PHYSICAL REVIEW D 66, 015005 (2002

Neutralino exchange corrections to the Higgs boson mixings with expliciCP violation
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A calculus for the derivatives of the eigenvalues of the neutralino mass matrix with respect @Pthe
violating background fields is developed and used to compute the mixings amo@ treen and th€ P odd
Higgs sectors arising from the inclusion of the neutralino sector consisting of the neutraliZobdsen, and
the neutral Higgs bosons(f—z— h®—HO% 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-bosony(" —W—H™) contributions computed previously the present analysis
completes the one loop corrections to the Higgs boson mass matrix in the presence of large @Rases.
violation in the neutral Higgs sector is discussed in the above framework with specific focus on the mixings of
the CP even and th&€ P odd sectors arising from the neutralino sector. It is shown that numerically the effects
of the neutralino exchange contribution on the mixings of@eeven and th€ P 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 @ even and theCP odd sectors.
Phenomenological implications of these results are discussed.
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[. INTRODUCTION An interesting phenomenon arises if the loop corrections
have CP violating phases. In this case it has been pointed
CP violation in supersymmetric theories via soft super-out that a significant mixing can occur between @i even
symmetry(SUSY) breaking parameters has received a con-and theCP odd neutral Higgs sectors of the thedd3]. In
siderable degree of attention since the beginning of the forRefs.[13—18§ the effect ofC P phases via the top squark and
mulation of supersymmetric model&]. Recently, there has bottom squark exchanges was carried out. Further, in the
been enhanced interest in the investigation of their effectsvork of Ref. [16] it was pointed out that the effect of
due to the realization that supersymmetric theories may alehargino loop corrections can be quite significant and in fact
low for large CP violating phaseg2] consistent with the the CP violating effects from the chargino exchange may
electric dipole momentEDM) of the electron and of the even dominate th€ P violating effects from the top-squark—
neutron[3]. Such a situation can arise because of severabottom-squark exchange for the case of largedalt should
possibilities, such as the SUSY spectrum being hd@}ly  be noted, however, that the ways of avoiding a large electron
due to internal cancellationg!] and due to the possibility or neutron EDM in SUSY models become more fine-tuned
that theCP phases may reside in the third generation andvhen the mercury EDM experimental limit is includgzD].
consequently their effects on the first two generation EDMs In this paper we give an analysis of the one loop correc-
are suppresseld]. Of course it is possible that a more uni- tion to the Higgs boson mass including the neutralido—
fied framework may determine the combination of phaseboson—neutral-Higgs-boson exchange includingGlrevio-
that enter the EDMs to be smdb]. However, we shall in- lating phases. The inclusion of ti@&P dependent neutralino
vestigate here the possibility that the phases are large and tieechange corrections are more intricate relative to the top-
EDM constraints are satisfied by one of the methods dissquark—bottom-squark exchanges and the chargino ex-
cussed above so that the sparticle spectrum is consistent witlhanges. This is due to the fact that the top-squark—bottom-
the naturalness constraintsee, e.g., Refl7]). In this case squark exchange and the chargino exchange involve
their effects on low energy physics can be quite significantliagonalization of only X2 squark and chargino mass ma-
and a number of low energy phenomena have been discuss&ites and thus the evaluation of their contribution can be
including the effect ofC P phases. These include the effect of carried out analytically in a straightforward fashion. For the
CP phases omg— 2 [8], on dark mattef[9], on the trileptonic  case of the neutralino exchange the neutralino mass matrix is
signal[10], on baryogenesifll], and on other low energy a 4Xx4 object and its diagonalization analytically is more
phenomen#l2]. Another area where the effect 6P phases intricate and a straightforward technique for the analysis is
has been discussed is the Higgs se¢iB—-18. It is well  desirable. In this paper we develop a calculus for the deriva-
known that loop corrections to the Higgs boson masses antives of the eigenvalues of the neutralino mass matrix to
mixings are importanitl9]. In fact in the absence of the loop obtain an explicit analytic expression for the neutralino ex-
corrections the lightest Higgs boson mass must lie béloyw  change contribution. The outline of the rest of the paper is as
which is already exprimentally excluded and it is the pres-follows. In Sec. Il we give the Higgs potential and discuss
ence of the loop corrections that raises its value abddye  the minimization conditions in the presence of @@ vio-
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lating phases. In Sec. Ill we discuss the calculus for the In general the effective potential depends on @t vio-
computation of derivatives of the eigenvalues of the neuiating phases and its minimization will lead to inducgé
tralino mass matrix. In Sec. IV we use the technique of Secviolating effects on the Higgs vacuum expectation values
[l and compute the one loop contributions to the Higgs bo{13]. It is found convenient to parametrize the Higgs VEVs
son mass matrix from the neutralind—neutral-Higgs-boson in the presence of P violating effects in the following form
exchange. Discussion of the numerical results is given in

Sec. V. Conclusions are given in Sec. VI. Some further de- (Hp)= HS 1 (vt d1t+iyy
tails of the analysis are given in Appendixes A and B. 1 Hy 2 Hy '
o . )
IIl. CP PHASES AND MINIMIZATION OF HIGGS H, ) e 1 H,
POTENTIAL (Hz)= =—= :
Hg \/E 02+ ¢2+ | l,[fz

We begin by defining the soft SUSY breaking parameters o o
for the minimal supergravityMSUGRA) case[21]. Here the ~ Where 6y, is in general non-vanishing as a consequence of
low energy physics for th€P conserving case is param- the minimization conditions. Thus the minimization of the
etrized bymy, my,, Ao, and tarB wherem, is the universal ~ Potential with respect to the fields, , 1, ¢,, 4, gives
scalar massm;, is the universalgaugino masa, is the

universal trilinear coupling, and t@+~v,/v, is the ratio of i(aA_V) —m2siné
the Higgs vacuum expectation valu€gEVs), where the va\ I/, 3 4
VEV of H, gives mass to the up quarks and the VEVHf (3)
gives mass to the down quarks and the leptons. In the pres- 1 [gAV 5 g§+ gf , )
ence of CP violation MSUGRA allows for only twoCP _U_1(T¢>1) =m+ —g— (vi—vp)+mgtanscosdy .
violating phases which can be taken to bg and aa, 0
where O is the phase of the Higgs mixing paramefes  and
anda, is the phase of,. The analysis of this paper, how-
ever, will be more general, valid for the minimal supersym- i(&A_V) =m3sing
metric standard modéMSSM) parameter space. The Higgs v\ o/, 8 A
sector in the MSSM at the one loop level is described by the (4)
scalar potentiaV/(H, ,H,)=V,+ AV where 1/ 9AV ) g3+93 . )
AT =m-—3 (v1—v3)+m3cotBcosh .
Vo=m2|H 4|2+ m2|H,|2+ (m2H,-H,+ H.c.) 0
(gz+gz) (gz+gz) gg In the gbove the subscript 0 ;'Fands for the .fact that we are
422 9t IHy [+ 2 91 [H |4 —2|H1'H2|2 evaluating the relevant quantities at the paiht= ¢,= ¢,
8 8 2 =,=0. We note in passing that in Eq8) and(4) only one
2 2 of the two equations that involve the variation with respect to
+ M|H1|2|H2|2 Y, and ¢, is independengl5].

4

1) Ill. CALCULUS FOR DERIVATIVES OF EIGENVALUES
OF NEUTRALINO MASS MATRIX
AV=

> ci(23+1)(— 1)

o M{(Hy1,Hp)

As mentioned in Sec. |, in previous analyzes computa-
tions of the CP dependent loop corrections from the top-
squark—bottom-squark and from the chargikié—charged
Higgs-boson sectors have been carried out. In these analyses
one was able to analytically obtain the eigen values by di-
s o 9 2 g 2 agonalizing the X 2 squark matrices and the<2 chargino
Heremi=my +|u|*, mo=mp +[u|%, m3=|uB|andmy ,  mass matrix and then differentiate them analytically to obtain
andB are the soft SUSY breaking parameteXy/ is the one  the loop correction to the Higgs boson mass matrix. As also
loop correction to the effective potentf@2,23 and includes pointed out in Sec. | for the neutralino exchange case the
contributions from all the fields that enter MSSM consistingsituation is more difficult since the neutralino mass matrix is
of the standard model fields and their superpartners, i.e., th& 4X4 matrix and the analytic solutions for the eigenvalues
sfermions, the gauginos and Higgsif@8]. The sum ovei  of the neutralino (mas8)matrix are not easily obtained.
in Eqg. (1) runs over particles with spid; andc;(2J;+1) Here we expand on a technique introduced in R28] to
counts the degrees of thith particle, andQ is the renormal-  derive a calculus for the derivatives of the eigenvalues for
ization group running scale. It is well known that the onethe neutralino mass matrix. This technique is valid for an
loop corrections to the effective potential can make signifi-arbitrary high order eigenvalue equation. We shall show that
cant contributions to the Higgs vacuum expectation values imuite remarkably even though one cannot analytically solve
the minimization of the effective potentip23]. for the eigenvalues one can analytically solve for the deriva-

M?(Hqy,Hy) 3
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tives of the eigenvalues with respect to the background fields V. NEUTRALINO, Z AND NEUTRAL HIGGS LOOP

in terms of the eigenvalues and the parameters that appear in CONTRIBUTIONS
the eigenvalue equation. To illustrate the procedure we con-
sider annth order eigenvalue equation As mentioned above th€P dependent contributions to

the Higgs boson masses from top squark and bottom squark
exchanges have been discussed at length in the literature
4. .4\ +c@=0. (5) [13-18. More recently the CP dependent chargino—
W-charged-Higgs-boson contributions were also discussed
Here the coefficients are explicit functions of the background16]. In this work we use the technique discussed in Sec. Il
fields to compute the contribution from the neutralino—
D=y, by iy, o} ©6) Z—neutral-Higgs-boson exchange. The loop correction in

this subsector is given by
while the eigenvalues are implicit functions of the back-
ground fields through the satisfaction of the eigenvalue equa-
tion. Equation(5) hasn eigenvalues which we denote hy

F(N)=De(M™M —X1)=\"+c" "I\~ 1y cn=2)\n=2

(i=1,2,...n). From Eq.(5) it follows that AV(x?,Z,h% HO)
4 M20
I D.F = > (—2)M%| In—-- >
(9<I>a:_(DxF)}\_)\_ " 64m| =1 RARCE
2 2
3 Mo 3
4 z 4 h
and +3MZ |n—2—§ +Mh0|n B —5)
92\, D.FD4FDZF
0D, oD, | 3 MZo 3
p (DyF) +Mioln| —=—> (13
. DuFDD,F+D4FD.DLF  D,DyF
(D\F)? DyF |
(E;) The neutralino mass matrix is given by
whereD, differentiates thex dependence ik
dF ~ 01 91
DyF(A\)= ©) m 0~y Jyp
A da 1 \/E 1 \/E 2
and D, differentiates only the coefficients in E¢p), i.e., 0 - %HO B %HO
D F=c N D4 cM2\(=2)p ... 4 U\ 4O V2 2
a a a ] a M o=
(10 . 9 g
_ 210 22,0 0 _
L . (k) Hl Hl M
D,D4F are similarly defined where{? etc are replaced J2 J2
with ¢t where
01 Ho g2 Ho —u 0
(k) 20(K) =H2 T zH3
W2 o 9 (11 V2 V2
© gD, TP 9D 0D, (14)

and the derivative® ,D, are defined in an obvious way. We

note in passing thad, andD, commute wherep=|u|€' %, m;=|m,|e'ét andm,=|m,|e¢2. We note
[D,.D,]=0. (12) that in the supersymmetric Iimit/IXio =(0,0M,,M7) and

(Mpo,Myo)=(Mz,0) and consequently in this limit the loop

Equations(7) and (8) are the central equations of our analy- corrections from this subsector vanish. We return now to the

sis. It is easy to check that for thex2 matrix case, e.g., for full analysis and follow the method described in Ré®6] to

the top squark and the chargino exchanges, they give exactiyinimize the potential and compute the loop corrections.

the results obtained by explicit differentiation of the eigen-First we give the determination @, from the minimization

values. However, now these equations provide us with @onstraints including the top squark, the bottom squark, the

technique for analyzing cases where the analytic solutions tau slepton, the chargino and neutralino contributions. One

the eigenvalues are not available. finds thatéy is given by the equation
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. 1 . 2 2 1 . 2 2 1 . 2 2
MESIN Oy =2 B, | el | A sin yif s(mg . m7)+ 5 B el Aol sinyof o (MG .mg )+ 5 B [l |Alsiny, fo(m: m? )

2
MX?
Q2

~ . 2 ~ ~ . ~ ~ .
~ gl [mufsinys) + M ol g5 (mu]*+ ) Iy ulsin v, + g (] + | Iy | ulsin y4]

2

2 M

4
9>

ms|siny,f m~
16 2|M|| 2| yafa( x2 1677221

0
J

4 ~ .
-1 (MX?(—g§|,u||m2|S|n Y2

+(— g3 My ?| 3| my| sin v, — g3 M,| 2| ] 3| my| sin 1)) (15)
where

D]E(D)\F))\=)\.:4M60+ 3aM4o+ 2bM20+C
] Xj Xj Xj

p 3h? 3h? 5 3h? a8
" aem2’ ™ 16m2’ T 16m?
n=aat0,, vo=ap 0, v.=apt0,, vi=&61+0,,7,=610,
and wherea,b,c are defined in Appendix A anti(u,v) is given by
v+u v
f1(u, v)——2+InQ—+ —u|na (17
To construct the mass squared matrix of the Higgs scalars we need to compute the quantity
9V
2 _ =M20) 4 2

whereM 2 is the contribution fromV, andAM?; is the contribution fromAV where® ,(a=1-4) are defined by Eq6)
and as aIready mentloned earlier the subscrlpt Omeans that weg seb,= ;= ,=0 after evaluating the mass matrix. The
loop contributionAM? «p arising from the neutralinaZ—neutral-Higgs-boson sector is given by

|
In——1]1| . (19
Q? o

In— +M2————
M50, 70,2 MG aw,

NV ’[aM%MZI M2 9?M?

Computation of the X4 Higgs boson mass matrix in the basis of E&). gives

MZc5+MasstAy  —(MZ+MZ)ssca+ Ay, AysSp Ay
—(MZ+MR)spCptA,  MISE+Macs+Ay, Ayssg Ay 20
20
AqsSg AysSg (Mi+A33)S§ (M,2A+A33)SBC,3
A1Cp AxCy (M,ZA+A33)5503 (Mfﬁ‘Ass)Cf;

wherecg(sg) = cosp(sing) and mf\ is given by
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. _ 1 2 2 1 2 2
m = (sinB cosB) | —mjcosf+ 5 BnlAd|nlcosyf1(mg ,mp)+ 2 Bn [ Al| ulcosyufa(mg ,mg )

2
ij
Ca

X (= g3l ul|malcosy,— g ul|my|cosy,) + M (@5(1Ma|?+ [ ul?)| ][ Mzl cosy,+ gi(IM, |2+ [ ]| ] My cos 1)

1 93 1 &M
2 2 2 = 2 2 j
+ 5 Bn JAd |l cosy fo(me ,me )+ Myl | ulcosyafy(m) . m) ) - -

In
2 1672 1 1672 (=1 D;

4
[My,

— g3y 2| u|*|m;| cosy, — gF M2 [*|my|cosya] | (22)

The first term in the second brace on the right-hand side of Hg.is the tree term, while the second, the third, the fourth and
the fifth terms come from the top squark, bottom squark, tau slepton and chargino exchange contributions. The remaining
contributions in Eq(21) arise from the neutralino sector. Thes appearing in Eq(20) can be decomposed as follows:

Aaﬁ:Aaﬂ’f—i_Aa,BB_l—Aaﬂ’:r—}_A ++AaBXO (22)

aBx

whereA 4 is the contribution from the top squafénd top exchange in the loops .4 is the contribution from the bottom
squark(and bottom exchange in the loops ,4; is the contribution from the tau sleptdand tay exchangeA 4+ is the
contribution from the chargintandW and charged Higgs bospaxchange in the loops, an, 0 is the contribution arising
from the neutralindand Z and neutral Higgs boson exchange the loops. The computations &f .z, A,z5, A.g7, and
A,py+ have been given before and are not reproduced here. We compute here aflysthearising from the ,f(io—z—ho

—H9 exchange. Thé 4,0 are listed below:

4 2

, 5, (M5 +b; MY +¢; M} +dy)%(12M7 +6aMy +2b)
A o=——— > M2|In| = -1|{ -
T 121 U @2 D?
2(a1|v|§j+b1M§j+c1M§j+d1)(3a1Mij+2b1|v|§j+cl) 1 é(a1M§j+b1M§j+c1M§j+dl)z Mf(j
+ — —_
D? 1672 =1 D? Q?
M2\ 1 [1 A} , o, 1 M oM o
+ (9%4'9%)20%'”(_ - 1A f2(M{j0,M O)——(g%%—g%)zviln—
12872 Q%) 3272\ 16(MZ—MZp)2 = T 16 Q*
2
1 leO MHO
- —(g2+g? n (23
87 T (MEo—MEo) Mg
whereD; is defined in Eq(16) andf, is defined by
f _ vy 24
2(u1v)_ v—u nu ( )
2 6 4 2 2 4 2
N 1 ﬁMZ . M3, . (@M +b,MY + ;M7 +d;)%(12M7 +6aMy, +2b)
o= — N2
2O 1en? 5N Q2 D?
X 2(a2|v|§j+bZM;j+c2|v|§j+d2)(3azmij+2b2|v|§j+c2)]
2
Dj
1 2 (aM$ +b,M} +coM2 +dy)? (M2 3 M2
- > : v : In| |+ —(gi+9)%in| —
1672 =1 D Q?/) 12872 Q2
2 2 2
1 (1 B3 , .1 MpoMpo 1 v,Bo Mo
- = fa(Mpjo,Mpo) = == (97 +03)*v3In——— — = (g5 + g3) In (25)
3272 | 16 (M%—M7g)2 = F7 T 16T EE TEE e 8 T (M2 - MY) MY
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2
M3
n ? -1

X[ ) (@1M§, +byM +C1M3 +d1) (@M +boM ] M7 +dp)(12M] +6aM?, +2b)

1 4
_ 2
A12)(0_ 1672 jzl MXJ

3
D;

N (ale;j + blej + cle(j + dl)(SaZM;j + 2b2M)2(j +cy)

2
Dj

+

(aoM§ +boMy +CoM7 +do) (3a5My +2b;M7 + cl)]

2
Dj
B 1 4 (alM?(j+blMij+C1M)2(j+dl)(a2M)6(j+bZMij+c2M)2(j+d2) '\/I)Z(J
1672 (51 D? Q?
2 2 2
1 1 AOBO MHOMhO
T N O SO 4 N (Mo MFo) — 76(0%+ 03010, n—"—
1282 91792) 0102 Q2] 32m2 16(|V|Ho )2 f2(M{j0,.Mpo 691 92)"v102 Q*
2
1 leO+U2AO MHO
— 22(97+03) In (26)
16 Z(Mao—Mﬁo) Mﬁo
4 |V|2
A0=~ Z Q2 1 sing
X[ ) (ale(jnLb1M§j+clM§j+dl)(a3M§j+bng(j+ch)z(j+d3)(12Mj‘(j+6aM)2(j+2b)
3
Dj
(a1M§j+bll\A;j+c1M§j+d1)(3a3Mj‘(j+2b3M§j+c3)
+
2
Dj
(a3M§j+bng(j+03M§j+d3)(3a1M;j+2blM§j+cl)]
+
2
Dj
6 4 2 6 4 2 2
24: (alMXj+blMXj+c1MXj+dl)(a3MXj+b3MXj+03MXj+d3) % -
et 2 2
j=1sing D Q
4 M2
1 : 1
AZ‘?’XO:_]—&TZ JZ XJ|:|rl QZ) COSﬁ

X( ) (agM +bIMY +CiM 7 +d3)(aM] +b,MY +C,M7 +d,) (12M7 +6aMy +2b)
3
Dj
(agM§ +biM Y +ciM7 +d3)(3a,M ] +2b,M3 +c5)

+
2
Dj

N (@M, +b,MY +¢,MJ +d;)(3a3My +2biM 7 +ch)

2
D;
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VL TV 2 ’ 6 4 2 2
1 é 1 (asij+bsij+C§ij+d3)(aZij+bZij+°2ij+d2)In% 8
1672 [=1 COSB Dj2 Q2
4 2 A6 VL N2 N2 4 2
N S U . O G e T G T TG B
33y 16m2 =1 N Q? D} cosp
VL AV E AV A ’ AV L] g2 ’
N 2(a3MXj+b3MXj+c3MXj+d3)(3a3MXj+2b3MXj+c3) 1
D? cogpB
AV L AVE rap2 ’ 2
1 i 1 (agMy +bgMY +caMy +d3)? (MY 9
2 “~= 2 2"
1672 =1 cogpB D Q

The parametera,b,c and the derivatives, ,b; ,c;,d; (i=1,2, etc) that appear in Eq$23)—(29) are defined in Appendixes A

and B. Equation$23)—(29) constitute the main new theoretical results of this paper. These results along with the computations
of Aygis Augps Augr @andA, s, + give a complete determination of ti@P dependent one loop contributions to the Higgs
boson masses and mixings. As has been noted beforeit is preferable to work witB antrix rather than the 44 matrix

of EqQ. (20). The desired X3 matrix can be obtained from E¢RO) by going to the basis

Y1p=SIiNBi1+COSBYr,,  Pp=—COSPY1+SINBi,. (30

In this basis the fields, is the zero mass Goldstone boson and decouples while the remaining {meg) in the basis
d)]_, ¢21 lp]_D is given by

MIci+MisstAy  —(MZ+MZ)ssca+Ay, Az
2 2 2.2 2.2
Mﬁiggf —(MZ+Mpa)sgCpt A, MZSp+Macs+Ay, Ayg . (31)
2
A3 A3 (MaA+Asz)
|
We label the eigenvalues for this casg ,my, ,my,_ corre- V. DISCUSSION OF THE NEUTRALINO EXCHANGE

CONTRIBUTION TO CP EVEN CP ODD HIGGS

sponding to the eigenstatels ,H,,H;. These eigenstates are
P g g Bl Ha,Ha g BOSON MIXING

in general admixtures of thé P even and the€C P odd states

due to the mixing generated hy;3 and A»3. Thus theCP The analytical results given above are quite general as
even-odd mixings arise from 3 andA,; and these are non- they apply to the MSSM parameter space. However, the
vanishing only in the presence @fP violation and vanish  MSSM parameter space is quite large. Thus for a numerical
when the phases go to zero. In this limit one recovers thetudy of theCP effects including those from the neutralino
usual result of two distinctone CP even and the otheé€P  sector we will work with a constrained set of parameters
odd Higgs boson sectors. We note in passing thgf also  consisting of the parameter spacey,, my,, ma, |Aol,
vanishes in the limit when th€P phases go to zero. This tang, 0., any &1, &2 and &;. Starting with these all other

was also the behavior that was observed when the contribyg,, energy parameters are obtained by a renormalization
tions from the top squark, bottom squark, tau slepton angy.,,, evolution by running the parameters from the grand
chargino exchanges were considered. Since the main point gifieq theory(GUT) scale down to the electroweak scale.
f[h|s work is to study the phenomepon oP even-od_d MIX-"" Of course one is free to utilize the formulaes derived above
ing the main focus of our analysis is the computatiodof  for the more general MSSM parameter space. As discussed
and specifically ofA ;3 and A,3 which are the basic sources jn Sec. | one can satisfy the EDM constraints in the presence
of mixings between th&€ P even and theCP odd sectors.  of large phases. This can come about in a variety of ways. As
We order the eigenvalues of E(B1) in such a way that in  pointed out in Sec. | one possibility is that the internal can-
the limit of no CP violation one has rfy, ,my,,My)  cellations can occur which allow for large phases consistent
—(my,my,my) and H4,H,,H3)—(H,h,A) where h,H) with the EDM constraints. The other possibility is tHapP
are(light, heavy CP even Higgs and\ is theCP odd Higgs phases appear only in the third generation which suppresses
boson in the absence &fP violation. their contributions to the EDMs of the quarks and the leptons
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FIG. 1. Plot of theCP even componen, of H; (upper curves FIG. 2. Plot_ ofA 43 including_the top squark, _bott_om squark, tau
and theCP odd component, of H; (lower curvegincluding the ~ Slepton, chargino and neutralino sector contributions vs tt U
top squark, bottom squark, tau slepton, chargino and neutralino sef2ugino phase;. The common input for all the curves ang,

tor contributions as a function of the scale The common param- =100, My,=500, M4=300, |Ag[=1, @0=0.3, £=0.5 andQ
eters arem,=300, tand=15, my=100, m,,=500, &,=.4, & =320. The five curves correspond to the pairs of gaand 6,
=5, @p=.3, and|Aj|=1. The curves with circles are fof, values as follows. The curve with,;=301 at¢{; =0 corresponds to

=0.1 and with squares fof,=0.2 where all masses are in Gev @ns=5, 6,=.4. Similarly the curves with values df,;=406 at
and all angles are in radians. £,=0 correspond to tag=6, 6,=.6, A;3=416, at{;=0 corre-
spond to tapB=10, 6,=.2, A;3=501 at £,=0 correspond to
) ) ) ) ) . tang=8, 0,=.8, and A;3=579 at §;=0 correspond to tag
in the first two genera“ons to achieve COﬂSIStency with thE‘: 15, 6,=.3 where all masses are in GeV and all ang|es are in
experimental constraints. There also exist scenarios Whiclfhdiansfi
are linear combinations of these two. For the purpose of this
analysis we do not revisit the problem of the satisfaction ofcp eyen-odd mixing. We turn now to a discussion of other
the EDM constraints. Rather we shall assume that regions gfspects of the analysis below.
the parameter space exist where such constraints are satisfieoh)n Fig. 2 we plot the quantity\ 5 as a function of th&€ P
and examine the effect of the phases on the Higgs bosophase of the (1) gaugino mass;. The plots exhibited in
masses and mixing. Specifically we are interested in the efrjg 2 contain the top squark, the bottom squark, the tau
fects of the neutralino exchange contributions Dy and  gjepton, the chargino and the neutralino exchange contribu-
Azs, and thus, on the mixings of theP even and th&€P  tions. Among the above exchanges the neutralino exchange
sectors. _ . contribution is the only one that depends §n and thus the

It was pointed out in Sec. IV that the neutralino, hand  yariation of A5 with & arises only from this exchange.
the neutral Higgs boson exchanges together form a subsect@rom Fig. 2 the size of the neutralino exchange contribution

so that in the supersymmetric limit one finds that the one;an pe seen to be fairly substantial. Specifically, the analysis
loop correction to the effective potential from this subsector

vanishes. This phenomenon is similar to what was also seer s
in the exchange of the chargino, th¢and the charged Higgs

boson where the contribution from that sector to the effective
potential vanishes in the supersymmetric limit. It was

also seen in the analysis of the chargino— 2000
W-charged-Higgs-boson exchange that tb® even-odd %
mixing arising from this sector was roughy independent &
because of the sum of the three separate contributions Withil}
this sector. A very similar situation is also realized in the 000
neutralino sector. Here again because of the contribution:
from the neutralino, th& and the neutral Higgs boson ex- 0
changes their sum contribution to tBd> even-odd mixing is

roughly scale independent. However, unlike the chargino— : ; 3 =
W-charged-Higgs-boson exchange where one could demor
strate the above phenomenon analytically, here one has tu
demonstrate it numerically due to the more analytically com- |G, 3. Plot ofA ,; including the top squark, bottom squark, tau
plex nature of the results. This is exhibited in Fig. 1 where asjepton, chargino and neutralino sector contributions vs thB U
plot the percentage of the P even component; and the  gaugino phase; for the same input parameters as in Fig. 2. The
CP odd componenty;p of H; as a function ofQ is given.  curves with the same symbols as in Fig. 2 have the same common
The analysis shows an approximate independenedfthe  inputs.

)

&,(radians)
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% of ¢1 and Y1ip in H1
% of ¢, and y;p in H,

0 05 1 15 2 25 3

€i(radians) 8 (radians)

FIG. 4. Plot of theCP even componenp, of H, (upper curves FIG. 6. Plot of theCP even componenp, of H, (upper curves
and theC P odd component;, of H; (lower curvegincluding the  and theCP odd componeni, of H, (lower curve$including the
top squark, bottom squark, tau slepton, chargino and neutralino setep squark, bottom squark, tau slepton, chargino and neutralino sec-
tor contributions as a function of the(l) gaugino phasé; for the  tor contributions as a function d@f, . The common parameters are
same inputs as in Fig. 2. The curves with the same symbols as im,=300, Q=320, my=100, m;,=500, &=.5, «¢=.3, and
Fig. 2 have the same common inputs. |Ao|=1. For curves with diamonds tgh= 15, &= 1.5, for squares
tanB=8, ¢&,=1.5, and for triangles tgd=8, £,=0.5 where all
of Fig. 2 shows that the neutralino exchange contribution ignasses are in GeV and all angles are in radians.
comparable to the effects from the stop and chargino ex-
changes. A plot 053 vs ¢, is given Fig. 3. As in Fig. 2 one  gjgnificant mixing between th€P even and theCP odd
finds thatA 3 is quite sensitive to th€P violating phase&:.  components oH,. Further, as also expected from the analy-
As in Fig. 2 here again the neutralino exchange contributiony;s o Figs. 2 and 3, the P even andC P odd components of
is compa_wable to the tqp squark and the chargino exchangq1 show a reasonably strong dependenceton
contribution. An analysis of the percentage of (B even An analysis of theC P even andC P odd mixing inH, as
component), of H, (upper curvesand of the percentage of 5 fynction of the S(2) gaugino phase is given in Fig. 5.
the CP odd componentj,p of H; (lower curves arising  ypjike Figs. 2—4, where the entitg dependence arose from
from the exchange of the top squark, the bottom squark, thg,e neytralino exchange contribution here ghelependence
tau slepton, the chargino and the neutralino sector contribUss the c P even andCP odd components ofi, arises from
tions as a function of, is given in Fig. 4. As expected from yyq sources, i.e., from the chargino and the neutralino ex-
the analysis of Fig. 2 and Fig. 3 one finds that there is §hange contributions. Because of this the dependence of the
CP even andCP odd components 0§, is much stronger
than on¢é; as may be seen by comparing the plots of Figs.
2—4 with the plots of Fig. 5. In Fig6 a plot of the percentage
of the CP even componeng, of H; (upper setsand the
CP odd component,p of H; (lower set$ arising from the
exchange of the top squark, the bottom squark, the tau slep-
ton, the chargino and the neutralino sector contributions is
given as a function ofg, . In this case we find that the
dependence of theP even and th&€€ P odd components on
6, is also very strong. Indeed in this case the mixings be-
tween theCP even and theCP odd states can be maximal
depending on the value @, . The strong dependence @i
can be understood as due to the fact that all contributions,
) i.e., the top squark, the bottom squark, the tau slepton, the
Eo(radians) chargino, and the neutralino contributions, dependégn

This in contrast to the dependence &nwhich arises only

% of ¢1 and Vip in H]

FIG. 5. Plot of theCP even componenp, of H; (upper curves .
and theCP odd componeni,, of H, (lower curvegincluding the from the neutralino exchange.

top squark, bottom squark, tau slepton, chargino and neutralino sec- Finally, in Fig. 7 we give an analysis of the percentage of
tor contributions as a function of th&. The common parameters the CP even componend; of H, (upper setsand theCP

arem, =300, Q =320, my= 100, my,,= 500, ap=.3, |A|=1, and  0dd component};p of H; (lower set$ arising from the ex-
0,=.4. For the curves with diamonds taw15, £&=15, for ~ change of the top squark, the bottom squark, the tau squark,
squares ta=8, &= 1.5, for triangles tag=8, £&,=0.5, and for ~ the chargino and the neutralino sector contributions as a
circles tan3=10, £;=1.5 where all masses are in GeV and all function of tan3. We find that theCP even and the& P odd

angles are in radians. mixings show a strong dependence ona similar strong
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phases. This full one loop result was then used to discuss the
phenomenon of P violation in the neutral Higgs sector. The
numerical analysis shows that the mixings betweenGlfe
even and th&€ P odd sectors are significantly affected by the
neutralino exchange contribution. The mixing of tkeP
even and th&€ P odd Higgs sector has many important con-
sequenceg15,16,18. Thus one consequence is thatr
even-odd mixing affects the couplings of the Higgs bosons
with quarks and leptons and this effect can be discerned in
Higgs searches in collider experiments. Another important
implication is that theCP even-odd mixing will affect the
relic density analysis and thus modify the parameter space
allowed by the relic density constraints. Further, since the
tan g couplings of the quark and leptons with the Higgs bosons are
affected due to th€ P even-odd mixing there will also be an
FIG. 7. Plot of theCP even componenp, of H; (upper curves  effect of these mixings on detection rates in the direct
and theCP odd componenty;p of H, (lower curvegincluding the  searches for dark matter. It would be interesting to carry out
top squark, bottom squark, tau slepton, chargino and neutralino segp, analysis of these phenomena.
tor contributions as a function of tgh The common input param-
eters for the curves amm, =300, Q=320, my= 100, m,,»= 500,

% of ¢1 and V1ip in H1

£,=.5,&=.5, ap=.3, and/Ag|=1. For the curves with diamonds, ACKNOWLEDGMENTS
0,=.4, for squaresy,=.6, and for triangless,=.8 where all This work was initiated during the period when one of the
masses are in GeV and all angles are in radians. authors(P.N) was at the Physics Institute at the University

of Bonn, the Max-Planck Institute fuer Kernphysik, Heidel-
dependence on tghwas seen also in previous analy§&s]. berg and CERN. The author acknowledges hospitality during
We note that the inclusion of the neutralino contribution fur-the period of his stay and support from the Alexander von
ther sharpens the tgh dependence and one finds that theHumboldt Foundation. This research was also supported in
CP even(odd) component can vary from 10090%) to less  part by NSF grant PHY-9901057.
than 60%(more than 40%as tanB is varied. This sharper

behavior of the amplitudes with ta‘h arises from the addi- APPENDIX A: NEUTRALINO EIGENVALUES

tional contributions from the neutralino, the neutral Higgs AND DERIVATIVES

boson and th& boson exchanges. An analysis similar to the

above can be carried out for the case ofltheandH fields. The characteristic equation for the square of the neu-

In the analysis of chargino exchange contributions it wasiralino mass ig=(\)=Det(M ;0 M,o0—\I)=0 where\ rep-
found that theCP odd component oH, is rather small resents the square of the neutralino mass eigenvalues. It can
while the analysis oH; parallels the analysis ¢i, with the  be expanded as

only difference that the roles of tt@P even and th€ P odd

components is reversed. Much the same situation occurs in F(M)=A*+an3+br%+cN+d=0. (A1)
this case and thus we omit the detailed discussion of these
states. In the aboven, b, ¢ andd are computed using E¢14). The

computation of the coefficients is done to leading and to next
V1. CONCLUSIONS to the leading order in an expansion /M2 where Mg
’ U stands for the soft SUSY parameters. Thus, eagis ex-

In this paper we have developed a calculus for the derivapanded toO(M3) and O(M3) orders(it is actually exact
tives of the eigenvalues of the neutralino mass matrix withwhen expanded to this ordeb is expanded th(Mé) and
respect to the background fields which are in general deper®(M2M?2) orders, etc. The analysis fa b andc [d does
dent onCP violating phases. The calculus allows one tonot enter in Eqs(23)—(29) and is not exhibitefigives
deduce the derivatives of the eigenvalues of the neutralino
mass matrix analytically even though the eigenvalues them- a=—[|my|2+|my|?+ 2| u|?+2MZ] (A2)
selves cannot be gotten analytically in a compact form. We
use this calculus to obtain analytical results for the

—Im. 12|12 4 2(1m 12 = 12
neutralino-Z—neutral-Higgs-boson exchange contribution to b=my|*ma|*+ [ ] *+ 2] | *(|my[*+ [m,]*)

the  masses gnd mixings in  the CP-even-— +M2[my |2+ [ my| 2+ 2| u|?
CP-odd—neutral-Higgs-boson sector. The above computa-
tion along with the top-squark—top, the bottom-squark— +(|my|?=|m,|?)cos 26y,
bottom, the tau-—tau-slepton and the chargino— _
W-charged-Higgs-boson exchange contribution computed — 4 cospB sinBCa|m,|| | cosy,
previously provide us with a complete one loop contribution -

. . . . . H 2
to the Higgs boson mass matrix with the inclusion@P —4 cosB sin BSy|my || u|cosy1] (A3)

015005-10
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whereC{,=g5/(9i+93) andSj,=gi/(g5+95)

c=—2| w|?[my|2[my| 2= | ] *(|my| 2+ M%)
+4M3Zsin B cosp| ul[ (|My|?+ | | SG /My |cosy,
+(|my |2+ | u[?) ChIm,|cosy, . (Ad)

The derivativeson; /9P, can be obtained explicitly as fol-
lows:

I\ a, N+b, %+c \+d,
P, 4N3+3an?+2bh+c

(A5)

A=)

The second derivatives are given by

9\,

| (@b A+c A +d,)
9D, 0Pg

(4N3+3an?+2ba+c)®

3 2
(agh>+Dbgh

+Cph+dg) (1212 +6an +2b)
(a,A>+b,N2+c A +d,)
(4\3+3aN?+2bN+¢)?

2
(3a5M%+2b )\

(agh3+bgh?+ch+dp)
(4N3+3aN?+2bN+¢)?

+cCp)+

X (3a,\%+2b, N +C,)

(@aph3+byph2+Coph+d,p)
(4\3+3aN+2bh+c)

(AB)

where

Ja J°a

8aom, BT 50 0D,

(A7)

APPENDIX B: LIST OF PARAMETERS

The explicit evaluation of the coefficients ,b,,c,,d; is
given below

a;=— (9%4' gg)vl
by=— g§|ﬂ||%2|0200572_ 9§|M| |511|U2C0571

+o4[ |my|?g5+|m,| 25 + (9% + 93) | /] (B1)

PHYSICAL REVIEW D 66, 015005 (2002

1= g5(|my) %+ u|?)| wl Myl c0sy, + g5 (| M2

+|wl?)| el [myfvocosy; — g3 m|? Myl %vy

— 0| ul?[my|?0y (B2)
dy=— 95|M|3|a1|2|ﬁ‘2| V2C0SY;
— g7 w[3|my|?my|v,cosy; . (B3)

The coefficients a,,b,,c,,d, can be obtained from
a,,bq,cq,d; with the following interchanges:

a=a1(v1e——vy), by=bi(vi——wvy),

(B4)
C=C1(v1——vp), dy=di(vie——vy).
The coefficientsa;,bs,c5,d5 are given as follows:

a3:0
bs=—g3my|| ulvosinyo— g2 my|| ulvosiny, (B5)
ca=g5(|m3|%+| w|?) Myl | |v,siny,

+g7(I 3|2+ [ [?) [y v osinyy (B6)
dz= _9§|Fn1|2|/i|3|rn2|025in Y2

—g7Imyl? w3 mylvosiny,. (B7)

The coefficients a;,bj,c5,d; can be obtained from
as,bs,c3,d3 with the following interchanges:

az=ag(v;——vy), bz=bs(vi——vy),

(B8)
dézds(leﬂvz)-

C3=C3(v1——0>),
A, andBg are given by
Ao=2(93+03)v1(MZ—M3Z0)cos 28+ (g3 +03)ua(M2

+M5%0)sin 28 (B9)

Bo=—2(9%+g2)va(M2—M30)cos 28+ (g3 +g2)vs (M2

+M20)sin 28. (B10)
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