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1. Introduction

The breaking of CP invariance has been known since the classic experiment of
Christenson, Cronin, Fitch and Turley [1] in 1967. Despite 30 years of progress, it is
only recently [2] that a direct violation of time reversal invariance (TRI) has been
seen experimentally. To-date, the only system which shows CP noninvariance is
that of neutral kaons. However, experiments at the B-factories soon should provide
further clues as to the underlying theory or theories. 2

The CPT theorem [3] suggests that TRI is violated if CP invariance does not
hold. There are numerous tests that have shown the validity of CPT; these include
the mass difference of the K and K°, and magnetic moment difference of the et e~
and pT, u~ [4] (see however Ref. [5] for comments), as well as more esoteric tests [6].
However, the CPT theorem requires local forces, and recent (nonlocal) superstring
theories, which try to unite all known forces, predict that the CPT theorem should
break down at some level, perhaps related to the Planck mass (10!° GeV). So far,
there is no experimental confirmation, but searches are continuing [5].

ISupported in part by the Department of Energy
2CP invariance violation has now been observed at B factories.
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2. Time reversal in quantum mechanics

Because the Schrodinger equation is a diffusion equation and is first order in
time, the time reversal information in quantum mechanics requires an antiunitary
transformation [7]. Under time reversal, a wave function ¢ (7, t) — Ty(7,t) =
(7, —t) = K¢(7,—t) = ¢*(¥, —t). Here K is a complex conjugation operator.
The complex conjugate Schrédinger equation is

O (t)
ot

—i

= H"y*(t). (1)
If we let t — ¢ = —t, we obtain

B G L G L )
a(—1) a(t) ot

= H*r. 2)

If H isreal, KHK = H* = H and we have the usual Schrodinger equation for .
Under the time reversal transformation, momentum p'should change sign, since it is
first order in time, and so should the angular momentum J. In quantum mechanics,
p= —iV changes sign because of the operation of K. For a plane wave, for instance,
we have

T (7, t) = TePT=B) = (7, —t) = e iFT+EY) — i(-F7=Bt) (3)

which also shows that p changes sign under the time reversal transformation. For
the spherical harmonics it follows that

TY = K[ =Y = (<)Y, (4)

For many purposes, and as we will see, it is useful to introduce spherical harmonics

with a different phase when discussing time reversal, namely
=iy,

5
Ty = (-1)mym o

It is the complex conjugation which makes TRI more difficult and the time reversal
operation non-unitary.

For the case of a fermion, or more generally, we have
Ti(t) = Yr(=t) = UrKy(—t) = U™ (—t), (6)

where Ur is a unitary transformation. We can see the non unitarity of 7' by exam-
ining the scalar product of two states

(Ty@)[T(t)) = (Ury* (=t)[Urg™(=1)) = (" (=1)|¢* (1))

B (7)
(W(=D(=))* = (B(=0)|(~t)),
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(Yrlor) = (®lo)" = (old) - (8)

For an operator A, such as the momentum, p, the time reversal transformation is
Ap=TAT ' = UpA*U}. (9)

For the matrix element of the operator A we have [7]

(T(t)|TAT T (1)) = ({Ur* (—t)|Ur A* US| Urg* (—t))

(10)
= (W(=t)|Alp(=1))* = (d(—1)|AT]p(=1)) .
If A is a Hermitian observable Ay = AL, we have
(r|Anr|dr) = (9|An|) - (11)

I have not yet used time reversal symmetry. If Ap = A (e.g., Hr = H), then an
invariance is implied. If, furthermore, ¥ and ¢ are eigenstates of T, e.g., T¢p = ¢,
then it follows that (¢|A|@) is purely real (purely imaginary if Ar = —A, e.g.,
pr = —p).

For a non-relativistic fermion, Ur = io,; this follows because o, is imaginary
and anticommutes with o, and o,. Relativistically, we can take Upr = iy;7v3 in the
Bjorken-Drell metric [8]. With this transformation we obtain for the electromag-
netic charge and current and the vector potentials

T°T =40 15T =—j, (12)
TAT ' = A°, TAT'=—-A. (13)
We also find
1 1_ 1
T\p,§7m>=(—1)2 m|_p7§’_m>, (14)

where m is the magnetic quantum number of the spin. The usefulness of the phase
introduced in the spherical harmonic J;* now becomes apparent because we then
can readily generalize this transformation by substituting s for the spin %,

Tlp,s,m) = (=1)°""| = p, s, =m) . (15)

3. Tests of time reversal symmetry and their basis
In the following, we discuss some leading tests of time reversal invariance. The

experiments cited are not intended to be a complete list of those that have been
carried out [9,10].
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Time invariance implies that [7]
THT '=H. (16)

In general, tests of TRI require a comparison of two reaction rates; the exception
is a process that is sufficiently weak that perturbation with a Hermitian interaction
Hamiltonian can be used and there are no strong interactions among the final
or initial particles. Consider an electromagnetic or weak transition from a state
[i) = |a,ji,mi) to a state |f) = |b,jr, my), where a and b stand for all other
quantum numbers than the angular momenta, with a Hamiltonian H' responsible
for the transition. If H}. = H’, it follows from Eq. (11) that

(fr|H'lir) = (=1)7iHir=mi=mi(y 5o —my¢|H' |a, j;, —my) = (f|H'|i)* . (17)

If H' is a scalar or pseudoscalar operator, then j; = j; and m; = my. Since 2(j —m)
is even, we find that the matrix element must be real. Thus, the matrix element of
a Hermitian and rotationally invariant operator must be real.

3.1. Electromagnetic transitions

The above reality can be generalized for electromagnetic transition multipoles,
T [see E
g q. (7]
TTIT ! =y, (~1)%0 T) (18)

Zg
where k is the tensor order, g the spherical component, and 7, = £1. After some
algebra [7] and use of the symmetries of Clebsch-Gordan coefficients, we obtain

(frIT TET i) =

-y (19)
M (—1)dsHiith=—my—mi=a (¢ ;. _mf|T£]f])|i,ji, —m),

(oI TTT i) = md AITEE18) = (FITM 10" (20)

Thus, the matrix elements of the tensor operators are either real or imaginary, de-
pending on whether n, = %1, but it is always possible to choose phases such that
Nk = +1, and all matrix elements are then real. Most experiments that have been
carried out make use of a search for a phase different from 0° or 180° in an interfer-
ence of an E2 (quadrupole) and M1 (magnetic dipole) transition matrix elements.
Such a phase would indicate a time reversal invariance violation. Experimentally,
to search for a TRI violation in an electromagnetic transition, one can look for a
term proportional to k- ;flg . ff X fi, where j; (;f) is the polarization of the initial
(final) state, and k is the momentum of the photon emitted in the transition. The
correlation sought is even under the parity (P) transformation but odd under time
reversal. You can also search for a time reversal violation that is odd under a P,
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Fig. 1. Decay scheme for ®” Co, showing the mixed decay and subsequent gamma-ray
transition.

e.g., k- jf X j;. The alignment of the final state (f) is detected by a subsequent
electromagnetic transition, as illustrated in Fig. 1.

The most significant limit on a TRI violation for a parity-even test has perhaps
been found in the study of °“Fe, with a decay scheme shown in Fig. 1. The sine of
the interference angle, 1, betwen the E2 and M1 matrix elements was found to be
sinn = (2.9 £6.6) x 10~* [9]. Parity-odd triple correlations have also been sought
[9], but no violation of TRI has been found. There are other T-odd correlations
than those mentioned above which can be used, but the limits are not as good as
those described [9]. One has to be careful in that any interaction of the photon
with atomic shell electrons spoils the Hermiticity of the operator and thus the test.
It is easy to see where this comes from. In the first order perturbation theory,
the matrix element is that of a Hermitian Hamiltonian, H’'. Already in the next
order, we have the matrix element of the operator H'(E — Hy + ie) 'H’. The
denominator can be written as P(E — Hp)~! —ied(E — Hp). The last term, which
gets a contribution from the final state rescattering, introduces an imaginary phase,
which mimics a TRI-violating term. These effects are small except in very heavy
nuclei; they can be estimated and corrections made [9]. This was done in the above
experiments and in 'Ir tests, where the final state interaction phase was measured
to be —(4.0 £ 0.2) x 1073 in agreement with the theory, —(3.9 £4.7) x 1073 [9].

3.2. Beta decay tests

Correlation tests of TRI can also be used for beta decays, but here parity is
not conserved. One can therefore search for a phase in the interference of a Fermi
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and Gammow-Teller transition matrix element. TR-odd terms would be of the form
Dj-pe Xp, and Rj- S, X p,,, where j refers to the polarization of the parent nucleus,
and the other terms to the momenta of the subscribed particle and polarization
(se) of the electron. These terms may violate P as well as 7. Measurements of
D and R again are limited by final state interactions of the emitted electron and
nucleus, which spoils the Hermiticity od H’ by introducing an imaginary part to
the amplitude. You then can get effects which mimic a TRI violation but is really
just a final state interaction. There have been searches for both the D and R terms.
The most precise measurement of R depends primarily on an interference of the
axial coupling and a tensor one, Cro,,q"7s, proportional to Im (C4C7); it has
been carried out for the 3-decay of 8Li [9,11] with R = —(0.2 + 4.0) x 1073. The
D-coefficient has been sought, particularly in the decay of °Ne and for the decay of
polarized neutrons. For 'Ne, D = (0.1+6) x 1073, or Im (C4 /C}) < 2x 1073. The
neutron decay provides the best limit on the interference of the vector and axial
vector terms, D = (0.5 +1.4) x 1073 or Im (C4/C%) < 1.4 x 1073 [9,10]. Recently,
a new experiment on the decay of the neutron gave D = (—0.6 £ 1.7) x 1073
[12]. Combined with the previous results, this gives D = (—5.5 4+ 9.5) x 1074, or
Im (Cx/C%) < 1x 1073, e.g., a phase that differs from 180° by less than 1 part in
103.

Efforts are under way to improve these results. Neither of these experiments is
sufficiently accurate to probe final state interaction effects, although these correc-
tions are taken into account. No violation of TRI has been found in beta decay
tests [9].

3.3. Strong interaction reactions

Time reversal invariance can also be tested in reactions, whether due to strong
interactions or weaker forces, by means of the principle of reciprocity. We define
the scattering matrix S by

S lin) = |out) ,
SSt=815=1, (21)
St = TST ! = S]L .

The rate for reaching a final state |f) from an initial one [¢) is
R i = const |(f|S|i)|>p; = const |Spi|py (22)
where p; is the final phase space density. If TRI holds, we have

Ry _ps ) (23)
Rivtr  pi
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This is the principle of reciprocity, with

Sy = (S181i) = (b5 g mg|Sla, B iy i) @
SinT = <ZT|S‘fT> = (*1)ji+jf7miimf <aT7 7]5'1'3]11'7 7mi|S|bT’ 7ﬁf’jf’ 7mf> ’

Here a and b stand for all other quantum numbers. The time reversed states have
both their momenta and spins reversed. This relation tells us that the polarization
in a given reaction should equal the analyzing power in the reverse reaction. Such
tests have been carried out and show that TRI holds to better than 1% in nuclear
reactions. If parity conservation holds, we can change —p into p'in both initial and
final states. If we average over the spins (do not measure polarizations), we obtain
the principle of detailed balance

Z |<b7ﬁf7jf7mf|S|a7ﬁiuji>mi>|2 = Z |<aT715’i7ji7mi|S‘bT>ﬁf7jf7mf>‘2' (25)

mimy mimy

The best detailed balance experiment is the reaction d +27Al «*He + 2*Mg and
shows no asymmetry at the level < 5 x 10~* [13]. Reactions which proceed via
compound nuclei are particularly sensitive to odd-TRI forces due to the high density
of energy levels; they give comparable limits on TRI violation [10].

I A
P S p=p = s

o
rotation ﬁ
= —

p=p -s

Fig. 2. Reciprocity test of TRI with polarized neutron (&) transmision through a
polarized (3) target.

ol — <——
Q|

A clever null-type experiment was suggested by Stodolsky [14]. It can be carried
out in either a parity conserving or parity-violating mode. It is the forward elastic
scattering of slow polarized neutrons from transversally polarized nuclei (e.g., Fe)
as shown in Fig. 2. Although it is a null experiment and appears to require a
weak interaction with a Hermitian interaction H’, the search for terms (in forward
elastic scattering) A& - § x p, which is P-odd and T-odd, or B& - § x pp- §, which
is P-even and T-odd, actually makes use of reciprocity. This is illustrated in Fig.
2. From this figure it is seen that the time reversed situation for forward elastic
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scattering is identical to the initial one, except for the reversal of the target spin
(8). Thus, if time reversal is a valid symmetry, the terms A and B, above are not
allowed. An experimental search was carried out in the parity-conserving mode for
a '65Ho target by Huffman et al. [15]. Their null result can be interpreted as a
TRI violation < 7.1 x 10=* [15]. There has been discussion of carrying out the
test for a nucleus such as 13La, where a large (~ 10°) enhancement was found for
parity nonconservation due to the mixing of very closely spaced compound nucleus
resonances.

3.4. Electric dipole moments

Perhaps the most sensitive test of TRI is the search for an electric dipole moment
(dg) of an electron, a neutron, or an atom. Parity non-conservation is required to
have a non-vanishing dg, but TRI violation is also necessary. The argument is
illustrated in Fig. 3. When time is reversed, the angular momentum changes sign,
but the electric dipole moment does not; hence if dg does not vanish, we can tell the
difference between a movie running forwards and backwards, i.e., TRI is violated.
A similar argument holds for parity.

7

o —>
T~ —>
o —>
<

7

Fig. 3. Behavior of electric and magnetic dipole moments under time reversal; the
angular momentum defines a direction in space.

Even more accurate experiments have attempted to find a non-vanishing dg
and the best present upper limits are [16-18|

IN

6.3 x 1072 ecm,

8 x 1072% ecm,

)
)

26
) (26)
)

IN

4x107?" ecm

4 %1027 ecm.

IN

)

IA

199Hg has paired electrons but the spin of the nucleus is 1/2. The numbers for dg
are very small. You might expect dg(n) ~ ex neutron size x relative strength of
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weak interaction x reduction due to need of TRI violation, i.e., ~ e x (10713 —
107) em x (1076 —1077) x 1073 ~ (10722 — 10~24) ecm. You may thus say that
the test shows no TRI violation to ~ 10~° of the weak interaction strength.

Measurements of the electric dipole moment also limit T-odd, P-even interac-
tions through the parity violation of the weak forces [17].

3.5. The K°, K° system

Since CP is known to be violated in the K°K® system to ~ 2 x 1073, the CPT
theorem leads us to expect a TRI violation of about the same magnitude. However,
until 1999, no direct test of TRI had shown any measurable effect.

In 1999, the CPLEAR team at CERN reported on the neasurement of the
asymmetry
R(K® - efr v) —R(K® — e 7D)
R(KO — etrm—v) + R(KO — e~7nt0)

=(6.6+1.3+1.0)x1073,  (27)

a =

where R is a rate, the first error is statistical and the second one systematic. Why
is this a test of TRI [19]? Only if TRI holds will

RIK(t=0)—K(t=T)] =R[K°(t=0) = K'(t =T)]. (28)

These experimental results are in agreement with expectation based on the CP in-
variance violation in the K, K® system. The test does assume CPT invariance, but
only in that the semileptonic kaon decays obey it; alternatively, the Bell-Steinberger
relation needs to be saturated by the known decays. Moreover, Ellis and Mavro-
matos [19] show that the test cannot be interpreted as a maintenance of T invariance
and violation of the CPT theorem. The CPT symmetry would have to be broken
at the level of ~ 1073, and it has been shown to hold many orders of magnitude
better than this limit [27].

Another experiment which shows a possible violation of T invariance is that
carried out by the KTeV collaboration [21]. Here one measures i X i - Dy fle - Ty i
the decay K;, — ntr~ete™, with i being a vector perpendicular to the plane of the
electron or pions, and P, being a unit vector in the direction of the center-of-mass
of the two pions. This correlation is T-odd and CP-odd, but it could come about
from a CPT violation [22,23]; furthermore, there are strong final state interactions
of the pions which can affect the effect observed.

4. Theories of TRI violation

There are many phenomenological models of TRI violation. Some of these have
been ruled out by the ever more precise searches for an electric dipole moment
[16,17]. Among those ruled out are some models with several charged Higgs bosons;
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survivors are left-right symmetry models and R-parity violation models in super-
symmetric theories [20]. I will not describe these models, but concentrate on the
standard model and a QCD-based theory. Both of these predict only TRI- and
parity-violating interactions. However, the weak forces can introduce T-odd P-even
ones. This has been discussed by several authors see, e.g., Ref. [17]).

In the standard model, the quarks of the strong interaction are not appropriate
eigenstates of the weak interaction; the strong interaction quarks are mass eigen-
states which respect P, C and CP. Kobayashi and Maskawa [24] proposed a matrix
(now called the CKM matrix, after Cabibbo, Kobayashi and Maskawa) to connect
these eigenstates. By convention, the up, charmed and top quarks are unmixed, but
the down, strange and bottom quarks are mixed by a unitary matrix, the CKM
natrix U. The charged current weak interaction for the three families can be written
as

d
g ,__
L= ﬁ(ucﬂ%(l —5)U Z WH + h.c.. (29)
with
d/ d Vud Vus Vub d
s | =U[ s |=| Vea Ves Va s | (30)
v b Via Vis Vi b
this can be approximated as [4]
d’ 1—A2/2 A AX3(p —in) d
s ~ - 1—)%/2 AN? s (31)
b AN(1—p—in) —AN? 1 b

The diagonal elements of the CKM matrix are close to 1. The matrix element V,,, is
known as the sine of the Cabibbo angle ~ 0.22 = X. Wolfenstein [4] has shown that
this approximation provides an order of magnitude for various matrix elements.
The measurable phase can be introduced because we have three families. Because
the matrix U is unitary, we have, for instance

Vi + Ve + Vi =1, (32)

which can be tested [25].

The standard model and CKM matrix leads to the prediction of a very small
electric dipole moment of the neutron. The reason is that flavor is conserved in the
matrix element of the neutron dipole moment, so that the CKM matrix must be
invoked twice. This leads to a reduction of 1076 — 10~7 in the order of magnitude
expected for dg(n), for an expected dg ~ (10728 —1073!) e cm. Calculations based
on the CKM matrix give an even smaller number, ~ (10731 — 10733) e cm [20].

The standard model need not, and probably cannot be the sole source of TRI
violation. One reason is that it fails to be sufficiently large to allow us to understand
the lack of antibarions in our Universe [26].
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It is noteworthy that QCD allows a T-odd interaction term. The most gen-
eral QCD Lagrangian density, consistent with Lorentz invariance, Hermiticity, and
gauge and chiral invariances is (color indices are omitted, except where required)
27]

2

33}12 0G,.,G" = Locp + Lo, (33)

- 1
[_: = 1/)1 @11[} - ZGH’/G#V +
where 0 is an angle parameter, g, is the strong coupling constant,

D = (0, +igsAjAe/2)y

GH = %ewjaﬁGaﬂ, (34)

G = [0y +igs Ay, 0, +igsAL]

where A, is the gloun field and a is a color index. The 6 term violates both P
and T, and is therefore CP-odd, but it is gauge invariant and renormalizable. It is
a total derivative and therefore does not contribute classically or in perturbation
theory, but only to non-perturbative effects. It arises because there are an infinite
number of nontrivial degenerate QCD vacuua with gluon fields in their lowest state
[28]. Ome can also write higher-dimensional terms, but they are expected to be
small. The angle variable # is used because the S-matrx has a periodicity of 27 in
0. The problem is complicated by the possible presence of a complex mass term in
the QCD Lagrangian

mgpel?mIoep, (35)

which has a P- and T-odd part im sin 6,,1v51. A chiral rotation can shift some of
the 6 term into the 6,, mass term or vice versa, but you cannot rotate both away
simultaneously. If either 6 or 6,, were alone, then it could be rotated away by a
chiral rotation,

q; — exp(ivsi/2)q;

(36)
00— 60— 20%.

Thus, it is only 6= (6 + 6,,), which is measyrable and meaningful. For low energy
calculations, it is simpler to shift all of the 6 to the 6,, term [28,29].

The absence of a neutron electric dipole moment at the measured level places
a stringent limit on 6. The first calculations made use of the dominance of the
coupling of the photon to the pion in a pion loop (see Fig. 4) to compute the
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C
X

Fig. 4. Feinman diagram contributing to dg(n). The cross corresponds to a CP-
violating TNN vertex, ig, \nNTN - 7.

neutron electric dipole moment [30], with a CP-violating coupling ig,nNn¢T% - T,
with g/ yn = 0.0280 e cm. This gives

/
__ €grNNYNN mN
) == o .

b

with g,nN being the strong pion nucleon coupling. There have also been calculations
with various bag models [28], with QCD sum rules [29,31] and by other means [28].
They all give approximately the same result

dp~—(3—-6)x1071% 0 ecm, sothat 6§ <2x10710.

We thus have what is often called the strong CP problem (it could also be called a
T-problem) as to why 0 is so small.

As mentioned earlier, there are other models that have been considered [20].
We need a sufficiently large violation of TRI to explain the barion asymmetry of
the Universe [26] and thus there may well be other sources of T-violation.

5. Outlook

There are efforts under way to improve some of the TRI tests described herein.
Some of these proposed improvements have already been mentioned. In addition,
forbidden beta decays have been proposed for added enhancement [32]. Higher
static multipole moments, e.g., M2, have also been suggested in nuclei where the
effect could be enhanced. Measurements of the electric dipole moment of the elec-
tron, neutron, and atoms have already seen many orders of magnitude improvement.
New techniques have been suggested to allow further improvements by more orders
of magnitude [33,34]. In a few years, it is likely that these experiments will get close
to values predicted by the standard model.

Measurements of the muon transverse (to the scattering plane) polarization,

e.g., G- ]_ﬂ'u X EW where the subscripts refer to the particles, in kaon decay, K
— T+ p+ v is being carried out at KEK [35]. In addition, it would be worth while
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to seek TRI violation in the neutrino sector. This system is similar to that of three
quarks and a meaningful TRI-violating phase clearly can be introduced. One way
to search for a T-violation would be in the comparison of oscillation rate v, — 1,
with that for v — v, [36,37].

In interactions involving hadrons, the decay A — p+7~ can be used for a search
of a TRI violation. However, there is a large final state interaction which need to be
measured to a high accuracy and subtracted from any measured asymmetry. One
can also use pp — AA — prtpr~, with the correlation p; x A (P — ﬁf)

Charge symmetry-breaking forces lead to T-odd P-even terms in neutron-proton
scattering. Transmission experiments have been proposed to take advantage of cor-
relations similar to those suggested by Stodolsky [14] (see Sect. 3.3). Both neutron
scattering on protons (at TRIUMF) and protons on deuterium (at COSY) have
been suggested [35].

There are many other suggestions, see, e.g., Refs. [17,38] for TRI-breaking tests
and there will surely be such tests at the B-factories.

6. Summary

In this paper we have reviewed the theory of TRI, discussed some tests of
TRI that have been carried out, and presented some of the ones being planned or
proposed. So far, only one experiment, namely that of the K’K® system has shown
a non-zero effect.
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STO ZNAMO O KRSENJU INVARIJANTNOSTI OBRATA VREMENA

Razmatra se pretvorba vremenskog obrata (TR) i njene posljedice. Raspravljaju
se nedavna mjerenja i teorije i daju granice krsenja invarijantnosti obrata vremena
(TRI). Na kraju, navode se buduéa mjerenja. TRI se raspravlja neovisno o CP
simetriji.
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