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Effects of the supersymmetric phases on the neutral Higgs sector
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By using the effective potential approximation and taking into account the dominant top quark and scalar top
quark loops, radiative corrections to the MSSM Higgs potential are computed in the presence of the super-
symmetricCP-violating phases. It is found that the lightest Higgs scalar remains essentiallyCP even as in the
CP-invariant theory whereas the other two scalars are heavy and do not have definiteCP properties. The
supersymmetricCP-violating phases are shown to modify significantly the decay rates of the scalar to fermion
pairs.@S0556-2821~99!08113-8#

PACS number~s!: 12.60.Jv, 11.30.Er, 12.60.Fr
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I. INTRODUCTION

The minimal supersymmetric standard model~MSSM!
consists of various soft-supersymmetry-breaking parame
as well as the Higgsino mass parameterm coming from the
superpotential. In general, there is noa priori reason for
taking all these parameters to be real, and thus, Yukawa
plings, gaugino masses, trilinear Higgs-boson–sfermion c
plings, Af , Higgs boson bilinear coupling,m3

2[mB, andm
parameter themselves can all be complex. On the other h
the MSSM Lagrangian has two global symmetries U(1)PQ
~Peccei-Quinn symmetry! and U(1)R-PQ ~an R symmetry!
under which all fields and parameters are charged. The
lection rules for these symmetries limit the combinatio
of dimensionful parameters that can appear in a phys
quantity so that one has, in fact, only three of these pha
as physical@1,2#. Without loss of generality, these thre
physical phases can be identified with~1! the phase in
the Cabibbo-Kobayashi-Maskawa matrixdCKM , ~2! wm
[Arg(m), and ~3! wAf

[Arg(Af). Thus any physical quan

tity F has an explicit dependence on these phasesF
5F(dCKM ,wm ,wAf

).
Despite their presence in the Lagrangian, the phenome

logical relevance of theseCP-violating phases has often bee
questioned due to the smallness of the neutron and elec
electric dipole moments@1,3# which require them to be a
mostO(1023). However, recent studies have shown that i
possible to suppress neutron and electron dipole mom
without requiring theseCP-violating phases be small by a
lowing the existence of either nonuniversal soft breaking
rameters at the unification scale@4#, some kind of cancella-
tion among various supersymmetric contributions@5#, or
heavy enough sfermions for the first two generations@6#. In
fact, following the last scenario, it was recently shown th
the CP violation in B and K systems can be saturated wi
wm andwAf

only @7#. Apart from electric dipole moments an
weak decays, these phases play a crucial role in the crea
of the baryon asymmetry of the universe at the electrow
phase transition@8#.

In this work, assuming that the electric dipole mome
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are suppressed by one of the methods metioned above
take supersymmetric phases to be unconstrained and inv
gate their effects on the Higgs sector of the MSSM. At t
tree level the Higgs sector of the MSSM conservesCP due to
the fact that the superpotential is holomorphic in superfie
entailing the absence of flavor-changing neutral currents
scalar-pseudoscalar mixings. When the supersymme
phaseswm andwAf

vanish the Higgs sector conservesCP at
any loop order. In fact, theCP-conserving Higgs sector ha
been analyzed by several authors with the main purpos
evaluating the mass of the lightest Higgs boson which
the tree-level upper bound ofMZ . It has been found tha
radiative corrections, dominated by top quark and top squ
loops, elevate the tree-level bound significantly@9#. These
one-loop results@9# have been improved by utilizing com
plete one-loop on-shell renormalization@10#, renormalization
group methods@11#, diagrammatic methods with leading o
der QCD corrections@12#, and two-loop on-shell renormal
ization @13#. However, when the supersymmetric phases
nonvanishing, as recent studies have shown@14#, the Higgs
sector becomesCP violating through radiative corrections
As in theCP-conserving case, the radiative corrections w
be dominated by the top quark and top squark loops. Be
we investigate effects of the supersymmetric phases on
Higgs boson masses, scalar-pseudoscalar mixings, and d
properties of scalars to fermion pairs. In doing this, we sh
calculate one-loop radiative corrections coming from t
quark and top squark loops in the effective potential appro
mation.

This work is organized as follows. In Sec. II we compu
the one-loop effective potential using top quark and t
squark contributions together with the specification of t
particle spectrum and mixings. In Sec. III we discuss, as
example, the decay properties of the Higgs scalars to ferm
pairs. In Sec. IV we conclude the work.

II. EFFECTIVE POTENTIAL

The Higgs sector of the MSSM consists of two SU~2!
doubletsH1 , H2, with opposite hyperchargesY1521, Y2
511, and nonvanishing vacuum expectation valuesv1 , v2.
Allowing a finite alignmentu between the two Higgs dou
blets, we adopt the following decomposition:
©1999 The American Physical Society06-1
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H15S H1
0

H1
2D 5

1

A2
S v11f11 iw1

H1
2 D ,

H25S H2
1

H2
0 D 5

eiu

A2
S H2

1

v21f21 iw2
D . ~1!

At the tree level the Higgs sector is described by the sc
potential

V0~H1 ,H2!5m1
2uH1u21m2

2uH2u21~m3
2H1•H21H.c.!

1
l1

2
uH1u41

l2

2
uH2u41l12uH1u2uH2u2

1l̃12uH1•H2u2, ~2!

with the parameters

m1
25mH̃1

2
1umu2, m2

25mH̃2

2
1umu2, m3

25umBu,

l15l25~g2
21g1

2!/4, l125~g2
22g1

2!/4, l̃1252g2
2/2,

~3!

wheremH̃1,2

2 andB are the soft-supersymmetry-breaking p

rameters. As is seen from Eqs.~3!, the tree-level potential is
described by real parameters; thus, the alignment betw
the two doublets can, in fact, be rotated away. Since, in
minimum, the potential is to have vanishing gradients in
directions, in particular,]V0 /]w1,25m3

2 sinu50, one auto-
matically getsu50. Those terms of the tree-level potenti
~2! quadratic in the components of the Higgs doublets~1!
give the mass-squared matrix of neutral scalars the diago
ization of which yields theCP521 bosonA05cosbw1

2sinbw2 with massMA0
2

52m3
2/sinb cosb, and twoCP5

11 bosons which are linear combinations off1 andf2 with
a mixing anglea. The mixing anglea and the masses of th
CP even scalarsh andH are given by@15#

tan 2a5
MA0

2
1MZ

2

MA0
2

2MZ
2

tan 2b, ~4!

Mh(H)
2 5

1

2
@MA0

2
1MZ

22~1 !

3A~MA0
2

1MZ
2!224MA0

2 MZ
2 cos2 2b#, ~5!

where tanb[v2 /v1, and MZ
25(g2

21g1
2)(v1

21v2
2)/4 in our

convention. It is readily seen that for tanb*2 one hasb
;p/2, Mh;MZ , andMH;MA . However, it is known that
radiative corrections elevateMh ~bounded byMZ at the tree
level! significantly @9# without modifying the mass degen
eracy betweenH and A when the theory conservesCP.
When, however, theCP-violating MSSM phases are
switched on, the degeneracy betweenH andA can be lifted
considerably as discussed in@14#.

We now start computing the radiative corrections to
tree potential~2! in the presence of theCP-violating MSSM
05500
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phaseswm,Af
. Our main concern will be the investigation o

the masses and mixings of the scalars as a function of
CP-violating angles. These mixings could beCP conserving
~such ash-H mixing in the CP-respecting limit! as well as
CP violating as we will discuss below. To evaluate the r
diative corrections we follow the effective potential approx
mation where the tree-level potential~2! is added to the one
loop contributions having the famous Coleman-Weinbe
@9,16# form

DV5
1

64
StrM 4~H1 ,H2!S log

M 2~H1 ,H2!

Q2
2

3

2D , ~6!

where Str[(J(21)2J11(2J11)Tr is the usual supertrace
andM(H1 ,H2) is the Higgs-field-dependent mass matrix
particles.DV depends on the renormalization scaleQ which
is presumably around the weak scale. In evaluatingDV one
includes the contributions of vector bosons, Higg boso
and fermions as well as their supersymmetric partners ga
nos, Higgsinos, and sfermions. Among all these particles
quarks and scalar top quarks give the dominant contributi
@9#. However, for very large tanb values bottom-quark–
bottom-squark andt-stau systems can become important.
addition to these, since the dependence ofDV on theCP-
violating phaseswm,Af

originates from only the Higgsino

~through m dependence! and sfermion~through m and Af
dependence! mass matrices, these two particle species at
a separate importance. However, if one wishes to incl
Higgsino contributions, all particle species must be includ
since then the precision of computation rises to the leve
gauge couplings. In the following we neglect the contrib
tions of gauge couplings and restrict ourselves to mode
values of tanb so that, to a good approximation, the dom
nant terms inDV are given by top-quark–top-squark syste
This approximation is convenient in that it picks up th
phase-sensitive dominant contributions toDV.

In the (t̃ L , t̃ R) basis the top-squark mass-squared mat
neglecting theD-term contributions, takes the form

M t̃5S ML̃
2
1ht

2uH2
0u2 ht~AtH2

02m* H1
0* !

ht~At* H2
0* 2mH1

0! MR̃
2
1ht

2uH2
0u2 D , ~7!

where m and At are complex,ML̃,R̃
2 are the soft masse

squared of left- and right-handed top squarks, andht is the
top Yukawa coupling. Denoting the eigenvalues ofM t̃ by
mt̃ 1,2

2 and usingmt
25ht

2uH2
0u2 the one-loop effective potentia

takes the form

V5V01
6

64p2 F (
a5 t̃ 1 , t̃ 2

ma
4S log

ma
2

Q2
2

3

2D
22mt

4S log
mt

2

Q2
2

3

2D G . ~8!

We require this effective potential be minimized
(v1 ,v2 ,u) at which it has to have vanishing gradients in
6-2
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EFFECTS OF THE SUPERSYMMETRIC PHASES ON THE . . . PHYSICAL REVIEW D60 055006
directions and the masses of the Higgs scalars must be
positive. Gradients of the potential with respect to t
charged components of the Higgs doublets automatic
vanish as there are no charge-breaking effects in the vacu
On the other hand, extremization ofV with respect to neutra
components of the Higgs doublets yields

v1@2m1
21l1v1

21~l121l̃12!v2
2#12m3

2v2 cosu12S ]DV

]f1
D

0

50, ~9!

v2@2m2
21l2v2

21~l121l̃12!v1
2#12m3

2v1 cosu12S ]DV

]f2
D

0

50, ~10!

m3
2v2 sinu2S ]DV

]w1
D

0

50, ~11!

m3
2v1 sinu2S ]DV

]w2
D

0

50, ~12!

where the subscript ‘‘0’’ implies the substitutionf15f2
5w15w250 in the corresponding quantity. Equations~9!
and~10! come as no surprise as they are the counterpart
the ones occurring in theCP-conserving case. However, wit
(]DV/]w1,2)0Þ0, Eqs.~11! and~12! now imply a nontrivial
solution for sinu unlike theCP-conserving case where thes
gradients indentically vanish and one automatically obtain
vanishingu. After some algebra one can show that

S ]DV

]w1
D

0

5tanbS ]DV

]w2
D

0

. ~13!
05500
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Therefore, Eqs.~11! and ~12! imply one and the same solu
tion for u,

m3
2 sinu5

1

2
bht

umuuAtusing f ~mt̃ 1

2 ,mt̃ 2

2
!, ~14!

wherebht
53ht

2/16p2, g5wm1wAt
, and

f ~x,y!5221 log
xy

Q4
1

y1x

y2x
log

y

x
~15!

is a scale-dependent one-loop function. Actually, if one u
the decomposition of the Higgs doublets in Eqs.~1!, in all
one-loop formulag gets replaced byg1u. However, sinceu
itself is a loop-induced quantity, its appearance together w
g is a two- and higher-loop effect which we neglect. Thu
when computingDV we dropu from Eqs.~1!, knowing that
it is induced through Eq.~14!. It is readily seen from Eq.~14!
that unlessg vanishesu remains finite. Furthermore, as
result of the form of the top-squark mass-squared matrix,
one-loop quantities turn out to depend on the combinat
g5wm1wAt

. Of course, had we included Higgsino contrib

tions there would be terms that depend solely onwm , de-
structing this kind of relation. However, they would be su
leading compared to the top quark and top squ
contributions discussed here.

In Eq. ~14! and all formulas belowmt̃ 1,2

2 denote top-squark

mass-squared eigenvalues evaluated at the minimum o
potential:

mt̃ 1,2

2
5

1

2
~ML̃

2
1MR̃

2
12mt

27D t̃
2
!, ~16!

where
ed

ons we
D t̃
2
5A~ML̃

2
2MR̃

2
!214mt

2~ uAtu21umu2 cot2 b22umuuAtucotb cosg!. ~17!

As usual, construction of the mass-squared matrix of the Higgs scalars proceeds through the evaluation of

M25S ]2V

]x i]x j
D

0

, where x iPB5$f1 ,f2 ,w1 ,w2%. ~18!

Solving m1,2
2 from the extremization conditions~9! and~10!, and replacing them inM2, one observes that, in the basisB, the

vector$0,0,cosb,2sinb% corresponds to the Golstone modeG0 absorbed byZ bosons to acquire its mass. Then in the reduc
basisB85$f1 ,f2 ,sinbw11cosbw2% the mass-squared matrix of the Higgs scalars becomes

M25S MZ
2cb

21M̃A
2sb

21D11 2~MZ
21M̃A

2 !sbcb1D12 rD

2~MZ
21M̃A

2 !sbcb1D12 MZ
2sb

21M̃A
2cb

21D22 sD

rD sD M̃A
21D

D , ~19!

wherecb5cosb andsb5sinb. The scalar mass-squared matrix involves various parameters whose explicit expressi
list below. The adimensional parametersr ands are given by

r 52
sinb

sing

uAtucosg2umucotb

uAtu
, ~20!
6-3
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s5
sinb

sing

1

umuuAtug~mt̃ 1

2 ,mt̃ 2

2
!
S uAtu~ uAtu2umucotb cosg!g~mt̃ 1

2 ,mt̃ 2

2
!2~mt̃ 2

2
2mt̃ 1

2
!log

mt̃ 2

2

mt̃ 1

2 D . ~21!

While r originates mainly from the top-squark left-right mixings,s has an additional term depending on the the top squ
mass splitting log(mt̃2

2 /mt̃1

2 ).

The parameters of mass dimension can be expressed as follows:

D52bht

sin2 g

sin2 b

umu2uAtu2mt
2

~mt̃ 2

2
2mt̃ 1

2
!2

g~mt̃ 1

2 ,mt̃ 2

2
!, ~22!

D11522bht

umu2mt
2~ uAtucosg2umucotb!2

~mt̃ 2

2
2mt̃ 1

2
!2

g~mt̃ 1

2 ,mt̃ 2

2
! , ~23!

D12522bht
umumt

2H uAtucosg2umucotb

~mt̃ 2

2
2mt̃ 1

2
!

log
mt̃ 2

2

mt̃ 1

2 2
uAtu@~ uAtucosg2umucotb!21uAtu~ uAtu2umucotb!sin2 g#

~mt̃ 2

2
2mt̃ 1

2
!2

g~mt̃ 1

2 ,mt̃ 2

2
!J ,

~24!

D2252bht
mt

2H log
mt̃ 2

2
mt̃ 1

2

mt
4

1
2uAtu~ uAtu2umucotb cosg!

~mt̃ 2

2
2mt̃ 1

2
!

log
mt̃ 2

2

mt̃ 1

2 2
uAtu2~ uAtu2umucotb cosg!2

~mt̃ 2

2
2mt̃ 1

2
!2

g~mt̃ 1

2 ,mt̃ 2

2
!J , ~25!
s
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where the functiong(mt̃ 1

2 ,mt̃ 2

2 ) in these expressions reads

g~x,y!5 f ~x,y!2 log
xy

Q4
. ~26!

Therefore, unlikef (mt̃ 1

2 ,mt̃ 2

2 ), g(mt̃ 1

2 ,mt̃ 2

2 ) does not have an

explicit dependence on the renormalization scaleQ. In fact,
the adimensional parametersr and s as well as the mas
parameters~21!–~24! have no explicit dependence onQ. On
the other hand, the remaining mass parameterM̃A

2 in the
scalar mass-squared matrix~19! is an explicit function ofQ:

M̃A
25

m3
2

sinb cosb

sin~u2g!

sing
. ~27!

It is the u, Eq. ~13!, dependence ofM̃A
2 that makes itQ

dependent. However, the explicitQ dependence ofu should
cancel with the implicitQ dependence of tanb and m3

2 to

makeM̃A
2 scale independent@9#.

According to the decomposition of Higgs doublets in Eq
~1!, f1 andf2 are ofCP511 whereas sinbw11cosbw2 is
of CP521. As suggested by the form of the scalar ma
squared matrix~19! there are mainly two kinds of mixings
~1! mixing of the scalars with differentCP induced byM13

2

5rD andM23
2 5sD, and~2! mixing of theCP511 scalars

through M12
2 52(MZ

21M̃A
2)sbcb1D12. While the former

are induced purely by the nonvanishing supersymme
phases the latter exist in theCP-respecting limit too. When
05500
.

-
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the CP-violating phases vanish, that is,g˜0, one getsrD
˜0, sD˜0, andD˜0. In this caseCP511 andCP5
21 sectors in Eq.~19! decouple and reproduce the partic
spectrum of theCP-conserving limit in whichM̃A becomes
the radiatively corrected pseudoscalar mass andD11,12,22be-
come usual the one-loop contributions@9# to the CP511
scalar mass-squared matrix. For a proper interpretation
results of the numerical analysis below it is convenient
know the relative strengths of theCP-violating and
-conserving mixings. For large tanb, Eqs.~20! and ~21! go
over to

r;2sinb cotg, s;
sinb

sing S uAtu
umu

1
4~mt

21MQ
2 !

umuuAtu
D , ~28!

where we assumedML̃;MR̃[MQ
2 @mtuAtu and uAtu

@umucotb in the derivation. Equation~28! implies that
ur u/s!1. This follows mainly from the dependence of th
top squark mass matrix~7! onH2

0 which causes not onlyusDu
but also uD12u and uD22u to be larger thanuD11u and urDu
through top squark and top-squark–top-quark top splittin
An immediate consequence of Eqs.~28! is that one eigen-
state of the scalar mass-squared matrix~19! will be of mainly
CP511. Thus one expects that among the three m
eigenstate scalars one will continue to haveCP511 with a
smallCP521 component while the other two can mix sig
nificantly depending on the relative strengths of the ot
one-loop corrections. This observation can be justified
merically by analyzing the relative strengths ofCP-violating
and CP-conserving mixings as classified above. Figure
6-4



n

,

l

i

-

e
ia
or

o
ly
re

th

lar

que
nd
ma-
n

of

the

s

the

est

ase

EFFECTS OF THE SUPERSYMMETRIC PHASES ON THE . . . PHYSICAL REVIEW D60 055006
shows the variation ofM13
2 /uM12

2 u ~solid curve! and
M23

2 /uM12
2 u ~dashed curve! with tanb for ML̃5MR̃5uAtu

510MZ , umu52.5MZ , andM̃A52MZ with g5p/4. As the
figure suggests, the larger the tanb, the larger theCP-
violating mixings compared to the mixing between theCP
511 components. The increase of these ratios with tab
can be understood as follows:~1! b˜p/2 as tanb grows to
higher values, and thus,u2(MZ

21M̃A
2)sbcbu decreases

gradually;~2! D12 is positive for these parameters~and even
for higher values ofumu due to cotb suppression! and grows
with tanb due to logmt̃2

2 /mt̃1

2 so thatM12
2 decreases with in-

creasing tanb, and the ratios increase gradually sinceM13
2

andM23
2 decrease with tanb more slowly.

In Fig. 1 we plot ratios of theCP-violating mixings to
CP-conserving ones; however, if one plotsCP-violating
mixings directly, for example in units of (10MZ)2 for umu
510MZ , g5p/2, and M̃A55MZ , in absolute magnitude
M13

2 (M23
2 ) starts with;431022 (;1022) at tanb52 and

falls down 331025 (231024) at tanb;30. These results
generally agree with those of@14# though the computationa
schemes are different.

Since the parameter space is too wide to cover fully,
the following we restrict ourselves to the following set:

ML̃5MR̃5500 GeV, uAtu51 TeV,

umu5250 GeV, M̃A5200 GeV, ~29!

and varyg over its full range. Each time we consider low
and high-tanb regimes separately by taking tanb54 and
30. As tanb increasesumucotb decreases, and this enhanc
the contribution of the radiative corrections. However, var
tion with tanb is not the whole story because even f
cotb 0, D, D11, D12 are proportional toumuuAtu so that
choice for the latter affects the strength of the radiative c
rections. Especially for large tanb, top squark masses weak
depend onumu; therefore, these elements of the mass-squa
matrix become more sensitive to the choice forumu. The pa-
rameter set~29! is a moderate choice in that it enhances

FIG. 1. Variation of M13
2 /uM12

2 u ~solid curve! and M23
2 /uM12

2 u
~dashed curve! with tanb for ML̃5MR̃5uAtu510MZ , umu
52.5MZ , andM̃A52MZ with g5p/4. TheCP-violating mixings
become important for large tanb.
05500
n
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radiative corrections through a largeuAtu term without caus-
ing too big splittings among theD coefficients in Eqs.~22!–
~25! thanks to the relatively smallumu term. Dependence on
the parameterM̃A is as in theCP-invariant theory, namely,
heavy scalars have masses aroundM̃A.

In principle one can diagonalize analytically the sca
mass-squared matrix~19!; however, the results will be too
complicated to be suggestive. Instead of using such obli
expressions we shall fix the notation for diagonalization a
numerically analyze the results. The scalar mass-squared
trix ~19! can be diagonalized by a similarity transformatio

R•M2
•R T5diag~MH1

2 ,MH2

2 ,MH3

2 !, where R•R T51,

~30!

where the mass-eigenstate scalar fields are defined by

S H1

H2

H3

D 5RS f1

f2

sinbw11cosbw2

D . ~31!

g dependence of the elements ofR is crucial for determining
the CP impurity of the mass eigenstate scalarsHi . In ana-
lyzing R we adopt a convention such that in the limit
vanishingg we letH1˜h, H2˜H, andH3˜A; that is,H1
is the lightest Higgs boson. We expect the results of
CP-invariant theory to be recovered at theCP-conserving
points g50, p, 2p except for theg dependence of variou
parameters.

Depicted in Fig. 2 is theg dependence of theH1 compo-
sition in percent for the parameter set in Eq.~29!. From the
left panel we observe that, on the average,H1 has;30%f1
and;70%f2 composition. As is noticed immediately from
the figure, theCP521 component ofH1 is small, in fact, it
never exceeds 0.02% in the entire range ofg. From the right
panel, however, we observe that thef2 contribution rises
near to the 100% line, and correspondingly, thef1 contribu-
tion remains below 2.5%. This result is a consequence of
b˜p/2 limit reminiscent from theCP-invariant theory. In
this large tanb limit, the sinbw11cosbw2 composition ofH1
reaches at most of 0.2% over the entire range ofg. It is clear
that both windows of the figure suggests that the light
Higgs boson remains essentially aCP-even Higgs scalar for
the parameter space in Eq.~29!.

In Fig. 3 we show the percentage composition ofH2 as a
function of g for tanb54 ~left panel! and tanb530 ~right
panel!. In agreement with the left panel of Fig. 2, for tanb
54 ~left panel! H2 has;70%f1 and ;30%f2 composi-
tion. Unlike H1, however, the sinbw11cosbw2 composition
of H2 becomes as large as 1.3%. As expected, this incre
in the CP521 component is compensated byH3. A more
spectacular side of Fig. 3 arises for large tanb ~right panel! in
which H2 is seen to gain non-negligibleCP-odd composi-
tion. In accordance with the large tanb limit described by Eq.
~28! there is a strong dependenceg. The sum of thef1 and
f2 compositions ofH2 starts fromg50 at the 100% line,
and the former is diminished rather fast untilg5p/2. Beyond
this point it rises rapidly to the 98% line atg5p where its
6-5
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FIG. 2. Percentage composition ofH1 as a function ofg for tanb54 ~left panel! and tanb530 ~right panel!. Here f1 , f2, and
sinbw11cosbw2 contributions areuR 11u2 ~solid curve!, uR 12u2 ~dashed curve!, anduR 13u2 ~short-dashed curve!, in percents. Values of the
parameters are given in Eqs.~29!.
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all
CP511 component completes to 100% in accordance w
theCP conservation. One notes the complementary beha
of the sinbw11cosbw2 composition which, in particular, im
plies thatH2 is a pure pseudoscalar aroundg5p/2.

Depicted in Fig. 4 is the percentage composition ofH3 as
a function ofg for tanb54 ~left panel! and tanb530 ~right
panel!. In agreement with the left panels of Figs. 2 and 3,H3
is almost a pure pseudoscalar for tanb54. On the other hand
for tanb530 ~right panel! H3 is seen to lose itsCP purity in
accordance with the right panel of Fig. 3. ThusH3, except
for the points discussed above, does not have definiteCP
characteristics. From Figs. 3 and 4 one concludes that he
scalars have non-negligibleCP impurity in agreement with
the results of@14#.

f1 ~solid curve!, f2 ~dashed curve!, and sinbw1
1cosbw2 ~short-dashed curve! compositions of the Higgs
field Hi shown in Figs. 2–4 need further elaboration. In a
cordance with Fig. 1,CP-violating mixings are small for
small tanb and one necessarily recovers the results of
CP-invariant theory wheref1 andf2 mix with each other to
form h0 and H0, and sinbw11cosbw2 is nothering but the
pseudoscalarA0. Thus, in this limit the mixings are as in th
CP-invariant theory as is evident from the left panels of ea
figure. For large tanb, however, each Higgs field undergo
certain variations in its compositions. First of all, domina
05500
h
or

vy

-

e

h

t

f2 composition of the light Higgs boson is easily unde
standable since the analog of the tree-level Higgs mix
angle~4! approachesb2p/2'0 for large tanb @17#. The re-
maining component ofH1 comes mainly fromf1 sinceCP-
breaking contributions are small for this eigenvalue@see Eq.
~28!#. On the other hand, compositions ofH2 and H3 are
determined from large tanb ~dominant f1 contribution to
their CP-even parts! as well as the radiative corrections. A
is evident from Eq.~28!, in the large tanb regime M13
;sing cosg andM23;sing so that~for example! the zeroes
of the components ofH2 follow certain combinations of
these functional behaviors. The sharp changes in thef2 and
sinbw11cosbw2 compositions ofH2 and H3 at g50 ~for
large tanb! follows from theg dependencies ofM13 andM23
@see Eq.~28!#. Indeed, variation of the compositions ne
g50 behaves roughly as sin2g6sing which varies quite fast
near the origin.

Until now in Figs. 2–4 we have discussed theCP prop-
erties of the eigenstates of the scalar mass-squared m
equation ~19!. Now we analyze theg dependence of the
masses of these scalars for identifying their hierarchy. Fig
5 shows theg dependence of the scalar masses for tab
54 ~left panel! and tanb530 ~right panel!. It is clear that
H1 is the lightest scalar in both cases. Moreover, the sm
gap ~at most;20 GeV! betweenMH3

and MH2
in the left
FIG. 3. Percentage composition ofH2 as a function ofg for tanb54 ~left panel! and tanb530 ~right panel!. Here f1 , f2 and
sinbw11cosbw2 contributions areuR 21u2 ~solid curve!, uR 22u2 ~dashed curve!, anduR 23u2 ~short-dashed curve!, in percents.
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FIG. 4. Percentage composition ofH3 as a function ofg for tanb54 ~left panel! and tanb530 ~right panel!. Here f1 , f2, and
sinbw11cosbw2 contributions areuR 31u2 ~solid curve!, uR 32u2 ~dashed curve!, anduR 33u2 ~short-dashed curve!, in percents.
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panel is closed in the right panel whereH2 andH3 are de-
generate in mass. This behavior occurs also in theCP-
conserving case@15,9# due to the large value of tanb. One
more thing about Fig. 5 is that the masses ofH2 andH3 are
almost completely determined byM̃A52MZ . For instance,
for M̃A510MZ , H2 and H3 weigh approximately 10MZ .
Unlike this strongM̃A dependence ofMH3

andMH2
, mixing

among the Higgs scalars and lightest Higgs mass dep
mainly on tanb. The g dependence of the masses arou
g5p ~especially in the case of tanb54) differ from those at
other CP-conserving points due mainly to the minimizatio
of the light top squark mass@see Eqs.~16! and~17!#. Finally,
one observes that the light Higgs mass is higher than
usual constrained MSSM bounds@18# due to the large value
of At and relatively small soft top squark masses which is
possible to produce through RGE’s~except, possibly, with
nonuniversal initial conditions!.

From Figs. 2–5 one concludes that the lightest Higgs s
lar remains essentially aCP511 scalar, and the remainin
heavy scalars do not possess definiteCP characteristics. In
this sense, the MSSM is seen to accommodate a lightCP
511 Higgs boson as in theCP-invariant case. In addition
the heavy indefiniteCP Higgs scalars of the MSSM not onl
have no correspondent in the standard model~SM! but also
05500
ds
d

e

t

a-

are distinguishable from the lightest Higgs boson due to b
their masses andCP properties. In the next section we sha
discuss decay properties of these Higgs scalars to ferm
and investigate the deviations from theCP-conserving limit.

III. EXAMPLE: DECAYS OF HIGGS SCALARS TO
FERMION PAIRS

The form of the scalar mass-squared matrix~19! as well
as the mixing matrixR shows clearly theCP violation in the
Higgs sector. In general, all parameters of the Higgs se
turn out to depend on theseCP-violating angles; for instance
tanb, masses of scalars, and top squark masses are ex
functions ofg. In this sense the couplings of the Higgs sc
lars to the MSSM particle spectrum are necessarily modifi
Therefore, theCP-violating angleg can show up, for ex-
ample, in the rates for various collision processes testab
future colliders. As an example, one can consider ane1e2

collider with sufficiently large center-of-mass energy.
such a collider one of the main Higgs boson product
mechanisms is the Bjorken processZ*˜ZHi . When the
center-of-mass energy is varied over a range of values
cluding the masses of the scalars it is expected that the c
section, as a function of the invariant mass flow into theHi
in

FIG. 5. Masses of the scalarsHi as a function ofg for tanb54 ~left panel! and tanb530 ~right panel!. HereMH1

, MH2
, andMH3

are
shown by solid, dashed, and short-dashed curves, respectively. In both panelsH1 is the lightest scalar whose composition is shown
Fig. 2.
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branch, should show three distinct peaks situated at the
lar massesMHi

. Needless to say, in theCP-conserving case
there would be two peaks instead of three.

We now discuss the couplings of the scalars to ferm
pairs in detail. That the scalarsHi are devoid of definiteCP
properties influences their couplings to fermions sign
cantly. Rephasing the fermion fields appropriately one
always make fermion masses real after which the coupli
of the scalarHi to u-type quarks,d-type quarks, and charge
leptons take the form

Hiūu:~A2GF!1/2
mu

sinb
~Ri21 i cosbRi3g5!, ~32!

TABLE I. Elements of the scalar mixing matrix entering th
Feynman rules~32!–~34! for tanb54 andg50. Here i ( j ) runs
over Hi (f1 ,f2 ,sinbw11cosbw2).

@Ri j (0)#2 i 51 i 52 i 53

@Ri1(0)#2 0.31 0.69 0.0
@Ri2(0)#2 0.69 0.31 0.0
@Ri3(0)#2 0.0 0.0 1.0
t

c-
-

-

05500
a-

n

-
n
s

Hid̄d:~A2GF!1/2
md

cosb
~Ri11 i sinbRi3g5!, ~33!

Hi l̄ l :~A2GF!1/2
ml

cosb
~Ri11 i sinbRi3g5!, ~34!

where one observes that each coupling picks up ag5 piece
showing itsCP521 content. Moreover, as the Feynma
rules above dictate theg5 piece is enhanced for larg
tanb (cotb) for u-type quarks (d-type quarks and charge
leptons!. To have a quantitative understanding of the effe
of g on the Higgs boson decays to fermion pairs it is con
nient to compute the ratio

TABLE II. Elements of the scalar mixing matrix entering th
Feynman rules~32!–~34! for tanb530 andg50, with the same
convention in Table I.

@Ri j (0)#2 i 51 i 52 i 53

@Ri1(0)#2 0.02 0.98 0.0
@Ri2(0)#2 0.98 0.02 0.0
@Ri3(0)#2 0.0 0.0 1.0
Ri f 5
G~Hi˜ f̄ f ugÞ0!

G~Hi˜ f̄ f ug50!
5

~Riq!2~124mf
2/MHi

2 !3/21af
2~Ri3!2~124mf

2/MHi

2 !1/2

@Riq~0!#2@124mf
2/MHi

2 ~0!#3/21af
2@Ri3~0!#2@124mf

2/MHi

2 ~0!#1/2
, ~35!
es.

en-

x-

ut
where q52(1) and af5cosb(sinb) for u-type quarks
(d-type quarks and charged leptons!. The argument ‘‘0’’ of
the quantities in the denominator implies the replacemeng

50. It is clear thatG(Hi˜ f̄ f ) consists of phase space fa
tors pertinent to bothCP511 and CP521 cases sepa
rately. According to the conventions we apply, fori 51,2
( i 53) only the first~second! term survives in the denomi
nator. TheCP-violating MSSM phaseg not only functions
in creating the additional terms in the Feynman rules~31!–
~33! but also affects the couplings and masses themselv

We now perform a numerical computation ofRi f for the
parameter space used up to now. In particular, we conc
trate on two casesf 5b and f 5c; that is, we considerb and
c quarks in the computation. Such an analysis will be e
haustive as it covers the cases listed, Eqs.~32!–~34!. We
start by listing the quantities@Ri j (0)#2 necessary for com-
puting Ri f in Tables I and II. Below, when speaking abo
FIG. 6. R1b ~left panel! andR1c ~right panel! defined in Eq.~34! as a function ofg for tanb54 ~solid curve! and tanb530 ~dashed
curve!.
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FIG. 7. R2b ~left panel! andR2c ~right panel! defined in Eq.~34! as a function ofg for tanb54 ~solid curve! and tanb530 ~dashed
curve!.
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the elements of the mixing matrices forg50 we shall al-
ways refer to these tables.

Figure 6 shows theg dependences ofR1b and R1c for
tanb54 ~solid curve! and tanb530 ~dashed curve!. Let us
first discussR1b ~left panel!. As Fig. 2 shows thef1 com-
position ofH1 starts with 0.31 atg50 ~see Table I! and falls
to 0.24 at g5p. Therefore,R1b falls to 0.24/0.3150.77
aroundg5p. On the other hand, for tanb530R1b obtains a
relatively fast variation ofR1b with g. This behavior ofR1b
follows from its f1 component in the right panel of Fig. 2
which takes the value of 1.1% aroundg5p. Therefore,R1b
rises to 0.01/0.0250.5 atg5p as follows from Table II. On
the other hand, from the right panel of the figure one o
serves thatR1c remains around its counterpart in theCP-
conserving limit. Using Tables I and II andf2 compositions
in Fig. 2 one can easily infer the behavior ofR1c. In particu-
lar, constancy of the tanb530 curve follows from the con-
stancy of thef2 composition in Fig. 2~right panel!.

Depicted in Fig. 7 is the dependence ofR2b ~left panel!
and R2c ~right panel! on g for tanb54 ~solid curve! and
tanb530 ~dashed curve!. First concentrating onR2b, one
observes a slow variation withg compared to the lightes
Higgs boson@Fig. 6 ~left panel!#. The behavior of the tanb
54 curve simply follows from thef1 composition ofH2 in
Fig. 3 ~left panel!. However, the flat behavior ofR2b for
large tanb follows from the complementary behavior of i
05500
-

f1 and sinbw11cosbw2 compositions shown in Fig. 3~right
panel!. It is with the absinb factor in Eq.~35! that such a
compensation between its oppositeCP components occur
The variation ofR2c follows from thef2 composition ofH2
in Fig. 3 following the same lines of reasoning used in d
cussingR1b above.

Finally, Fig. 8 shows the variation ofR3b ~left panel! and
R3c ~right panel! with g for tanb54 ~solid curve! and
tanb530 ~dashed curve!. For tanb54, both R3b and R3c
remain around unity because of the fact that there is li
H-A mixing and (R33)

2(0)51. That R3b remains flat for
tanb530 follows from the interplay between itsCP511
andCP521 components as inR2b. On the other hand,R3c
for tanb54 follows simply from its vanishingf2 and 100%
sinbw11cosbw2 components in Fig. 4~left panel!. Since the
f2 composition is negligibly small for large tanb ~right
panel of Fig. 4!, variation of R3c is mainly dictated by its
CP521 component~short-dotted curve in the right panel o
Fig. 4!. For example,R2c51 at g5p just due to its 100%
composition in Fig. 4.

From the study of the decay rates of the Higgs particles
b̄b and c̄c pairs one concludes that theirCP-impurity causes
significant changes compared to theCP-invariant limit. In
particular, one notes the enhancement inR3c near theg50
point, which is one order of magnitude above its value in
CP-conserving limit.
FIG. 8. R3b ~left panel! andR3c ~right panel! defined in Eq.~34! as a function ofg for tanb54 ~solid curve! and tanb530 ~dashed
curve!.
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IV. CONCLUSION AND DISCUSSIONS

In this work we have studied the possible effects of
persymmetricCP-violating phases on the neutral Higgs sc
lars of the MSSM. We have adopted the effective poten
approximation in computing the radiative corrections a
have taken into account only the dominant top quark and
squark loops. We now itemize the main results of the wo

~i! Radiative corrections induce an unremovable relat
phase between the two Higgs doublets. This relative ph
remains nonvanishing as long as the supersymmetricCP-
violating phases are finite, and determines the dynamic
the electroweak phase transition@19#.

~ii ! TheCP511 andCP521 components of the Higg
doublets are mixed up due to the mixing terms in the sc
mass-squared matrix which~1! are proportional to the rela
tive phase between the two doublets and~2! increase with
increasing tanb.

~iii ! The lightest Higgs scalar remains essentiallyCP-even
irrespective of the supersymmetricCP phases. Therefore, th
MSSM has a lightCP511 scalar as in theCP-respecting
case which can, however, be distinguished from that of
CP-invariant theory, for example, by its reduced decay r
to b̄b pairs.
ne
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~iv! As in theCP-invariant case, there are two heavy sc
lars which have~1! definiteCP quantum numbers for sma
tanb values and~2! no definiteCP characteristics for large
tanb.

~v! The strong mixing between the heavy scalars aff
significantly their decay rates to fermion pairs, and such m
ings can be important in other collision processes testabl
future colliders. Especially the decay rate of the would-
CP-odd scalar getes enhanced for 0,g<p/2.

~vi! The supersymmetricCP-violating phases not only
cause the creation ofCP-violating mixings but also modify
the couplings and masses compared to ones in theCP-
invariant case.

In the light of these results one concludes that supers
metric phases can be useful tools for obtaining manife
tions of supersymmetry through their effects on collision a
decay processes testable in near future colliders.
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