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The neutron electric dipole moment 2k in the model dis-
cugped is ghown %o be caused mostly by the contribution of
strange quarks. The obtained estimate for &, is close to the ex-

perimental bound.
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1« The aim of the present work is a detalled analysie of
different mechanisms leading to the neutron electric dipecle mo-
ment (EDM) in the Weinberg model of C P violation['l. Such en
analysig seems to be gquite timely gince the experimental bo-
und[z'jl on the value of D is even now close to the predic-
tions obtained early in the frame of thies model. Moreover, in
the near future the neutron E DM will be measured perhaps
with the accuracy better by an order of magnitude[3].

From the theoretical point of view the modell'] seems to
be sufficiently realistic cne. C P violation ieg caused here
by the charged Higgs bosons exchange. The effective four-fermi-
on C P violating interaction looks ss follows
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where Jf is in fact a parameter of the model. An interest to

the moﬂel[1] is caused by the following reasong. Firgtly, in
distinction from the Kobayashi-Meskawa modell?] it provides a
natural explenation for the smallness of C P violating inter-
action in comparison to the usual weak one. The corregponding
amall parameter is ﬂﬁéﬁkﬁﬁ where JM&} /7y  are the typical
magseg of fermions and Higge bosona. Its origin is evident: the
coupling of a Higge boson to a fermion is proportional to % ,
and the factor 17’”; is a remnant of the Higgs field propagator.
Secondly, the non-congervation of C P parity in the Higge sec-

tor can arise, as it was shown in Ref.fﬁ], due to spontaneous
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violation of C P - invariance which seems quite atiractive from
the theoretical point of view. Thirdly, in :the model discussed
there is a dynamical suppression of the amplitude of the direct

K, =27 transition[®?7] violating the relation I I
checked experimentally with the esccuracy of some per cent.

Tet ug discuss briefly previous estimates of the neutron
E DM in the model[']. In Refs.['*®] the quark E DM was cal-
culated with logarithmic accuracy (the terms va the order of
unity were dropped in comparison with ZZ ﬁ?ﬁ/’% ; here 77
ig the mass of ¢ - quark). Then, neglecting the contribution of
strange quarks to &, snd assuming validity of the simplest
quark model, ‘.‘s'einbei:-g[1j obteined DOn ~ 21.3'1CI'"24 e-cm. More
careful estimates by Anselm end D'yekonov [E’] led under the gpame
agsumptions to Pn -2.8+107 -25 e*CM.

Then in Ref. f51 it was noted that the factor n */'E
is not large numerically since the model does not allow to make
the Higgs boson mase very high. Therefore, the non-logarithmic
correction was calculated that turned out quite considerable.
Taking it into account the estimate for the neutron E D M be-
came: 9, = - (0. 91-3}-10'25 e'cm£5} And et last, in
Ref.[[] strong interactions at smell distences were calfulated
and all the terms of the kind é:d; T, /M/gc;r ﬁ@ﬁ,:/

(here g -J?xéf* > &? ig the quark—gluﬂn interaction cons-
tent, #¢ ie the characteristic hadronic scale) were summed up
by meane of renormalization-group technique. The corresponding

caleculations led to the decrease of the estimate for the neut-

ron E DM by about three times in comparison with Ref-[&'}-

S .

——

Let us discuss now the effects that influence the magnitu- *
de of neutron E D M , but previously were not taken into acco-
unt.

Note first of all that all the earlier calculations refer
to the contribution of quark E DM to the neutron dipole mo-
ment. However, Dn may arise sleo because the discussed inter-
action admixes to the neutron wave function a state with opposi-
te C P - parity (see, e«g+, Fig. 1)« In the Weinberg model the
direct four-fermion interaction between & - and a/- quarks
is small and proportionel to the current mass squared ‘W:a" .
However, ancther mechanism of C P violation in a system of

light quarks is poeeible, shown at the Fig. 2.
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The structure of the operator arising when the diesgram 2 is
i a F B
calculated, looks aaé E:}'..,-éf /ff_,q.-’ , quite similar to the
a
usual E D M. Here /m? is the gluon fleld strength, a/ des-
a-
cribes the a/- quark field, and ./f are Ge}l-Mann matrices,
r 4 Q
normalized by the condition JO/J"/‘? = 24 « We shall call
this operator colour dipole moment (CDM) of quark. To get C P -
- violating four-fermion interaction we have only to join the

gluon to ancther light quark. This mechanism is enhanced in
- 5 sl




comparison with the direct one due to heavy intermediate

£ - quark. The quark C D M contribution to the neutron dipole
moment is considered in detail in the Section 2.

In the Section 3 the estimate for Zw is given with the
account of strange quarke. The fact that their contribution can
be esgential was noted prE?ic:usl;g'[E"E]. In particular, in
Ref.[°]1t was stressed that the § - quark E DM 1is

:—;ﬁ, -O{f"!'i% ~ AQD times larger than the Q’ - quark omne.
Qur conclusion is that just & - ﬁuarks give the main contribu-
tion to T

p. Before the discussion of € D M contribution we shall

write down the exprassibn for the 5?! - quark EF D M -caused by

the diagrams 3:
£
Oy - £ My 3
= e b UG, o
Z =3 ‘sz%.g 4,/4

) S Ao 10078,
67

(2)

Here € ig proton charge; the factor & is due to strong in-

teractions at small distances. If gluon corrections are absent,
& = 1.

In the formula (2) we omit the contribution due to inter-
mediate & - quark that has the additional smell factor
M‘:%{," c{p"’ﬁc . Begides that, when calculating ©£4 , we shall
not take into account the & - quark E DM which is M;/ﬁﬁ}
times emaller than B .

The value of the factor A was obtained iﬁ the main loga-
rithmic approximetion in the Ref. [7]. In the notations of the

present work

e
& = = (3)

OQur point of view is that one should keep both constant term
along with n @%2‘3 (-—3!4 in this case) and the correcti-
on factor (3). Some explenation of this procedure ie as follows.
Split the factor A into twos A= Ay Dy where A4, des-
eribes the gluon correctione from the region ﬂ%’argﬂc ,gyj
( ? ig the momentum of virtual 'gluon). and &, refers corres-

L

pondingly to the region 2~ <£%< 2~ . The integral in the

diagram 3® 15 Qefined by the qu:arif virtusl momenta ;—:,‘.';:"'-"‘n-« Py
and that corresponding to the diagram 3% by the regfan
-*’*"%z"’ f?;eﬂ:‘ '5?,:;2 . Therefore, when calculating the gluon cor=-
rectiong ::Ln the region ::i;; i#?%;ﬁ , the quantity defined by
thesge diﬁgra.ms can be congidered as a local operaftor
dh}gf‘,,;éeﬁ’f;‘, {here E;.y/ is the electromagnetic field
strength). Hence, the formula (2) is valid for gluon correcti-

%% ﬂ%i « But it ig not literally frue

ne in the region f,
for gluon corrections of virtuality ?"';ﬂ;_ﬁ‘ . Hevertheless,
one can hope that an error arising in this wey is not large sin-
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ce ¢ ip in this region alrcady emall, end the mein contribu-

. SR b 2 rl 2 2
tion tc¢ A 1isg defined by the interval ~r ‘f’? < % p

Lo
L

Let us passa now to the calculation of the & - guark

C DM . The corresponding contribution to the Hamiltonian is

¥

cauged by the disgram 2 and is equal %o

i - /’r .' . —— EE {:.- i f",_‘ .-“ , I:';: "i
H = gy (4 2= 35 Vopits 5 A S ‘

In this expression the factor ., ftakes into account strong

i

interaction effects mt small distances, A, = 1 when the latter

7

are pwitched off. Thig factor was calculmted in fact in Ref.l']
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We believe that here it ie reasonable again both to keep the
&

¢ P g : 2
congtant along with 2z é&} end to teke into sccount the glu-
[ 3

)

P4 2 5 :
on corrections in the whole region of }';; R P dY A7, u

o &
As 1t is meen from the formula (4), the account for the non-

logarithmic term reduces C D ¥ by two times.

Pase to the egtimate of the neutron E D M . The simplest

uark model leads to the following ezpression for the contribu-

- 4 Z
tion of the ¢* = quark E DM to the neutron E D M

ol

=
: / 8 72 7 B8] b
G- f0u = Sle(ba D 2] s (5

Remember that the % - quark E D M is negligibly amaell. Ta-
king (2) into account, we obtain

Opld) =~ -086 107 e 54

Here and below we take sin 6 = 0.22, 7= 7 MeV and, ia ac-
3 e

cordance with Refs.[”"], ,/:g, m“"’/mgz::}, Yﬁ;’/% =-0:3 Gpe

Then

687

ﬁaf‘

= L9710

To estimate the contribation to the neutron E D M due to
the quark C D ¥ (we denote this contribution ©,/8/ ) we
use non-relativistic quark model. Some justificetion of such
en approach is that a static characteristic of nucleon is dis-
cugsed. In thie epproximation the interaction (4) is rewritten
as the following operator acting on the d - querk wave-func-

tions:

2o ohlln B B o g B &Y . - ©

We omit here, by the way, & non-linesr term in the gluon elec-
2

tric fleld 6:‘3 gince in usual units it is inversely proportio-

nal to the velosity of light. The C P - odd interaction (8)
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can be rewritten as folluws:

-nz,/&,,,.a E/!> &[5 H] =

A %05
where F'.r/ Z E;}g 4?5 f;; Zﬁ/ iz the non=perturbed nomn=re-
lativisetic Hamiltonian of the quark syestem. The wave-function
with the sccount for the perturbastion (9) ie transformed in

guch 8 way:

s [ 104 > & 1P/ .v‘ff%: &>
L . K4 -
4 £ = Em

fﬁi;* = />

(10)

- T,
Zﬂff}(ﬁf/z'&’dﬁg/m,} =

Z
‘=/f+5-5/5*-’- o "5/4 % &5 in>
& S

The neutron E D M induced in this way is equal to

D (6) = m,fz'e,tz;/zz«?-m/&ﬁfg ag ¥
i)

<rl ok, TRy = bl B gt Sy

In the valence querks model we finds

m v
O (6/ = }Eé/&ﬂﬁ _.f 85 =-034-10 25 g 12)

4

Therefore, the total contribution of non-sirange gquarks to the

neutron E DM 1s

s

B (#) *+ On (6 = -L4 wo*%e. cm, (13)
The idea of this calculation of nn(G} ie taken from the
work by Schiff[ﬁj where it was shown that if the syefem of non-
-relativietic particles possessing E D M ie in equilibrium
under the action of electrostatic forces, then the total E D M
of such & syetem is equal to zero. In cur case D,(4) and
En{Gj do not cancel out, but add up due to oppoeite signs of
the eleciric charges of éf - and £ = quarks and doe to their
identical interaction with gluon field. Just the & - guark
charge defines the principal, logarithmic contribution to the
7 £ quark E DM , es it is seen from the Fig. 3°.
3. Since both electric and colour dipole moments of
: g
5 = guark are o f/?'ﬂﬁ ~400 timesg larger than the cor-
regponding z@gu quark moments, then even if the 55 - pairs
admixture in neutron constitutes 1¢2% (which does not conira-
dict experimental data), their contribution fTo the neutron
EDM can turn out decipive one. In the guantum chromodynamics
language this contribution could be described, e.&., by the dia-
gram 4 with minimel number of closed loops. C P - invarisnce
ig violetsd here in any of the vertices of the & - quark loop:
either in a gluon one (due to GDM), or in a photon one (due to
EDM). Hote that the contribution of a loop with heavy quarkes
ig much smmaller than thie one, as it follows already from dimen-
sionsl considerations. Although e quantitative computation of
the diagrams of the type 4 dces not seem possible, thelr rough
estimate is congistent with the assumption of emall Sﬁ;-.pairs

gdmixture in & nucleon.
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As it was stressed in Ref.[ '], the similar graphs 7 ®° are
In the phenomenological langu h i - 3 ;
£ guage such a mechanism is des gingled out by the fact that their contribution to the neutron
cribed, say, by the diamgram 5 where both KNA - v i |
T o oot o E DM tends to infinity in the limit of SU(2) x SU(2) symmetry
strong, and { - quantum interacts with the /1 - hyperon .

_.s"'__l" 4 n = e g
s e &, i/#%. « Previously the diagrams b,7 were calculated
E D M.
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The contribu®ion of thig diagras to the neutron EDM is ve- to the neutron E DM 1g singled out by two circumstances.
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ry large, being .inse to the & - quark E DM (D_). However Pirstiy, the C P - pdd ~A 4 vertex can arise due to
B L ] J 8 :
‘the fact tha? the strange quarke mdmixture in a neutron is emell, § - quark C DM end is therefore relatively large. Secondiy,
feens that a strong cencellation between different diagrams of the contribution diecuseed tende logerithmiscglly to infina:
i the 1imit .of SU(3) x 89(3) symmetry. Hence there arc no ¢
One should consider zeparately the diagrams 68D where one to expect considerable-cansellation of this contribution ¢l
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we ugse the PCAC hypothesis:

j;ﬁfz 2 ks [Hs /> =4 j.,% d;?'a /ff?mz _2,/

X{f__fz*?gg/}pg f,‘;//»z, -{

The matrix element (E/ffz ﬂ,;;zf

ag;ain in the Ilﬂn"‘elﬂ.ti'ﬁi"iﬁtlc q_uark approximatinm In thia case

/,—z) will be estimated

the operator -j S G, 15' "; 74 é';,au? ie reduced to

- -P ‘L" + ! B |4
'fﬁ' ,-1? 2/ }.4'/ (H is a gluon magnetic field) :
The last exnresaian, up to an SU(3) rotation and an overall fac-
tor, can be interpreted as the interaction responsible for the
eplitting between a nucleon mass /47, and isobar one /7, due to

colour spin-zpin interaction. Under this assumption

2. {16)

L > = -§ 72" [ o7 -2

<z/-ps” 5 1
and

s o @M eIl Wy x] A7)
Gfg!"’fz gli }fgﬁ ! f'/f-!f'z@ ji/éfﬂ*’ﬁx 2

Here /7% ~ 300 MeV is the effective quark mass.
Direct calculation of the diagrams b gives the following

repult for the strange quarks contribution to the neutron E D M L

©n (5) = = (84-L)1G7 Gy 21" forra -1/

L¥) ""f.—’ .{E{S" ¥

.;E"?f?'a Ay Fe A .
-5 g,z, (18)
5"/ ;-z -3/ ds?

According to SU(3) symmetry we assume here that the strong

A A/S constant is equal to l/iﬂ(l*,.(//ﬁ—_:?r/vﬁ/ « Prom
the data on _/é - decay of ¥~ hyperon it follows that the rela-
tive weight of . S0 coupling &£ ~ %5 + The factor I in (18)

is equal to
-
f‘éfzf,,;"“.: i g m)
f{ ar f{.z" e |
. -4
I=2 S P (19)
$ L TE ey TR Lo 2
e 2 .4 F .
.Mpm i e 7MY

In the limit SU{3) x SU(3) symmetry this integral diverges loga-
rithmically. In the concrete estimates we tookf x> in ac-
cordance with its true value. Bui we aip.gle out this factor to
stresa the uniqueness of the congidered contribution and the
fact that there are no special groundes for its cancellation
with other contributions. Note that reasonable account for non-
-pointlike structure of the interactions changes slightly the
numerical vealue of the integral (19).

The final estimate by the formulae (18), (19) gives

9}#/5!/:: r 8- L0 Gicm S

Ag it is seen from (19), this contribution is due to strong in-
teractions at large distences. It is non-analytic in the brea-
king of SU(3) x SU(3) symmetry and therefore cannot be obtai-
ned neither in perturbation theory in &5, nor, say, in the bag
model. Nevertheless, the numerical value (20) is in agreement

with the most naive estimate grounded on the assumption of the

- E o




emall ( ~ 10”2) admixture of strange quarke in a nucleon.

An analogous estimate of the diagrams (7) showe that the
magnitude of their contribution is_abr:rut 100 times msmaller than
(20). Therefore, the contribution of strange quarks dominates
indeed the neutron E D M. With the account for (7), (12), (20)
the latter ig equal to

Dn = D (8] # O (6) » Bn (5] = 710 0. crne (21)

Let us discusee briefly the sccuracy of this result. First-
ly, the numericel velue of the mein parameter of the model zﬂf
is defined up to a factor ~ 2 only, due to the presence of two
mechanisme of C P - violating £, - decays with quite comparab-
le cuntributianﬁ[ﬁ’?.}'. Secondly, the accuracy of calculation of
strong interaction corrections at small distances is alec not
too high: the quantities 4, Aj (see (2)-(5)) are defined up
to & factor ~ 1.5¢2. And at last, about our estimate of the
CP = 0dd constant a?’i"‘”-"‘-' s When using tl_za conaidgratiunn,
analogous to those leading to the expression (17), for the es-
timate of the contribution of C D M - type operator to the de-
cay £y 27 , we come to the result that is 2.5 times smal-

ler than simple dimensional estimates for this au:-‘u'.'tlil.tud«m['I E'E’TJ.

One can hope therefore that our value (17) for j;'.v': is not
overegtimated.

Hence, the neutron E D M in the Weinberg model of C P
viclation is due mostly to the contribution of strange quarkes
and constitutes about 13'24 e*cms This estimate is close to the

best of ‘the published bounds[°] P < 1.4:1072% gecm.
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