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I. INTRODUCTION

I T is very interesting to follow the fate of such a funda-
mental proposition as the CPT theorem. For a long
time it was not noticed. Then, as symmetry arguments
came more and more into physics, there appeared the
first indications of a connection between the require-
ments of the discrete symmetries. For many of us this
happened in the lectures of L. D. Landau in 1954. In
these lectures Landau pointed out that he had not been
able to find any example of a selection rule which was a
new one when compared with the rules that already fol-
low from the requirements of P and C invariance. Here
we essentially encountered for the first time one of the
formulations of CPT invariance: if a theory is P and C
invariant, then it is, so to say, automatically also T
invariant.

As can be seen from the literature, in those years
approaches were made to the formulation of what is now
called the CPT theorem by Bell,U ] Schwinger,C2]

Liiders,'3-1 and Pauli. t4] Our present understanding of
the importance and depth of the CPT theorem has been
achieved since the discovery of violations of first the
P and C invariances and subsequently also of CP invari-
ance, in the weak interactions.

At present, at the beginning of 1968, when we have
already said farewell to many previously undoubted
symmetry properties, it seems almost antiscientific to
utter audible doubts concerning the possibility that the
CPT theorem is not valid. Its fundamental nature, and
also the fact that so far no one has been able to construct
even a model example of a field theory in which the CPT
theorem is violated, make us regard the CPT theorem
as a sort of last stronghold which must not be surren-
dered.

It seems that the CPT transformation is more funda-
mental than other discrete transformations (the C, P,
and T transformations). The requirement of CPT in-
variance makes much weaker demands on a theory than
does invariance with respect to C, P, and T taken separ-
ately. The depth of the CPT theorem makes it especially
important to test the consequences that can be derived
from its requirements. It is an essential fact that any
local Lagrangian for a field theory is invariant under
the combined operation CPT (provided only that the
theory is invariant with respect to proper orthochronous
Lorentz transformations).

It is usually assumed that CPT invariance is an abso-
lute symmetry principle. There are no indications to the
contrary; for example, a test of CP invariance is assoc-
iated with a test of T invariance. This is particularly

clearly seen in the treatment of the K° — K17 system. If
the CPT theorem holds, the existence of the decay
KL — 2is, which contradicts CP invariance, also indi-
cates a violation of T invariance. In this way CPT in-
variance allows us to make indirect tests of the C, P,
or T invariances in cases in which direct tests are not
accurate enough or are beyond the bounds of present
experimental technique. At present only partial aspects
of CPT invariance have been tested.

A phenomenological approach allows us to develop the
apparatus of the analysis in such a way that proton-anti-
proton scattering, nonleptonic decays of hyperons and
antihyperons, and decays of charged and neutral K me-
sons and of charged pions can (if the measurements are
highly accurate) be a source of experimental informa-
tion about the validity of the CPT theorem. The best
known results of the application of the CPT theorem are
conclusions about such properties of particles and their
antiparticles as the equality of their rest masses, life-
times, and magnetic moments. We note that it is pre-
cisely the violation of other discrete symmetries that
allows us to approach the experimental test of the CPT
theorem itself.

II. THE CPT TRANSFORMATION

Since the CPT transformation includes the operation
of time reversal, it is clear that it is an antiunitary
operator, which we denote by CPT. Its action on state
vectors can be obtained from the transformation proper-
ties under the separate transformations C, P, and T.
We note for the present that the state of one particle
with momentum p and helicity A is transformed by the
action of CPT into the antiparticle with momentum p
and helicity X. Accordingly, the spin direction of a par-
ticle is changed to its opposite. Moreover, an iii state
is transformed into an out state (a diverging wave is
converted into a converging wave).

Let us consider the process |i; in) =^> |f; out),
where i and f are arbitrary initial and final states char-
acterized by the momenta and helicities of the individual
particles. We denote by | i ; in) and |f; out) the corre-
sponding states with particles replaced by antiparticles.
Finally, we denote by | i; in) and |T; out) the original
states with opposite directions of the helicities.

Let us now consider a Hermitian operator fi, for ex-
ample the weak-interaction Hamiltonian, which is as -
sumed to be CPT invariant, i.e.,

CPTQ (CPT)-1 = <». (1)

* Report at the International Seminar on Problems of the Violation
of CP Invariance (Moscow, January 22-26, 1968).

Considering the matrix elements of Q,, taken between
eigenstates of the strong-interaction Hamiltonian H, we
then get the following relation:

(7; out|Q|f; in) =.--</; out | (CPTy1 (CPT) 0 (CPT)-1 (CPT) \ i; in)
=={/; injfij I: out.)'. (2)
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We can introduce
following form-

he S operator and rewrite (2) in the

</; out|Q|i; in> = </; opt | S'HiS \ i; in) \ (3)

If the states | f; out) and |T; in) are chosen to be eigen-
states of the strong Hamiltonian, and consequently of
the S operator, we get

</;out|Q]f; in) = e2i(6i+M (f; out | Q|7; in) *. (4)

This relation connects matrix elements of the Hermitian
operator between states of particles and between the
corresponding states of the antiparticles. From this
important relation we can get a number of predictions
which can be subjected to experimental tests.

III. EQUALITY OF THE MASSES OF PARTICLES AND
ANTIPARTICLES

Let the states |i; in) and |f; out) describe one parti-
cle at rest, so that in this case there is no difference
between the in and out signs. If we then consider n = H,
where H is the total Hamiltonian, Eq. (4) gives

maT>7 = TO*aTi7, (5)

where m and m are the respective masses of the parti-
cle and the antiparticle. Since the operator H is
Hermitian and m is a diagonal matrix element of H, m
is real, and we conclude that the rigorous relation

m = m, (6)

holds, i.e., the masses of particle and antiparticle are
equal.

The same result is obtained from the requirement of
C invariance or of CP invariance. Since there are viola-
tions of the C and CP invariances in the weak interac-
tions, it is very important that (6) follows from the
(very weak) assumption that there is CPT invariance.

Some of the most exact experimental results on the
masses of particles and their antiparticles are shown
in Table I.

The most exact test of CPT invariance involves the
properties of the K° — K17 system.1133 Since in this case

a 2 x 2 m a s s m a t r i x i s r e q u i r e d f o r t h e d e s c r i p t i o n o f

t h e b e h a v i o r of t h e s y s t e m , i t i s e x t r e m e l y i m p o r t a n t

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

w i t h o u t t h e r e q u i r e m e n t s o f t h e d i s c r e t e s y m m e t r i e s .

T h e r e q u i r e m e n t o f C P T i n v a r i a n c e h a s t h e c o n s e -

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

m a t r i x a r e e q u a l . W i t h o u t t h e r e q u i r e m e n t o f C P T

i n v a r i a n c e t h e d i f f e r e n c e b e t w e e n M u a n d M 2 2 i s

Mu- M 2 2 = (sp + qr)'1 (sp - qr) (ML - Ms); (7)

h e r e p , q , r , a n d s d e f i n e t h e s u p e r p o s i t i o n s | K L ) a n d

(8)

(9)

\KL) = p\K)-q\K),
During the characteristic time T

The coefficients are related by the identity

; |r | ' + | «|') = 1. (10)

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 f o r t h e K ° m e s o n d e c a y s

a l l o w s u s t o g i v e a n e s t i m a t e o f t h e d e g r e e o f o r t h o -

g o n a l i t y of t h e s t a t e s | K ^ ) a n d | K g ) w i t h o u t a s s u m i n g

C P T i n v a r i a n c e . U s i n g t h e e x p e r i m e n t a l d a t a , w e c a n

s h o w t h a t _
P(U)=,

and

For the quantity Mu — M22 we have

ls)\ = \pr*-q

where as an upper bound we have used the relation
\sp — gr\<2.

Also without assuming CPT invariance it can be shown
that

Table I. Equality of the masses of parti-
cles and their antiparticles (literature

references in last column)

p — p

d — d

i t - 1 - 1 0 - 4

m_ = 105.659+2 MeV
m+ = 139.60 +0.05 MeV
m =139.578+0.017 MeV
m =139.584+0.020 MeV

Mean m_ = 139.580+0.015 MeV
m_ = 493.7 +0,3 MeV
m+ = 493.78+0,17 MeV

mj, = 938.256±0.005 MeV
m j = (1.008+0.005) mp
mj= (1.004+0.025) mp
% = (0.998+0.015) mp

mA = 1115.44+0.12 MeV
<?A = 37.60±0.12 MeV
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Consequently

Mif
. 2[ Afz. — Af s |

(11)

If i n (11) w e s u b s t i t u t e U 3 : t h e e x p e r i m e n t a l d a t a , w e h a v e

\ML+MS\ ~ b - b W •

T o t h e e x t e n t t h a t i t i s r e a s o n a b l e t o b r e a k t h e t o t a l

H a m i l t o n i a n H u p i n t o t h e s u m H = H g + H

hthis result means that the ratio of the amplitude which
violates CPT invariance to the amplitude which pre-
serves this invariance is smaller than 1CT14 for Hg, less

12 8
than 1(T
of Hw-

for H E M a n d l e s s t h a n 1°~8 f o r t h e A S = ° P a r t

IV. EQUALITY OF THE LIFETIMES OF PARTICLES
AND THEIR ANTIPARTICLES

1. Let us now consider the state |i; in) correspond-
ing to a particle which can decay only through the ac-
tion of weak interactions. Under the strong and elec-
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tromagnetic interactions it is stable. To begin with we
consider only the case in which the interaction in the
final state is negligibly small, so that for SI = H\y Eq.
(4) takes the form

(/; out]Hw\i; in) = (f\ out\Hw\7; in)*. (12)

From (12) we at once get for the rate of partial decay
the relation T^ f, where T is for the channel with anti-
particles and T for that with particles with all spins
reversed in direction. If we sum over all possible spin
orientations and thus concern ourselves with the rates
of partial decay without measurement of the spins in the
initial and final states, we get

T(i->f)^-T(i^f). (13)

Among the processes for which this holds we may men-
(tion the 7T;2 and K 3̂ decays. From (13) we con-

clude that for these processes the rates of the partial
decays (summed over spins) are equal for the decays of
K* and K"

r (A'+

r (K+

(i+ + V(1) = r (K- -»ir + >
vv+n°) = r (K- -> (i- + v,,
|x+ + v,,) = r (n- -»'|i- + v,, (14)

These predictions of CPT invariance have not yet been
tested with the necessary accuracy.

2. For processes such as Kj3 decay Eq. (12) allows
us to derive a number of results relating to the energy
spectra of the particles, the angular distributions, and
the polarizations of fermions (l is a general notation for
electron and muon: I = /x, e). For example, for given
values of the two kinematic variables—a, the angle be-
tween the directions of the pion and lepton (in the rest
system of the h>i system) and the square of the four-
momentum transfer,

if there is CPT invariance the results of summing the
differential cross sections over the lepton polarizations
are equal:

<PN (A'fe) d'A' (KT3)
dq2 d COS a " dq2d COS a

For the polarization of the muons the requirement
of CPT invariance leads to the equation

s(l*)=-s(t). (16)

Accordingly, the polarizations of the muons from the
decays K* and K" are equal in magnitude and opposite
in direction. To see the sensitivity of the result (16) of
CPT invariance, let us examine the predictions obtained
from requiring T invariance and CP invariance.

For CP invariance the relation (16) holds only for
the components of the polarization which lie in the plane
formed by the vectors k¥ and k^. For the component of
the polarization vector perpendicular to this plane the
requirement of CP invariance leads to the equation

s±GO=-sj.(n-). (17)

It can be seen from (16) and (17) that a nonvanishing
value of Sj_ contradicts T invariance. The present situa-
tion with the measurement of Sĵ  is that Ŝ O-O = 0.04
± 0.35; consequently, for the level of accuracy that has
been reached there are no indications that CP invariance

is violated in K^3 decay.
3. If there is interaction in the final state Eq. (12) is

replaced by

(/; out | HK | f; in) = e2it>f </; out | Hw |7; in)*, (18)

on the assumption that [ f; out) is an eigenstate of the
strong (and electromagnetic) interactions. In the more
general case in which this is not so, we can always ex-
pand the final state in terms of such eigenstates and get
a sum of terms with different phase factors in the right
member. Thus for the decays of K° and K" mesons we
get

(19)

where the sum goes over a complete set of states | /3)
having nonvanishing matrix elements with the states |f)
and |K). The meaning of this last remark can be ex-
plained easily with an example. Let us consider the
decays

which both occur owing to the weak interaction. Since
both particles in the final state are hadrons, we cannot
neglect the interaction in the final state. Since the
strong interaction conserves isospin and P parity, we
must deal with states with definite isospin values I and
L. If electromagnetic interactions are neglected there
must be four eigenstates of the strong interactions and
four phase shifts 62j(L, I), namely 6^0, %), 5i(0, %),
5i(l, %), and 6i(l, %). We shall not carry the analysis
further, but point out that the existence of several terms
with different phase factors in (4) does not allow us to
deduce that the partial decay rates are equal for charge-
conjugate channels.1223 For example, it does not follow
from CPT invariance that B = B, where B and B are
defined as

B = r (AQ -jj r(A°—»
r (A« —* p + rt

Equality of the rates is obtained, however, if the further
assumption of C or T invariance is made.

4. In some cases the final states are eigenstates of
the strong-interaction operator S owing to different inde-
pendent selection rules. In this case the phase factor in
(4) does not lead to any complications. As an example
we consider the two charge-conjugate processes

From the generalized Pauli principle (Bose statistics)
it follows that the final 2n states must be eigenstates of
the isospin with 1 = 2 . Moreover, conservation of angu-
lar momentum requires that L = 0 (s state). Since iso-
spin and P parity are conserved in strong interactions,
there are no other possible final states which can be
reached owing to the strong interaction in the final
state. In this case the final 2TT states are eigenstates of
the strong-interaction operator S. Neglecting the influ-
ence of electromagnetic interactions, we can derive the
following equation from CPT invariance:

r (K+
n+ + n0) =

The corrections owing to electromagnetic interaction
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must be of the order 10~4.
5. In the framework of isotopic invariance the decays

K1 — 2JT are connected with the decays K° — 2ir. It can
be shown 23J that in the absence of electromagnetic in-
teractions

2A (K" -* 2 JI) + V2 A (K" -* n+jr) = 3a A (K+

and

2A (#«-* 2n°) + V2A (K°-» n+n") =

where

(2 0)

(21)

(22)

and A5j3 = A5/2, A3/2 are the respective amplitudes for
the K° — j|7T decays with change of the isospin I by 5/2
and 3/2; A5,3 are the same amplitudes for the 2n decays
of K^particles. _

If we introduce Aj, AI; the reduced amplitudes of the
K —• 2TT decays, we have

A1 = e'i6i(l \T\K°), AT = e~i6' (I\T\K"); (23)

6i (I = 0, 2) are the phases of the pion-pion interaction
in the s state with total energy equal to the mass of the
K meson.

From (20) and (21), without any requirements as to
discrete symmetries, it can be shown that

P A (K~ —» jl-n°) _ A2 r_^ , „ A2 — A2

On the assumption of T invariance we have

>.ji+jil')|. (25)

If there is T invariance A2 and A2 are real, but |A2|
f- |A2|, and in general |/3| fc \a\.

The possible deviation of A2/A2 from unity is evi-
dently not larger than 10"3, since it occurs in the well
knownta4:l expression for the parameter y = e'/w which
characterizes the fractional violation of CP invariance
in K L — 277 decays:

,p—q , Ar. — A2

A2 .-A, (26)
6. Unlike the A — JTN decay, the decay S" — n + -n

brings the TTN system into a state with a definite value
of the isospin I = 3/2, I3 = -3/2 . In this case CPT
invariance makes the widths of the decays 2T — n + n~
and 2" — n + n* equal.

In 1959 Chou Huang-Chao pointed out a relation1251

between the asymmetry coefficients a and a for the
decays of S" and S",

cos[6s — 6
cos[6, —6P—A,-r-Apl (27)

where 6S and 6p are the uN phase shifts in the s and p
states, and A s and Ap are the phase shifts associated
with violation of T invariance.

Although to the accuracy so far achieved a = 0 (the
decay S" —» n + ir~ decay leads to a 7rN system mainly in
the s state), the relation (27) indicates that it is useful
to compare the polarization properties of hyperons and
antihyperons.

7. K^3 decay. In the absence of electromagnetic
interaction it follows from the requirement of CPT in-
variance that

ji+jt+jr) + r {K+ ~» JI+JX«JI°)

If we exclude from the final states those with isospin
I37r = 3, then

> it+n°n0) = .n-it°n0).

8. We have so far been considering partial decay
rates corresponding to individual decay channels. If we
sum over all possible channels, we get the total decay
rate (the lifetime).

We can approach this formally by means of the ex-
pression (19), if we take the square of the absolute
value and use the unitarity of the S matrix.

Table II. Lifetimes of particles and their antiparticles,
partial widths (literature references in last column)

+ _
Total widths:
Widths Jf-*7W
Widths Jf-»37T
Widths of K ->2ir decays

Meanr(«-*̂ -7rV)
Single measurement of

£ —1=0,0+0.1%

^—1=0.56±0.28%
0.4+0.7%

0.23+0.40%
T+

0.049+0.097%
0.47+0.30%

—0.54+0.41%
—0.04+0.21%
—050+0.90%
(21,4±0.8) %
(21.0+0.56) %
(21.2±0.5) %
(25.0+3.3) %

26

27
28
20

29
30
30
30
31

32
34
35

Magnetic moments of particles and their antiparticles

e+- (i_ = (1.001159622+27) e/2me(i+ = (1.001168 +11) e/2me|i+ = (1.001162 +5) ejim^
Ĥ  = (1.001165 +3) c/2m[1

36
37
38
7
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Accordingly, we arrive at the conclusion that if the
theory is CPT invariant the lifetimes of particles are
equal to those of their antiparticles. This prediction has
been verified experimentally, and we give the most ac-
curate results in Table II.

V. EQUALITY OF THE MAGNETIC MOMENTS OF
PARTICLES AND THEIR ANTIPARTICLES

Let us consider the explicit expression for the ma-
trix element of the electromagnetic current J^(x).t39:l It
follows from Lorentz invariance and charge conserva-
tion that for the proton the matrix element is of the
form (we omit some normalizing factors and do not
write the P-odd terms out explicitly)

(/; out | /„ (0) | i; in) = <p', s' | ^ (0) | p, s> =
= eu (p', s') [F, ( iF2 (q*) a^qv] u (p, s),

(28)
where q = p — p ' . Considering the static limit, i.e.,
letting q —- 0, one can easily connect eFi(O) with the
charge of the proton and eF2(0) with its anomalous mag-
netic moment. From the fact that J^(0) is a Hermitian
operator it follows that Fi(q2) and F2(q2) are real func-
tions.

To examine the consequences of CPT invariance for
the electromagnetic interactions, we first note the trans-
formation properties of the current operator which are
necessary in order for the condition

(29)

(30)

(CPT) J» 10) {CPTy1 = - Jf. (0).

to hold. From this we get in analogy with (4)
</; out I J» (0) | i; in) = — (/; out 17̂  (0) | i; in) V

We can calculate the right member, starting from Eq.
(28):
(/: out | /„ (0)| i; in> =

= -e{u(p', - s 'HiWhV + 2̂(<72)<V?v] H (p', -s ' )} ' .
(31)

If we use the following spinor relations:

u(p', — s') = y0TuT(p, s'), u(p, - s ) = uT(p, s)T'Ty0, (32)

we get
</, out I /„ (0) | 7; in) = - eZ (p', s') [F, (9

2) Vn + IF2 (q
2) o,,v?v] u (p, s).

(33)
The change of sign in (33) as compared with (28)

reflects the fact that the charges of particle and anti-
particle are opposite. From (28) and (33) we conclude
that CPT invariance leads to equality of the form-fac-
tors of particle and antiparticle. In particular, their
anomalous magnetic moments must also be equal.

We can arrive at the same conclusion if we consider
the expression for the energy of interaction of the mag-
netic moment ji with a magnetic field H: (pi • H'). Since
under the CPT transformation H' — + H' and the inter-
action is CPT invariant, the magnetic moments of parti-
cle and antiparticle must also be equal. This last as-
sertion has been verified experimentally only for elec-
trons and muons.

One remark must be made about the exact measure-
ments of (g — 2) for e+~ and pi*". The measured value is
in good agreement with the results of calculations in
which only the electromagnetic interactions are taken

into account. The anomalous magnetic moments are
also equal in virtue of the C or CP invariance of the
electromagnetic interactions, and there is no indication
of any deviation from such invariance. Consequently,
the agreements between the anomalous magnetic mo-
ments of leptons may not be sensitive to violations of
CPT.

Another remark relates to such a purely leptonic
decay as pi — evU, and is extremely instructive. All of
the experimental data about pi — evv decay are well
described by an effective local Lagrangian. Conse-
quently, they cannot fail to correspond to the CPT
theorem.

VI. CPT AND THE K° - K° SYSTEM

Unique possibilities for testing CPT invariance are
offered by the study of the decays of K° mesons, in par-
ticular the K° —• 2TT decays, in which violation of CP
invariance has been shown. We indicate two possibilities
for such tests, which have been discussed in the litera-
ture. t40'13'41>24'42:l

1. The expression for the time dependence of the
K° — 2)7 decays in beams which originally consisted only
of K° or only of K° is of the form

<w± W r ,
di B(

(34)
where the sign + (—) relates to the case in which the
beam was originally pure K° (K°) mesons. The expres-
sions for A t , B± , Dt (with squares of small quantities
neglected) are[13;l

•4± = 4- + Re(e —6), ]
B = L R e e + 6 [

= + 4r — Ree — ilmS, (35)
t-j X IV L* t/ ± 111 W f j

where if CPT invariance holds 6 = 0 . To test CPT in-
variance it is necessary to measure the relative course
of the time dependence and determine A*, B», D+ with an
accuracy better than 10"3.

The actual formulas connecting the parameters £, e',
and w with the amplitudes for the decays of K° and K°
and the expressions for the_superpositions jK^,) and
| Kg) in terms of |K°) and |K°) depend on whether or not
the requirements of CPT invariance are satisfied.

The most sensitive test is that of the phase rela-
tion[42]

Arg (t)+_ + flri00) = Arg e = <pe = arctg 2(mL~r"
Is) - arctg !ln (*s ' K°

' He (A's |

where r\+. and TJOO are known parameters143 '133

(re+n- | T | KL) _ e+e'/V2
1+-~ (n+n- | T | A's) ~ l + u/T/2

(36)

(37)

and

Tf _r (A's -»- Jl+Ji-) — 2 "
To see the sensitivity of the relation (36), we note

that if there is CPT (T) invariance
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In a more exact formulation[42:i the relation (36) con-
tains in the left member the argument of the quantity

(38)

where the sum is taken over all decays common to Kg
and Kj_,. Evidently the main contribution to Z is that
from the decay into two pions, Z ^ . The experimental
data on the quantity Z will become more accurate with
further study of the violation of CP invariance in vari-
ous decays of K° mesons. At present it is very impor-
tant to determine the phase of the parameter e; this
will make possible a comparison with the relation (36).

A comparison of the contributions to Z from the
decays K° — 3TT and K° — 2u, Z^n and Z21T, can also be
used to test CPT invariance. If this invariance holds
(n (K s |K L ) / 0 )

(39)ReZ3lI_rL(3n

If T invariance holds
ImZ3;
ReZ,, (40)

vn. CONCLUSION

At present there exists convincing experimental evi-
dence in favor of the correctness of the assumption of
CPT invariance of the strong and electromagnetic inter-
actions and the weak interactions which do not change
the strangeness. Purely weak interactions are also CPT
invariant. Semileptonic or strangeness-changing weak
interactions must be studied with greater accuracy. It
must also be noted that in all only some aspects of CPT
invariance have been subjected to test. We have no
single case of accurate measurements which test the
relation (4) without summation over the spin directions.
It is unquestionably worth while to make tests of such
relations for conjugate processes with reversed spin
directions, and of predictions of the type of Eq. (16).
Future experiments with K mesons will allow us to test
CPT invariance with greater accuracy.
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