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Bounds are derived for the dimensionless factors that enter in the violation of CP invariance in
Higgs-boson exchange. In particular, for the class of theories with two scalar SU(2) X U(1) doublets
[plus any other scalars whose expectation values do not break SU(2) X U(1)], the magnitude of the
parameter Im Z,, which appears in the dominant neutral-Higgs-boson-exchange contribution to the
neutron electric dipole moment, is bounded by +(r2+r*)!/?, where r is a ratio of the magnitudes of

scalar vacuum expectation values. It is shown that this bound can actually be reached in realistic

models.

I. INTRODUCTION

It was recently pointed out! that there is a mechanism
in all but the simplest versions of the standard model that
can produce an observable value for the neutron electric
dipole moment even if the Higgs particles are quite
heavy. This is because integrating out the heavy particles
(such as the top quark and neutral or charged? Higgs bo-
son) in such theories can produce a dimension-six CP-
and P-nonconserving term in the effective Lagrangian,

AL=—Cf 4G, GppGogr€™™ . 5

[Here G,,, is the gluon field-strength tensor, €77 is the
usual totally antisymmetric tensor with €= +1, and
Sfape 18 the totally antisymmetric Gell-Mann SU(3) ten-
sor.] Unlike other CP- and P-nonconserving operators
that arise in this way, the coefficient C is suppressed by
only two inverse factors of heavy-particle masses, and not
at all by factors of light-quark masses or small mixing an-
gles. At first it was thought® that the effects of this
operator at low energy are enhanced by QCD renormal-
ization effects, and it was concluded on this basis that if
CP and P were maximally violated in Higgs-boson ex-
change, then the contribution of (1) to the neutron elec-
tric dipole moment would be 4-5 orders of magnitude
greater than present experimental bounds.* Similar re-
marks were made regarding the effects of possible new
gauge bosons,* sparticles,® or singlet quarks.” Since then
several independent calculations® have shown that apart
from the running of the strong coupling-constant g, in
the factor g} in C, what had been thought to be an
enhancement is actually a suppression. Questions have
also been raised’ regarding the validity of such one-loop
calculations of the QCD correlation factor. It now seems
clear that one cannot use present limits* on the neutron
electric dipole moment to rule out a maximal CP noncon-
servation in scalar propagators for Higgs-boson masses in
the range of several hundred GeV, but that such a mech-
anism acting through the operators (1) can produce a
neutron electric dipole moment at a level that could show
up in the next round of experiments. Although QCD
correction factors have not yet been calculated for all
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competing operators, it seems that the largest contribu-
tion to the neutron electric diple moment from Higgs-
boson exchange still arises from the operator (1), because
this is the only operator that is only suppressed by two
factors of heavy-particle masses.

Of course, the coefficient C in any model will be pro-
portional to whatever imaginary parts of amplitudes pro-
duce the CP and P violation in the heavy-particle ex-
change. For instance, in Ref. 1 it was found that the con-
tribution to C of the neutral-Higgs-boson-exchange dia-
gram of Fig. 1 is proportional to an unknown dimension-
less quantity ImZ,. Therefore, in order to say what we
mean by “maximal CP violation” and to get an idea of
the likely value of the neutron electric dipole moment
produced by these heavy-particle exchanges, we need to
ask what is the best upper bound that can be set on quan-
tities such as [ImZ,|.

We shall first discuss scalar exchange in a general con-
text, and will then turn to the special case of theories
with two scalar SU(2) X U(1) doublets, and with arbitrary
numbers of scalar singlest and/or scalars with zero vacu-
um expectation values. In such theories, CP nonconser-
vation can occur in the propagators only of the neutral
Higgs bosons. Actually, the contribution to C from
charged-Higgs-boson exchange is less suppressed!® by
QCD-correction factors than for neutral-Higgs-boson ex-
change, so the two-doublet models are not those that pro-
duce the largest neutron electric dipole moments. How-
ever, the two-doublet model is still interesting as an ex-
ample of CP nonconservation. For instance, it has re-

FIG. 1. Contribution of neutral-Higgs-boson exchange to the
three-gluon CP-violating operator (1), involving Im 4,.
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cently been pointed out that, through effects analogous to
(1), neutral-Higgs-boson exchange can produce surpris-
ingly large contributions to the electric dipole moment of
the electron.!! The results for the two-doublet model ob-
tained here can be usefully applied to these effects. In
any case, the methods described here can serve as a guide
to the analysis of more general models.

II. SCALAR EXCHANGE: THE GENERAL CASE

We start with a general SU(2)XU(1) electroweak
theory, involving an arbitrary number of scalar multiplets
belonging to arbitrary SU(2) X U(1) representations. In
order to prevent excessive rates of K°,K ° or DD © os-
cillation in a natural way, we assume'? that there is some
discrete symmetry that only allows all charge — + quarks
to get their masses from interaction with just one scalar
doublet, say ¢,, and that likewise only allows all charge 2
quarks to get their masses from just one scalar doublet,
say ¢,. The interactions of quarks with scalars is then

) 1 = 1
LY:_F(DRmD VTUL )¢1+*_F
1 1

(DgmpD;)$*

1
(URmUUL ¢’2

URmUVDL )¢, te.c.,
}\2

(2)

where U and D are the quark triplets (u,c,t) and (d,s,b),
respectively; m; and mp are the corresponding real diag-
onal quark mass matrices; V is the unitary Kobayashi-
Maskawa matrix; and A; are the scalar vacuum expecta-
tion values

)"i5<¢(i))vac N (3)

At this point, we leave it an open question whether ¢,
and ¢, are proportional or independent scalar doublets.
With this interaction between quarks and scalars, CP
violation will show up in scalar exchange between quarks
through imaginary terms in one or more of the quantities

)\‘)\2<¢2 o), =AY, 4)
x*x2<¢2¢0*> = 4o(g?) , (s)
% x De=4olg?, (6)
* )2<¢ 69, =4,(g%), v)
(kz s (633), = 4,(¢%) , (8)

where {x7 )q is for any pair of scalar fields y,n an abbre-
viation for the momentum-dependent quantity
g = [ d* T x(x)m(0)]) 0~ )

evaluated in the zeroth order of perturbation theory. For
instance, the Feynman diagram of Fig. 2 gives a contribu-

FIG. 2. Contribution of neutral-Higgs-boson exchange to the
quark electric dipole moment operator, involving Im 4.

tion to the coefficient of the quark electric dipole moment
operator involving Im4 (g?), while the Feynman dia-
grams'? of Figs. 3-6 yield contrlbutlons to the coefﬁc1ent
of the four -gluon operator GGGG involving Im 4,(g?),
ImA (q 2), ImA,(q 2), and ImAz(az) respectively, and,
of course, ImAZ(qz) also enters into the coefficient of the
three-gluon operator (1) through the Feynman diagram
of Fig. 1.

We see immediately that if ¢, and ¢, are proportional,
then the amplitudes 4 and A, are real, while the other
amplitudes are all equal:

ImA=ImA,=0, (10)

In this case, charged-Higgs-boson exchange automatical-
ly conserves CP, but CP and P nonconservation can still
arise in neutral-Higgs-boson exchange through imaginary
terms in the amplitude 4,. On the other hand, if ¢, and
&, are independent, then in general CP and P nonconser-
vation can arise in charged- and/or neutral-scalar ex-
change, through imaginary terms in any or all of the five
amplitudes (4)—(8).

The tree-approximation amplitudes (4)—(8) may in gen-
eral be expressed as sums over mass eigenstates:

V2G,Z
AgH= —, (12)
n q2+m121'n
V2G:Z,
Aygh)=S —, (13)
od 2 q*tmp,
\/EGFZOH
AygH)=3 , (14)
n 2+m}21ﬂ
V2GrZ,
A (ghH= ——= | 15)
e 2 g*+mp, (
g g
: 3
t S>oommo- >- . b
9 g

FIG. 3. Contribution of neutral-Higgs-boson exchange to the
CP-violating four-gluon operator GGGG, Im 4.
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where my., and my, are, respectively, the nth charged-
and neutral-scalar mass eigenvalues, and the factor V'2G
has been inserted to make the coefficients Z,, etc., dimen-
sionless. The contribution of scalar exchange to any ob-
servable will then be given by a corresponding sum. For
instance, the exchange of a neutral scalar makes a contri-
bution to the coefficient C in Eq. (1) of the form!

C=04m)" V26t S h(m, /my,)ImZ,, , %)
where h is the function?
ot ri 1 3x31—x)
h =—1d d
() 2 fo xfo u[azx(l—ux)—i—(l—u)(l—x)]z

(18)

and £~10"* is a QCD factor.>8 (For charged-Higgs-
boson exchange h 1s somewhat larger? and £ is an order
of magnitude larger. '°)

The Z coefficients in (12)-(16) satisfy important sum
rules. Invariance under SU(2) X U(1), together with what-
ever discrete symmetry enforces Eq. (2), tell us that the
kinematic part of the scalar Lagranglan is a linear com-
bination of 6#¢18“¢1 and 8#¢28“¢2, plus terms depending
only on any other scalars. It follows that the equal-time
commutators [¢3,6 9], [¢3,6 91, and [¢9,4 9] all vanish, so
that

>20,=32,,=32Z,,=0. (19)
n n n
Also, if ¢, and ¢, are distinct then the equal-time com-
mutators [¢;,6;*] and [¢9,69*] also vanish, so the
same applies to Z, and Z,,:

32,=3 Z,,=0. 20)

Equation (20) is not true if ¢, and ¢, are proportional,

FIG. 5. Contribution to GGGG involving Im 4,.

g 9

FIG. 6. Contribution to GGGG involving Im 4,.

but in this case Eq. (10) tells us that there is no CP viola-
tion in 4 or 4, anyway.

From these sum rules, we see that if all charged or neu-
tral scalars have equal mass, then there is no CP violation
in charged- or neutral-scalar exchange. There is no
reason to expect such a degeneracy. Instead, we will later
consider the simplifying assumption used in earlier
work, "2 that one mass eigenstate (presumably the light-
est) dominates the effects of Higgs-boson exchange. In
this approximation, we can drop the sums and the indices
n, with my. and my then understood to be the masses of
the dominant-charged and neutral-mass eigenstates, and
Zz, Z,, ZO, Z,, and Z, to be the coefficients of the dom-
inant terms in (12)-(16).

III. TWO-DOUBLET THEORIES

If the electroweak SU(2) X U(1) symmetry were broken
by the vacuum expectation value of a single SU(2) X U(1)
doublet, then in unitarity gauge there would be just a sin-
gle real scalar coupled to the quarks, and CP would be
automatically conserved in Higgs-boson exchange. We,
therefore, turn immediately to the next-simplest case, in
which SU(2) X U(1) is broken by the vacuum expectation
values of just two independent scalar doublets. In addi-
tion to these two doublets, the theory may involve any
other scalars whose vacuum expectation values do not
participate in breaking SU(2) X U(1), either because they
are gauge singlets, or because for one reason or another
they have vanishing vacuum expectation values.

We must distinguish between two subcases, in which
the doublets ¢, and ¢, that give mass to the charge —1
and charge % quarks are or are not independent. We
shall concentrate on the case where ¢, and ¢, are in-
dependent, and then briefly describe the results found for
the other case.

If ¢, and ¢, are independent, then these are also the
only two scalar doublets whose vacuum expectation
values break SU(2)XU(1). We will normalize then so
that the kinetic Lagrangian reads

L= —0,010"6,—0,810%¢,+ - - - , 21)

where the ellipsis refers to fields other than ¢, and ¢,.
[Recall that whatever discrete symmetry enforces Eq. (2)
w111 also rule out any off-diagonal terms 8M¢28 ¢, or
#4)18 ¢,, or any kinematic terms connecting ¢, or ¢, to
other scalar doublets. These kinematic terms are all
“hard,” so the form of (21) would be unaffected if the
discrete symmetry are allowed to be softly broken, by
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terms of dimensionality <3.] For fields normalized in
this way, the Fermi coupling constant is given by

V2Gp= m . (22)
The unitarity gauge condition here reads'*
2 0 f ¢:
Im "§1 A, t, s =0 (23)
for all SU(2) X U(1) gauge generators t,. In detail, this is
o +A36, =0, (24)
Im(ALé)+A343)=0. (25)

We see immediately that in this sort of theory the
charged-Higgs-boson amplitude (4) is real,

—1
A=

(6767%), > (26)

and so there is no CP violation in the exchange of a single
charged Higgs boson between quarks. On the other
hand, Eq. (25) provides us with just one constraint on two
complex neutral fields, so it leaves us with three degrees
of freedom, and plenty of opportunity for CP violation.
This condition allows us to write the complex neutral sca-
lars in terms of three real scalars ®,,:

0= b <D——IBZ!——<D 27
R 1T S I RV W W
¢=_L ¢+___i“\_1!___ (28)
2 V2|, 2 ‘/|7~1|2+|7\2|2 3

These new fields are canonically normalized, in the sense
that the kinematic Lagrangian (21) in unitarity gauge is
just

3
Lkinz_% 2 (a'uq)n )(a"(I)n)-i’- vt (29)
n=1

as usual for real scalars. Inserting (27) and (28) in Egs.
(5)-(8) gives the CP-nonconserving parts of the neutral-
Higgs-boson-exchange amplitudes as

A (D Dy), A, (D,23),

ImAy(g?)= —_— , (30)

21A A1V A 124 A, 12
_ MI(D,D;), — A, [(D,5)

Ion(q2)=| 1 { @0y "Lﬁj < (31)
20 A0V I 12+ 1R,
— A P@5)

ImA,(g%)= | 2!__‘__Li_ : (32)

A PV A 12+ (4,2

A (D, D3)

ImA,(g})= 1211(D2ds) (33)

N ESVATWERSTWER

(We are using the fact that (®,®, ), is real and sym-
metric in @ and b, which follows from the reality of the
®, Lorentz invariance, and translation invariance. We

ignore the presence of possible cuts in the g2 plane, along
which these propagators would be complex, because we
will eventually be evaluating the propagators in the tree
approximation.) Evidently the four CP-violating ampli-
tudes are subject to two linear relations, which may be
written as

2

Ay 2 T (2

Ay
2
[ImAy(g>)—ImA,yg»]. (35

ImAl(qz)z—I

M

ImA,(g?)=

We will now apply the approximation discussed in the
previous section of taking the effect of scalar exchange to
be dominated by a single neutral-scalar particle of mass
my. In (30)-(33), we then replace

u u

(0,0,),~—"—— (36)
q-tmpg

with u, real. This gives the 4 amplitudes in the form as-

sumed earlier:

V2GpZ

Aglgh)=——=L (37)
g°tmg

N V2GpZ

AplgH=——", (38)
q°tmy
V2GpZ

Ay(gH)=——"1 (39)
g +my
V2GpZ

AygH=—"2 (40)
q°tmg

Using (36) in (30)-(33), and comparing with (13)-(16)
and (22), we see that the CP-violating amplitudes in
(13)-(16) are

231172

Im20=% 1+ }»_: U U
. 2112
2
+< 14|32 . 41
5 A Uy, (41)
: 21172
ImZ,= - |1+ }T; Uy s
: 21122
2
- 1+ i uyusz , (42)
M a0
ImZ, = — }\—1 —AT Uy, (43)
(I 2, [
ImZZ_ }\'—2 ;\'_2 u1u3 . (44)

Also, because the fields are chosen to give the kinematic
Lagrangian the form (29), the u’s are subject to the in-
equality
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()2 4+ (uy) 2+ (uy)?<1 . 45)

(This is an inequality, because in general other neutral-
mass eigenstates can contribute to the ¢ commutators.)
Using this, it is elementary to show that the quantities
(41)—(44) are subject to the upper bounds

mzy <L | |24 22 (46)
4 || PR
= 1 Ay A,
<2 2 =
ImZ,| < il v ' 47)
2 172
Imz,| <~ M + ) ' 48)
P72 (A, A ’
mz,| <L | |2 2+ M (49)
2122 1%, N ‘

Note that if |A;| >>|A,| or |A,| >>|A,], then, respectively,
|ImZ,| or |ImZ,| must be small. This no surprise, be-
cause in these limits SU(2) X U(1) is effectively broken by
only one scalar doublet, respectively, ¢, or ¢,, and the
only neutral field left from the Higgs mechanism in this
doublet is a single real scalar.

Now let us briefly consider the other case mentioned
earlier, where the doublets ¢, and ¢, in the Yukawa in-
teraction are proportional, and there is another doublet
¢, that does not couple to quarks but whose vacuum ex-
pectation value also participates in breaking SU(2)-U(1).
As already remarked in Sec. I, with ¢, and ¢, propor-
tional, there is only one independent CP-violating ampli-
tude, 4o= A4, = A4,. We can use the unitarity gauge con-
dition here to express the two complex neutral scalars ¢
and ¢J in terms of three real scalars, just as in Egs. (27)
and (28). Following the same procedure as before, and
assuming the dominance of a single-mass eigenstate, we
now find

~ Z,V2G
Aolg)=4,(g7)= Ayg})~—2"F (50)
g +tmy
A 2 A 411/2
ImZ,= ;Ti 73 Uty . (51)
From (45), we then find
IImZ, | < 10|03 /A, 12+ A3/A,| 912 . (52)

Here the CP violation in neutral-scalar exchange is small
if |A] <<|A,|, again because in this limit the model ap-
proaches the minimal standard model.

IV. REACHING THE BOUND

We will now show that the bounds (46)-(49) are in gen-
eral the best that can be derived, by showing that there
are physically allowed models that realize these bounds.
Specifically, we will consider a model in which the only
scalar fields are the two doublets, ¢; and ¢,. Any such
model with an exact discrete symmetry that distinguishes
¢, and ¢, and enforces Eq. (2) (such as ¢,——¢,,

Dgr — —Dy, ¢,— +¢,, Uy — Uy, Q; —Q; ) will rule out
CP violation in renormalizable Lagrangians, but CP non-
conservation can be introduced by letting this discrete
symmetry be broken by soft terms in the Lagrangian.'’
We, therefore, take the Lagrangian for the ¢ fields in the
form

L,=—03,610"¢,—3,650"6,— V($1,6,) , (53)

V= m%¢¥¢|+m%¢;¢2+ﬂ¢¥¢z+ﬂ'¢;¢l
+181(6]1+ Lg,(816,)2 +2(8]6,)(8]8,)
+g'lg1g,12+ Lh (816, + 1h* (89, (54)

where m2, m%, g,, g,, g, and g’ are real, but 5 and h may
be complex. Aside from the soft ¢I¢2 and ¢;¢1 terms,
this respects the symmetry ¢,— —4¢,, ¢,—¢,, which can
be used to enforce the assumed form (2) of the hard Yu-
kawa interactions. This Lagrangian conserves CP if and
only if h / 1}2 is real; we will allow it to be complex.

With arbitrary values of the hard couplings g,,£,,8,8’,
and h, we can always adjust the soft couplings m?,m?2,
and 7 to make the vacuum expectation values A, and A,
anything we like. To see this, note that (54) may be
rewritten

V=1g,(8]¢,— 1,122+ 1g, ()8, — 4,/
+g(dlo,— 0,185, — 2,7
+g'|616,—ATA, |2+ Re[h (416, —A11,)%]

b_% *[ﬁ_ﬁ

+
vl N vl

(55)

where £ is an arbitrary real quantity, and A, and A, satis-
fy the conditions

m?=—g, M >—glh |2+ E/I1 12, (56)
mi=—g, A2 —glA 2+ E/(A, )%, (57)
N=—g'AMA—hAIA,—E/ATA, . (58)

It is obvious from the form of (55) that V is stationary
when ¢9=A1,, 2=A1,, and ¢;" =¢," =0. Instead of taking
the independent parameters of the theory to be all the
couplings in (54), we will work with Eq. (55), and take the
independent parameters to be the hard couplings g,, g,
g, &', and h, plus the soft coupling & and the vacuum ex-
pectation values A; and A,. (That is, we replace the four
real parameters m3, m3, Ren, Im7 with the set &, |A,[?,
|A;1%, and ArgAtA,.) The mark of CP violation (intrinsic
or spontaneous) will now be an imaginary term in hA}?A3.

We will now work in unitarity gauge, using Egs. (27)
and (28) to express the neutral components of ¢, and ¢,
in terms of the three real canonically normalized fields
®,. (The charged components of ¢, and ¢, are set equal
to zero here, since our concern is with the propagator of
the neutral scalars.) Shifting the ®, by their expectation
values and expanding (55) to second order in the shifted
fields, we find the ® mass matrix:
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Re(hAIAD)+£
M} =g1|M|2+g'ikzlz+——|}il—2—— , (59)
1
Re(hA*A%)+
M%2=32|}\2|2+g'|}\1|2+——l‘22—_§ , (60)
A4l
E—Re(hA}?A3
ML =M+ P g +———5— |, (6]
33 1 2 |}\-1}\-2|2
292\ __
MY =AMl (g + ')+—————Re(“r M=e 62)
12 1M 8T8 ,
[A A,
V124,12
M3= ——WLIm(hxrzx§> , (63)
1/v2
A2 H(A, 2
M§3=—%le(hkfzk§) . (64)
17%2

In order to show that the bound (49) on |ImZ,| can be
realized for any vacuum expectation values A,,A,, we
need to show that we can adjust the parameters in the
Lagrangian (with fixed A; and A,) to make |uju;|=1,
where u, is the normalized eigenvector of M? with the
smallest eigenvalue. One convenient choice of parame-
ters that obviously satisfies all positivity conditions is

g, —+w, g,=g', £€=0, Re(hA}?2A3)=0. (65)

[This is not unique; we only need to impose one linear re-
lation among g,, g’, £, and Re(hA}?A%).] Taking g, — =
makes the largest eigenvalue of M? go to infinity and
gives it an eigenvector in the one-direction. The remain-
ing eigenvectors and eigenvalues can be found by di-
agonalizing the remaining 2X2 matrix, which here has
elements

M3 =M% =712+, , (66)
VIMP+IA, 2
M%s=———’——2~—2—‘—lmm72x§) . (67)
|2 A3

The normalized eigenvectors of any such 2X2 matrix

with equal diagonal elements have components with
u,=xuy=1/V2, thus reaching the bound (49). Note
that this is accomplished without imposing any sort of
degeneracy on the scalar masses; the eigenvalues of M?
here are infinity and M3, +M?3,, which can be as different
as we like.

It is easy to show in the same way that the bound on
|ImZ 1] can also be reached; simply reverse the roles of
the 1 and 2 axes in the above argument. The bounds on
[ImZ,| and |ImZ,| can be examined in the same way
after first changing the basis for the ® fields, but we shall
not bother with this here.

V. CONCLUSIONS

We have found a bound on the CP-nonconservation pa-
rameter ImZ, of Ref. 1 in models where SU(2) X U(1) is
broken by the expectation values of two scalar doublets,
and we have shown that this bound can actually be
reached for physically reasonable values of the parame-
ters of the models. Of course, there is no reason to expect
that these parameters will be fine tuned so as to maximize
|[ImZ,|. The point here is that, unless new physical con-
straints on the models are discovered, '° it would require
an unnatural fine tuning to make the value of |ImZ,|
very much less than its upper bound (49). Therefore, this
bound provides a plausible rough estimate of the value of
|ImZ,| to be expected in these nonminimal models.

The bound (49) is of order unity if the two scalar vacu-
um expectation values A;,A, are of the same order of
magnitude. On the other hand, it is possible that
[A;| <<|A,l, in which case (49) can be considerably less
than unity. Indeed, the fact that the charge +2 quarks
of the second and third generations are both much
heavier than their charge —1 counterparts suggests that
this may actually be the case.

Of course, if SU(2) X U(1) were broken by the vacuum
expectation values of three or more doublets, then the
bound (49) would not apply. Still, in the absence of new
physical constraints, the most plausible value for |ImZ, |
would be of order unity.
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