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Peccei-Quinn Mechanism and Dimension-Six CP-Violating Operators

Myron Bander
Department of Physics, University of California, Irvine, California 92717

(Received 4 April 1990)

It is shown that the Peccei-Quinn mechanism will, in the large-N limit, remove dimension-six CP
violating operators constructed solely out of gauge fields. Such operators have been recently proposed as
a source of a possibly large neutron electric dipole moment.

PACS numbers: 11.30.Er, 11.15.Pg, 13.40.Fn
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Here a is an axion field with an axial decay constant f,

ff Xo+L, —gq1Mqf +Xg+ J-cpv
f

CP violations arising from sources other then complex
parameters in the Cabibbo-Kobayashi-Maskawa mixing
matrix have been recently discussed as an origin for a
possibly large neutron electric dipole moment. Wein-
berg ' noted that a purely gluonic dimension-six operator,
with no small-quark-mass or small-mixing-angle sup-
pressions, would exist in a theory where CP violations
are due to complex mixing in a multi-Higgs sector. The
operator in question is (the normalization of the operator
is different from the one used in Ref. 1)

6 =f'~ "G, „pGp,PG„g e"'

Here G is the field-strength tensor and the f 's are the
group structure functions. Origins for such an operator
in other models of CP violation have been studied by Dai
et al. and the infiuence of other dimension-six operators
by Boyd et al.

The neglect of the dimension-four CP-violating opera-
tor, OG, „,G,"', is ascribed to a Peccei-Quinn mecha-
nism. It is the purpose of this Letter to point out that
this same mechanism will eliminate a large part of the
contribution of the dimension-six operator in Eq (1). .
The reason this claim is restricted to only a part of the
contribution, rather than to the whole, is that the argu-
ment we shall give is valid only to leading order in I/N,
where N is the number of colors. The Lagrangian incor-
porating both the dimension-four and dimension-six CP
violating operators and the Peccei-Quinn mechanism in

the form of an axion field is

a~ a —Of, , (3)

eliminates the O-dependent CP violation; a = —Of, is the
value of the axion field at the minimum of the eA'ective
potential. In order to determine the vacuum expectation
value of the axion field in the presence of the dimension-
six operator we need an expression for the eAective po-
tential. The effects of the QCD anomaly will manifest
themselves if we add

l
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to Eq. (2); the above term correctly reproduces the non-
conservation of the axial current. Note that L, and the
term in Eq. (2) that involves the axion field appear to-
gether as coe%cients of GG. These terms will appear to-
gether in such a combination in all subsequent eA'ective

potentials. It is at this point, when integrating out the
gauge fields, that we invoke the large-% limit. Using the
color-counting rules the eA'ective Lagrangian becomes

2

while C is the coupling strength of the dimension-six
operator of Eq. (1); the summation is over light-quark
flavors and the dots represent the quark kinetic energy,
the usual electromagnetic interaction as we11 as the gluon
kinetic energy modified by heavy-quark loops. The ex-
plicit dependence on the number of colors, N, is shown;
in the large-N limit all other parameters approach a
finite value. The N 1 dependence of the coefficient of 8
stems from the fact that C is proportional to a . ' As
all CP-noninvariant parts of the mass matrix may be ei-
ther removed by a chiral rotation or shifted to the
dimension-four operator, M is real and diagonal.

In the absence of the dimension-six operator a shift of
the axion field,

as
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The coefticients t ~ and l2 are vacuum expectation values
of products of gauge operators:

ti =J d x(GG(x)GG(O)),
(6)

r, =J d'x(GG(x)e(O)).

In Eq. (5) Xo and X, are U(Nf) xU(Nf)-invariant
and electromagnetic quark Lagran gian s, respectively.
X„ is due in part to a breaking of the chiral U(1) sym-

metry by the chiral anomaly and in part to the direct
coupling of the axion to the gauge fields; it represents the
large mass of the SU(Nf)-singlet meson. In Fig. I the
diagrams giving the powers of N for t~ and for t2 are
shown. We see that in the large-N limit t j behaves as
N, while, as there must be at least one additional three
gluon vertex, in t 2 this quantity is of order N ~ . In this
limit all CP-violating effects are contained in Xcpv. We
note once more that for C=O shifting the axion field as
in Eq. (3) eliminates the CP violations. For finite C, X,tr

has a minimum at

4~ Ca= f, 0+—
a, JN r~

(7)

shifting the axion field to this new minimum eliminates
the CP violations. This shift is finite in the large-N lim-

it. ' Equation (7) is the main result of this work. Using
similar arguments, higher-dimensional CP-violating op-
erators made only out of gauge fields can be eliminated
in the large-N limit.

A question arises as to what happens if there is no
Peccei-Quinn mechanism and correspondingly no axion
field; we assume that 0, the coe%cient of the dimension-
four operator, is sufticiently small as not to violate phe-
nomenological bounds. In this case a U(1) chiral rota-
tion

qf qf exp(iPy5),

FF
FIG. 1. Color-counting diagrams giving the powers of N for

t I and for t2. Each closed loop gives one power of N.

with P given by the coefficient of f, on the right-hand
side of Eq. (7) eliminates Xcpv in favor of a CP
violating mass term —2iP+yqfMy5qf. A subsequent
chir al rotation will bring this to the form
—2imgfqf y5qf, with m proportional to the mass of the
lightest quark. Using the rules of "naive dimensional
analysis" "' we find that the electric dipole moment of
the neutron will be proportional to mP/(4rrf ) which in

turn is proportional to mC. This is to be contrasted with
the estimate of Ref. 1 where this contribution was found
to be proportional to C(4zrf ), or about 2 orders of mag-
nitude larger. (A similar situation could have arisen in

the case of the dimension-four operator; naive dimen-
sional analysis applied to 06, „,6, ' would yield a contri-
bution to the dipole moment that would be 2 orders of
magnitude larger than the one obtained by the correct
analysis. )
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