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Neutralino exchange corrections to the Higgs boson mixings with explicitCP violation
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A calculus for the derivatives of the eigenvalues of the neutralino mass matrix with respect to theCP
violating background fields is developed and used to compute the mixings among theCP even and theCP odd
Higgs sectors arising from the inclusion of the neutralino sector consisting of the neutralino, theZ boson, and
the neutral Higgs bosons (x i

02Z2h02H0) exchange in the loop contribution to the effective potential includ-
ing the effects of largeCP violating phases. Along with the top squark, bottom squark, tau slepton and
chargino–W–charged-Higgs-boson (x12W2H1) contributions computed previously the present analysis
completes the one loop corrections to the Higgs boson mass matrix in the presence of large phases.CP
violation in the neutral Higgs sector is discussed in the above framework with specific focus on the mixings of
theCP even and theCP odd sectors arising from the neutralino sector. It is shown that numerically the effects
of the neutralino exchange contribution on the mixings of theCP even and theCP odd sectors are comparable
to the effects of the top squark and of the chargino exchange contributions and thus the neutralino exchange
contribution must be included for a realistic analysis of mixings in theCP even and theCP odd sectors.
Phenomenological implications of these results are discussed.

DOI: 10.1103/PhysRevD.66.015005 PACS number~s!: 12.60.Jv, 11.30.Er, 14.80.Ly
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I. INTRODUCTION

CP violation in supersymmetric theories via soft supe
symmetry~SUSY! breaking parameters has received a c
siderable degree of attention since the beginning of the
mulation of supersymmetric models@1#. Recently, there has
been enhanced interest in the investigation of their effe
due to the realization that supersymmetric theories may
low for large CP violating phases@2# consistent with the
electric dipole moment~EDM! of the electron and of the
neutron @3#. Such a situation can arise because of sev
possibilities, such as the SUSY spectrum being heavy@2#,
due to internal cancellations@4# and due to the possibility
that theCP phases may reside in the third generation a
consequently their effects on the first two generation ED
are suppressed@5#. Of course it is possible that a more un
fied framework may determine the combination of pha
that enter the EDMs to be small@6#. However, we shall in-
vestigate here the possibility that the phases are large an
EDM constraints are satisfied by one of the methods
cussed above so that the sparticle spectrum is consistent
the naturalness constraints~see, e.g., Ref.@7#!. In this case
their effects on low energy physics can be quite signific
and a number of low energy phenomena have been discu
including the effect ofCP phases. These include the effect
CP phases ong22 @8#, on dark matter@9#, on the trileptonic
signal @10#, on baryogenesis@11#, and on other low energy
phenomena@12#. Another area where the effect ofCP phases
has been discussed is the Higgs sector@13–18#. It is well
known that loop corrections to the Higgs boson masses
mixings are important@19#. In fact in the absence of the loo
corrections the lightest Higgs boson mass must lie belowMZ
which is already exprimentally excluded and it is the pr
ence of the loop corrections that raises its value aboveMZ .
0556-2821/2002/66~1!/015005~12!/$20.00 66 0150
-
-
r-

ts
l-

al

d
s

s

the
-
ith

t
sed

nd

-

An interesting phenomenon arises if the loop correctio
haveCP violating phases. In this case it has been poin
out that a significant mixing can occur between theCP even
and theCP odd neutral Higgs sectors of the theory@13#. In
Refs.@13–18# the effect ofCP phases via the top squark an
bottom squark exchanges was carried out. Further, in
work of Ref. @16# it was pointed out that the effect o
chargino loop corrections can be quite significant and in f
the CP violating effects from the chargino exchange m
even dominate theCP violating effects from the top-squark–
bottom-squark exchange for the case of large tanb. It should
be noted, however, that the ways of avoiding a large elec
or neutron EDM in SUSY models become more fine-tun
when the mercury EDM experimental limit is included@20#.

In this paper we give an analysis of the one loop corr
tion to the Higgs boson mass including the neutralino–Z-
boson–neutral-Higgs-boson exchange including theCP vio-
lating phases. The inclusion of theCP dependent neutralino
exchange corrections are more intricate relative to the t
squark–bottom-squark exchanges and the chargino
changes. This is due to the fact that the top-squark–bott
squark exchange and the chargino exchange invo
diagonalization of only 232 squark and chargino mass m
trices and thus the evaluation of their contribution can
carried out analytically in a straightforward fashion. For t
case of the neutralino exchange the neutralino mass matr
a 434 object and its diagonalization analytically is mo
intricate and a straightforward technique for the analysis
desirable. In this paper we develop a calculus for the der
tives of the eigenvalues of the neutralino mass matrix
obtain an explicit analytic expression for the neutralino e
change contribution. The outline of the rest of the paper is
follows. In Sec. II we give the Higgs potential and discu
the minimization conditions in the presence of theCP vio-
©2002 The American Physical Society05-1
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lating phases. In Sec. III we discuss the calculus for
computation of derivatives of the eigenvalues of the n
tralino mass matrix. In Sec. IV we use the technique of S
III and compute the one loop contributions to the Higgs b
son mass matrix from the neutralino–Z–neutral-Higgs-boson
exchange. Discussion of the numerical results is given
Sec. V. Conclusions are given in Sec. VI. Some further
tails of the analysis are given in Appendixes A and B.

II. CP PHASES AND MINIMIZATION OF HIGGS
POTENTIAL

We begin by defining the soft SUSY breaking paramet
for the minimal supergravity~MSUGRA! case@21#. Here the
low energy physics for theCP conserving case is param
etrized bym0 , m1/2, A0, and tanb wherem0 is the universal
scalar mass,m1/2 is the universalgaugino mass,A0 is the
universal trilinear coupling, and tanb5v2 /v1 is the ratio of
the Higgs vacuum expectation values~VEVs!, where the
VEV of H2 gives mass to the up quarks and the VEV ofH1
gives mass to the down quarks and the leptons. In the p
ence ofCP violation MSUGRA allows for only twoCP
violating phases which can be taken to beum0

and aA0
,

whereum0
is the phase of the Higgs mixing parameterm0

andaA0
is the phase ofA0. The analysis of this paper, how

ever, will be more general, valid for the minimal supersy
metric standard model~MSSM! parameter space. The Higg
sector in the MSSM at the one loop level is described by
scalar potentialV(H1 ,H2)5V01DV where

V05m1
2uH1u21m2

2uH2u21~m3
2H1•H21H.c.!

1
~g2

21g1
2!

8
uH1u41

~g2
21g1

2!

8
uH2u42

g2
2

2
uH1•H2u2

1
~g2

22g1
2!

4
uH1u2uH2u2

~1!

DV5
1

64p2 (
i

ci~2Ji11!~21!2JiFMi
4~H1 ,H2!

3S ln
Mi

2~H1 ,H2!

Q2
2

3

2D G .

Herem1
25mH1

2 1umu2, m2
25mH2

2 1umu2, m3
25umBu andmH1,2

andB are the soft SUSY breaking parameters,DV is the one
loop correction to the effective potential@22,23# and includes
contributions from all the fields that enter MSSM consisti
of the standard model fields and their superpartners, i.e.
sfermions, the gauginos and Higgsinos@23#. The sum overi
in Eq. ~1! runs over particles with spinJi and ci(2Ji11)
counts the degrees of thei th particle, andQ is the renormal-
ization group running scale. It is well known that the o
loop corrections to the effective potential can make sign
cant contributions to the Higgs vacuum expectation value
the minimization of the effective potential@23#.
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In general the effective potential depends on theCP vio-
lating phases and its minimization will lead to inducedCP
violating effects on the Higgs vacuum expectation valu
@13#. It is found convenient to parametrize the Higgs VEV
in the presence ofCP violating effects in the following form

~H1!5S H1
0

H1
2D 5

1

A2
S v11f11 ic1

H1
2 D ,

~2!

~H2!5S H2
1

H2
0 D 5

eiuH

A2
S H2

1

v21f21 ic2
D

whereuH is in general non-vanishing as a consequence
the minimization conditions. Thus the minimization of th
potential with respect to the fieldsf1 ,c1 ,f2 ,c2 gives

1

v2
S ]DV

]c1
D

0

5m3
2sinuH

~3!

2
1

v1
S ]DV

]f1
D

0

5m1
21

g2
21g1

2

8
~v1

22v2
2!1m3

2tanbcosuH .

and

1

v1
S ]DV

]c2
D

0

5m3
2sinuH

~4!

2
1

v2
S ]DV

]f2
D

0

5m2
22

g2
21g1

2

8
~v1

22v2
2!1m3

2cotbcosuH .

In the above the subscript 0 stands for the fact that we
evaluating the relevant quantities at the pointf15f25c1
5c250. We note in passing that in Eqs.~3! and~4! only one
of the two equations that involve the variation with respect
c1 andc2 is independent@15#.

III. CALCULUS FOR DERIVATIVES OF EIGENVALUES
OF NEUTRALINO MASS MATRIX

As mentioned in Sec. I, in previous analyzes compu
tions of theCP dependent loop corrections from the to
squark–bottom-squark and from the chargino–W–charged
Higgs-boson sectors have been carried out. In these ana
one was able to analytically obtain the eigen values by
agonalizing the 232 squark matrices and the 232 chargino
mass matrix and then differentiate them analytically to obt
the loop correction to the Higgs boson mass matrix. As a
pointed out in Sec. I for the neutralino exchange case
situation is more difficult since the neutralino mass matrix
a 434 matrix and the analytic solutions for the eigenvalu
of the neutralino (mass)2 matrix are not easily obtained
Here we expand on a technique introduced in Ref.@23# to
derive a calculus for the derivatives of the eigenvalues
the neutralino mass matrix. This technique is valid for
arbitrary high order eigenvalue equation. We shall show t
quite remarkably even though one cannot analytically so
for the eigenvalues one can analytically solve for the deri
5-2
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tives of the eigenvalues with respect to the background fie
in terms of the eigenvalues and the parameters that appe
the eigenvalue equation. To illustrate the procedure we c
sider annth order eigenvalue equation

F~l!5Det~M†M2lI !5ln1c(n21)ln211c(n22)ln22

1•••1c(1)l1c(0)50. ~5!

Here the coefficients are explicit functions of the backgrou
fields

Fa5$f1 ,f2 ,c1 ,c2% ~6!

while the eigenvalues are implicit functions of the bac
ground fields through the satisfaction of the eigenvalue eq
tion. Equation~5! hasn eigenvalues which we denote byl i
( i 51,2, . . . ,n). From Eq.~5! it follows that

]l i

]Fa
52S DaF

DlF D
l5l i

~7!

and

]2l i

]Fa]Fb
5F2

DaFDbFDl
2F

~DlF !3

1
DaFDbDlF1DbFDaDlF

~DlF !2
2

DaDbF

DlF G
l5l i

~8!

whereDl differentiates thel dependence inF

DlF~l!5
dF

dl
~9!

andDa differentiates only the coefficients in Eq.~5!, i.e.,

DaF5ca
(n21)l (n21)1ca

(n22)l (n22)1•••1ca
(1)l1ca

(0) .
~10!

DaDbF are similarly defined whereca
(k) etc are replaced

with cab
(k) where

ca
(k)5

]c(k)

]Fa
, cab

(k)5
]2c(k)

]Fa]Fb
~11!

and the derivativesDaDl are defined in an obvious way. W
note in passing thatDa andDl commute

@Da ,Dl#50. ~12!

Equations~7! and~8! are the central equations of our anal
sis. It is easy to check that for the 232 matrix case, e.g., fo
the top squark and the chargino exchanges, they give exa
the results obtained by explicit differentiation of the eige
values. However, now these equations provide us wit
technique for analyzing cases where the analytic solution
the eigenvalues are not available.
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IV. NEUTRALINO, Z AND NEUTRAL HIGGS LOOP
CONTRIBUTIONS

As mentioned above theCP dependent contributions to
the Higgs boson masses from top squark and bottom sq
exchanges have been discussed at length in the litera
@13–18#. More recently the CP dependent chargino–
W–charged-Higgs-boson contributions were also discus
@16#. In this work we use the technique discussed in Sec.
to compute the contribution from the neutralino
Z–neutral-Higgs-boson exchange. The loop correction
this subsector is given by

DV~x i
0 ,Z,h0,H0!

5
1

64p2
F(

i 51

4

~22!Mx
i
0

4 S ln
Mx

i
0

2

Q2
2

3

2
D

13MZ
4S ln

MZ
2

Q2
2

3

2D 1Mh0
4 lnS Mh0

2

Q2
2

3

2D
1MH0

4 lnS MH0
2

Q2
2

3

2D G . ~13!

The neutralino mass matrix is given by

Mx051
m̃1 0 2

g1

A2
H1

0 g1

A2
H2

0

0 m̃2

g2

A2
H1

0 2
g2

A2
H2

0

2
g1

A2
H1

0 g2

A2
H1

0 0 2m

g1

A2
H2

0 2
g2

A2
H2

0 2m 0

2
~14!

wherem5umueium, m̃15um̃1uei j1 andm̃25um̃2uei j2. We note
that in the supersymmetric limitMx

i
0 5(0,0,MZ ,MZ) and

(Mh0,MH0)5(MZ,0) and consequently in this limit the loo
corrections from this subsector vanish. We return now to
full analysis and follow the method described in Ref.@16# to
minimize the potential and compute the loop correctio
First we give the determination ofuH from the minimization
constraints including the top squark, the bottom squark,
tau slepton, the chargino and neutralino contributions. O
finds thatuH is given by the equation
5-3
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m3
2sinuH5

1

2
bht

umuuAtusing t f 1~mt̃ 1

2 ,mt̃ 2

2
!1

1

2
bhb

umuuAbusingbf 1~mb̃1

2 ,mb̃2

2
!1

1

2
bht

umuuAtusingt f 1~mt̃1

2 ,mt̃2

2
!

2
g2

2

16p2
umuum̃2using2f 1~mx̃1

2 ,mx̃2

2
!1

1

16p2 (
j 51

4 Mx
j
0

2

D j
F lnS Mx

j
0

2

Q2
D 21G „Mx

j
0

4
~2g2

2umuum̃2using2

2g1
2umuum̃1using1!1Mx

j
0

2
@g2

2~ um̃1u21umu2!um̃2uumusing21g1
2~ um̃1u21umu2!um̃1uumusing1#

1~2g2
2um̃1u2umu3um̃2using22g1

2um̃2u2umu3um̃1using1!… ~15!

where

2D j[~DlF !l5l j
54Mx

j
0

6
13aMx

j
0

4
12bMx

j
0

2
1c

bht
5

3ht
2

16p2
, bhb

5
3hb

2

16p2
, bht

5
3ht

2

16p2
~16!

g t5aAt
1um , gb5aAb

1um , gt5aAt
1um , g15j11um ,g25j21um

and wherea,b,c are defined in Appendix A andf 1(u,v) is given by

f 1~u,v !5221 ln
uv

Q4
1

v1u

v2u
ln

v
u

. ~17!

To construct the mass squared matrix of the Higgs scalars we need to compute the quantity

Mab
2 5S ]2V

]Fa]Fb
D

0

5Mab
2(0)1DMab

2 ~18!

whereMab
2(0) is the contribution fromV0 andDMab

2 is the contribution fromDV whereFa(a5124) are defined by Eq.~6!
and as already mentioned earlier the subscript 0means that we setf15f25c15c250 after evaluating the mass matrix. Th
loop contributionDMab

2 arising from the neutralino–Z–neutral-Higgs-boson sector is given by

DMab
2 5

1

32p2
StrF ]M2

]Fa

]M2

]Fb
ln

M2

Q2
1M2

]2M2

]Fa]Fb
S ln

M2

Q2
21D G

0

. ~19!

Computation of the 434 Higgs boson mass matrix in the basis of Eq.~6! gives

S MZ
2cb

21MA
2sb

21D11 2~MZ
21MA

2 !sbcb1D12 D13sb D13cb

2~MZ
21MA

2 !sbcb1D12 MZ
2sb

21MA
2cb

21D22 D23sb D23cb

D13sb D23sb ~MA
21D33!sb

2 ~MA
21D33!sbcb

D13cb D23cb ~MA
21D33!sbcb ~MA

21D33!cb
2

D ~20!

wherecb(sb)5cosb(sinb) andmA
2 is given by
015005-4
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mA
25~sinb cosb!21S 2m3

2cosu1
1

2
bht

uAtuumucosg t f 1~mt̃ 1

2 ,mt̃ 2

2
!1

1

2
bhb

uAbuumucosgbf 1~mb̃1

2 ,mb̃2

2
!

1
1

2
bht

uAtuumucosgt f 1~mt̃1

2 ,mt̃2

2
!1

g2
2

16p2
um̃2uumucosg2f 1~mx

1
1

2
,mx

2
1

2
!2

1

16p2 (
j 51

4 Mx j

2

D j
F lnS Mx j

2

Q2 D 21G @Mx j

4

3~2g2
2umuum̃2ucosg22g1

2umuum̃1ucosg1!1Mx j

2
„g2

2~ um̃1u21umu2!umuum̃2ucosg21g1
2~ um̃2u21umu2!umuum̃1ucosg1…

2g2
2um̃1u2umu3um̃2ucosg22g1

2um̃2u2umu3um̃1ucosg1# D . ~21!

The first term in the second brace on the right-hand side of Eq.~21! is the tree term, while the second, the third, the fourth a
the fifth terms come from the top squark, bottom squark, tau slepton and chargino exchange contributions. The re
contributions in Eq.~21! arise from the neutralino sector. TheD ’s appearing in Eq.~20! can be decomposed as follows:

Dab5Dab t̃1Dabb̃1Dabt̃1Dabx11Dabx0 ~22!

whereDab t̃ is the contribution from the top squark~and top! exchange in the loops,Dabb̃ is the contribution from the bottom
squark~and bottom! exchange in the loops,Dabt̃ is the contribution from the tau slepton~and tau! exchange,Dabx1 is the
contribution from the chargino~andW and charged Higgs boson! exchange in the loops, andDabx0 is the contribution arising
from the neutralino~and Z and neutral Higgs boson exchange! in the loops. The computations ofDab t̃ , Dabb̃ , Dabt̃ , and
Dabx1 have been given before and are not reproduced here. We compute here only theDabx0 arising from the (x i

02Z2h0

2H0) exchange. TheDabx0 are listed below:

D11x052
1

16p2 (
j 51

4

Mx j

2 F lnS Mx j

2

Q2 D 21G H 2
~a1Mx j

6 1b1Mx j

4 1c1Mx j

2 1d1!2~12Mx j

4 16aMx j

2 12b!

D j
3

1
2~a1Mx j

6 1b1Mx j

4 1c1Mx j

2 1d1!~3a1Mx j

4 12b1Mx j

2 1c1!

D j
2 J 2

1

16p2 (
j 51

4 ~a1Mx j

6 1b1Mx j

4 1c1Mx j

2 1d1!2

D j
2

lnS Mx j

2

Q2 D
1

3

128p2
~g1

21g2
2!2v1

2lnS MZ
2

Q2 D 2
1

32p2 S 1

16

A0
2

~MH0
2

2Mh0
2

!2
f 2~MH0

2 ,Mh0
2

!2
1

16
~g1

21g2
2!2v1

2ln
MH0

2 Mh0
2

Q4

2
1

8
~g1

21g2
2!

v1A0

~MH0
2

2Mh0
2

!
ln

MH0
2

Mh0
2 D ~23!

whereD j is defined in Eq.~16! and f 2 is defined by

f 2~u,v !5221
v1u

v2u
ln

v
u

~24!

D22x052
1

16p2 (
j 51

4

Mx j

2 F lnS Mx j

2

Q2 D 21G H 2
~a2Mx j

6 1b2Mx j

4 1c2Mx j

2 1d2!2~12Mx j

4 16aMx j

2 12b!

D j
3

1
2~a2Mx j

6 1b2Mx j

4 1c2Mx j

2 1d2!~3a2Mx j

4 12b2Mx j

2 1c2!

D j
2 J

2
1

16p2 (
j 51

4 ~a2Mx j

6 1b2Mx j

4 1c2Mx j

2 1d2!2

D j
2

lnS Mx j

2

Q2 D 1
3

128p2
~g1

21g2
2!2v2

2lnS MZ
2

Q2 D
2

1

32p2 S 1

16

B0
2

~MH0
2

2Mh0
2

!2
f 2~MH0

2 ,Mh0
2

!2
1

16
~g1

21g2
2!2v2

2ln
MH0

2 Mh0
2

Q4
2

1

8
~g1

21g2
2!

v2B0

~MH0
2

2Mh0
2

!
ln

MH0
2

Mh0
2 D ~25!
015005-5
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D12x052
1

16p2 (
j 51

4

Mx j

2 F lnS Mx j

2

Q2 D 21G
3H 2

~a1Mx j

6 1b1Mx j

4 1c1Mx j

2 1d1!~a2Mx j

6 1b2Mx j

4 1c2Mx j

2 1d2!~12Mx j

4 16aMx j

2 12b!

D j
3

1
~a1Mx j

6 1b1Mx j

4 1c1Mx j

2 1d1!~3a2Mx j

4 12b2Mx j

2 1c2!

D j
2

1
~a2Mx j

6 1b2Mx j

4 1c2Mx j

2 1d2!~3a1Mx j

4 12b1Mx j

2 1c1!

D j
2 J

2
1

16p2 (
j 51

4 ~a1Mx j

6 1b1Mx j

4 1c1Mx j

2 1d1!~a2Mx j

6 1b2Mx j

4 1c2Mx j

2 1d2!

D j
2

lnS Mx j

2

Q2 D
1

3

128p2
~g1

21g2
2!2v1v2lnS MZ

2

Q2 D 2
1

32p2 S 1

16

A0B0

~MH0
2

2Mh0
2

!2
f 2~MH0

2 ,Mh0
2

!2
1

16
~g1

21g2
2!2v1v2 ln

MH0
2 Mh0

2

Q4

2
1

16
~g1

21g2
2!

v1B01v2A0

~MH0
2

2Mh0
2

!
ln

MH0
2

Mh0
2 D ~26!

D13x052
1

16p2 (
j 51

4

Mx j

2 F lnS Mx j

2

Q2 D 21G 1

sinb

3H 2
~a1Mx j

6 1b1Mx j

4 1c1Mx j

2 1d1!~a3Mx j

6 1b3Mx j

4 1c3Mx j

2 1d3!~12Mx j

4 16aMx j

2 12b!

D j
3

1
~a1Mx j

6 1b1Mx j

4 1c1Mx j

2 1d1!~3a3Mx j

4 12b3Mx j

2 1c3!

D j
2

1
~a3Mx j

6 1b3Mx j

4 1c3Mx j

2 1d3!~3a1Mx j

4 12b1Mx j

2 1c1!

D j
2 J

2
1

16p2 (
j 51

4
1

sinb

~a1Mx j

6 1b1Mx j

4 1c1Mx j

2 1d1!~a3Mx j

6 1b3Mx j

4 1c3Mx j

2 1d3!

D j
2

lnS Mx j

2

Q2 D ~27!

D23x052
1

16p2 (
j 51

4

Mx j

2 F lnS Mx j

2

Q2 D 21G 1

cosb

3S 2
~a38Mx j

6 1b38Mx j

4 1c38Mx j

2 1d38!~a2Mx j

6 1b2Mx j

4 1c2Mx j

2 1d2!~12Mx j

4 16aMx j

2 12b!

D j
3

1
~a38Mx j

6 1b38Mx j

4 1c38Mx j

2 1d38!~3a2Mx j

4 12b2Mx j

2 1c2!

D j
2

1
~a2Mx j

6 1b2Mx j

4 1c2Mx j

2 1d2!~3a38Mx j

4 12b38Mx j

2 1c38!

D j
2 D
015005-6
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2
1

16p2 (
j 51

4
1

cosb

~a38Mx j

6 1b38Mx j

4 1c38Mx j

2 1d38!~a2Mx j

6 1b2Mx j

4 1c2Mx j

2 1d2!

D j
2

lnS Mx j

2

Q2 D ~28!

D33x052
1

16p2 (
j 51

4

Mx j

2 F lnS Mx j

2

Q2 D 21G S 2
~a38Mx j

6 1b38Mx j

4 1c38Mx j

2 1d38!2~12Mx j

4 16aMx j

2 12b!

D j
3

1

cos2b

1
2~a38Mx j

6 1b38Mx j

4 1c38Mx j

2 1d38!~3a38Mx j

4 12b38Mx j

2 1c38!

D j
2

1

cos2b
D

2
1

16p2 (
j 51

4
1

cos2b

~a38Mx j

6 1b38Mx j

4 1c38Mx j

2 1d38!2

D j
2

lnS Mx j

2

Q2 D . ~29!

The parametersa,b,c and the derivativesai ,bi ,ci ,di ( i 51,2, etc.! that appear in Eqs.~23!–~29! are defined in Appendixes A
and B. Equations~23!–~29! constitute the main new theoretical results of this paper. These results along with the compu
of Dab t̃ , Dabb̃ , Dabt̃ andDabx1 give a complete determination of theCP dependent one loop contributions to the Hig
boson masses and mixings. As has been noted beforeit is preferable to work with a 333 matrix rather than the 434 matrix
of Eq. ~20!. The desired 333 matrix can be obtained from Eq.~20! by going to the basis

c1D5sinbc11cosbc2 , c2D52cosbc11sinbc2 . ~30!

In this basis the fieldc2D is the zero mass Goldstone boson and decouples while the remaining (mass)2 matrix in the basis
f1 , f2 , c1D is given by

MHiggs
2 5S MZ

2cb
21MA

2sb
21D11 2~MZ

21MA
2 !sbcb1D12 D13

2~MZ
21MA

2 !sbcb1D12 MZ
2sb

21MA
2cb

21D22 D23

D13 D23 ~MA
21D33!

D . ~31!
e

-
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We label the eigenvalues for this casemH1

2 ,mH2

2 ,mH3

2 corre-

sponding to the eigenstatesH1 ,H2 ,H3. These eigenstates ar
in general admixtures of theCP even and theCP odd states
due to the mixing generated byD13 andD23. Thus theCP
even-odd mixings arise fromD13 andD23 and these are non
vanishing only in the presence ofCP violation and vanish
when the phases go to zero. In this limit one recovers
usual result of two distinct~oneCP even and the otherCP
odd! Higgs boson sectors. We note in passing thatD33 also
vanishes in the limit when theCP phases go to zero. Thi
was also the behavior that was observed when the contr
tions from the top squark, bottom squark, tau slepton
chargino exchanges were considered. Since the main poi
this work is to study the phenomenon ofCP even-odd mix-
ing the main focus of our analysis is the computation ofD i j
and specifically ofD13 andD23 which are the basic source
of mixings between theCP even and theCP odd sectors.
We order the eigenvalues of Eq.~31! in such a way that in
the limit of no CP violation one has (mH1

,mH2
,mH3

)

→(mH ,mh ,mA) and (H1 ,H2 ,H3)→(H,h,A) where (h,H)
are~light, heavy! CP even Higgs andA is theCP odd Higgs
boson in the absence ofCP violation.
01500
e

u-
d
of

V. DISCUSSION OF THE NEUTRALINO EXCHANGE
CONTRIBUTION TO CP EVEN CP ODD HIGGS

BOSON MIXING

The analytical results given above are quite general
they apply to the MSSM parameter space. However,
MSSM parameter space is quite large. Thus for a numer
study of theCP effects including those from the neutralin
sector we will work with a constrained set of paramete
consisting of the parameter spacem0 , m1/2, mA , uA0u,
tanb, um , aA0

, j1 , j2 andj3. Starting with these all othe

low energy parameters are obtained by a renormaliza
group evolution by running the parameters from the gra
unified theory~GUT! scale down to the electroweak scal
Of course one is free to utilize the formulaes derived abo
for the more general MSSM parameter space. As discus
in Sec. I one can satisfy the EDM constraints in the prese
of large phases. This can come about in a variety of ways
pointed out in Sec. I one possibility is that the internal ca
cellations can occur which allow for large phases consis
with the EDM constraints. The other possibility is thatCP
phases appear only in the third generation which suppre
their contributions to the EDMs of the quarks and the lepto
5-7
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in the first two generations to achieve consistency with
experimental constraints. There also exist scenarios w
are linear combinations of these two. For the purpose of
analysis we do not revisit the problem of the satisfaction
the EDM constraints. Rather we shall assume that region
the parameter space exist where such constraints are sat
and examine the effect of the phases on the Higgs bo
masses and mixing. Specifically we are interested in the
fects of the neutralino exchange contributions onD13 and
D23, and thus, on the mixings of theCP even and theCP
sectors.

It was pointed out in Sec. IV that the neutralino, theZ and
the neutral Higgs boson exchanges together form a subs
so that in the supersymmetric limit one finds that the o
loop correction to the effective potential from this subsec
vanishes. This phenomenon is similar to what was also s
in the exchange of the chargino, theW and the charged Higg
boson where the contribution from that sector to the effec
potential vanishes in the supersymmetric limit. It w
also seen in the analysis of the chargino
W–charged-Higgs-boson exchange that theCP even-odd
mixing arising from this sector was roughlyQ independent
because of the sum of the three separate contributions w
this sector. A very similar situation is also realized in t
neutralino sector. Here again because of the contribut
from the neutralino, theZ and the neutral Higgs boson ex
changes their sum contribution to theCP even-odd mixing is
roughly scale independent. However, unlike the chargin
W–charged-Higgs-boson exchange where one could dem
strate the above phenomenon analytically, here one ha
demonstrate it numerically due to the more analytically co
plex nature of the results. This is exhibited in Fig. 1 wher
plot the percentage of theCP even componentf1 and the
CP odd componentc1D of H1 as a function ofQ is given.
The analysis shows an approximate independence inQ of the

FIG. 1. Plot of theCP even componentf1 of H1 ~upper curves!
and theCP odd componentc1D of H1 ~lower curves! including the
top squark, bottom squark, tau slepton, chargino and neutralino
tor contributions as a function of the scaleQ. The common param-
eters aremA5300, tanb515, m05100, m1/25500, j15.4, j2

5.5, a05.3, and uA0u51. The curves with circles are forum

50.1 and with squares forum50.2 where all masses are in Ge
and all angles are in radians.
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CP even-odd mixing. We turn now to a discussion of oth
aspects of the analysis below.

In Fig. 2 we plot the quantityD13 as a function of theCP
phase of the U~1! gaugino massj1. The plots exhibited in
Fig. 2 contain the top squark, the bottom squark, the
slepton, the chargino and the neutralino exchange contr
tions. Among the above exchanges the neutralino excha
contribution is the only one that depends onj1, and thus the
variation of D13 with j1 arises only from this exchange
From Fig. 2 the size of the neutralino exchange contribut
can be seen to be fairly substantial. Specifically, the anal

c-

FIG. 2. Plot ofD13 including the top squark, bottom squark, ta
slepton, chargino and neutralino sector contributions vs the U~1!
gaugino phasej1. The common input for all the curves arem0

5100, m1/25500, MA5300, uA0u51, a050.3, j250.5 andQ
5320. The five curves correspond to the pairs of tanb and um

values as follows. The curve withD135301 atj150 corresponds to
tanb55, um5.4. Similarly the curves with values ofD135406 at
j150 correspond to tanb56, um5.6, D135416, atj150 corre-
spond to tanb510, um5.2, D135501 at j150 correspond to
tanb58, um5.8, and D135579 at j150 correspond to tanb
515, um5.3 where all masses are in GeV and all angles are
radians.

FIG. 3. Plot ofD23 including the top squark, bottom squark, ta
slepton, chargino and neutralino sector contributions vs the U~1!
gaugino phasej1 for the same input parameters as in Fig. 2. T
curves with the same symbols as in Fig. 2 have the same com
inputs.
5-8
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NEUTRALINO EXCHANGE CORRECTIONS TO THE . . . PHYSICAL REVIEW D 66, 015005 ~2002!
of Fig. 2 shows that the neutralino exchange contribution
comparable to the effects from the stop and chargino
changes. A plot ofD23 vs j1 is given Fig. 3. As in Fig. 2 one
finds thatD23 is quite sensitive to theCP violating phasej1.
As in Fig. 2 here again the neutralino exchange contribut
is comparable to the top squark and the chargino excha
contribution. An analysis of the percentage of theCP even
componentf1 of H1 ~upper curves! and of the percentage o
the CP odd componentc1D of H1 ~lower curves! arising
from the exchange of the top squark, the bottom squark,
tau slepton, the chargino and the neutralino sector contr
tions as a function ofj1 is given in Fig. 4. As expected from
the analysis of Fig. 2 and Fig. 3 one finds that there i

FIG. 4. Plot of theCP even componentf1 of H1 ~upper curves!
and theCP odd componentc1D of H1 ~lower curves! including the
top squark, bottom squark, tau slepton, chargino and neutralino
tor contributions as a function of the U~1! gaugino phasej1 for the
same inputs as in Fig. 2. The curves with the same symbols a
Fig. 2 have the same common inputs.

FIG. 5. Plot of theCP even componentf1 of H1 ~upper curves!
and theCP odd componentc1D of H1 ~lower curves! including the
top squark, bottom squark, tau slepton, chargino and neutralino
tor contributions as a function of thej2. The common parameter
aremA5300, Q5320, m05100, m1/25500, a05.3, uA0u51, and
um5.4. For the curves with diamonds tanb515, j151.5, for
squares tanb58, j151.5, for triangles tanb58, j150.5, and for
circles tanb510, j151.5 where all masses are in GeV and
angles are in radians.
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significant mixing between theCP even and theCP odd
components ofH1. Further, as also expected from the ana
sis of Figs. 2 and 3, theCP even andCP odd components of
H1 show a reasonably strong dependence onj1.

An analysis of theCP even andCP odd mixing inH1 as
a function of the SU~2! gaugino phase is given in Fig. 5
Unlike Figs. 2–4, where the entirej1 dependence arose from
the neutralino exchange contribution here thej2 dependence
of the CP even andCP odd components ofH1 arises from
two sources, i.e., from the chargino and the neutralino
change contributions. Because of this the dependence o
CP even andCP odd components onj2 is much stronger
than onj1 as may be seen by comparing the plots of Fi
2–4 with the plots of Fig. 5. In Fig. 6 a plot of the percentage
of the CP even componentf1 of H1 ~upper sets! and the
CP odd componentc1D of H1 ~lower sets! arising from the
exchange of the top squark, the bottom squark, the tau s
ton, the chargino and the neutralino sector contributions
given as a function ofum . In this case we find that the
dependence of theCP even and theCP odd components on
um is also very strong. Indeed in this case the mixings
tween theCP even and theCP odd states can be maxima
depending on the value ofum . The strong dependence onum
can be understood as due to the fact that all contributio
i.e., the top squark, the bottom squark, the tau slepton,
chargino, and the neutralino contributions, depend onum .
This in contrast to the dependence onj1 which arises only
from the neutralino exchange.

Finally, in Fig. 7 we give an analysis of the percentage
the CP even componentf1 of H1 ~upper sets! and theCP
odd componentc1D of H1 ~lower sets! arising from the ex-
change of the top squark, the bottom squark, the tau squ
the chargino and the neutralino sector contributions a
function of tanb. We find that theCP even and theCP odd
mixings show a strong dependence on tanb. A similar strong

c-

in

c-

FIG. 6. Plot of theCP even componentf1 of H1 ~upper curves!
and theCP odd componentc1D of H1 ~lower curves! including the
top squark, bottom squark, tau slepton, chargino and neutralino
tor contributions as a function ofum . The common parameters ar
mA5300, Q5320, m05100, m1/25500, j25.5, a05.3, and
uA0u51. For curves with diamonds tanb515, j151.5, for squares
tanb58, j151.5, and for triangles tanb58, j150.5 where all
masses are in GeV and all angles are in radians.
5-9
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TAREK IBRAHIM AND PRAN NATH PHYSICAL REVIEW D 66, 015005 ~2002!
dependence on tanb was seen also in previous analyses@16#.
We note that the inclusion of the neutralino contribution fu
ther sharpens the tanb dependence and one finds that t
CP even~odd! component can vary from 100%~0%! to less
than 60%~more than 40%! as tanb is varied. This sharpe
behavior of the amplitudes with tanb arises from the addi-
tional contributions from the neutralino, the neutral Hig
boson and theZ boson exchanges. An analysis similar to t
above can be carried out for the case of theH2 andH3 fields.
In the analysis of chargino exchange contributions it w
found that theCP odd component ofH2 is rather small
while the analysis ofH3 parallels the analysis ofH1 with the
only difference that the roles of theCP even and theCP odd
components is reversed. Much the same situation occu
this case and thus we omit the detailed discussion of th
states.

VI. CONCLUSIONS

In this paper we have developed a calculus for the der
tives of the eigenvalues of the neutralino mass matrix w
respect to the background fields which are in general dep
dent on CP violating phases. The calculus allows one
deduce the derivatives of the eigenvalues of the neutra
mass matrix analytically even though the eigenvalues th
selves cannot be gotten analytically in a compact form.
use this calculus to obtain analytical results for t
neutralino–Z–neutral-Higgs-boson exchange contribution
the masses and mixings in the CP-even–
CP-odd–neutral-Higgs-boson sector. The above comp
tion along with the top-squark–top, the bottom-squar
bottom, the tau–tau-slepton and the chargin
W–charged-Higgs-boson exchange contribution compu
previously provide us with a complete one loop contributi
to the Higgs boson mass matrix with the inclusion ofCP

FIG. 7. Plot of theCP even componentf1 of H1 ~upper curves!
and theCP odd componentc1D of H1 ~lower curves! including the
top squark, bottom squark, tau slepton, chargino and neutralino
tor contributions as a function of tanb. The common input param
eters for the curves aremA5300, Q5320, m05100, m1/25500,
j15.5, j25.5, a05.3, anduA0u51. For the curves with diamonds
um5.4, for squaresum5.6, and for trianglesum5.8 where all
masses are in GeV and all angles are in radians.
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phases. This full one loop result was then used to discuss
phenomenon ofCP violation in the neutral Higgs sector. Th
numerical analysis shows that the mixings between theCP
even and theCP odd sectors are significantly affected by th
neutralino exchange contribution. The mixing of theCP
even and theCP odd Higgs sector has many important co
sequences@15,16,18#. Thus one consequence is thatCP
even-odd mixing affects the couplings of the Higgs boso
with quarks and leptons and this effect can be discerne
Higgs searches in collider experiments. Another import
implication is that theCP even-odd mixing will affect the
relic density analysis and thus modify the parameter sp
allowed by the relic density constraints. Further, since
couplings of the quark and leptons with the Higgs bosons
affected due to theCP even-odd mixing there will also be a
effect of these mixings on detection rates in the dir
searches for dark matter. It would be interesting to carry
an analysis of these phenomena.
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APPENDIX A: NEUTRALINO EIGENVALUES
AND DERIVATIVES

The characteristic equation for the square of the n
tralino mass isF(l)5Det(Mx0

† Mx02lI )50 wherel rep-
resents the square of the neutralino mass eigenvalues. I
be expanded as

F~l!5l41al31bl21cl1d50. ~A1!

In the abovea, b, c andd are computed using Eq.~14!. The
computation of the coefficients is done to leading and to n
to the leading order in an expansion inMZ

2/MS
2 whereMS

stands for the soft SUSY parameters. Thus, e.g.,a is ex-
panded toO(MS

2) and O(MZ
2) orders ~it is actually exact

when expanded to this order!, b is expanded toO(MS
4) and

O(MS
2MZ

2) orders, etc. The analysis fora, b and c @d does
not enter in Eqs.~23!–~29! and is not exhibited# gives

a52@ um̃1u21um̃2u212umu212MZ
2# ~A2!

b5um̃1u2um̃2u21umu412umu2~ um̃1u21um̃2u2!

1MZ
2@ um1u21um2u212umu2

1~ um̃1u22um̃2u2!cos 2uW

24 cosb sinbCW
2 um̃2uumucosg2

24 cosb sinbSW
2 um̃1uumucosg1# ~A3!

c-
5-10
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whereCW
2 5g2

2/(g1
21g2

2) andSW
2 5g1

2/(g1
21g2

2)

c522umu2um̃1u2um̃2u22umu4~ um̃1u21um̃2u2!

14MZ
2sinb cosbumu@~ um̃2u21umu2!SW

2 um̃1ucosg1

1~ um̃1u21umu2!CW
2 um̃2ucosg2#. ~A4!

The derivatives]l i /]Fa can be obtained explicitly as fol
lows:

]l i

]Fa
52

aal31bal21cal1da

4l313al212bl1c
U

l5l i

. ~A5!

The second derivatives are given by

]2l i

]Fa]Fb
5F2

~aal31bal21cal1da!

~4l313al212bl1c!3
~abl31bbl2

1cbl1db!~12l216al12b!

1
~aal31bal21cal1da!

~4l313al212bl1c!2
~3abl212bbl

1cb!1
~abl31bbl21cbl1db!

~4l313al212bl1c!2

3~3aal212bal1ca!

2
~aabl31babl21cabl1dab!

~4l313al212bl1c!
G

l5l i

~A6!

where

aa5
]a

]Fa
, aab5

]2a

]Fa]Fb
. ~A7!

APPENDIX B: LIST OF PARAMETERS

The explicit evaluation of the coefficientsa1 ,b1 ,c1 ,d1 is
given below

a152~g1
21g2

2!v1

b152g2
2umuum̃2uv2cosg22g1

2umuum̃1uv2cosg1

1v1@ um̃1u2g2
21um̃2u2g1

21~g1
21g2

2!umu2# ~B1!
e

01500
c15g2
2~ um̃1u21umu2!umuum̃2uv2cosg21g1

2~ um̃2u2

1umu2!umuum̃1uv2cosg12g2
2umu2um̃1u2v1

2g1
2umu2um̃2u2v1 ~B2!

d152g2
2umu3um̃1u2um̃2uv2cosg2

2g1
2umu3um̃2u2um̃1uv2cosg1 . ~B3!

The coefficients a2 ,b2 ,c2 ,d2 can be obtained from
a1 ,b1 ,c1 ,d1 with the following interchanges:

a25a1~v1←→v2!, b25b1~v1←→v2!,
~B4!

c25c1~v1←→v2!, d25d1~v1←→v2!.

The coefficientsa3 ,b3 ,c3 ,d3 are given as follows:

a350

b352g2
2um̃2uumuv2sing22g1

2um̃1uumuv2sing1 ~B5!

c35g2
2~ um̃1

2u21umu2!um̃2uumuv2sing2

1g1
2~ um̃2

2u21umu2!um̃1uumuv2sing1 ~B6!

d352g2
2um̃1u2umu3um̃2uv2sing2

2g1
2um̃2u2umu3um̃1uv2sing1. ~B7!

The coefficients a38 ,b38 ,c38 ,d38 can be obtained from
a3 ,b3 ,c3 ,d3 with the following interchanges:

a385a3~v1←→v2!, b385b3~v1←→v2!,
~B8!

c385c3~v1←→v2!, d385d3~v1←→v2!.

A0 andB0 are given by

A052~g1
21g2

2!v1~MZ
22MA0

2
!cos 2b1~g1

21g2
2!v2~MZ

2

1MA0
2

!sin 2b ~B9!

B0522~g1
21g2

2!v2~MZ
22MA0

2
!cos 2b1~g1

21g2
2!v1~MZ

2

1MA0
2

!sin 2b. ~B10!
.
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