see it). It is therefore
difficult to say that the experiment will verify the
presence of some CPT-violating terms. It is clear that
what is verified is something different, for example the
fact referred to by Gribov, i.e., whether we deal with
a particle and antiparticle or with two entirely differ-
ent particles.

Ya. A. Smorodinskii:
Ya. B. Zel'dovich asked to note two facts:
1. The discovery of CP-violation has clearly re -

vealed charge asymmetry. In our world there are
more Ke3 decays with e+ than with e". In the anti-
world, an excess of e~ will be observed.

2. It is noted in the paper by Zel'dovich and
Novikov (ZhETF Pis. Red. 6, 772 (1967) [JETP Lett. 6,
236 (1967)]) that the discovery of T-violation prevents
the world from having the topology of a Moebius sheet.
A world with a non-orientable metric admits of the
possibility of a transition of a right-hand particle into
a left-hand particle on going over a closed contour. If
we add to this that the charge also changes in such a
circuit, then in principle, a Moebius metric is possi-
ble in a CP-invariant world. The difference between
the two charges becomes absolute only in a world with
CP-violation.

I wish to add to this, on my own behalf, that in a
world in which e* goes over into e" (turning into a
neutral particle somewhere along the way), this leads
to electrodynamics without charge conservation. In
such a world there would be no ordinary conservation
laws at all, raising very great difficulties not noted in
the paper of Zel'dovich and Novikov.

A. A. Grib:
CP-violation in K°-meson decays is of great inter-

est in connection with the question of the role of non-
equivalent representations of commutation relations in
quantum field theory. The K° meson is the only parti-
cle having charge (strangeness) that is conserved in
certain phenomena (strong interactions) and not con-
served in others (weak and superweak interactions),
and has no other strictly conserved charges. This
suggests therefore that if the K°-meson in strong in-
teractions that conserve strangeness and CP is de-
scribed in terms of the Fock representation
with vacuum | $0> (so that K0'"1 (p) I *o) =0 ,
K0'"1 (p) | *0 > = 0), then the interaction that does not
conserve strangeness and CP is obtained via a transi-
tion to another non-Fock representation of the commu-
tation relations. In the latter case, there exists no
vacuum for the operator K°("' (p), but there exists a
vacuum |*«> such that a (->(p) |*i> = (£pK°(->(p)

o ( ' | O 4 | | 2 « > ( | J >
p p p

= 0. _
An interaction of the type g( K°K° )2 in the Fock

representation describes strong interactions of K° and
K° mesons, while in the new representation the ap-
pearance of "anomalous mean values"

<CD; I K"K" | <D;>and(d)01 K«K<> | ®;>

leads to terms of the form iXK°K° - iAE°K°, which
correspond precisely to the Wolfenstein superweak
interaction.
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B. Pontecorvo:
What are the predictions of your model compared

with the other models ?

A. A. Grib:
The predictions of this model for K°-meson decays

coincide with the predictions of the Wolfenstein model.
The purpose of the present discussion is to explain
with which principle the very existence of the super-
weak interaction is connected. Unlike the Wolfenstein
model, a recipe is presented here for obtaining super-
weak interaction. It is necessary to write the strong-
interaction Lagrangian and to replace throughout the
operator products K°K° and K°K° by the averages
over the vacuum, identifying the products of the latter
by the strong-interaction constant with the superweak-
interaction constant. This procedure is perfectly ana-
logous to the introduction of the spurion by Salam and
Ward in ordinary weak interactions, when it is as -
sumed that < *o I K° | *o) * 0.

A. I. Vamshtein:
It would seem that in such a spontaneous CP viola-

tion there should appear a massless particle. What
can be said in this respect?

A. A. Grib:
This involves the so-called Goldstone theorem. The

proof of this theorem is quite simple in theories with
< *i I K° | $'o ) * 0. In our case < $o I K°K° | $o > * 0, and
to prove the theorem it is necessary to demonstrate
the existence of "light-like" solutions of the Bethe-
Salpeter equations, which is rather complicated prob-
lem. But even if the Goldstone particles do exist, we
still do not know whether they take part in physical in-
teractions. In a rigorous theory of representation of
commutation relations (the Segal-Liu formalism),
there exists no proof of this theorem. It seems to me
that it is too early to speak of a physical meaning of
this mathematically insufficiently clear theorem in the
theory of elementary particles.

L. A. Khalfin:
It was indicated in a paper by L. I. Lapidus that a

verification of a number of consequences of the uni-
tarity relations, obtained from a phenomenological
analysis of the K°-K° system, and in particular from
the phase relations, may be a good test of CPT- and
T-invariances. In the derivation of the unitarity rela-
tions, and consequently of all the conclusions from
this derivation, only the most general premises of
quantum theory were used, and, what is important, the
assumption that the decays of the Kj_, and Kg states
are strictly exponential. This assumption is equivalent
to the statement that the mass distributions of the KL
and Ks mesons are described by simple poles. I wish
to call attention to the fact that the unitarity relation
and the consequences from it are exceedingly sensitive
to this assumption. It is easy to show, for example,
that 'if K L and Ks mesons are described by poles of
order higher than the first (Goldberger-Watson), then
it follows automatically from the unitarity relation that

n o t . T h i s r e s u l t c a n b e e a s i l y u n d e r s t o o d , s i n c e t h e

d e c a y l a w c o n n e c t e d w i t h t h e p o l e s o f o r d e r h i g h e r

t h a n t h e f i r s t c a u s e s t h e p r o b a b i l i t y of t h e d e c a y p e r

u n i t t i m e t o d e p e n d o n t h e t i m e ( i n h o m o g e n e i t y of t h e

d e c a y ) , a n d t h e d e c a y p r o b a b i l i t y a t t = 0 i s e q u a l t o

z e r o . If i t i s a s s u m e d t h a t *

1 A's (()) -•= (1 +P0 exv{

t h e n i t c a n b e s h o w n t h a t t h e u n i t a r i t y r e l a t i o n g o e s

o v e r i n t o

(L | S) [i (s-M*)-a-p] = 2 (f I f I £)* (f | T I S).
F

It follows from the foregoing that great interest at-
taches to a thorough experimental determination of the
detailed form of the laws of the decays of KL and Ks
meson in as large a time interval as possible and with
as high an accuracy as possible. This is all the more
interesting since, as we have seen, there are no
reasonable and conceivable models of CPT violations,
and therefore there are no theoretical predictions of
the magnitudes of the effects connected with the possi-
ble CPT-violation. At the same time, the non-exponen-
tiality assumption leads to concrete estimates of the
expected effects for the experimental data. A careful
measurement of the laws of the KL and Ks mesons
is necessary also in order to verify the model wherein
the Ko — 2JT decay problem is explained as being due
to the "mass filter," a model proposed by me recently
(ZhETF Pis. Red. 3, 129 (1967) [JETP Lett. 3, 81
(1967)]). As to the presently available experimental
data on the verification of the exponentiality of the
decay laws for KL and Ks mesons, they are com-
pletely inadequate. The estimates contained in the
table of N. N. Nikolaev were obtained by reducing the
results of experiments which as a rule were not aimed
at verifying the exponential decay, and special experi-
ments (in another time interval) with good statistics
are necessary.

My second remark concerns the questions discussed
in the paper by V. Ya. Fainberg. It was indicated in it
that the application of the CPT theorem to unstable
particles entails fundamental difficulties. This is
obvious at least from the fact that for unstable parti-
cles there are no in- and out-states, without which the
formulation of the CPT theorem is impossible. V. Ya.
Fainberg has indicated that it is possible to speak of
the applicability of the CPT theorem to unstable parti-
cles only if they are described exactly by simple poles,
more accurately if there is no dependence of the prop-
erties of the unstable particles on the preparation.
V. Ya. Fainberg has emphasized that this is valid with
accuracy up to F/m. In my recent paper "On the
Conditions of Admissible Distributions of Nonstable-
particle Masses," Dokl. Akad Nauk SSSR (and a pre-
print) it is shown that if two unstable particles are
produced simultaneously, then in the case of the K°
meson, for example, when the KL and Ks mass dis-
tributions strongly overlap, and the assumed independ-
ence of the preparation is valid only accurate to terms
of order /

regardless of whether CP-invariance is conserved or
*a < PL/2, P < Ts/2, otherwise the law of KL and Ks meson de-

cay would be nonmonotonic.



518 B I L E N ' K I I , L A P I D U S , and RYNDIN

V. N. Gribov:
Why is it that only in the case of K° mesons is it

meaningful to consider second-order poles? And why
not verify for molecules or nuclei? What bearing does
all this have on CPT ?

L. A. Khalfin:
The effects I spoke about, namely the possible

existence of higher-order poles and the dynamic "mass
filter," are general and pertain, of course, not to
K° mesons alone. What makes K° mesons unique
among all elementary particles is the Kj_,, Kg struc-
ture with strong overlap with the mass distributions.
Incidentally, verification for atoms, molecules, and
nuclei entails its own rather significant experimental
difficulties. As to CPT, let us assume that the experi-
ments referred to by L. I. Lapidus have been performed
and deviations from the predictions of CPT-invariance
have been observed. Is this proof of CPT violation?
Obviously not, since these deviations may be due to
the non-exponential decays of the K L and Ks states.
This possibility (which is much less uncertain than the
violation of CPT), cannot be "closed" a priori.

Ya. A. Smorodinskii:
Did I correctly understand you to say that observa-

tion of deviations from CPT predictions is due to non-
exponentiality ?

L. A. Khalfin:
I would state more exactly that if such deviations

are observed, they can be attributed to non-exponen-
tiality.

F. L. Shapiro:
What about interference experiments in your model ?

L. A. Khalfin:
Obviously, we are dealing here with two questions:

the model with poles of higher orders, and my model
with "mass filter." As to the model with higher-order
poles, their influence on the interference experiments
was considered in my paper (Dokl. Akad. Nauk SSSR
172, 1059 (1967) [Sov. Phys.-Dokl. 12, 143 (1967)],
where all the required formulas are given, and the cal-
culation of the phase shifts J? + - (f?oo) in the superweak
interaction model with higher-order poles can be
readily performed. I shall not stop to discuss this in
detail. As to my model with the "mass filter," all the
conclusions of my model coincide effectively, i.e., for
all ordinary experiments, as already mentioned, with
the conclusions of the Wolfenstein model. The same
pertains to the interference experiments. In this con-
nection I wish to recall once more that the gist of my
solution of the K° —* 2w decay is that the decay of Ks,
as a result of the "mass filter," consists not only of
its regular exponential, but also another exponential

with the time of the associatively created KL meson.
My model contains no interactions that transform KL
in Ks and vice-versa. Let us express the main result
in terms of formulas. Let

Then, it follows from the rigorous energy-momentum
conservation law "from the stable particles to the
stable ones" that the mass distributions oi(m) and
W(M) cannot be arbitrary. Namely, let G be a closed
region (Dalitz plot) of the (m, M) plane; the mass
distributions w(m) and W(M) are mutually admissible
if and only if for any measurable breakdowns A and B
of the (m, M) plane, such that A x B fl G = 0 (empty
set), the following equation is valid:

\ it, (m) dm-\- { W (M) dM < 1.
A B

This indeed explains the influence of the mass distri-
bution of one particle on the mass distribution of the
other associatively produced particle, and leads to a
dynamic "mass filter," which is essential in my
model of solving the K° -* 2ir problem.

M. Veltman:
There is little reason for hoping that an accuracy

better than 1% can be reached in pp annihilation, in-
asmuch as small effects of the type of polarization of
p can become appreciable. The only thing that one can
hope for is that in certain channels, for accidental
reasons, there is a sufficiently large asymmetry.
From the form of the histogram of the pp annihilation
at rest it follows that the only candidate (to be sure,
doubtful) is apparently the channel pp -~ H*TS~T!0, in
which, within definite regions of the Dalitz plot, there
is an asymmetry equal to two standard errors (private
communication from the CERN pp group).

L. B. Okun':
What is the connection between the polarization of

the proton and charge asymmetry?

M. Veltman:
In C-reflection, p and p must interchange places,

and if only one of them is polarized, then asymmetry
can arise.

L. B. Okun':
Has the accuracy in the measurement of g( n*)

- g( jj.") actually been increased by a factor of 15?

R. Finocchiaro:
Yes, actually.

Translated by J. G. Adashko


