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Abstract

Atomic experiments bring meaningful and valuable information on funda-
mental symmetries. The hypothesis of a large (~ 100 V) P-odd weak matrix
element between single-particle states in heavy nuclei is inconsistent with the
results of atomic PNC experiments. Upper limits on CP-violation obtained
in atomic and molecular spectroscopy are as informative as those established
in neutron physics. Very strict upper limits on T-odd, P-even interactions
(nucleon-nucleon, electron-nucleon, electron-electron, and B-decay) are de-
rived from the same atomic and neutron experiments.
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1. The scattering: cross-sections of longitudinally polarized epithermal (1
- 1000 eV) neutrons from heavy nuclei at p,;, resonances have large longitu-
dinal asymmetry. For a long time the most natural explanation of the effect
was based on the statistical model of the compound nuclei. In fact, not only
the explanation, but the very prediction of the huge magnitude of this asym-
metry (together with the nuclei most suitable for the experiments) was made
theoretically on the basis of this model [1].

An obvious prediction of the statistical model is that after averaging over
resonances, the asymmetry should vanish. However, few years ago it was
discovered [2] that all seven asymmetries measured in **?Th have the same,
positive sign. |

All the attempts [3 - 7] to explain a common sign require the magnitude
of the weak interaction matrix element, mixing opposite-parity nuclear levels,
to be extremely large,
~ 100 eV. ? The same assumption seems to be necessary to explain unex-
pectedly large P-odd correlations observed in Mossbauer transitions in **°Sn
and ®7Fe [9, 10].

In Ref. [11] it was pointed out that such a large magnitude of the weak
mixing can be checked in an independent experiment. The proposal is to mea-
sure PNC asymmetry in the M4 y-transition between the (predominantly)
single-particle states 17 13/2% and 2f 5/2~ in 2°"Pb. The sensitivity of
this experiment to the weak matrix element value is expected to reach 5— 13
eV.

?The only exception known to me is recent paper [8] where large octupole deformation
of nucleus is discussed as a possible explanation of this regularity.
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However, it was demonstrated recently [12] that close upper limit on the
weak mixing in 2°7Pb can be extracted already now from the measurements
of the PNC optical activity of atomic lead vapour. The following upper
limit was established at the 95% confidence level for the ratio of the nuclear-
spin-dependent (NSD) part of the optical activity to the main, nuclear-spin-
independent one [13]: |

Pnsp
5 <002 (1)
In heavy atoms the NSD P-odd effects were shown to be induced mainly
by contact electromagnetic interaction of electrons with the anapole moment
of a nucleus which is its P-odd electromagnetic characteristic induced by PNC
nuclear forces [14, 15]. The result (1) leads to the following bound on the
dimensionless anapole constant: &(%°?Pb) < 1, and on the effective neutron
PNC constant: g, < 10. The last constant is introduced via the effective
P-odd potential for an external nucleon:
W = <= o aliblr) + )7 )

Here G = 1.027 - 107°m—? is the Fermi weak interaction constant, m is the
proton mass, & and p are respectively spin and momentum operators of the
valence nucleon, p(r) is the density of nucleons in the core normalized by the
condition fd*:p "} = A (the atomic number is assumed to be large, A > 1).

At g, < 10-a simple-minded estimate for a typical weak mixing matrix

element 1s:
(W) < 20 eV : (3)

More sophisticated calculations based on a Woods-Saxon potential with the
spin-orbit interaction produce the following upper limit on the concrete ma-
trix element of interest for the proposed experiment with 2°7Pb:

(3d 5/2F|W|2f 5/27) < 14 eV. (4)

It is close to the expected accuracy of the experiment discussed in Ref. [11].
Of course, this experiment still would be both interesting and informative, so
much the more that it would be the first occasion when PNC effects in the
same nucleus were measured both in atomic and nuclear experiments.

However, as to the hypothesis itself, according to which the value of the
weak mixing matrix element is as high as 100 eV, such a large its value does
not agree with the results of the atomic PNC experiments.

2. Up to now CP-viclation has been observed in K-meson decays only.
One more source of the information on this phenomenon are the upper limits
on electric dipole moments (EDM) established both in the neutron experi-
ments and in atomic and molecular spectroscopy: due to them a lot of models
of CP-violation have been ruled out. The best experimental upper limit on
the neutron EDM d(n) (the combined result of Refs. [16, 17]) is:

d(n)/e < 710~ em. (5)

Impressive results for the electron EDM were obtained in experiments with
paramagnetic atoms, cesium [18] and thallium [19]. In particular, the thal-
lium experiment resulted in

d(e)/e =(1.84+1.241.0) - 10~*" em. (6)

In the standard model the neutron EDM arises to second order in G only

and Is therefore very small. It is controlled by long-distance contributions
and constitutes [20]

d(n)/e ~ 10732 — 10~3L en (7)

(The estimate given in Ref. [21] is an order of magnitude lar ger. ) Even more
tiny is the electron EDM in the standard model:

d(e)/e < it : (8)

The highest absolute precision has been achieved in experiments with
diamagnetic atoms and molecules, mercury and thallium fluoride. A record-
breaking upper limit on electric dipole moment of anything was reported in

[22] The measurements of atomic EDM of the mercury isotope '*°Hg result
in

d(***Hg)fe < 9.1-10" 8 em. (9)
Still, the upper limit on the neutron EDM following from (9)

d(n)/e < 6-10"**em (10)

is an order of magnitude worse than the direct one (5).

However, CP-odd nuclear forces are much more effective in inducing nu-
clear dipole moments than neutron or proton EDM [23]. Let us present the
effective CP-odd interaction of the external nucleon with nuclear core as

G
2

W=

L iTur) (11)
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where £ is its dimensionless characteristic. Then the experimental limit (9)
corresponds to

£< 1.7:1072, , (12)

It looks to be a serious challenge to reach a comparable accuracy in neutron
scattering experiments.

But again the standard model prediction for the constant & does not
exceed 1079, Taken together with the standard model predictions for the
neutron and electron EDMs, does not it mean that the experiments discussed
in this section are of no serious interest for the elementary particle physics;
are nothing else but mere exercises in precision spectroscopy”? |

Just the opposite. It means that these experiments now, at the present
level of accuracy are extremely sensitive to possible new physics beyond the
standard model, physics which does not manifest in the kaon decays. Since
various models of CP-violation have as a rule too many degrees of freedom, it
is natural to present the implications of the neutron and atomic experiments
in a purely phenomenological way: to construct CP-odd quark-quark, quark-
gluon and gluon-gluon operators of low dimension, and find upper limits from
those experiments on the corresponding coupling constants [24]. The results
are given in Table 1 :

k: O; d(n)/e <7-10"%¢cm d(***Hg)/e < 9- 10?2 cm |
ke(q@ivsq1)(9292) ke| < 2-107° ko] < 2:107°
kS(qinst®q)(a2t%q2) ; - -
q1 = q2 kS| < T-107° (kS < 7 1058
q1 # 2 (RSl -0 | kS| < 6-107"
ke(1/2)€uvap(@0umn)(doasd) |k < 8-107° | |ke] < 7-107°
kE(1/2)euvap(tiount®u)(doapst®d) |kf| < 6-107° |k .-:: 5.107°
k3 mp q150ugGrute k] < 2-d07 |k9| < 4-107°
e i e e k9] < 310~ k9] < 3-1074
0(as/87)(1/2)€prapGuvGap 9] <2-107"° el <7207
Table 1
6

where the limits on the dimensionless constants k; of effective operators
G
B
i :

for the CP-odd interaction of u-, d-quarks and gluons are presented [25].
Some upper limits following from the atomic experiment have been derived
from the bound (10) extracted from the same mercury result.

Clearly, the neutron and atomic experiments are complementary to each
other. Some effective constants are bounded by them on the “microweak”
level or even better.

3. Direct experimental information on the T-odd, P-even (TOPE) inter-
actions is rather poor. Best limits on the relative magnitude of the corre-
sponding admixtures to nuclear forces lie around 107, We will relate again
all interactions to the Fermi weak interaction constant G. Since the nuclear
scale of weak interactions is Gm2 ~ 2 - 1077, those limits can be formulated
as 10*G. Direct experimental limits on various TOPE interactions, together

with proposals, and new limits obtained in Refs. [26 - 28], are presented in
Table 2.

NN eN 3-decay
direct limits < 10°G < 05 0T
proposals < 10G < 10°G e

new limits S e R e R (Cs + C_'g) S
Im(Cr+Cp)<5-107"
; Im(Cp+Cp) <0.3

Table 2

Let us point out first of all that the predictions of all modern renormal-
izable theories of CP-violation (and not only the standard model!) cannot.
exceed (103—10~*) G. The reason is obvious. Parity violation is an intrinsic
property of all these models, and therefore T-odd, P-even effects should be
roughly of the same order of magnitude as T-odd, P-odd ones. And again,




in no way does it mean by itself that the experimental efforts in this field do
not make sense. They do, but it should be understocd clearly that this is the
search for essentially new physics, well beyond the modern theories.

The approach adopted in Ref. [26] consisted in combining phenomenolog-
ical TOPE 4-fermion operators with P-odd part of the electroweak radiative
corrections. These one-loop short-distance corrections generate T- and P-odd
4-fermion operators. Upper limits on the corresponding effective constants
are extracted from the bounds on the neutron and atomic dipole moments.
In this way one gets for different TOPE constants the upper limits on the
level

[@-10)c (13)

The estimates performed independently by M.G. Kozlov and myself (cited in
Ref. [26]) show that the account for the long-distance effects in the interplay
of the usual neutral-current weak interaction and the discussed TOPE one
leads to limits weaker than (13) obtained via the short-distance mechanism.
The result of recent elaborate papers [29 - 31] consists in fact in the same
.conclusion.

Much better than (13) limits presented in Table 2 were obtained in Ref.
[28] by calculating in two-loop approximation directly electron and quark
dipole moments (instead of effective T- and P-odd 4-fermion operators) 3.

At last some information can be obtained in an analogous way concerning
even (-decay constants [26, 27]. To relate them to the eN TOPE interac-
tion one should evidently switch on the W-exchange. Unfortunately, this
procedure is more ambiguous than the switching on Z-exchange used in our
previous consideration.

One-loop approach leads here to the limits on the T-odd scalar, tensor and
pseudoscalar constants presented in Table 2. The two-loop approximation
leads to the limits on the T-odd part of f-decay interaction with derivatives
on the level [27]

1074 G. (14)

*One cannot exclude of course the possibility that the contributions of various parti-
cles to the two-loop diagrams discussed cancel out. This possibility emphasized in Ref.
[30] refers obviously to any estimates (including certainly those of Ref. [30] itself) made
in a field where no reliable theory exists. As to the analogy with the well-known GIM
mechanism mentioned in [30], it does not look relevant here. The reasons for the GIM
cancellation in the standard model are well-known, but what have they to do with the
discussed nonrenormalizable TOPE interactions?
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