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Limits on CP-odd four-fermion operators containing the strange quark field
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The bounds on the neutron electric dipole moment andT-odd nucleon-nucleon interaction are used to extract
the limits on the effectiveCP-odd four-fermion operators containing a strange quark field. This completes the
study of the dim55,6 CP-odd operators built from light-quark fields. The limits are very strong and compa-
rable to those obtained previously for operators containing up and down flavors. We also analyze the shift of
the axionic vacuum,ue f f , induced by four-fermion operators in the presence of the PQ mechanism and
conclude that this gives subleading contributions toCP-odd observables as compared with the direct ones.
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I. INTRODUCTION

The remarkable accord of standard model~SM! predic-
tions with experiment does not remove the question o
more fundamental theory which would comprise the SM
the low-energy limit. Among various ways to look for sign
of a new theory, precise tests of fundamental discrete s
metries play an important role.

The null results for the electric dipole moments of t
neutron, heavy atoms and diatomic molecules@1–4# put in
general very strong constraints on theCP-violating sector of
a new theory and probe the energy scales unaccessibl
direct observations at colliders@5#. Regardless what the pa
ticular construction for the new theory is, its relevant con
bution at 1 GeV can be reexpressed in terms of effec
operators of different dimensions suppressed by the co
sponding power of a high scaleM where these operator
were generated:

Le f f5 (
n>4

cni

Mn24
O i

(n) . ~1!

HereO i
(n) are operators of dimensionn andi stands for their

different field content, Lorentz structures, etc. Fields, r
evant for low-energy dynamics, are gluons, three light qu
fields,u, d, ands, and the electromagnetic field. The specifi
of a given model enters only through the value of the co
ficientscni.

dim53, 4 operators can be combined to form au term. In
the absence of the axion relaxation mechanism, this oper
is normally the most important on account of possible tr
level contributions;1. If the Peccei-Quinn~PQ! mechanism
is operative,u;1 is removed, but theu parameter still can
gain a nonzero value induced at low energy byCP-odd op-
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erators of bigger dimension. dim55 operators, which are
usually suppressed by an additionalmq /M ratio, are electric
and chromoelectric dipole moments of quarks. Because
this additional mass ratio, these operators are suppressed
large scale exactly as dim56 operators built from four quark
fields or purely from gluons~Weinberg operator!. Most of
the operators have been extensively studied in the litera
@6,7,5# and limited from experiment using partial conserv
tion of axial-vector current~PCAC! and QCD sum rules
techniques. For the operators with strange quarks, howe
only the analysis of the chromoelectric dipole moment
available@9#. Recently, some of the four-fermion operato
with s-quark induced at a high scale i
SU(3)3SU(2)3U(1)-symmetric form were limited using
the fact these operators can be mixed with electric dip
moment operators foru andd fields at one-loop level@8#.

In this paper we combine the PCAC~partial conservation
of axial vector coupling! approach and the experiment
bounds on neutron, mercury, and thallium electric dip
moments~EDMs! to put the limits on four-fermionic opera
tors containing strange quark field. This completes the st
of the relevant operators dim56 and can be used for an
model where these operators are generated. Another i
addressed here is the shift of axion vacuum by effect
CP-odd four-fermion operators. This shift,ue f f is estimated
within the same approach .

II. CP-ODD OPERATORS CONTAINING STRANGE
QUARK

In what follows, we adopt the classification of operato
proposed in Refs.@6,7,5#. Among the flavor-conserving
CP-odd operators dim56:

k1

G

A2
~ s̄s!~ q̄ig5q!; k2

G

A2
~ s̄ig5s!~ q̄q!; ~2!

k3

G

A2
~ s̄ig5s!~ s̄s!; k4

G

A2
~ s̄tas!~ q̄ig5taq!;
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k5

G

A2
~ s̄ig5tas!~ q̄taq!; k6

G

A2
~ s̄ig5tas!~ s̄tas!;

k7

G

A2

1

2
emnab~ s̄smns!~ q̄sabq!;

k8

G

A2

1

2
emnab~ s̄smntas!~ q̄sabtaq!;

k9

G

A2
~ s̄s!~ ēig5e!; k10

G

A2
~ s̄ig5s!~ ēe!;

k11

G

A2

1

2
emnab~ s̄smns!~ ēsabe!,

we take those, containings-quark field. We will numerate
these operatorsOi according to the constantk i standing in
front of them.G in these formulas is Fermi constant.

As an experimental input, we use the following limit
obtained for the neutron EDM@1#,

dN,10225e cm, ~3!

and mercury EDM@2# experiments:

dHg,9310225e cm. ~4!

The latter translates into the limit on the Schiff moment
199Hg nucleus and eventually leads to the following bou
on the effectiveCP-violating p0pp coupling@2,5#:

ḡppp,2310211. ~5!

To evaluate the contribution of operators~2! to the effec-
tive couplingḡppp , we use the same method proposed e
lier in Refs. @6,7,5#. The operatorO1 is the simplest in this
respect. Using the PCAC reduction of the soft-pion field a
calculating subsequent commutators, we reduce the cont
tion of the (s̄s)(q̄ig5q) operatorO1 to the matrix element of
s̄sq̄q operator over the proton:

^pp0us̄sd̄ig5dup&5
1

f p
^pus̄sd̄dup&. ~6!

This matrix element can be estimated using vacuum inser
approximation:

^pus̄sd̄dup&.^0uq̄qu0&^pus̄s1q̄qup&.5~11b!pp̄, ~7!

where we takê pud̄dup&.^puūuup&5^puq̄qup&.5pp̄. The
analysis of the barion mass splitting and experimental d
03600
f
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on pion-nucleon scattering suggest that the coefficientb, b

5^pussūp&/^puqqūp&, numerically is close to 0.6@9,10#.
Thus,CP-violating coupling constantḡppp is:

ḡppp55~11b!
^0uq̄qu0&

f p
G.831026k1 . ~8!

The rest of the four-quark operators give suppressed c
tributions to the effectiveT-violating nucleon-nucleon inter
action. They either contribute only inh-exchange channel o
do not work in vacuum factorization approach. To get t
limits on these operators, we use the neutron EDM bou
The neutron EDM can be induced as a result of the ch
loop, Fig. 1, whereCP-violation resides in one of the
meson-nucleon vertecies. In the limit of exact chiral symm
try, this loop is logarithmically divergent in the infrared@11#
which justifies its appearance in the chiral theory. For o
purposes, we chooseS2K1 loop @9# where the operators
containings-quark will most likely contribute. In the rea
life, chiral symmetry is broken and the mass of kaons
rather large, so that estimated limit onnS2K1 coupling has
rather large uncertainty:

gnS2K1,2•10211. ~9!

Most of the quark operators from the set~2! induce this
coupling; to calculate their effect on it, we use the sa
method, PCAC and vacuum factorization. Thus, for examp
siḡ5sdd̄ operator contributes in theCP-odd vertex of inter-
est in the following way:

^S2K1usiḡ5sddūn&5
i

f K
^S2udd̄s̄uun&

.
i

f K
^0uq̄qu0&^S2us̄uun&

.
i ^0uq̄qu0&

f K

mS2mN

ms
S̄2n

.
i ^0uq̄qu0&

f K
1.3S̄2n ~10!

and theSU(3)-octet type of splitting in the barion mas
spectrum was used in the second line of Eq.~10!.

The limits on semileptonic operators,O9 , O10, andO11,
can be obtained from the limits onT-odd nucleon-electron

FIG. 1. Chiral loop diagrams, inducing the EDM of the neutro
Dirac structure ofCP-violating vertex is proportional to 1. This
diagram logarithmically diverges in the limitmK˜0.
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TABLE I. The limits obtained on theCP-odd four-fermion operators from neutron, thallium, and m
cury EDM experiments.

O1 O2 O3 O4 O5 O6

k i 331026 731025 731025 331024 331024 331024

uue f fu 531025k1 531025d2k2 231026k3 531025d4k4 531025d5k5 531027k6

O7 O8 O9 O10 O11

k i 331025 231025 231027 1025 1025

uue f fu 531025d7k7 531025d8k8 - - -
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interaction@5# by simply taking matrix elements from the
strange-quark part over the nucleon. For the case ofO9 and
O10, these matrix elements can be easily obtained within
same PCAC approach. In the case ofO11, however, the ten-
sor charge of the strange quark over the nucle

^Nus̄smnsuN&, is not known. It is not reducible to thes-quark
spin content over the nucleon, as it was asserted in Ref.@12#,
because the latter is expressed by absolutely indepen
quantity ^Nus̄gmg5suN&. Moreover, unlike axial-vector op
erator, tensor operator is odd under charge conjugation
we expect the effects of strange and antistrange quark
cancel each other in the first approximation. The model c
culations and lattice simulations for tensorial charges g
indeed a very suppressed value for the strange quark co
bution @13#. The same refers, of course, to the strange qu
EDM operator, as it was discussed in@14#.

The resulting limits on the coefficients are summarized
Table I. One can easily see that the best sensitivity is forO1

andO9 operators wheres-quark enters only ass̄s and does
not take part in spin dynamics.
at
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III. EFFECTIVE u TERM INDUCED BY CP-ODD
FOUR-FERMION OPERATORS

In all-known models with significant amount o
CP-violation in the flavor-conserving channel, the operato
of dim.4 are usually accompanied by a large contributi
to the theta term. In other words,u loop is usually by far more
sensitive to the newCP-violating physics because it corre
sponds to the operator dim54 and therefore need not expe
rience scale suppression of the order (LQCD /M )2. Thus, the
CP-violating operators of dim.4 generated at a scaleM
;MW and higher are important only in the case whenu term
is removed by an axion mechanism. We also assume her
existence of PQ mechanism. In the absence ofCP violation,
nonremovable by PQ transformation, PQ symmetry setu
parameter to zero@16#. The situation is different in the pres
ence of extraCP-violating sources, communicated by th
operators dim>5. These operatorsOi shift the axion vacuum
and generate additional indirect contribution to allCP-odd
observables through the effectiveu term given by the ratio of
two correlators:
ue f f52
Ki

uKu
, where K5 i H E dxeikx^0uTS as

8p
GG̃~x!,

as

8p
GG̃~0! D u0&J

k50

, ~11!

Ki5 i H E dxeikx^0uTS as

8p
GG̃~x!,Oi~0! D u0&J

k50

.

ors
HereGmn
a G̃mn

a is abbreviated asGG̃. The calculation ofK is
based on the use of the anomaly equation and the satur
of subsequent correlators by light hadronic states@15#:

K5
mp

2 f p
2 mumd

2~mu1md!2
. ~12!

(Fp we use throughout the paper is 130 MeV!. The same
technique can be exploited in the case ofK1. For the case of
chromoelectric dipole moments, the explicit derivation ofKi
can be found in Ref.@17–19#. A similar type of calculation
ion

could be done for the most part of the four-fermion operat
discussed here and in earlier works@6,7#. Using the anomaly
equation in the form

]m

mdmsūgmg5u1mumsd̄gmg5d1mumds̄gmg5s

msmd1msmu1mdmu

5
2mumdms

msmd1msmu1mdmu
~ ūg5u1d̄g5d1 s̄g5s!

1
as

4p
GG̃, ~13!
3-3
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we apply standard technique of current algebra. The corr
tors of interest,Ki , can be rewritten in the form of the equa
time commutator, which for all sets of four-fermion oper
tors, we can calculate easily, plus the term containing
singlet combination of pseudoscalars built from quark fiel
Thus, forO1 operator, we have the following expression:

K15k1

G

A2
^0u

mdms~ ūu!~ s̄s!

msmd1msmu1mdmu

1
mumd~ ūig5u!~ s̄ig5s!

msmd1msmu1mdmu
u0&

1E d4x^0uTF imumdms

msmd1msmu1mdmu

3~ ūg5u1d̄g5d1 s̄g5s!~x!,O1~0!G u0&. ~14!

The second line here is suppressed by an extra power of
quark masses in the numerator. It would bring a compara
contribution, though, if there were an intermediate hadro
state with a mass, vanishing in the chiral limitmi˜0. At the
same time, the flavor structure of this term shows that
lightest intermediate state here ish8 which is believed to
remain heavy even if quark masses vanish. Thus, the co
bution from the second term is negligible in the limitmp

!mh8 . The second term in the first line of Eq.~15! is sup-
pressed bymu /ms ratio and, effectively, we get the follow
ing formula for the inducedu term due to the operatorO1:

ue f f52k1d1

G

A2
mu

21^0uq̄qu0&, ~15!

where d1 is the ratio of the four-quark condensate to t
square ofq̄q condensate.

d15
^0uūus̄su0&

^0uq̄qu0&2
. ~16!

In the case ofO1, we can use vacuum factorization an
estimate thatd1;1. For some of four-quark operator
vacuum factorization does not work and we expectd i to be
smaller than 1. The appearence ofmu

21 in Eq. ~15! is because
the operatorO1 breaks chirality. Any answer forCP-odd
observables, induced byu will not contain this singularity.

The value ofue f f induced byO1 leads to an additiona
contribution toḡppp constant,

ḡppp~ue f f!5
mumd

mu1md

A2ue f f

f p

5d1k1

G^0uq̄qu0&
f p

2md

mu1md
51.331026k1 ,

~17!
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which should be compared with the direct contribution~8!.
We see that in the case ofO1, the indirect contribution re-
lated to theta term gives 15–20% correction to theCP-odd
vertex ḡppp . In fact, this is the biggest value ofue f f , gen-
erated by the set of operators~3!. This is especially true for
the operatorsO3 andO6 composed exclusively from strang
quark which induceue f f with an additional parametrical sup
pression (mu

211md
21)/ms . We have also done similar ca

culation for the operators composed from theu and d field
@6,7,5# and the result for theu-driven contributions never
exceeds 20% from the direct contribution. The estimates
ue f f are included into Table I.

IV. CONCLUSIONS

We have considered the limits on the four-fermio
CP-odd operators containing strange quarks coming fr
the neutron, thallium, and mercury EDM experiments. T
completes the study ofCP-odd dim55,6 operators built
from light-quark fields. We observe that the limits are ve
strong, especially for the operatorss̄sq̄ig5q and s̄sēig5e
where strange quark is in some sense ‘‘spectator.’’ The lim
summarized in Table I are almost as strong as for opera
composed fromu andd quarks. This is because the stran
quark condensate is the same as for up and down quark
the flavorSU(3) symmetry approximation and the conte
of the s-quark in the nucleon in scalar, pseudoscalar, a
axial-vector channels is also significant. The limits on t
operatorsO1 , O9, andO10 are extracted with much smalle
error than those for the rest of the operators. Other limits
estimated within an order of magnitude, mainly because
the chiral loop, used to obtain the EDM of the neutron. T
infrared logarithm enhancement factor, logmK , is numeri-
cally important only in the limitmK˜0.

There is an alternative method of limiting four-fermio
operators used in Ref.@8#. In this work different linear com-
bination of operators~3! were taken to form a different se
invariant under standard model group. At one-loop le
some of these operators can be mixed with EDMs ofu andd
quarks with the coefficients proportional tomslog(L/1GeV).
The comparison of the limits obtained in Ref.@8# and in the
present work shows that they are complementary. For m
of the operators, the limits obtained here are stronger,
thoughO7 and especiallyO11 can be better constrained from
their one-loop mixing with quark and electron EDM oper
tors.

The shift of the axionic vacuum induced by four-fermio
operators is shown to give contributions toCP-odd observ-
ables normally smaller than the direct contributions not
sociated withue f f . For some operators, this type of corre
tion can be as large as 15–20% from the direct contributi
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