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Valuable information on interactions violating P- and T-invariance can be ex-
tracted from atomic experiments. The hypothesis of a large weak matrix element
between single-particle states in heavy nuclei, ~ 100 eV, is ruleld c:ut by measure-
ments of parity nonconservation in atoms. Experimental upper limit on the .EIECt:I‘!C
dipole moment of the 1®Hg atom strictly constrains parameters of CP—v:o_latlon
models. Upper limit on the T-odd, P-even admixture to nuclear forces is set:
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1 Is Large Weak Mixing in Heavy Nuclei Consistent with Atomic
Experiment?

The scattering cross-sections of longitudinally polarized epithermal (l_ - 1_000
eV) neutrons from heavy nuclei at p;;; resonances have la‘:ge longltuflmal
asymmetry. This parity nonconserving (PNC) correlation is the fractional
difference of the resonance cross-sections for positive and negative neutron
helicities. 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_ asymmetry
(together with pointing out the nuclei most suitable for the experiments) was
made theoretically ! on the basis of this model.

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 for *?Th have the same, positive
sign. :

Most attempts #*%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 unexpectedly large P-odd correlations observed in the Mossbauer
transitions in !'°Sn and *"Fe®°.

Such a large magnitude of the weak mixing can be checked in indepe.ndent
experiments. The recent proposal '° is to measure PNC asymmetry in t.he
M4 ~-transition between the states 1i 13/2% and 2f 5/2~ in 2°7Pb, w.hu.:h
are believed to be predominantly single-particle ones. The experiment is 1n
progress now !'. Its sensitivity to the weak matrix element value is expected
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to reach 5 — 13 eV.

In '? it was demonstrated that close upper limit on the weak mixing in
207pb follow already from the measurements of the PNC optical activity of
atomic lead vapour !>, The experiment was performed at the atomic M1 tran-
sition from the ground state 6p? 3P, to the excited one 6p? 3P,. The nuclear
spin of 2°7Pb being i = 1/2, the total atomic angular momentum of the ground
level is F = 1/2, and the upper level is split into two: F' = 1/2, 3/2. The fol-
lowing upper limit was established at the 95% confidence level for the relative
magnitude of the nuclear-spin-dependent (NSD) part of the optical activity:

Pynsp
P

< 0.02 (1)
Here
Pysp =P(F=1/2—F'=1/2)- P(F=1/2— F' = 3/2)

and P is the main, nuclear-spin-independent, part of the PNC optical activity.

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 !415:16,

The electromagnetic PNC interaction of electrons with nuclear AM is of
a contact type. It is conveniently characterized in the units of the Fermi
weak interaction constant G = 1.027 x 10~°m~2 (m is the proton mass) by a
dimensionless constant x.

To calculate, x we present the effective P-odd potential for an external
nucleon in a contact form in the spirit of the Landau-Migdal approach:

W= 2 2 olpplr) + plrip . (2)

Here o 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
Jdrp(r) = A (the atomic number is assumed to be large, A > 1). A dimen-
sionless constant g characterizes the strength of the P-odd nuclear interaction.
It is an effective one and includes already the exchange terms for identical
nucleons. This constant includes also additional suppression factors reflecting
long-range and exchange nature of the P-odd one-meson exchange, as well as
the short-range nucleon-nucleon repulsion.
Under some simplifying assumptions the anapole constant x can be esti-
mated for a heavy nucleus even analytically with the following result '°:
_ 9 ap .,
K= E g m_fo A / . (3)
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Here p is the outer nucleon magnetic moment, ro = 1.2fm. The enhancement
~ A?/3 compensates to a large extent the small fine structure constant a =
1/137. That is why the nuclear AM is perhaps the main source of the nuclear-
spin-dependent PNC effects in heavy atoms'*'®. This formula predicts for
lead

%(*°"Pb) = —0.08 g,,. (4)

More serious numerical calculations using a realistic description of the core
density and the Woods-Saxon potential including the spin-orbit interaction,
f 15,17
give
x(?°"Pb) = —0.105 g,. (5)

Recently it was demonstrated'® that various many-body corrections, taken
together, do not change essentially this result.

On the other hand, atomic calculations predict the magnitude of the NSD
optical activity in lead at given x with the accuracy about 20% 1920 At
the experimental value of P obtained in '® this prediction for the ratio (1)
constitutes

0.023 k(*°"Pb). (6)

Combining the experimental result (1) with this theoretical one, we get the
following upper limit for the anapole constant:

x(*7Pb) < 1, (7)
and for the effective neutron PNC constant:
g < 10 (8)

Close upper limits on the effective constant g, for an outer proton can
be extracted from the optical experiments with atomic cesium?! and thallium
2223 Less strict bound on g, follows from the experiment * with bismuth.

A simple-minded estimate for the weak mixing matrix element, based on
formula (2), leads to its following value:

2geV.

More sophisticated calculations based on the Woods-Saxon potential with the
spin-orbit interaction, give for the concrete matrix element of interest for the
proposed experiment with 2°7Pb

(3d5/2%|W|2f5/27) = 1.4gn eV (9)
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in a reasonable agreement with the results of other single-particle nuclear cal-
culations cited in !°. Combining (8) and (9), we get the following upper limit
on this matrix element

(3d 5/2F |W|2f5/27) < 14 eV (10)

which is close to the expected accuracy of the experiment discussed in %11,

Nevertheless, this experiment would be obviously both interesting and
informative. As to the hypothesis itself, according to which the value of the
weak mixing matrix element is as high as 100 eV, it does not agree with the
results of the atomic PNC experiments.

2 CP-Violation without Strangeness, or Electric Dipole Moments

Up to now CP-violating effects have been observed only in the decays of
the neutral K-mesons, and their nature remains mysterious. At present the
searches for the electric dipole moments (EDM) in neutron and atomic physics
are practically the only other source of the information on C P-violation. Even
without discovering the effects sought for, the neutron and atomic experiments
have ruled out most models of C P-violation suggested to explain the effects
in K-meson decays; in fact, one can argue that the neutron EDM experiments
have ruled out more theoretical models than any other experiment in the his-
tory of physics. As to the mechanism of C P-violation incorporated into the
standard model of electroweak interactions, which is most popular at present,
its predictions for the EDMs are many orders of magnitude below the present
experimental bounds.

But does it mean that the EDM experiments 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 to which the kaon decays are insensitive.
Examples of this type will be discussed in more detail below.

2.1 Phenomenological C P-Odd Nuclear Potential and the Schiff Moment

The most strict upper limit on the EDM of anything is obtained in the recent
experiment ?° with 9°Hg atom:

d(**°Hg)/e < 9-10"**cm. (11)

The electronic shells of this diamagnetic atom are closed. Therefore, the effect
is due to the nuclear EDM. To be more precise, because of the electrostatic
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screening, the atomic dipole moment (11) is induced not by the nuclear EDM
itself, but by the so-called Schiff moment, which is proportional to the dif-
ference between the nuclear dipole moment form-factor and nuclear charge
form-factor (see, e.g., book ).

It has been demonstrated in 26 that nuclear C P-odd electromagnetic mo-
ments, the Schiff moment included, are most efficiently induced by 7- and
P-odd nuclear forces, but not by the nucleon EDM.

So, let us start with discussing the T- and P-odd nucleon-nucleon potential.
If we assume for simplicity the interaction to be local and limit ourselves to
first-order terms in the nucleon velocities p/m,, then to this approximation the
most general form of the effective potential (in the spirit of the Landau-Migdal
approach) is

Wab - % % {(éabaa == Ebaab)v‘s(ra = rb)
+&ap[0a X 03]{(Pa — Pb) 8(ra — 18) + 8(ra — 13) (Pa — P2)}} (12)

The dimensionless constants £, characterizing the strength of the interaction
in units of the Fermi constant G, are supplied with subscripts in order to
distinguish between protons and neutrons. These are effective constants and
include already the exchange terms for identical nucleons. In a detailed theory
the constants should also include additional suppression factors reflecting long-
range and exchange nature of the realistic interaction, as well as the short-range
nucleon-nucleon repulsion. As it should be, the potential (12) is invariant under
the Galilean transformations.

According to detailed numerical calculations with the Woods-Saxon poten-
tial, including the spin-orbit interaction, the Schiff moment of '®?Hg nucleus
in.to

S(*°Hg)/e = —1.8-107 " §,, fm®. (13)

On the other hand, the Hartree-Fock calculations relate the mercury atomic
dipole moment d('9*Hg) to the nuclear Schiff moment S('%°Hg) as follows ?*2%:

d('*Hg) = —3.10"18 (E(;:*?_}‘_)) em. (14)

Combining relations (13) and (14) with the experimental result (11), we obtain
the following upper limit on the C P-odd nuclear interaction:

By SubT-A05% (15)

There are strong reasons to believe that the CP-odd NN interaction in
nuclei is dominated by the #%-exchange. This mechanism, considered first in
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27 is singled out by the large value, 13.6, of the strong # NN constant and by
the small m-meson mass. The derivative occurring at one of the vertices (in
this case at the strong one) arises inevitably in the case of a P-odd interaction
and does not lead to a relative suppression of the corresponding contribution.
Finally, a charged particle exchange is suppressed as compared to neutral ex-
change in the nuclear shell model.

To simplify the discussion, we will confine ourselves to the limit of zero mo-
mentum transfer in the NN interaction. In this way the 7%-exchange induces
an effective operator

G - s

—§¢(NiysN)(N'N' 16

ST NN (16)
with a dimensionless constant

¥ Al gxNN GxNNV2

17

In the nonrelativistic reduction, expression (16) generates in the coordinate
representation interaction (12). Then the result (15) can be formulated as an
upper limit on the effective C P-odd neutral pion constant:

ey ok T T gt (18)

2.2 Quark Chromoeleciric Dipole Moment and Constraints on Models
of C P-violation

The last upper limit is most efficiently employed for constraining models of
C P-violation in the following way. Let us consider the effective operator of
the C P-odd quark-gluon interaction
1 e
.= 5 d° §y50,,t"q Gy, - (19)
where ¢ = A?/2 are the generators of the colour SU(3) group. This is a close
analogue of the EDM interaction with the electromagnetic field, so it is only
natural to call the constant d° in expression (19) the quark chromoelectric
dipole moment (CEDM). The CP-odd #’ NN vertex generated by operator
(19) transforms by the PCAC technique:
a a iﬁ = a a
< 7N |gqysout®q Gy, | N >= £ —— < N|ggout’qGj, |N >; (20)
T

the plus and minus in the lhs refer to the u- and d-quark CEDM, respec-
tively. The QCD sum rule estimate for the last expectation value is 7 GeV?
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30, Combining it with (18), we obtain the upper limit for the quark CEDM:
d° < 24-10"*°cm. (21)

Let us consider now the model of spontaneous C'P-violation in the Higgs
sector. Its old version, with light Higgs bosons, has been ruled out by the
experimental upper limit on the neutron EDM. We will consider therefore its
more “natural” version, with heavy Higgs bosons. Of course, in this case the
model is responsible for only a small portion of CP-violation in kaon decays.
It would be new physics, a new source of C P-violation, supplemental to that
generating the effects already observed.

The estimate for the quark CEDM obtained in the “natural” version of
the model, under the assumption that the Higgs mass is about the same as
that of the {-quark, is 3132

d°(q) ~3-10" % cm. (22)

As it is pointed out in33, this prediction is 12 times larger than the experimental
upper limit (18).

Thus, very special assumptions concerning the parameters of the model
of spontaneous CP-violation in the Higgs sector (such as large mass of the
Higgs boson, small values of the C'P-violating parameters, etc) are necessary
to reconcile the predictions of this model with the experimental upper limits
on the neutron electric dipole moment.

The same situation takes place in the supersymmetric SO(10) mode

Let us mention here that the atomic experiment constrains the parameters
of both model more strongly than the upper limit on the neutron EDM.

.

3 What Do We Know in Fact about T-odd, but P-even
interactions?

Direct experimental information on the T-odd, P-even (TOPE) interactions
is rather poor. Best limits on the relative magnitude of the corresponding
admixtures to nuclear forces lie around 103 35363738 e will relate below
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. Most advanced experimental experimental proposals aim at improving
these limits by three orders of magnitude.

Experimental information on TOPE electron-nucleon interaction is prac-
tically absent. In>° an atomic experiment was suggested which can hopefully
reach an accuracy about ~ 3 -10'G (see also??). Higher accuracy is aimed at
in the recent experimental proposal *!.
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As to the TOPE electron-electron interaction, its possible manifestations
in positronium were discussed in .

Much better upper limits on the TOPE interactions can be obtained as
follows. Radiative corrections, due to the P-odd part of the electroweak in-
teraction, transform the T-odd, but P-even fermion-fermion interaction into
a T-odd and P-odd one. The experimental information about T-odd, P-odd
effects is sufficiently rich to obtain in this way new limits, much better than
direct ones, on the parameters of T-odd, P-even electron-electron, electron-
nucleon and nucleon-nucleon interactions.

3.1 Long-Distance Effects

Let us point out first that the predictions of all modern renormalizable theories
of C P-violation (and not only the standard model!) cannot exceed (1073 —
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.

An even stronger result was obtained recently in 3. In any renormaliz-
able theory, TOPE flavour conserving quark-quark interactions are absent to
second order in the electroweak coupling. This conclusion holds to all orders
both in the chromodynamic and electromagnetic interactions, if the #-term is
neglected.

Therefore, the investigations in this field are in fact the search for an
essentially new physics, well beyond the modern theories. That is why we
will describe the TOPE interactions phenomenologically, using effective quark-
quark operators.

There is only one (up to the interchange 1 « 2) such operator *6, which
can be presented as
% ;_:n V18500 (Prl = pl)u"lr)l"an'Ty‘Yﬁ'ﬁb?- (23)
We measure the interaction discussed in the units of the Fermi weak interaction
connstant G; the choice of m as the necessary dimensional parameter being
also a matter of convention; q; is dimensionless.

A hint at the kind of limits that can be obtained by combining this inter-
action with the P-odd one, is given by the following argument, close in spirit
to the corresponding estimates from *#*°. (From now on we sacrifice the purity
of style, and use freely the results of neutron experiments in line with atomic
ones.) Let us consider the contribution to the neutron EDM from the com-
bined action of the usual P-odd, T-even weak interaction and the discussed
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T-odd and P-even interaction, the strength of the latter being g times smaller
than that of the previous one. The contribution constitutes obviously

d(n)/e ~ i(cmi)zq (24)

From the comparison with the experimental upper limit for the neutron EDM
47,48

d(n)/e < 107* cm, (25)

we obtain the limit g < 102, which is about two orders of magnitude better
than the direct limits mentioned above. This estimate is obviously of a very
crude nature. In particular, the dipole moment arises here at least in one-
loop approximation which leads to a small geometrical factor. So, it is better
perhaps to accept for this limit a more cautious estimate

g < 10% — 10% (26)

which can be otherwise formulated as an upper limit for the relative magnitude
ap of the TOPE admixture to nuclear forces:

ar < 107° — 1074 (27)

; : ; . 49,50
Analogous estimates for the electron-nucleon interaction were made in

(as cited in *®) and ®'. Let us mention also recent elaborate investigations
52,53,54,55  of the long-distance interplay between TOPE and usual P-odd
interactions in the hadronic sector. They are of a certain interest for the
theoretical nuclear physics, but none of them resulted in a serious improvement
over the simple-minded estimate (26).

Better limits on TOPE effects are obtained by a simple and elegant ar-
gument presented in a recent paper °°. By dimensional reasons, the TOPE
4-fermion effective interaction of dimension seven can be written as

Cr

A3
It is only natural to assume that the momentum scale A in this operator exceeds
that of the electroweak theory, i.e.,

A > 100 GeV.

$1£75UFV(P; e P!)v¢1$27ﬂ75¢2- (28)

As to the dimensionless number C7, it is natural to assume that it is about
unity. Then the dimensional estimate for the magnitude of TOPE effects on
the hadronic scale of momenta p ~ 1 GeV, is

(%)3 < 1075 (29)
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This line of reasoning applies not only to 4-fermion operators, but, for
instance, to a quark-gluon-photon operator of the form 6

Cr
qu‘,wt“q Gy, Fup. (30)
Let us mention here also the TOPE photon-fermion scattering amplitudes.
They belong to higher dimensions (starting from 10) 57, and are constrained
more strongly in this way.

3.2 TOPE Fermion-Fermion Interactions. One-Loop Approach

A serious advance in the problem is due to the observation that the electroweak
corrections to TOPE fermion-fermion operators are controlled mainly not by
the large-distance effects, but by short-distance ones. Therefore, they are of
the order a/7 (up to some chiral suppression factor which is quite essential),
but not of the order Gm2 6.

We will concentrate here and below on the corrections due to the Z-boson
exchange. These can be calculated self-consistently in the sense that the result
is independent of the choice of the gauge for the Z-boson propagator.

A consistent, gauge-independent calculation of the W-boson exchange
contribution to the induced 7- and P-odd amplitudes is much more model-
dependent and will not be discussed here in detail. It can be expected however
to be even larger than that of the Z-exchange, due to small numerical values
of the neutral weak charges. These small values are responsible in particular
for the well-known relative suppression of the neutral-current cross-sections as
compared to the charged-current ones. So, the Z-exchange contribution serves
as an estimate from below for the effects discussed. As to the Higgs boson ex-
change, in the standard model it conserves parity and is therefore of no interest
to us.

The result of the transformation of this effective operator into 7- and
P-odd one is

G «a A2 SRl AN ATy
ﬁ El: 103 E % { 2mav, [3a2¢1¢1 Y25 1;’2 e (ﬂ-l b a2)¢]]b11452175‘¢2]

—a1v2 [Mma¥13750,, %1 Y20 Y2 — 13750, () — P1)ut1 Yavut2]}- (31)

Here M is the Z-boson mass. The dependence of the result on the cut-off
parameter A is due to nonrenormalizability of the TOPE interaction. But
trying to be as conservative as possible in our numerical estimates, we will
assume the log to be of the order of unity. m, 3 are the masses of the first and
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second fermions, respectively. vy and a;  are their weak neutral vecto? and
axial charges. In particular, for the electron, u-, and d-quarks they are:

R — —%(1 - 4sin20) ~ —0.04, a.= —%,

1 8. 1
By = 5(1— gsmzﬂ) 2~ &’ ayi= %,
1 4 | 1
v‘g:—i(l-—Esmze)z—g, Gd:'—%. (32)

Here 0 is the electroweak mixing angle,
sin? § = 0.23. : _
Let us perform the concrete estimates for the electron-nucleon interaction.
In this case the induced electron-quark operator is

. o A2 M s 1 )y y 0 =
75 ?‘n_' ].Og —ij{ng[;er}’saﬂveqaﬂyq — 2—me'5750‘#u(P1 Pl)yCQ"YHQ]
s s, | [(1-2a)éivseqq — 3€egivsq]}.(33)
m

Here m and m, are the quark and electron masses, v and a are the quark
vector and axial charges, g, and g are the dimensionless constants in the T-
odd, P-even operators with the explicit momenta belonging to electrc_ms and
quarks, respectively. We have neglected here the contribution proportional to
the electron vector charge v, which is numerically small (see (32)). Operator
(33) should be summed over u- and d-quarks, and its expectation value should
be taken first over a nucleon and then over a nucleus.

In the static approximation for nucleons, the only term in (33) that de-
pends on both electron and nucleon spin is Y50u, X Opuy- The d.ime_nsiona.l
estimate for the nucleon expectation value of the operator §o,,q is Nou, N.
Then the dimensionless effective constant of the 7- and P-odd tensor electron-
neutron interaction is

a A% mg _6 34

ks = e log e %vdqeq ~ 107°geq- (34)

The upper limit on the constant k3 obtained in ?® leads to the following result:
gei ¢ 1077, (35)

For the d-quark mass we assume here the value my = 7 MeV. ‘

Upper limits on the level 0.1 — 1 can be extracted in this way ﬁ?m ato::mc
experiments for the constants gge referring to the electron-quark interaction
with the derivatives in the quark vertex.
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The analogous estimates for various quark-quark constants, as derived
from the results both for the atomic and neutron EDMs, lead to the upper
limits

Qg < 1. (36)
We do not go here into details since in the next subsection much better upper
limits will be obtained for all these constants.

3.3 TOPE Fermion-Fermion Interactions. Two-Loop Approach

The idea of the next improvement of the upper limits on the constants discussed
58,59 can be conveniently explained for the case of hadrons. The previous
advance from (26) to (36) was obtained by going over from the long-distance
effects of the usual weak interaction to the short-distance ones. It allowed us
to get rid of one small factor Gm?2 in formula (24), trading it for a/r with
some extra chiral suppression. But can we get rid of the second factor Gm2
in that formula? The answer is: yes, we can. Up to now we computed one-
loop radiative correction which transformed the interaction discussed into 7-
and P-odd effective operator. Then we estimated in fact the long-distance
contribution of this operator to the neutron dipole moment. Now we are
going to make the next step: to calculate a completely short-distance two-
loop contribution of the TOPE interaction times the weak interaction, directly
to the quark EDM. And the latter at least does not significantly exceed the
neutron dipole moment. We gain in this way even more than at the first step
since now there is no more chiral suppression factor m,/m,,.

To regularize, at least partly, the related Feynman integrals, it is conve-
nient to introduce explicitly an axial boson of mass p mediating the TOPE
interaction. It was pointed out long ago® that the amplitudes (23) could arise
through the exchange by a neutral pseudovector boson if its vertices contain
the mixture of the “normal” axial operator v,7vs and the “anomalous” one
Y50, (P' — p). of opposite CP-parity. We consider however the introduction
of this boson only as a convenient way to soften the ultraviolet divergence of
the integral from the quadratic to logarithmic one, without any serious discus-
sion of this particle by itself. Thus the TOPE fermion-fermion amplitude can
be presented as

4r3 Liiatd L
¥ Juag = oo Y11750, (P) — P1)u¥1 V27,75 ¥2. (37)
Here 3 is the dimensionless coupling constant analogous to @ = 1/137 in
QED. Consider now the contribution of the two-loop diagram 1a to the fermion
EDM. Here the dashed line represents the propagator of the axial boson X.
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Figure 1: Two-loop diagrams.

The Z-boson exchange (the wavy line) introduces the parity nonconservation
necessary to induce the EDM.

It can be easily seen that the contribution proportional to the mass of
fermion 1, is small, ~ G. Therefore, this fermion will be taken as massless.
Since the dipole moment interaction changes the fermion chirality, the }ower
vertex of the X-line should be iys0,5ky and the upper one, correspondingly,
vu7s- Then according to the Furry theorem for the fermion loop,.the upper
vertex of the Z line is ,, and the lower one, respectively, v,vs. To simplify 'fhe
calculations and result, we will neglect the mass of the fermion propaga.tl.ng
in the upper loop as well (though for the heavy t-quark there are no special
reasons to do so). Then the expression for the fermion loop ig 52

i 1
S—:r-iFap[eagp., + k—zcuﬁm\kn(tsp,\ku + buaky) ; (38)

here F,p is the strength of the external electromagnetic field.
When considering the lower (Compton) block of diagram 1la, one should
also include the contact term

e
Bedion o By, (39)
2sinfcosf g
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originating from the vertex

150 (P — P)a

via the substitution

Pu¥ — [Pu = (1’ Gy ‘375) Z.u] Y

e
2sin @ cos @
which makes this vertex gauge invariant with respect to the Z-field. In partic-
ular, the inclusion of the contact vertex (39) into the X Z Compton scattering
amplitude makes the result of the calculation independent of the term kk,/M?
in the propagator of the Z-boson. Simple calculations give now the following
result for this contribution to the EDM d of fermion 1:

d aB Qiaiv; A?

= ——2"" % log —.
e 3r2m o M2

(40)
This formula refers to the general case in which fermion 2 propagating in the
loop differs from the fermion 1 propagating in the lower line. In particular, a;
is the axial weak charge of the first fermion, v, is the vector weak charge of the
second fermion, and Q; is its electric charge in the units of e. The logarithmic
dependence on the cut-off parameter A is the result of the nonrenormalizable
coupling of the X-boson to the vertex with derivatives Y50 upk,. Although
the result (40) is presented with logarithmic accuracy, in all our numerical
estimates we will conservatively assume log A? /M2 to be of the order of unity
(M. is the largest of the masses y and M ). Let us emphasize again the gauge
invariance of this result with respect to the Z-field. As to its gauge invariance
with respect to the electromagnetic field, it is self-evident from expression (38).
The contribution of diagram 1b

dy  afQayv, a 2 A% (41)
e  36r’m 8 M2

is much smaller numerically and can be neglected.

In the case of identical fermions there is also the contribution to the EDM
of diagram 1c, but we will neglect it in our estimates with the expectation that
the result will not be grossly affected. One might expect here that in the local
limit, g — oo, the effect for identical fermions 1 and 2 should vanish, which
would correspond to exact cancellation of diagrams 1a and Ic. However, even
for u > M we can, to logarithmic accuracy, restrict the integration over k to
k > p, where the TOPE interaction of identical fermions is in no way a local
one and therefore no cancellation takes place.




368

A consistent, gauge-independent calculation of the W-boson exchange con-
tribution to the induced EDM is again much more model-dependent and we
will not discuss it. The same arguments as in the previous section lead us to
expect that the Z-boson contribution alone serves as a conservative estimate
for the induced EDM.

We will start the application of the general result (40) from the case of
the electron-electron TOPE interaction. Substituting into formula (40) the

numerical values (32) for a., v, as well as Q. = —1, we get
d. -19
~ = Pae - 107 cm. (42)

The experimental upper limit on the electron EDM 62,63
d.

=8 10726 cm. (43)
leads to the following result for the constant 3., of the electron-electron TOPE

interaction:
ﬂce < 10_7. (44)

In the same way we can get very strict upper limits on the electron-nucleon
and nucleon-nucleon TOPE interactions. The axial charge of a fermion is
always (up to a sign) 1/2 and for any quark, independently of its sort, the
product Qv is numerically close to 1/9. Then, using the experimental upper
limit (25) on the neutron EDM and assuming for dimensional reasons that
the neutron dipole moment induced by the quark EDM is of about the same
magnitude as the latter, we get for 3,., the TOPE quark-electron interaction
constant with derivatives in the quark vertex, the limit

Bl 10:% (45)

For another electron-quark constant 3., (with the derivative in the electron
vertex) the constraint (43) on the electron EDM gives the upper limit

. BT o B (46)
For all quark-quark constants 3y, the limit (25) on the neutron EDM gives
Beg < 3-1007. (47)

The latter refers as well to the “coloured” TOPE interaction, with the SU(3)
generators 1% in each vertex. In this case the external field on diagram 1
should not be electromagnetic, but rather a gluon one. Again, for dimensional
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reasons, the neutron EDM induced in this way should be of the same order of
magnitude as the chromoelectric dipole moment described by this diagram.
The constants 3 introduced here, are related as follows to the constants g

used above:
4= _ G y
7 B ﬂq, (48)
or
2 2
g = 4#,@\/5 (?) -10% = 1.8.10° (ﬁ) B. (49)

m
Thus, the upper limits corresponding to (45), (46) and (47) are

2 2 2
Qge < 2 (%) y Geqg < 0.05 (%) » dgg < 0.5 (%) ’ (50)

respectively.

The upper limits on the constants g in the interval ¢ < 1072 — 1, were
derived in the previous section under the assumption u > M ~ 100 m,. Under
the same assumption, the limits we obtain here are much better:

Shor . B g o 1N g < 107" (51)

Let us come back to the explanation of this gain. In the transition from
the effective four-fermion 7- and P-odd operators obtained in the previous
section to the neutron EDM, we used the usual hadronic scale of 1 GeV. But
here the transition takes place on a much higher scale of 100 GeV.

3.4 Electron-Nucleon and Nucleon-Nucleon Interactions. Conclusions

Now, having obtained the above limits on the TOPE electron-quark and quark-
quark interactions, what can we say about the corresponding electron-nucleon
and nucleon-nucleon interactions?

The answer for the electron-nucleon interaction is quite straightforward
one. Simple dimensional arguments lead to the following estimates for the
nucleon expectation values of the relevant quark operators (the second one has
been already mentioned):

(Nl @VuY59 |N> ' ﬁ"/n'YSNs (NI §V50 uuq |N 2™ N'YSU';WN- (52)

Therefore, the limits (51) for gg. .o are readily translated into those for the
constants of TOPE electron-nucleon interactions:

gne < 1074, gen < 1075, (53)
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Let us address now the nucleon-nucleon interactions. Note first of all that
in contrast to T- and P-odd nuclear forces, TOPE ones cannot be mediated
by x’-meson exchange 64 Indeed, looking at the classification of the particle-
antiparticle states in the annihilation channel presented in Section 2.3, we see
that at j = 0 the state 2 just does not exist.

The absence of this exchange can be attributed also to vanishing of a
TOPE #°NN vertex. As to the TOPE 7* NN coupling, being hermitian, it
should be written as

pysnmt —AYspE. (54)

This coupling does not lead to TOPE NN scattering amplitude in the one-
boson exchange approximation since after the interchange of this vertex and of
the strong one, the corresponding diagrams cancel. TOPE one-boson exchange
starts therefore with vector and pseudovector bosons. Being mediated by heav-
ier particles, the effective NN interaction is further suppressed as compared to
simple estimates.

On the other hand, it follows already from general formulae (23) that a
TOPE nucleon-nucleon scattering amplitude contains an extra power of p/m
as compared to the usual P-odd weak interaction. This means an extra sup-
pression of roughly by an order of magnitude as compared with the mentioned
naive estimate G m2 q.

Thus, even taking into account all the uncertainties of our estimates, one
can state that the relative strength of the TOPE nuclear forces does not exceed
10-4Gm2, or

ar < 1074 (55)

Various objections to this conclusion have died away, being withdrawn
implicitly or explicitly. The only one still worth mentioning is the possibility
that the contributions of various particles to the fermion loop in diagram la
cancel out. However, this possibility emphasized in 53 refers obviously to any
estimates (including those of *®) made in the absense of a reliable theory. As
to the analogy with the well-known GIM mechanism mentioned in 32, it does
not seem relevant here. The reasons for the GIM cancellation in the standard
model are well-known, but they also seem irrelevant to the issue of nonrenor-
malizable TOPE interactions. On the other hand, too strong cancellation here
looks especially unlikely due to the large mass of the t-quark. Moreover, a
cancellation at the level of 10~6, which is required to change the upper limit
1011, set in %, to 1073, as discussed in , seems quite improbable.
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