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Larger Higgs-Boson-Exchange Terms in the Neutron Electric Dipole Moment
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The neutron electric dipole moment (d,) due to Higgs-boson exchange is reconsidered, now without
assuming that Higgs-boson exchange is solely responsible for K?— 2z. The dominant contribution to d,
arises from a three-gluon operator, produced in integrating out top quarks and neutral Higgs bosons.
The estimated result together with current experimental bounds on d, show, even for the largest plausi-
ble Higgs-boson masses, that CP is not maximally violated in neutral-Higgs-boson exchange.
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We are still uncertain about the mechanism or mecha-
nisms responsible for CP violation.! Some years ago, I
proposed a model? in which CP violation is caused solely
by Higgs-boson exchange. The model seemed at the
time quite realistic, but since then it has run into dif-
ficulties. Although it is possible to get the observed €'/e
ration in K decay,’® the model tends to give too large a
value.* Also, in order to get € large enough, one of the
Higgs bosons must be given an uncomfortably small
mass,> and the predicted neutron electric dipole moment
then appears to be somewhat too large.® Above all, we
now know that there is a third quark generation, that has
only small mixing angles with the first two, so the com-
plex phase in the Kobayashi-Maskawa (KM) matrix
provides a natural mechanism for a small but nonzero
violation of CP conservation. Indeed, with three quark
generations, it would be unnatural for the KM phase not
to contribute to CP nonconservation.’

On the other hand, unless the Higgs sector is extreme-
ly simple, it would also be unnatural for Higgs-boson ex-
change not to contribute to CP nonconservation. CP
nonconservation can occur in charged-Higgs-boson ex-
change if there are at least three scalar doublets. This
possibility was stressed in Ref. 2 because it is charged-
Higgs-boson exchange that is most relevant to a flavor-
changing process like K?— 27. Subsequently, Desh-
pande and Ma® emphasized that theories with CP viola-
tion in charged-Higgs-boson exchange are also likely to
exhibit CP violation in neutral-Higgs-boson exchange.
Indeed, it is somewhat more likely for CP violation to
occur in this way. For instance, suppose there were just
two scalar doublets ¢;,¢, (and any number of singlets).
In unitarity gauge there would be only one physical
charged scalar field ¢ ~(x), and thus no way for CP-
violating phases to show up in the propagator (Tio ™,
¢ *})o. However, in unitarity gauge the two complex
neutral fields ¢?,¢? are subject to only one relation, that
AFo?+23¢? be real (where A;={¢;)9), and CP noncon-
servation show up in any or all of the propagators
(T{69,09* 1o, (T10,09)0, (T{6?,6%)0, and (T{p2,08} 0.
CP nonconservation actually does arise in this way if any
scalar singlets mix with ¢, and ¢,. In particular, in the

“minimally nonminimal” supersymmetric model of Ellis
et al.,’ CP invariance was imposed by requiring that the
couplings satisfy a certain phase relation; for general
couplings the model would violate CP conservation,
though only in the neutral Higgs sector.

These considerations suggest that we should carefully
consider the possibility that CP nonconservation occurs
everywhere it can, both through a phase in the KM ma-
trix and in neutral- as well as charged-Higgs-boson ex-
change. If none of the Higgs particles are very light
(say, mass less than 15 GeV) then the KM phase would
dominate in K? decay, as seems to be indicated by the
€'/€ ratio. On the other hand, the KM phase gives only
an unobservably small neutron electric dipole moment, '°
and here it is Higgs-boson exchange that should dom-
inate.

With this in mind, I have recently undertaken a sur-
vey!! of the various ways that Higgs-boson exchange can
contribute to a neutron electric dipole moment, but now
without assuming that Higgs-boson exchange has any-
thing to do with KP— 2x. In the course of this work, it
has become apparent that neutral-Higgs-boson exchange
can make a remarkably large contribution through a
class of Feynman graphs that does not seem to have been
previously considered. The balance of this paper will
deal with this contribution.

The first step in any calculation of the neutron dipole
moment is to calculate the CP-violating operators, in-
volving light quarks, gluons, and/or photons, that appear
in the effective weak-interaction Lagrangian, by in-
tegrating out heavy quarks and Higgs bosons. One
would expect the dominant operators to be those of
minimum dimensionality, because their coefficients will
have the smallest number of heavy particle masses in the
denominator. Operators of dimension 4 or less all au-
tomatically conserve CP (except for those whose CP
violation is removed by the Peccei-Quinn mechanism).
There are CP-violating operators of dimension 5, such as
the light-quark electric dipole operator itself and the
analogous light-quark color electric dipole operators, but
chirality requires them to contain at least one light-
quark mass factor, so these operators are effectively of
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dimension 6, and are further suppressed by either two
more light-quark masses (divided by the Higgs-boson
mass) or by two small mixing angles. There are also a
large number of four-quark operators of dimension 6,
but these are all suppressed by two factors of the ratio of
the light-quark to the Higgs mass.

However, there is one P- and T-nonconserving opera-
tor of dimension 6 whose coefficient involves neither
light-quark masses nor small mixing angles. It is purely
gluonic operator '2

O == % Cfup,GapGp. G o€ ™. (D

(Here G, is the gluon field-strength tensor, fup, is
the totally antisymmetric Gell-Mann coefficient, and
€"*° is the totally antisymmetric quantity with
€%2’=+41.) The Feynman diagram that produces the
dominant contribution to C is one in which three gluons
are attached to a top-quark loop, with a neutral Higgs
boson emitted and reabsorbed from the quark, anywhere
within the loop (see Fig. 1). Under the assumption'
that only one scalar doublet (say, ¢,) couples to quarks

w3x3(1—x)

4 1 1
h =9 .
()= J; d"fo du lo2x (1 —ux)+ (1 —u)(1 —x)]12

In particular, in the limit », > my, this takes the value
h(eo)=¢.

For this use of perturbation theory to be justified, it is
necessary that the operator GGG in Eq. (1) be defined at
a renormalization scale A of the order of my and m;,; the
coupling g, in Eq. (3) is then taken to be g;(1), defined
at this high-energy scale. However, in order to calculate
a low-energy quantity like the neutron electric dipole
moment, we need to express @ in terms of an operator
renormalized at a low-energy scale u, where g; is larger.
Part of this renormalization factor just comes from the
renormalization of the individual operators G, in (1).
If this were the whole story, then the factor needed in or-
der to convert the operator in (1) into one defined at a
running scale u would be supplied by simply changing g
in Eq. (3) from g; (1) to g;(u). For instance, this is well
known to be the case (to one-loop order) for the operator
GouGhY. Matters are more complicated for the operator

of charge %, and approximating its propagator by '4

(A2) "2 [ (T{92(x),02(0)} e *d

=\5Gp22/(q2+m1~21) . (2)
we expect the coefficient C in Eq. (1) to take a value
C=v2GrImZ,(4n) *g’h(m,/my) , 3)

where g, is the QCD coupling constant, and 4 is a di-
mensionless quantity depending only on the ratio of the
top-quark and neutral-Higgs-boson masses. This is a
two-loop graph, but it is not so hard to show that in the
limit my > m,,

h[—m’ L lm,%]
mpy

2 m]?] m,z
It is noteworthy that in the opposite limit, m, > my, the
function h approaches a mass-independent constant of
order unity. These results have been confirmed and ex-
tended to general values of m,/my in a full two-loop cal-
culation by Dicus.'® He finds that, in general,

4)

(5)

in (1), which undergoes a renormalization of its own,
apart from the renormalization of the factors Gauv. De-
tailed calculations'® give this extra renormalization fac-
tor as [g, (u)/g;(A)1'%/% This factor is to be inserted in
Eq. (3), with both g,;(u) in (3) and the GGG operator in
(1) now taken at the running scale u.

The really difficult part of the problem is in calculat-
ing the effect of an operator like (1), that appears in the
effective Lagrangian at energies above the chiral-sym-
metry-breaking scale, on a low-energy hadronic parame-
ter like the neutron electric dipole moment. No one
knows how to do this with any precision, but at least
there is a rule known as “naive dimensional analysis” for
keeping track of factors of 47 and mass scales.!” This
rule can be expressed most simply by introducing dimen-
sionless “reduced” coupling constants. For a coupling
constant g appearing in an interaction of dimensionality

FIG. 1. Graphs contributing to the operator (1). (Wavy lines are gluons.)
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[mass]®? and containing W field operators, the reduced
coupling is (47)2 " NYM?P4g where M =27F,=1190
MeV is the chiral-symmetry-breaking scale. The rule is
that the reduced coupling of any term in the effective ha-
dronic theory at energies below M is given to within an
order of magnitude by the product of the reduced cou-
plings of the operators, appearing in the effective La-
grangian at energies above M, that produce this term.
The neutron electric dipole moment operator given by
dnnyso,nF*’ has reduced coupling d,M/4x, while the
quark electromagnetic coupling has reduced coupling
e/4r, so naive dimensional analysis suggests that d, is of
the order of e/M times the reduced coupling of whatever
operator is responsible for CP violation. For instance, a
CP-violating quark mass term @mg,gysq would have re-
duced coupling 8m,/M, so it should give a neutron elec-
tric dipole moment of order efm,/M? or 10 " '%6 cm
for m,; =7 MeV. This compares well with more detailed
estimates'® of d,,, which range from 0.4x10 ~!%¢6 cm to
2x10 " "%e6 cm.

There is also the question of the relevant scale at
which to evaluate parameters like the strong coupling
gs(u). We may guess that in evaluating hadronic matrix
elements, the relevant value of u is that which makes
graphs of all orders equally important, i.e. [judging from
the first two terms in the renormalization-group equation
for g, ()], g2(u)/167x2=1/6. For example, the previ-
ously mentioned operator €g’Ga,,G:' (with ¢ infin-
itesimal) is known'® to produce a shift —2(47)2%mye/9
in the nucleon mass, in good agreement with what would
be expected from naive dimensional analysis with
gs==4n/~/6. (This example incidentally also shows that
there is no necessity for light-quark masses to appear in
the contribution of a purely gluonic operator to a ys-
noninvariant hadronic operator.) With g;(u) given this
value, and g;(A)/4rx=0.1 (corresponding to taking
A=100 GeV and Aqcp=150 MeV between m;, and 1),
the u-dependent factors in C have the value

3
=50. (6)

108/23
g ()

4r

g ()
g, (1)

(=

For the CP-violating operator (1), the reduced cou-
pling is M 2C/4r, so the electric dipole moment may be
estimated as of order

d,=eMC/An=e{N2G M ImZ,(4x) ~*h(m,/mpy)
=10 "YeImZh(m,/my) cm. )

This is very large compared with other contributions,
and potentially in conflict with the experimental results
for d,, (—14+6)x1072% ecm from Leningradm and
(—3+5)x107% ecm from Grenoble.?! We do not
know my or m,, but the experimental lower bound on m,
is rapidly increasing, and it is hard to imagine that my
could be larger than 10m,. This gives'> > 0.015. The
experimental bound?' |d,| <1.2x1072° ecm thus re-

quires that |ImZ,| <8x10 3. Our conclusion is that
CP is not maximally violated in the neutral Higgs sec-
tor.!* The only way that I can see for this to be natural
is for the Higgs sector to be very simple: no more than
two doublets, and with two doublets, no mixing with any
scalar singlets.

It is instructive to compare these results with those of
Anselm ez al.?? They considered the neutron electric di-
pole moment produced when a neutron emits and reab-
sorbs a neutral Higgs boson, with the photon attached to
the virtual neutron line. For the Higgs-boson-neutron
coupling, they used the results of Shifman, Vainshtein,
and Zakharov,'? in which the Higgs-boson line is at-
tached to a heavy quark loop, which is attached to the
neutron by a pair of gluons. In effect (though they did
not put in this way) they were considering the effect of
an operator

Gap ng VGﬂpaGﬂxxfpmd (8 )

produced in integrating out Higgs bosons and heavy
quarks. (The Feynman diagram is one in which the two
pairs of gluon lines are attached to two different heavy
quark loops, which are attached to each other by a
neutral-Higgs-boson line.) As noted in Ref. 22, the
coefficient of this operator is not suppressed by light-
quark masses or small mixing angles, and so for a
Higgs-boson mass that is small enough (say, a few GeV)
to give the observed rate for KP— 2x, this effect gives
too large a neutron electric dipole moment. However,
the operator (8) is of dimensionality 8, and its effect is
therefore suppressed relative to (1) by a factor M %*/m3,
so its contribution to d, is within experimental limits if

#2100 GeV. Only a dimension-6 operator like (1)
can threaten to produce an excessive d, for any reason-
able Higgs-boson mass.

The same operator may dominate CP violation pro-
duced by mechanisms other than Higgs-boson exchange.
For instance, in supersymmetric theories there is a graph
in which a gluino or Higgsino is emitted and reabsorbed
from a top-quark-squark loop, with three gluons at-
tached anywhere on the quark, squark, or gluino lines,
that also makes a contribution to (1). This is estimat-
ed? to increase the neutron electric dipole moment pro-
duced by a given CP-violating gluino mass by at least an
order of magnitude over earlier results,?*  thus
strengthening the conclusion that CP is not maximally
violated by the gluino mass operator. If a neutron elec-
tric dipole moment shows up in the next round of experi-
ments, it will not necessarily be due to Higgs-boson ex-
change, but it will almost certainly appear through the
operator (1).

For conversations on these matters I am grateful to
many colleagues, including R. Brustein, C. Jarlskog, D.
Dicus, J. Ellis, W. Fischler, H. Georgi, F. Gilman, J.
Gunion, V. Kaplunovsky, R. Peccei, J. Polchinski, N. F.
Ramsey, R. Sachs, B. Warr, M. Wise, and L. Wolfen-
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