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The one loop supersymmetric electroweak correction to the anomalous magnetic moment of the muon is
derived in the minimaN =1 supergravity unification with tw&€ P violating phases. A numerical analysis of
the CP violating effects org,—2 is carried out with the cancellation mechanism to guarantee the satisfaction
of the experimental limits on the electric dipole moments of the electron and on the neutron. It is found that the
effects of theCP phases can significantly affect the supersymmetric electroweak correctipr-td, and that
the numerical size of such a correction can be as large or larger than the standard model electroweak correction
to g,—2. These results are of import for the new Brookhaven experiment which is expected to increase the
sensitivity of theg,,—2 measurements by a factor of 20 and allow for a test of the electroweak correction in
the near future.

PACS numbds): 12.60.Jv, 04.65:¢e, 11.30.Er, 14.60.Ef

I. INTRODUCTION electroweak contributiof26]. It is already known that the
supersymmetric electroweak contributionsgip—2 can be
Supersymmetric theories contain a large numbeC®&  as large or largef25,27,2§ than the standard model elec-
violating phases which arise from the soft supersymmetrjroweak contributiorf29] and it is thus of interest to inves-
(SUSY) breaking sector of the theory and contribute to thetigate the effects of larg€ P violating phases on the super-
electric dipole momentEDM) of the quarks and the leptons. Symmetric muon anomaly.
Currently there exist stringent limits on the neutidn and We begin by exhibiting the SUSY breaking sector of the
on the electrorf2] EDM. Thus CP violation in supersym- CP violating phases relevant for our case. It is given by
metric theories is severely constrained by experiment. To
satisfy these constraints it has generally been assumed that
the CP violating phases are smalB,4]. However, small
phases constitute a fine tuning and an alternative possibility
suggested is that thé P violating phases can be largg1)

Vsg=m;|Hy|*+m3H,*~[Bue;HiH,+H.c]

2~x~ L~ %~ 2~ 4~
el v+ pf p ]+ Mepgpr

. e . mA, . ~
and the EDM constraints could be satisfied by the choice of + &eij E QT uk+H.c.
a heavy spectrunii5]. However, forCP phases Q1) the 2my, L cosp
satisfaction of the EDM constraints may require the SUSY 1 -
spectrum to lie in the several TeV region, thus putting the + E[ﬁqz\"/'vf"\"/’vaw- m;BB]+AVgg 1)

spectrum even beyond the reach of the CERN Large Hadron

Collider (LHC). More recently a third possibility has been _

proposed, and that is of internal cancellations among varioughere [ is the SU(2). smuon doublet, tag
contributions to the electron and the neutron EDME and  =|(H,)/(H1)| whereH gives mass to the muon. The quan-
there have been further developments of this ifiéalll. titiesA,, u, andB are in general complex.

Since the cancellation mechanism allows for the possibility In this analysis we shall limit ourselves to the framework
of large CP violating phases, it is of considerable interest toof the minimal supergravity mod¢B0]. In the minimal su-
explore the effects of such large phases on low energy phypergravity(MSUGRA) framework the soft SUSY breaking
ics and several studies exploring the effects of large phases characterized by the parameterg, m,,,, Aq, tang, 6,
have recently been reported. These include the effects afnda,g, wherem is the universal scalar mass at the grand
large CP phases on dark matt¢t2,13 and on low energy unified theory(GUT) scale,my, is the universal gauginos
phenomendg14—-17, as well as other SUSY phenomena mass at the GUT scaldy, is the universal trilinear coupling
[18-23. at the GUT scaleg,q is the phase ofi, at the GUT scale,

In this paper we investigate the effects@P violation on  and a,q is the phase oA. In the analysis we use one-loop
the supersymmetric electroweak contributions gp—2.  renormalization group equatioi®GES for the evolution of
This analysis extends the previous analyses of supersymmete soft SUSY breaking parameters and for the parameter
ric electroweak contributions without the inclusion of the and two-loop RGEs for the gauge and Yukawa couplings.
CP violating effects[24,25. This investigation is timely The phase oft does not run because it cancels out of the one
since the Brookhaven experiment E821 has started collectinigop renormalization group equation @f. However, the
data and in the near future will improve the sensitivity of themagnitude and the phase Af, do evolve. Thus while the
g,—2 measurements to allow a test of the standard modegdhase ofA , is modified fromaAM0 at the GUT scale to its

0556-2821/2000/69)/0950089)/$15.00 61 095008-1 ©2000 The American Physical Society



TAREK IBRAHIM AND PRAN NATH

PHYSICAL REVIEW D 61 095008

and
¥
RN Fi(x)= (1—x?+2xIn x) (5)
ﬁ]{ \f{h 1 (X_ 1)3
1 3
; - ' and where
[ X8 Iz
(a) my mi
a 12 2 2
a;i’=2, ——— (|Ki|*+ L[ F2| — 6
=2 96772mi2(| i 2+ Lil®) 2( m?) ®)
Dy
PN and
4 ~
4 AY
] A}
— — Fo(x)= (—x3+6x2—3x—2—6xInx). (7)
B X3 gyx? # 2 (x—1)%
Similarly, a? also consists of two termas = a2+ a??, where
2
b my mi
(2) ati--3 MRaKikLﬁng(E ®)
FIG. 1. The one loop contribution @, —2 from (a) neutralino : !
exchange andb) chargino exchange diagrams. and
value an, at the electroweak scale, the phaseuofs unaf-
fected at the one loop level, i.e2,= 6,,0. Fs(x)= _1)3(3X2—4X+ 1-2x%In x) 9)
The outline of the rest of the paper is as follows: In Sec. (X
Il we derive a general formula for the contribution & 5344 where
=(g;—2)/2 in the presence & P violating phases. In Sec.
[l we compute the supersymmetric electroweak corrections 2

to a, from the chargino exchange and in Sec. IV we com-

pute the supersymmetric electroweak correctiona térom

the neutralino exchange. A discussion of these results is

given in Sec. V and a numerical analysis of the effect€ Bf

2
m m
22_ f 2 2 K
a??=> —— —(|Ky|>+|Li|DFa| — (10
f % 96772m|2(| Ik| | Ikl ) 4( m|2>

and

violating phases is given in Sec. VI. We summarize our re-

sults in Sec. VII.

II. g—2 CALCULATION WITH CP VIOLATION IN SUSY

In this section we derive a general formula for the contri-
bution to a, for an interaction withCP violating phases
which would be typical of the interactions that we will en-

counter in Secs. lll and IV. For a theory of a fermign of
mass m; interacting with other heavy fermiong,’s and
heavy scalarsp,’s with massesn; and m,, the interaction
that containsCP violation is in general given by

1+ s

7 | it He. (2

_ 1 5
_ﬁint:% | Kix > +Lik

Here £ violates CP invariance iff ImK;L;}) is different
from zero. The one loop contribution & is given by

aj=ar+a’? 3

whereaf1 and af2 come from Fig. 1a) and Fig. 1b) respec-
tively. af is a sum of two termsaj =ai'+al?, where
m¢ mﬁ
11 *
af'=> ——ReKyLiFi| — (4)
f = 16’772mi ik=ik 1 mlz)

Fa(x)= (2x3+3x2—6x+1—-6x%In x). (11

(x=1)*
Ill. CHARGINO CONTRIBUTIONS WITH CP
VIOLATING PHASES

The chargino matrix witlC P violating phases is given by

m, V2mysing
¢\ V2my cosp
This matrix can be diagonalized by a biunitary transforma-
tion U*MCV‘1=diag(FnXl+,r~nX2+). By looking at the muon-
sneutrino-chargino interaction

M (12

PIERE

=L, 5 3= 9;[V11PR_ KMUIZPL];(I;
+gulVarPr— Kk, USP Ix; v+H.c, (13

where KM=mM/\/§MWcos,8, we find that the chargino ex-
change taa,, is given by

t_ 21, 22

al =aj+a’ (14)

where

095008-2



CP VIOLATION AND THE MUON ANOMALY IN N=1... PHYSICAL REVIEW D 61 095008

2 2
m,a m 1 M~
21 u"EM M %\ % v
a?= > ReEUXVY)Es| — (15)
¥ 4arsir? 6y, 2my, cosB S1 M+ 127t s M)Z(+
i i
and
2 2 2 2
m,agm 1 m 7
22 M 1 2 2 v
= Uo7+ 1|V, F (16)
“ 24 sin? 6y, (=1 M2, 2m3vcos2ﬁ| 2l Vil o 2,
i i
The phase which enters hereds through the matrix elements &f andV.
IV. NEUTRALINO CONTRIBUTIONS WITH CP VIOLATING PHASES
The neutralino mass matrid 0 is a complex symmetric matrix and is given by
m, 0 —M,sinéycosB  M,sinfysing
0 m, M, cosé, cosB —M,cosh,sings an
—M,sinéycosB M, cosby, cosB 0 —|p|efn
M,sinéysin8  —M,cosbysing —|ule'fn 0
The matrixM,o can be diagonalized by the unitary transformation
XM 0X = diag(m,0,m,0,m,0,m,o). (18)
The smuon (mas$)matrix is given by
2 2 o[ 1 i A*
2 M +mj,—Mg| 5 —sir? 6y | cos 28 m, (A7 mg— u tanp) 19
o
m,(A,My— u* tang) MZ+m2— M2 sir? 6, cos 28
|
This matrix is Hermitian and can be diagonalized by the . g . _
unitary transformation Buj=eQuXqj + mxzj (T3,—Q,sirf6y) (23
D'M2D ,=diagM2. ,M2.). (20) B , 9Q,sirfoy .
e T e YT Tosgy 0 @Y
The muon-smuon-neutralino interaction in the mass diagonal *
L . gm,X5;
basis is defined by S =— K (25)
“l 2my, coss
4
and where
=Ly i-50= 2, V20l (@D 11~ ¥,D 20 PL , .
=1 X]_]:Xl] COSBW-I— XZJ Sin 0W (26)
+(B;L1D[L11_ 5M]DM21)PR]}?‘;L1 Xé]: _le sin ew+ XZJ COSG\N. (27)
+V2u[ (@D 412~ V4D u22) PL The neutralino exchange contributiondg is given by
~0~ 0_ 11, .12
+(BuiD y12~ 8,iD 422 PRIX 12+ H.C. a¥ =a;+a, (28
(21)  where
wherea, B, v and é are given by m,«a 21 M2
L L fL
all=— "5 3 — kRl — | (@9
A SinPOy (=1 k=1 M 0 Mo
]

_9 mMX3J

%ui~ 2m,, cosp @2

and
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] ]
Here
7= —tarf 6y Re(X;D 1D ) —tan by, Re(XpXy;D 1kD2k)+—M cosﬁ|D2k| Re(X3jXyj)
M 1800w 12 R o) — = |Dyyd? Re(Xg X +—2 Re(X3,D3,D 31
2MWcos,8| 1l® Re(XgjXy)) = 2M cosﬁ' 1l ? Re(X3jXs;) M2, codp &(X5;D5D1k) (31
and
2
XZ] _|X31|2+ tar12 Ol X1j12(ID 14 >+ 4| D 5 ?) + |X2j|2|le|2+tan0W|D1k|2 Re(X4jX5)
2M%, cogB
m , tan by
MWCO BRar leD k) M co BRqX3J leD k) (32)

The matrix elements of carry the phase g& and the matrix
elements oD carry both the phase @f and the phase of the
trilinear parameteA , whereA , is the renormalization group
evolved value oiAMO at theZ scale.

V. DISCUSSION OF RESULTS

It is interesting to consider the supersymmetric limit of

whereO; andO, are orthogonal matrices, the chargino con-
tributions take the form

2

21__ mﬂ

_ m,uaEM 2
k4 sirt6y, V2my, cosp =1 M+

0,53071i;F3(£,1)

(36)

our results when the soft SUSY breaking terms vanish. Ir8nd

this limit Eq. (14) which arises from the chargino exchange

gives a contribution which is equal in magnitude and oppo-

site in sign to the contribution from thé/ exchange. Thus
we find that, in the supersymmetric limit,

al+al =0. (33

Similarly taking the supersymmetric limit of E(R8) we find

2 2 2
m (293V] 1
_ [t 2
=t > (022)?+(07;)
H 24msirfey, =1 Mif 2ma, coszﬁ 2 mt
XF4(€40) (37)
where¢ ;= M%/Mif . The neutralino exchange contributions

that the massive modes neutralino exchange contribution i the CP violating limit can similarly be obtained from Eqgs.

equal in magnitude and opposite in sign to théoson ex-
change contribution so that

a’+ a/{O(massive modgs=0. (34)
This is what one expects on general groufls32 and our

explicit evaluations satisfy Eq$33) and (34). The proof of
Egs.(33) and(34) is given in the Appendix. A result similar

(28)—(32) by the replacement

X—0, D-—S (39
whereO and S are orthogonal matrices. Our results for the
chargino and neutralino contributions go to the result of the
previous works if 25] in the vanishingC P phase limit con-

sidered above.

to Eq. (34) holds for the massless modes but its proof re-

quires extension of the results of Sec. Il to include cor-
rections in the loop integrals. This extension will be dis-
cussed elsewhere.

Next we discuss the limit of vanishin@P violating
phases. In this limit the unitary matricés andV become
orthogonal matrices. Using the notation

VTi-0;y,

U* -0, (35

VI. ANALYSIS OF CP VIOLATING EFFECTS

Before discussing the effects &P violating phases on
the supersymmetric contributions ta, we summarize
briefly the current experimental and theoretical situation re-
gardinga, . The most accurate determmaﬂona;f is from
the CERN experimenf33] which gives a value of*™
=11659230(84X 10 1° while the standard model determi-
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nation including «® QED contributions [34], hadronic
vacuum polarizatio35] and light by light hadronic contri-
butions[36], and the complete two loop standard model elec-
troweak contribution§37], is a5'= 11659162(6.5x 10~ ™.
Here essentially the entire error shown in parentheses come,
from the hadronic sector. It is expected that the new S
Brookhaveng,, experimen{ 26,38 will improve by a factor ;x
of 20 the determination ad,, over the previous,, measure-
ment[33]; i.e., the error in the experimental determination of
a, is expected to go down t0>410 % This means that —20
even with no further reduction in the hadronic error the new - .
g, experiment will be able to test the standard model elec- T ]
troweak corrections which contribute an amoufg7] —2 0 2
a,"(SM)=15.1(0.4)< 10~ *°. However, it has been pointed O (raa)
et S o FI. 2 Pl faf?a a urction of 1P vilatg e

. . . 0, . The values of the other parameters for cur(®s-(5) corre-
rections, and thus the neg, experiment will also probe SSgnd o the cased)—(5) in Table |
supersymmetry25,27,28. In this context it is important to '
know how large theCP violating effects are on the super-
symmetric electroweak anomaly.

Previous analyses af, in supersymmetry did not con-

sider the effects o€ P violating phases because the effects

of such phases were expected to be generally small due t that in addition to the above contributions certain two

the electric dipole moment constraints. As mentioned in Se%op graphs may also contribute significantly in some re-
| in the conventional scenarios the current experimental con

. gions of the parameter spaf@9]. In our analysis we have
straints on t_he_ elec_tron EDMiE) an_d on the ”e“tf"” EDM included the effects of these contributions as well. However,
(d,,) are satisfied either by the choice of sm@lP violating

h 34 by the choi fanh fwe find that the effect of these terms is relatively small com-
phaseq3 4] or by t € Choice of a heavy mass spectrum 0 pared to the other contributions. The regions of interest in the
supersymmetric particld$]. For the first case, thEP vio-

It & b t th $ Qe parameter space are those where the cancellations among
ating effects are small because of the smaliness o _different components happen simultaneously for the case of
violating phases, while for the second the supersymmetrig, o ajectron EDM and of the neutron EDM so as to satisfy

contribution tog,,—2 will itself be small compared to the o experimental lower limits, which for the neutron(ig
standard model result to be of relevance. However, as also

pointed out in Sec. | with the cancellation mechanj§jone d,|<6.3x10 28 ecm (39)

can satisfy the EDM constraints with largeP violating

phases and not too massive a SUSY spectrum and thus it id for the electron iE2]

of relevance to examine the effects ©P violating phases

ona,. |dg| <4.3x10" %" ecm. (40)
For the case of the electron EDM the cancellations occur

between the chargino and the neutralino exchange contribu- \we discuss now the size of th@P violating effects on

tions while for the case of the neutron EDM the cancellationsaiUSY. In Fig. 2 we exhibit the effect of the variation of the

can occur in a two step_ process. Thus, for the_neL_Jtron Casgp violating phasey,_on aSUSY without the imposition of

the EDM receives contributions from the electric dipole, thethe EDM constraint ;s a fGnction o  The values of the

chromoelectric dipole and the purely gluonic dimension-6 ' mo’

operators. For the electric and the chromoelectric dipole opother parametersnfy, mg, tang, a, ) for curves(1)—(5)

erators cancellations can occur between the chargino, thean be read off from Table | for the cas@s—(5). We find

20

2y
H
H

gluino and the neutralino exchange contributions. There is,
however, the possibility of a further cancellation, and that is
among the electric dipole, the chromoelectric dipole and the

urely gluonic contributions. Recently, it has been pointed

TABLE I. Parameters corresponding to casés—(5). Other parameters ard) my=60, my,=123,
tan,8=35, |A0|:545, (2) m0:65, m1/2: 119, tar}@=26, |A0|:293, (3) m0:80, m1/2: 147, tanﬁ
=2.6, |Ag|=2.93, (4) my=120, m;;,=228, tanB=3.5, |Ao|=5.47, (5) me=120, m,,,=220, tan3=2.6,
|Ag|=2.93, where all masses are in GeV units.

O, ap, d,(107% ecm) do(107%" ecm) a,(0,,,an) (107°)
(0] 3.108 -0.2 54 —-2.7 —-3.6
2) 3.08 —0.45 4.86 —4.26 —-25
3 3.02 -1.0 —-3.6 -31 —-1.7
(4 3.1 -0.2 —-4.9 —-0.93 -1.1
(5) 3.02 -1.0 —-5.0 1.1 —-.78
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TABLE II. The values ofa,, for four CP conserving cases with all other parameters the same as in the
corresponding cases in Table I.

a,(0,0) (10°%) a,(0,m) (1079 a,(m,0) (109 a,(m,m) (107%)
D 3.25 4.18 -35 -26
2 2.49 3.1 -26 —-1.98
3 15 1.86 -1.9 —-1.34
4 .75 1.12 -1.13 -.75
(5) .62 .82 —.89 -6

that the effect of theC P violating phase is very substantial. in the electron and the neutron EDM occurs. The size of the
A similar analysis of the effects of the variation of t@P  effects of CP violating phases om,, can be seen from the
violating phasex, onaj"”", also without the imposition of  values ofa, at these points and the corresponding fGF
the EDM constraint, is given in Fig. 3. Again the value of the CONServing cases in Table II. A comparison of the results of
parameters other tham,_for the curves labeledll)—(5) can Tables | and Il with those of Figs. 2 and 3 shows that with
be read off from Table I. Here again the effects of BB the inclusion of the EDM constraints theP violating ef-
violating phasea,_ are found to be quite substantial al- fects are mUCh. reduged for the points chose_n here. However,
0  even with the inclusion of the EDM constraints tGd° ef-
though not as large as those frofy . The reason for this  fecg ona,, can still be quite substantial as a comparison of
discrepancy is easily understood. In the region of the parantables | and Il exhibits. Inclusion of more than two phases
eter space considered the chargino contribution is large angiakes the satisfaction of the EDM constraints much easier
this contribution is independent afAO since an, does not  and detailed analyses show that there are significant regions
enter in the chargino mass matrix. Thus the dependence of the parameter space where ¢ violating phases are
enters only via the smuon mass matrix, while_enters via large and can_cellatlons oceur to rendgr the electron and the
all mass matrices. 0 neutron EDM in conformity with experimef#,9]. Such re-

Inclusion of the EDM constraint puts stringent constraintsgions are of considerable interest in the investigations of

on the parameter space of MSUGRA. As an illustration WeSUSY phenomena at low energy. The effect<xd? violat-

L ing phases in these regions could be substantial. However, a
gg’jtrlgn':;% :;Sr?c?ilc?:w %fithefoEr[é,\Lfr\c/);;?B er?gt(g;no?g?gfoé the quantitative discussion of these effects requires inclusion of
AO . .

) . . X ._non-universal effects which are outside the framework of the
The figure illustrates the simultaneous cancellation oceurming, o yGRA model discussed here

for the electron and neutron EDMSs in narrow regionsy@f

and in these regions the experimental EDM constraints can
be satisfied. We note the appearance of two cancellation VII. CONCLUSIONS

minima in the cases considered. These double minima reveal |n this paper we have derived the general one loop for-
the strong dependence on the phases of the various terms thatila for the effects of2 P violating phases on the anoma-
contribute to the EDMs. The effects GfP violating phases

ona, can be significant in these domains. In Table | we give B R e B e e
a set of illustrative points where a simultaneous cancellation

T T
\
’
\
~N
A
¥ 11

—24— 4

<
L b

—25

logy, edm

—26

x10%°

susy.

8y
T T T

a0l ] [ N L R B

e Op,y (rad))

2 o 2 FIG. 4. Exhibition of the dependence of tHeDM| of the elec-
4,y (rod) tron (solid line) and the neutroridashed ling and the cancellation
as a function ofa, . The curves with minima to the extreme left
FIG. 3. Plot ofa},""as a function of theCP violating phase  and the extreme right have other parameters corresponding to case
ap,- The values of the other parameters for curé®s-(5) corre- (1) of Table I, while the curves with two minima in the middle have
spond to the casgd)—(5) in Table I. other parameters corresponding to cé®eof Table I.
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lous magnetic moment of a fermion. We then specialized oueigenvalues of the neutralino mass matrix are zero and the
analysis to the case of the calculation@® violating effects  other two are=M,. However, we choose the unitary trans-
on the supersymmetric muon anomaly. Here the contribuformation X so that the non-vanishing eigenvalues are all
tions arise from the one loop chargino and neutralino expositive definite: i.e.,

change diagrams. The numerical analysis ofGleviolating

effects is strongly constrained by the experimental EDM XTMXoX=diag0,O,MZ,MZ). (A5)
constraints on the electrdr2] and on the neutrofl]. Our

analysis including these constraints shows that the size of thia this case the unitary matriX takes on the form

CP violating effects is strongly dependent on the region of

the parameter space one is in and that @ violating sin Oy sin Oy

phases can produce substantial affects on the supersymmetric @ B [

electroweak contribution. We also find that the supersym- V2 V2
metric contribution to the muon anomaly in the presence of cosby COoSOyy
large CP violating phases consistent with the EDM con- atanfy  Btanfy  — —i
straints can be as large or larger than the standard model V2 V2
electroweak contribution. These results are of interest in 1 [
view of the new BNL muong—2 experiment which will o —5k seCly - > >
improve the accuracy of the muar2 measurement by a
factor of 20 and test the electroweak correctiorgfo-2.

1 1
a —3B seCby = -
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APPENDIX: THE SUPERSYMMETRIC LIMIT a=

1
J3+tarfe,,

In this appendix we exhibit the supersymmetric limit of \/1+tan20W+ Eseé‘ﬁ\,\,
the chargino exchange contribution. The supersymmetric 2

limit corresponds toM3=0, m;=0 (1,2, tanB=1 and u
=0. In this limit F3(0)=-1, F,(0)=1, and the unitary
matricesU andV take the values

(A7)

The appearance of (=+—1) in the last column irX is to
guarantee that the eigenvalues are all positive definite. In the

1/1 1 1/1 1 supersymmetric I|m|tr; take the following form:
U=— , V=— Al
Al ok vl ) ow i
1 M 1
7t =— RE(X3i X5 ) — ———tan 6y, Re( X3 X1:)
where U* MV~ 1=diagMy,My). Inthis limit aZ, a2 TV P AN TV IVt R
and the total chargino contnbutm}ﬁ are given by (A8)
and
a___Cew M ew M,
a,= ; 20 A= ; 2
Amsirt Oy M§, 24 sirf 6y, M, , \2m,
2
aX = — _ Saem M (A3)  While X§; take the form
K 247 sirf Oy, M3,
. . . m? 1 1

The result of Eq(A3) is to be compared with the contribu- xijz_’z‘|x3j|2+ —tar?0W|X1j|2+ —|X2j|2
tion arising from the exchange of tt¥ boson[29]: M 2 2

5m2G, +tandy, Re(Xy;X5;) (A10)

ay=—>"—. (A4)
12772\/5 2
x2.=ﬂ|x |2+ 2 tarf Oy X4 |2 (A11)

Using Gg= maem/(M3,\/2 sirf 6) we then find that the sum Mme, 8 Wizl

of the chargino and the W exchange contributions vanishes

in the supersymmetric limit. Using the above and the limfit;(0)=—1, F,(0)=—2 and
Next we consider the neutralino exchange contribution tq3y |gnor|ng the terms of higher order m , one finds that
aX in the supersymmetric limit. In this limit two of the a anda simplify as follows:
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4 2 2
m (293V] m GF (4 ) 2 ) 1
11_ [l 12__ [ad 4
all=> al?=— —sir*6y— =sirfoy+ =| (Al5)
* S 42 msirt oMM, o p\2m2\37 W 37 W e
X[Re(X3]X2])+tan9W Re(X3]X1]) and
a¥ =— 5Si — 5Si -3
4 m2 ey [ 2\/5772 3 w3 w3
" =3 487 sirf o ,M5 The result of Eq(A16) is to be compared to the standard
model Z exchange contributiof29]
+2 tanby Re(Xy;X3)) . (A13)
2 2
_— . ) , MGk 5 4/ 1
Substitution of the explicit form oX from Eg.(A6) into Egs. a,= 5|~ l—2+ 3 Sir? Oy — riE (A17)
(A12) and (A13) gives 2\27
2 Thus one finds that in the supersymmetric limit the sum of
m;,Gg (1
qlle —~°F (_) (A14)  the neutralino and th& boson exchange contributions van-
ko2\2m2\2 ishes.
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