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Abstract

We present the decay widths of the heavier Higgs bosons (H0,A0) into chargino pairs in the minimal supersymmet
standard model, including full one-loop corrections. All parameters for charginos are renormalized in the on-shell sche
importance of the corrections to the chargino mass matrix and mixing matrices is pointed out. The full corrections are
of the order of 10%.
 2004 Elsevier B.V.Open access under CC BY license.
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1. Introduction

The Minimal Supersymmetric Standard Mod
(MSSM) [1] is considered the most attractive e
tension of the Standard Model. This model conta
two Higgs scalar doublets, implying the existence
five physical Higgs bosons[2]; two CP-even neu
tral bosons (h0,H 0), one CP-odd bosonA0, and two
charged bosonsH±. For the verification of the MSSM
detection and precision studies of these Higgs bos
are necessary.

The decay modes of the heavier Higgs bos
(H 0,A0) are in general complicated[3,4], especially
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if tanβ , the ratio of the vacuum expectation valu
of the two Higgs scalars, is not much larger than o
For example, they may decay into pairs of the SU
particles[3] such as squarks, sleptons, charginos,
neutralinos. In this Letter, we focus our attention
the decays into charginos,

(1)
(
H 0,A0) → χ̃+

i + χ̃−
j ,

with i, j = (1,2). Existing numerical analyses[3–5]
at tree-level have shown that the decays(1) have
in general non-negligible branching ratios. The
decays are also interesting because they are ge
erated by gaugino–higgsino–Higgs boson coupli
[2] at tree-level and very sensitive to the comp
nents of charginos. Detailed studies of these decay
would therefore provide useful information about t
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chargino sector, complementary to the pair produc
processese+e− → χ̃+

i χ̃−
j [6].

Since the masses and mixing matrices of
charginos are expected to be precisely determine
future colliders[7–9], it is interesting to study the
radiative corrections to the decays(1). The one-loop
corrections involving quarks and squarks in the th
generation were calculated in Ref.[10]. However, for
the masses and mixings of the charginos, the cor
tions from quark–squark loops[11] and those from the
other loops[12,13]are shown to be numerically com
parable. It is therefore necessary to include the o
loop corrections to the decays(1).

In this Letter, we study the widths of the deca
(1) including full one-loop corrections and present n
merical results for thei = j = 1 case. We adopt th
on-shell renormalization scheme for the chargino s
tor, following Refs.[11,13]. We also show numeri
cal results for the one-loop corrected widths of
crossed-channel decay

(2)χ̃±
2 → χ̃±

1 + h0,

which has been studied at tree-level[14].

2. Tree-level widths

The tree-level widths for the decayH 0
k → χ̃+

i χ̃−
j ,

with H 0
{1,2,3} ≡ {h0,H 0,A0} and i, j = (1,2), are

given by[3]

Γ tree(H 0
k → χ̃+

i χ̃−
j

)

= g2

16π m3
H0

k

κ
(
m2

H0
k

,m2
i ,m

2
j

)

×[(
m2

H0
k

− m2
i − m2

j

)(
F 2

ijk + F 2
jik

)

(3)− 4ηkmimjFijkFjik

]
,

with κ(x, y, z) ≡ ((x − y − z)2 − 4yz)1/2. ηk rep-
resents the CP eigenvalue ofH 0

k ; η1,2 = 1 for the
(h0,H 0) decays andη3 = −1 for theA0 decays. We
use the abbreviationmi ≡ mχ̃±

i
. In this Letter, we as

sume that the contributions of CP violation and gen
ation mixings of the quarks and squarks are negligi
The chargino-Higgs boson couplingsgFijk , de-
fined by the interaction Lagrangian

Lint = −gH 0
a χ̃+

i (FijaPR + FjiaPL)χ̃+
j

(4)+ igH 0
c χ̃+

i (FijcPR − FjicPL)χ̃+
j ,

with a = 1,2, c = 3,4, are given by[2]

(5)gFijk = g√
2
(ekVi1Uj2 − dkVi2Uj1).

The would-be Nambu–Goldstone bosonH 0
4 ≡ G0 is

included here for later convenience. The mixing m
trices (U,V ) for the charginos are determined by d
agonalizing the chargino mass matrixX as

X =
(

M
√

2mW sinβ√
2mW cosβ µ

)

(6)= U†
(

mχ̃+
1

0

0 mχ̃+
2

)
V.

HereM andµ are the mass parameters of the SU
gaugino and higgsino states, respectively. We cho
U andV to be real. The effect of the mixings ofH 0

k is
represented byek anddk, which take the values

ek = (−sinα,cosα,−sinβ,cosβ)k,

(7)dk = (−cosα,−sinα,cosβ,sinβ)k.

We also show the widths of the decaysχ̃+
2 →

χ+
1 H 0

k at the tree-level[14]

Γ tree(χ̃+
2 → χ+

1 H 0
k

)

= g2

32πm3
χ̃+

2

κ
(
m2

2,m
2
1,m

2
H0

k

)

× [(
m2

2 + m2
1 − m2

H0
k

)(
F 2

12k + F 2
21k

)
(8)+ 4ηkm1m2F12kF21k

]
.

3. One-loop corrections

We calculate the full one-loop corrections to the d
cay widths(3).

The one-loop correction to the couplingFijk is ex-
pressed as

F corr.
ijk = Fijk + �Fijk

(9)= Fijk + δF
(v)
ijk + δF

(w)
ijk + δF

(c)
ijk ,
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Fig. 1. One-loop vertex corrections to theH0
k

→ χ̃+
i

χ̃−
j

decays,φ0 = {φ0
S
,φ0

P
} = {h0,H0,A0,G0}, φ+ = {H+,G+}.
-
ter

-

s

re
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-
ant

m

whereδF
(v)
ijk , δF

(w)
ijk , andδF

(c)
ijk are the vertex correc

tion, the wave function correction, and the coun
terms for the parameters in Eq.(5), respectively.

The vertex correctionδF (v)
ijk comes from the dia

grams listed inFig. 1. In this Letter we do not show
the analytic forms of these diagrams.

The wave-function correctionδF (w)
ijk is expressed a

(10)

δF
(w)
ijk = 1

2

[
δZH0

lk Fij l + δZ+L
i′i Fi′jk + δZ+R

j ′j Fij ′k
]
,

with the implicit summations overl = 1,2 for k = 1 or
2, l = 3,4 for k = 3, andi ′, j ′ = (1,2). The correction
termsδZ+(L,R) for the chargino wave-functions a
given by

δZ+L
ii = −Re

{
Π

χ̃L
ii

(
m2

i

)
+ mi

[
miΠ̇

χ̃L
ii

(
m2

i

) + miΠ̇
χ̃R
ii

(
m2

i

)
(11)+ 2Π̇

χ̃S,L
ii

(
m2

i

)]}
,

δZ+L
pi = 2

m2
p − m2

i

× Re
{
m2

i Π
χ̃L
pi

(
m2

i

) + mimpΠ
χ̃R
pi

(
m2

i

)

(12)

+ mpΠ
χ̃S,L
pi

(
m2

i

) + miΠ
χ̃S,R
pi

(
m2

i

)}
,

wherep �= i and

Π
χ̃
ij (p) = Π

χ̃L
ij

(
p2)/pPL + Π

χ̃R
ij

(
p2)/pPR

(13)+ Π
χ̃S,L
ij

(
p2)PL + Π

χ̃S,R
ij

(
p2)PR,

are the self-energies of the charginos.δZ+R are ob-
tained from Eqs.(11), (12)by the exchangeL ↔ R.
The CP symmetry relation ReΠχ̃S,L

ii = ReΠ
χ̃S,R
ii is

used in Eq.(11). The correctionsδZH0
for the Higgs

bosons are

(14)δZH0

kk = −ReΠ̇H0

kk

(
m2

H0
k

)
, k = 1,2,3,

δZH0

ab = 2

m2
H0

a
− m2

H0
b

ReΠH0

ab

(
m2

H0
b

)
,

(15)a, b = (1,2), a �= b,

(16)δZH0

43 = − 2

m2
A0

ReΠH0

43

(
m2

A0

)
.

The Higgs boson self-energiesΠH0
(k2) in Eqs.(14)–

(16) include momentum-independent contributio
from the tadpole shifts[15,16] and leading higher
order corrections. The latter contribution is relev
for the corrections to (mh0,mH0, α). For theA0 de-
cays, Eq.(16) already includes the contribution fro
the A0–Z0 mixing in addition to theA0–G0 mix-
ing, using the Slavnov–Taylor identity,ΠH0

43 (m2
0) =
A
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m2

A0

m
Z0

ΠAZ(m2
A0). The explicit forms of the self ene

gies Πχ̃(p2), ΠH0

ab (p2), andΠAZ(m2
A0) are shown,

for example, in Refs.[17,18].
To obtain ultraviolet finite corrections, we fu

ther need the counter term contributionF (c)
ijk from

the renormalization of the parameters in the tr
level couplings Eq.(5). The chargino mixing matri
ces (U,V ) are renormalized in the on-shell schem
as described in Refs.[11,13]. In this scheme, ex
tending Ref.[19] for quark and lepton mixings, th
counter terms for (U , V ) are determined such as
cancel the anti-Hermitian parts of the chargino wa
function corrections Eq.(12). As a result, after includ
ing (δV, δU ) into Eq. (12), δZ

+L,R
i′i are modified as

(δZ
+L,R
i′i + δZ

+L,R
ii′ )/2. The counter term ofβ for

A0 decays is fixed by the condition[15,16] that the
renormalizedA0–Z0 mixing self energyΠA0Z0(p2)

vanishes atp2 = m2
A0. Inclusion of this counter term

δβ cancels the half ofδZH0

43 in Eq. (16). As usual, we
use the pole massmA0 and on-shell tanβ as inputs for
the Higgs boson sector.

Since the zero-momentum contributionΠH0

kl (0) to
the masses and mixing angle of (h0,H 0) are often
very large, we calculate (mh0,mH0) and the effective
mixing angleαeff, which is defined to cancel the zer
momentum part ofΠH0

ab (p2) in Eq. (15), by Feyn-
Higgs [20], which includes the leading higher-ord
corrections, and use these values both for the tree-
and corrected widths. After the inclusion of the cor
sponding countertermδα, Eq.(15) is modified as

δZH0

ab → 2

m2
H0

a
− m2

H0
b

Re
[
ΠH0

ab

(
m2

H0
b

) − ΠH0

ab (0)
]
,

(17)a, b = (1,2), a �= b

with the DR renormalization scaleQ = mZ for
ΠH0

ab (p2).
Our calculation is performed in theξ = 1 gauge.

Although the on-shell mixing matrices generally d
pend on the gauge parameter[21,22], our (U,V ) may
be understood as the ones improved by the pinch t
nique[23,24]. We ignore here very small differenc
of the on-shellβ between theξ = 1 results and im-
proved ones by the pinch technique (see Refs.[24,25]
for the case of CP-even Higgs bosons).
l

For the renormalization of the SU(2) gauge co
pling g in Eq. (5), two schemes are used. In both t
W - and Z-pole massesmW and mZ are input para-
meters. The Weinberg angle is defined by cosθW =
mW/mZ [26], and therefore

(18)
δ sinθW

sinθW

= cos2 θW

sin2 θW

(
δmZ

mZ

− δmW

mW

)
.

In theα(mZ) scheme we use as input theMS running
electromagnetic couplingα(mZ) (= e2(mZ)/(4π)).
We have

(19)g = e(mZ)

sinθW

and
δg

g
= δe

e
− δ sinθW

sinθW

,

with δe given, e.g., in[27,28], δmZ andδmW in [18].
In the other scheme, called here theGF scheme,

the Fermi constantGF for the muon decay is inpu
parameter,

g =
[

8GFm2
W√

2

]1/2

and

(20)
δg

g
= δZe − 1

2
�r − δ sinθW

sinθW

δZe is the renormalization constant for the elect
charge in the Thomson limit[29]. The term�r in-
cludes the full one-loop MSSM correction[30] and the
leading two-loop QCD corrections[31].

The corrected widths are

Γ corr = Γ tree+ g2

16πm3
H0

k

κ
(
m2

H0
k

,m2
i ,m

2
j

)

× [(
m2

H0
k

− m2
i − m2

j

)
× 2 Re(Fijk�Fijk + Fjik�Fjik)

− 4ηkmimj

× Re(Fijk�Fjik + Fjik�Fijk)
]

(21)+ Γ
(
H 0

k → χ̃+
i χ̃−

j γ
)
.

The processH 0
k → χ̃+

i χ̃−
j γ with real photon emission

is included to cancel the infrared divergence by virt
photon loops.

One has to be careful in using the on-shell mix
matrices (U,V ) and massesmi (i = 1,2) in the nu-
merical analysis. When the gauge and Higgs bo
sectors are fixed, the chargino sector is fixed by
independent parameters. Here we follow the met
proposed in Refs.[11,13]: we fix the chargino secto
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by takingM ≡ X11 andµ ≡ X22, where the on-shel
mass matrixX is defined to give the on-shell mass
mi and on-shell mixing matrices (U,V ) by diagonal-
ization. Note that, for given values of the on-shellM

andµ, the one-loop corrected on-shell massesmi and
mixing matrices (U,V ) are shifted[11,13] from the
values obtained by the tree-level mass matrixXtree

composed by the input parameters, the on-shellM,
µ, tanβ , and the pole massmW . This is due to the
shift of the off-diagonal elements ofX from their tree-
level values and related to the deviation of the gaug
couplings from the corresponding gauge couplings
SUSY-breaking loop corrections[32]. These shifts of
mi and (U,V ), in addition to the “conventional” cor
rections shown in Eq.(21), have to be taken into ac
count for a proper treatment of the loop correctio
(A slightly different scheme for the chargino sec
was proposed in Ref.[12]. Apart from the different
definition of the renormalizedM andµ, their method
is equivalent to ours.)

The full one-loop corrections were calculated u
ing the packages FeynArts, FormCalc, and LoopTo
[33]. For the contributions of the quarks, leptons, a
their superpartners, we also checked the consist
with Ref. [10], both analytically and numerically.

4. Numerical results

We present numerical results for the tree-level a
one-loop widths of the decaysA0 → χ̃+

1 χ̃−
1 , H 0 →

χ̃+
1 χ̃−

1 , andχ+
2 → χ+

1 h0. The SUSY parameter se
SPS1a of the Snowmass Points and Slopes in Ref.[34]
is chosen as reference point; for the trilinear break
terms At , Ab and Aτ we use theDR running val-
ues given at the scale of the mass of the deca
particle, At = −487 GeV,Ab = −766 GeV,Aτ =
−250 GeV. All other parameters are taken on-sh
M = 197.6 GeV, M ′ = 98 GeV, µ = 353.1 GeV,
tanβ = 10, andmA0 = 393.6 GeV. The soft break
ing sfermion mass parameters, for the first and sec
ond generation areMQ̃1,2

= 558.9 GeV, MŨ1,2
=

540.5 GeV,MD̃1,2
= 538.5 GeV,ML̃1,2

= 197.9 GeV,
MẼ1,2

= 137.8 GeV, and for the third one,MQ̃3
=

512.2 GeV, MŨ3
= 432.8 GeV, MD̃3

= 536.5 GeV,
ML̃3

= 196.4 GeV,MẼ3
= 134.8 GeV. In all figures,

these values are used, if not specified otherwise.
For the standard model parameters, we t
α(mZ) = 1/127.922, mZ = 91.1876 GeV, mW =
80.423 GeV, the on-shell parametersmt = 174.3 GeV,
andmτ = 1.777 GeV. For the bottom mass, our inp
is theMS valuemb(mb) = 4.2 GeV. For the values o
the Yukawa couplings of the third generation qua
(ht , hb), we take the running ones at the scale of
decaying particle mass.

In theGF scheme for the renormalization ofg, we
useGF = 1.16639× 10−5 GeV−2 instead ofα(mZ).

We compare three cases: the “naive” tree-le
width Γ naive tree, the tree-level width already includ
ing the loop corrections to the chargino mass ma
Γ tree, and the full one-loop widthΓ corr..

In Fig. 2 we show the tree-level and correct
widths in (a) ofA0 → χ̃+

1 χ̃−
1 as functions ofmA0,

and in (b) of H 0 → χ̃+
1 χ̃−

1 as functions ofmH0.
The tree-level branching ratios of these decays
mA0 = 393.6 GeV (wheremH0 = 394.1 GeV) are,
using HDECAY program[35], Br(A0 → χ̃+

1 χ̃−
1 ) =

21% and Br(H 0 → χ̃+
1 χ̃−

1 ) = 4%, which are not
negligible. We see that the full one-loop correctio
amount up to∼ −12%. In Fig. 2(c) the individ-
ual contributions toFig. 2(a) relative to the naive
tree-level width are exhibited. The dash-dotted l
show the (s)fermion loop contribution (loops wi
quarks, leptons, and their superpartners) through
correction to the chargino mass matrix, while the d
ted line shows the full correction to the mass m
trix. The solid (dashed) line shows the total corr
tion Γ corr./Γ naive tree− 1 including full ((s)fermion)
one-loop contributions. This figure shows that t
(s)fermion loop corrections and other corrections
of comparable order, both for the chargino mass m
trix and for the conventional corrections(21).

A comparison of two renormalization schemes
fixing g, the α(mZ) scheme and theGF scheme,
is shown in Fig. 3 for the decayA0 → χ̃+

1 χ̃−
1 as

functions ofmA0. The difference between these tw
schemes is below 1%, scaling with the one-loop c
rection part, and mainly a higher order effect.

Since the Higgs boson couplings to charginos
very sensitive to the gaugino–higgsino mixing, it is
teresting to study the dependence of the decay wi
on the gaugino and higgsino components ofχ̃±

1 . Fig. 4
shows the tree-level and one-loop corrected width
A0 → χ̃+

1 + χ̃−
1 as functions ofµ for fixed M. One
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Fig. 2. Naive tree-level (dotted), tree-level (dashed) and one-loop corrected (solid) widths of the decaysA0 → χ̃+
1 + χ̃−

1 as functions of

m
A0 (a), andH0 → χ̃+

1 + χ̃−
1 as functions ofm

H0 (b), in theα(mZ) schemes for the renormalization of the SU(2) gauge couplingg. The
individual loop contributionsto (a) are shown in (c), for explanation see the text.
l and

he

-
ts

ted

e (b),

r.

-
r-
Fig. 3. Comparison of the results using theα(mZ) scheme or the
GF scheme for the decay widths ofA0 → χ̃+

1 χ̃−
1 . The dotted and

the solid (dash-dotted and dashed) lines denote the tree-leve
one-loop corrected line in theα(mZ) (GF ) scheme.

can see that in the region where the light charginoχ̃+
1

becomes a pure wino the width gets very small. T
correction grows from∼ −1% for µ ∼ 120 GeV to
20% forµ ∼ 600 GeV. Theµ dependence of the de
cay widthH 0 → χ̃+

1 + χ̃−
1 is not shown because i

behavior is similar to that shown inFig. 4.
Fig. 5 shows the tree-level and one-loop correc

widths of A0 → χ̃+
1 + χ̃−

1 as functions ofM for
fixed µ. In the whole range of this figurẽχ+

1 is
gaugino-like. In (a), for increasingM the decay widths
decreases due to phase space. The correction, se
gets up to 30% near the threshold. Again, theH 0 →
χ̃+

1 + χ̃−
1 is not shown because of a similar behavio

Fig. 6shows the decay widths forA0 → χ̃+
1 + χ̃−

1
in (a) andH 0 → χ̃+

1 + χ̃−
1 in (b) as functions of tanβ .

The correction is in the range of∼ 10% and the de
pendence on tanβ is small. We examined the diffe
ence of the renormalization scheme taking theDR
value for tanβ at the scaleQ = 454.7 GeV as in-
put parameter instead of the on-shell tanβ . For these
processes the difference is small, e.g., in theFig. 6(a)
it is about 0.5% for low and 0.2% for large tanβ , re-
spectively.
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ive

ive

ays
Fig. 4. Tree-level (dotted) and one-loop corrected (solid) widths of the decaysA0 → χ̃
+
1 + χ̃

−
1 (a) and (b) the correction of this process relat

to the tree-level width as a function ofµ.

Fig. 5. Tree-level (dotted) and one-loop corrected (solid) widths of the decayA0 → χ̃+
1 + χ̃−

1 (a) and (b) the corrections of this process relat
to the tree-level widths as a function ofM .

Fig. 6. Tree-level (dashed), one-loop corrected (solid) width and thecorrection (dotted) relative to the tree-level width for the dec
A0 → χ̃+

1 + χ̃−
1 (a) andH0 → χ̃+

1 + χ̃−
1 (b) as a function of tanβ.
ths

of
ns

n-

ino
The

of
Fig. 7 shows the corrections to the decay wid
for A0 → χ̃+

1 + χ̃−
1 in (a) andH 0 → χ̃+

1 + χ̃−
1 in (b)

relative to the naive tree-level width as functions
m

Q̃
. The SUSY breaking mass terms for all sfermio

(MQ̃i
,MŨi

,MD̃i
,ML̃i

,MẼi
) (i = 1,2,3) are taken to

be equal tomQ̃, while the other parameters are u
changed. The relative correctionsΓ tree/Γ naive tree− 1
(dashed lines), stemming from the shift of the charg
mass matrix by the renormalization, are negative.
remaining conventional corrections shown in Eq.(21)
(dotted lines) are positive. The total correctionΓ corr.−
Γ naive tree(solid lines) is positive and in the range
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d) for the
y

te

he
Fig. 7. Correction of the full one-loop corrected (solid), the tree-level (dashed), and the conventional one-loop corrected width (dotte
decaysA0 → χ̃+

1 + χ̃−
1 (a) andH0 → χ̃+

1 + χ̃−
1 (b) relative to the naive tree-level width as a function ofm

Q̃
. (Note that the tree-level alread

includes the correction due to the chargino mass matrix renormalization.)

Fig. 8. Relative corrections for the decaysA0 → χ̃+
1 + χ̃−

1 (a) andH0 → χ̃+
1 + χ̃−

1 (b) as a function ofAt . The dashed lines deno

Γ tree/Γ naive tree− 1, the solid lines denoteΓ corr./Γ naive tree− 1 and the dotted linesΓ corr./Γ tree− 1.

Fig. 9. The tree-level and one-loop corrected widths of the decayχ̃+
2 → χ̃+

1 h0 for varying µ. The dotted and solid lines correspond to t
tree-level and loop-corrected widths, respectively.
e-

n
ter

ble

ths
6–11% in (a) and 4–7% in (b). The corrections b
come quite insensitive tom

Q̃
for largem

Q̃
. The total

correction consists of themQ̃ dependent (s)fermio
contribution and the remaining contribution, the lat
of which is∼ 7.8% for (a) and∼ 9.6% for (b). Again,
these two types of loop corrections are of compara
order.

Fig. 8 shows the corrections to the decay wid
for A0 → χ̃+

1 + χ̃−
1 in (a) and H 0 → χ̃+

1 + χ̃−
1

in (b) as a function ofAt = Ab = Aτ , with the
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other parameters unchanged. The dashed lines
noteΓ tree/Γ naive tree− 1. They show the effect due t
the chargino mass matrix renormalization. The so
lines show the total correction in terms of the na
tree level width,Γ corr./Γ naive tree− 1. The dotted lines
stand forΓ corr./Γ tree−1. This is the total correction in
terms of the tree-level result, where the chargino m
matrix renormalization effect is already included. O
sees thatΓ tree/Γ naive tree− 1 andΓ corr./Γ naive tree− 1
are much stronger dependent onAt compared to
Γ corr./Γ tree− 1. This shows that theAt dependence
of the corrected widths comes mainly from the sh
of the masses and mixing matrices of the chargino

Finally,Fig. 9shows the width of the crossed cha
nel decayχ̃+

2 → χ̃+
1 h0, as a function ofµ. The to-

tal correction is in the range of−5% to −10%. In
Fig. 9(b) a few pseudo thresholds are seen due
opening decay channels into loop particles, such
χ̃+

2 → t b̃∗
1 atµ ∼ 650 GeV.

5. Conclusions

We have calculated the full one-loop corrections
the decays(H 0,A0) → χ̃+

i + χ̃−
j (i, j = 1,2). All

parameters in the chargino mass matrixX and mix-
ing matrices (U,V ) are renormalized in the on-she
scheme. The importance of the corrections to th
matrices, in addition to the conventional correctio
(vertex and wave-function corrections with coun
terms), was emphasized. We have studied the de
dence of the corrections on the SUSY parameters.
corrections to the widths of the decays(H 0,A0) →
χ̃+

1 + χ̃−
1 are of the order of 10%, but can be larg

near the thresholds. The corrections from quarks,
tons, and their superpartners were shown to be
similar order of magnitude as the other loop corr
tions. We also showed that the correction to the de
χ̃+

2 → χ̃+
1 h0 can be to∼ −10%.
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