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One-loop corrections to the chargino and neutralino mass matrices in the on-shell scheme
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We present a consistent procedure for the calculation of the one-loop corrections to the charginos and
neutralinos by using theiron-shellmass matrices. The on-shell gaugino mass parametersM and M 8 and the
Higgsino mass parameterm are defined by the elements of these on-shell mass matrices. The on-shell mass
matrices are different by finite one-loop corrections from the tree-level ones given in terms of the on-shell input
parameters. When the on-shellM andm are determined by the chargino sector, the neutralino masses receive
corrections up to 4%. This must be taken into account in precision measurements at futuree1e2 linear
colliders.
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I. INTRODUCTION

For the comparison of the Standard Model predictio
with the precision experiments at the CERNe1e2 collider
LEP, calculations at the tree-level were no longer sufficie
making the inclusion of radiative corrections necessary. T
provided important information on the top quark mass,
Higgs boson mass, and the unification condition for
gauge couplings.

The future generation of colliders, the Fermilab Tevatr
CERN Large Hadron Collider~LHC!, and ane1e2 linear
collider will explore an energy range where one expects
appearance of supersymmetric particles. It will be possibl
measure cross sections, branching ratios, masses, etc.
e1e2 linear collider it will even be possible to perform pre
cision experiments for the production and decay of sup
symmetric~SUSY! particles@1#. This allows one to test the
underlying SUSY model. For instance, for the mass deter
nation of charginos and neutralinos an accuracy ofDmx̃6,0

50.1– 1 GeV might be reached by performing thresh
scans@2#. The precision measurements of their couplin
will also be possible@1,3–6#. Therefore, for a compariso
with experiment, higher-order effects have to be included
the theoretical calculations.

For calculations of radiative corrections to the mass
production cross sections, decay rates, etc. of charginos
neutralinos, a proper renormalization of the chargino a
neutralino mixing matrices is needed. One-loop correcti
to the masses were given in@7,8# in the scale-dependen
dimensional reduction~DR! scheme. Chargino production a
one loop was treated by several authors@9–11#. In @9#, the
DR scheme was used where the scale dependence was
celed by replacing the tree-level parameters by running o
In @10#, effective chargino mixing matrices were introduce
which are independent of the renormalization scaleQ. A pure
on-shell renormalization scheme was adopted for the
one-loop radiative corrections to chargino and neutral
production ine1e2 annihilation@11# and squark decays int
charginos and neutralinos@12#. In this paper, we study an
other type of the correction which has not been discusse
far.
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We present a consistent procedure for the calculation
the one-loop corrections to the on-shell mass matrix
charginos,X, and that of neutralinos,Y. One has to distin-
guish three types of the mass matrix: the tree-level m
matrix X̃ (Ỹ) given in terms of the on-shell parameters, t
DR running tree-level matrixX0 (Y0), and the on-shell mas
matrix X (Y) which generates physical~pole! masses and
on-shell mixing matrices by diagonalization. The on-sh
parameters inX̃ and Ỹ are given as follows: The SU~2!
gaugino mass parameterM and the Higgsino mass paramet
m are defined by the elements of the chargino on-shell m
matrix X, the U~1! gaugino mass parameterM 8 by the neu-
tralino mass matrix Y, and the other parameter
(mW ,mZ ,sin2 uW,tanb) are given by the gauge and Higg
boson sectors. We calculate the finite shiftsDX5X2X̃ and
DY5Y2Ỹ. Especially, the zero elements of the tree-lev
matrix Ỹ receive nonzero corrections byDY. In the numeri-
cal analysis, we calculate the contributions of the ferm
and sfermion loops, which are usually most important. W
also discuss the case where the on-shellM 8 is defined by the
SUSY grand unified theory ~GUT! relation M 8
5 5

3 tan2 uWM.
First we illustrate in Sec. II our renormalization procedu

for the fermion field withn components. In Sec. III, we give
the explicit one-loop corrections to the mass matrices
charginos and neutralinos. We work out the shifts in the m
trix elements, with a discussion of the on-shell renormali
tion of M, m, andM 8. The case in which the on-shellM 8 is
defined byM is also discussed. In Sec. IV, we present so
numerical results of the corrections by fermion and sferm
loops, mainly the correction to the masses for fixed on-sh
parameters. Conclusions are given in Sec. V.

II. ON-SHELL RENORMALIZATION OF FERMIONS

In this section, we show the on-shell renormalization
the fermion fieldc with n components~each component be
ing a four-component Dirac spinor! and its mass matrix, fol-
lowing the formulas in@13,14#.

The mass term of the fermion in the interaction basis
©2001 The American Physical Society13-1
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V5c̄RMcL1c̄LM†cR . ~1!

M is ann3n mass matrix, which is real assumingCP con-
servation. With the rotations

f R5UcR , ~2!

f L5VcL , ~3!

the mass matrix can be diagonalized:

V5 f̄ MDf 5 f̄ LMDf R1 f̄ RMDf L5(
i 51

n

mf i
f̄ i f i , ~4!

with the diagonal matrixMD5diag(mf1
,mf2

, . . . ,mf n
). For

Majorana fermions we allow negativemf i
in order to keep

U5V real. MD is related toM by

MD5UMVT. ~5!

We express the bare quantities~with superscript 0! by the
renormalized ones:

f L,R
0 5~11 1

2 dZL,R! f L,R , ~6!

f̄ L,R
0 5 f̄ L,R~11 1

2 dZL,R
† !, ~7!

U05U1dU, ~8!

V05V1dV, ~9!

M05M1dM . ~10!

dZ, dU, dV, anddM are (n3n) matrices. Hence

cR
05@UT~11 1

2 dZR!1dUT# f R ~11!

and

cL
05@VT~11 1

2 dZL!1dVT# f L . ~12!

By demanding that the countertermsdU anddV cancel the
antisymmetric parts of the wave-function corrections, we
the fixing conditions fordU anddV:

dU5 1
4 ~dZR2dZR

T!U, ~13!

dV5 1
4 ~dZL2dZL

T!V. ~14!

This is equivalent to redefining the wave-function shifts in
symmetric way,

f L,R
0 5@11 1

4 ~dZL,R1dZL,R
† !# f L,R , ~15!

f̄ L,R
0 5 f̄ L,R@11 1

4 ~dZL,R
† 1dZL,R!#, ~16!

and setting dU5dV50. The renormalization condition
Eqs. ~13! and ~14! have already been used in@13,11#. Ac-
cording to Eq.~5!, the on-shell mass matrixM is composed
of the on-shell mixing matrices (U,V) and the pole masses
MD5diag„mf i

~pole!….
11501
t

We start from the most general form of the matrix eleme
of the one-loop renormalized two-point function for mixin
fermions,

i Ĝ i j ~k2!5 i $d i j ~k”2mf i
!1k” @PLP̂ i j

L ~k2!1PRP̂ i j
R~k2!#

1P̂ i j
S,L~k2!PL1P̂ i j

S,R~k2!PR%. ~17!

P̂L, P̂R, P̂S,L, andP̂S,R are the fermion self-energy matr
ces. The ‘‘hat’’ denotes the renormalized quantities. Then
mass shiftsdmf k

are given by

dmf k
5 1

2 Re$mf k
@Pkk

L ~mf k

2 !1Pkk
R ~mf k

2 !#1Pkk
S,L~mf k

2 !

1Pkk
S,R~mf k

2 !%, ~18!

and the off-diagonal wave-function renormalization co
stants ofdZR anddZL read (iÞ j )

~dZR! i j 5
2

mf i

2 2mf j

2 Re@P i j
R~mf j

2 !mf j

2 1P i j
L ~mf j

2 !mf i
mf j

1P i j
S,R~mf j

2 !mf i
1P i j

S,L~mf j

2 !mf j
#. ~19!

(dZL) i j is obtained by replacingL↔R in Eq. ~19!. The
counterterm for the mass matrix elementdMi j can be written
as

dMi j 5
1
2 (

k,l
UkiVl j Re@Pkl

L ~mf k

2 !mf k
1Pkl

R ~mf l

2 !mf l

1Pkl
S,L~mf k

2 !1P lk
S,R~mf l

2 !#. ~20!

III. CHARGINO AND NEUTRALINO MASS MATRICES
AT THE ONE-LOOP LEVEL

In the MSSM the chargino mass matrix is given by

X5S M &mW sinb

&mW cosb m D . ~21!

It is diagonalized by the two real (232) matricesU andV:

UXVT5MD5S mx̃
1
1 0

0 mx̃
2
1
D , ~22!

with mx̃
1
1 and mx̃

2
1 the physical masses of the chargin

~choosingmx̃
1
1,mx̃

2
1!. The shifts forU andV are then given

by Eqs.~13! and ~14!:

dU5 1
4 ~dZR

x̃1
2dZR

x̃1T!U, ~23!

dV5 1
4 ~dZL

x̃1
2dZL

x̃1T!V. ~24!

The shift inX follows from

dX5d~UTMDV!5dUTMDV1UTMDdV1UTdMDV.
~25!
3-2
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Its matrix elements are

~dX! i j 5 (
k51

2

@mx̃
k
1~dUkiVk j1UkidVk j!1dmx̃

k
1UkiVk j#,

~26!

where the elementsdUki and dVk j are obtained from Eqs
~23! and ~24! together with Eq.~19!. dmx̃

k
1 is given by Eq.

~18!. The explicit forms for the chargino self-energies a
given in Eq.~A1!.

Now we want to calculate the on-shell mass matrixX at
the one-loop level. We first show the relation between th
types of the mass matrix:X, X̃, andX0. X̃ is the tree-level
mass matrix, which has the form of Eq.~21! in terms of the
on-shell parameters (M ,m,mW ,tanb). X̃ is diagonalized by
the matricesŨ and Ṽ to give the eigenvaluesm̃i . The bare
mass matrix~or theDR running tree-level matrix! X0 is re-
lated toX̃ by

X05X̃1dcX, ~27!

wheredc means the variation of the~on-shell! parameters in
X̃. The correction~25! represents the difference betweenX0

and the on-shellX, with X05X1dX. This implies

X5X̃1dcX2dX5X̃1DX. ~28!

The one-loop corrected matrixX is the sum of the tree-leve
mass matrixX̃ with the on-shell quantities and the ultraviol
~UV! finite shiftsDX.

To discuss the shiftsDX, we need to fix the definition o
the on-shell parameters inX̃. In this paper, we define th
on-shell parametersM andm by the elements of the on-she
mass matrix of charginos, byM5X11 and m5X22 respec-
tively. This definition gives the counterterms

dM5~dX!11, ~29!

dm5~dX!22. ~30!
d

11501
e

We comment later on the case in whichM andm are fixed by
the neutralino mass matrix. In addition, we fix the on-sh
mW as the physical~pole! mass and tanb by the condition in
the Higgs sector, as given in the Appendix. As a result,
have

DX1150, ~31!

DX125S dmW

mW
1cos2 b

d tanb

tanb DX122dX12, ~32!

DX215S dmW

mW
2sin2 b

d tanb

tanb DX212dX21, ~33!

DX2250, ~34!

with dX12 anddX21 given by Eq.~25! with the replacements
U→Ũ, V→Ṽ, and mx̃k

→m̃k . The countertermdmW is

given in Eq. ~A9! together with Eq.~A11!. d tanb is ob-
tained from Eqs.~A15! and~A16!. By diagonalizing the ma-
trix X, one gets the one-loop pole masses of charginos,mx̃

1,2
1 ,

and their on-shell rotation matricesU andV, which enter in
all chargino couplings.

If the chargino massesmx̃
1,2
1 are known from experimen

~e.g., from a threshold scan!, one first calculates the tree
level parametersM̃ , m̃, Ũ, andṼ, using Eqs.~21! and ~22!
together with the experimental information of chargino co
plings @5,6,15#. dŨ anddṼ are then obtained from Eqs.~23!
and ~24!, depending on the sfermion parameters. This
ables one to calculateDX12 andDX21 and the one-loop cor-
rected mass matrixX. By requiring thatX give the measured
chargino massesmx̃

1,2
1 , one then gets the correct on-she

parametersM andm. The error that one starts fromM̃ andm̃
is of higher order. The dependence of this procedure on s
mion parameters will be discussed in Sec. IV.

Let us now turn to the neutralino sector. The mass ma
in the interaction basis has the form
Y5S M 8 0 2mZ sinuW cosb mZ sinuW sinb

0 M mZ cosuW cosb 2mZ cosuW sinb

2mZ sinuW cosb mZ cosuW cosb 0 2m

mZ sinuW sinb 2mZ cosuW sinb 2m 0

D . ~35!
Since we assumeCP conservation, this matrix is real an
symmetric. It is diagonalized by the real matrixZ:

ZYZT5MD5diag~mx̃
1
0,mx̃

2
0,mx̃

3
0,mx̃

4
0!. ~36!

We allow negative values for the mass parametersmx̃
i
0. The

conventionumx̃
1
0u,umx̃

2
0u,umx̃

3
0u,umx̃

4
0u is used.
The shift for the rotation matrixZ is obtained from Eqs.
~13! and ~14! by the substitutionsU→Z andV→Z,

dZ5 1
4 ~dZL

x̃0
2dZL

x̃0T!Z, ~37!

dZT5 1
4 ZT~dZR

x̃0T2dZR
x̃0

!. ~38!
3-3
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Note thatdZL
x̃0

5dZR
x̃0

due to the Majorana character of th
neutralinos. The shiftdY is given bydY5d(ZTMDZ), i.e.,
for the matrix elements

~dY! i j 5 (
k51

4

@dmx̃
k
0ZkiZk j1mx̃

k
0dZkiZk j1mx̃

k
0ZkidZk j#.

~39!

The wave-function correction termsdZx̃0
are given by Eq.

~19! anddmx̃
k
0 by Eq. ~18!. The formulas for the neutralino

self-energies are shown in Eqs.~A4! and ~A5!.
We again start with the tree-level mass matrixYtree[Ỹ,

which has the form of Eq.~35! in terms of the on-shell pa
rameters (M ,m,M 8,mZ ,sinuW,tanb). First one calculates
the tree-level massesm̃k and the rotation matrixZ̃ by diago-
nalizing Ỹ. In analogy to the chargino case, the one-lo
on-shell mass matrixY is

Y5Y02dY5Ỹ1dcY2dY5Ỹ1DY. ~40!

Here dc means the variation of the parameters inỸ. Again
DY is UV-finite.

We need to fix the on-shell input parameters inỸ. The
on-shell M and m are already determined by the chargi
sector. We define the on-shell parameterM 8 by the on-shell
mass matrix of neutralinos asY115M 8. This condition gives

dM 85~dY!11. ~41!

We further fix the on-shellmZ , sin2 uW512mW
2 /mZ

2, and tanb
in the same way as in the case of charginos.

The 10 independent entries of the real and symmetric
trix DY are

DY1150, ~42!

DY1252dY12, ~43!

DY135S dmZ

mZ
1

d sinuW

sinuW
2sin2 b

d tanb

tanb DY132dY13, ~44!

DY145S dmZ

mZ
1

d sinuW

sinuW
1cos2 b

d tanb

tanb DY142dY14, ~45!

DY225dM2dY22, ~46!

DY235S dmZ

mZ
2tan2 uW

d sinuW

sinuW
2sin2 b

d tanb

tanb DY232dY23,

~47!

DY245S dmZ

mZ
2tan2 uW

d sinuW

sinuW
1cos2 b

d tanb

tanb DY24

2dY24, ~48!

DY3352dY33, ~49!

DY3452dm2dY34, ~50!
11501
a-

DY4452dY44, ~51!

with dYi j given by Eq. ~39! with Z→Z̃, and mx̃
k
0→m̃x̃

k
0.

d sinuW anddmZ can be calculated from Eqs.~A9!–~A13!.
Notice that the elementsY125Y21, Y33, and Y44 are no
longer zero. Recall thatdM5dX11 anddm5dX22. The cor-
rected neutralino masses and the corrected rotation matrZ
are obtained by diagonalizing the matrixY, Eq. ~40!.

So far we have treatedM 8 as an independent parameter
be determined in the neutralino sector. If we assume a r
tion between gaugino masses, we may define the on-shelM 8
as a function of other on-shell parameters instead ofY11.
The shiftDY11 is then no longer zero. For example, when t
SUSY SU~5! relationM 85 5

3 tan2 uWM holds for theDR pa-
rameters, and the on-shellM 8 is defined by imposing the
same relation on the on-shell parameters, one has

DY115S 2

cos2 uW

d sinuW

sinuW
1

dM

M DY112dY11. ~52!

We note that Eq.~52! is also applicable in other models fo
gaugino masses, e.g., in the anomaly mediated SUSY br
ing model@16,17# whereM 8511 tan2 uWM.

Finally, we would like to remark that one could also fir
determine the on-shell values ofM 8,M ,m from the neu-
tralino sector, which meansDY115DY225DY345DY4350,
see Eqs.~35! and ~42!–~51!. This would imply corrections
DX11 andDX22 in the chargino system.

IV. NUMERICAL EXAMPLES

In this section, we will give some numerical examples f
the on-shell one-loop corrected mass matrices and mass
the charginos and neutralinos. We take into account the c
tributions from all fermions and sfermions.

For simplicity, we will take in the following~if not speci-
fied otherwise! for the soft breaking sfermion mass param
eters of the first and second generationMQ̃1,2

5MŨ1,2

5MD̃1,2
5ML̃1,2

5MẼ1,2
, of the third generation MQ̃3

5 10
9 MŨ3

5 10
11 MD̃3

5ML̃3
5MẼ3

5MQ̃ , and for the trilinear

couplings At5Ab5At5A. We take mt5175 GeV, mb
55 GeV, mZ591.2 GeV, mW580 GeV, and mA0

5500 GeV. Thus the input parameter set
$tanb, MQ̃1

, MQ̃ , A, M, M8, m%.
We always assume that the~on-shell! values ofM andm

are obtained from the chargino sector as described in Sec
Then the chargino mass matrix only gets corrections in
off-diagonal elements of the matrixX. In general, the correc
tions to the chargino masses are small~,1%!. For instance,
for tanb57 and $MQ̃1

,MQ̃ ,A,M ,m%5$300,300,2500,300,

2400% GeV one gets for DX12/X12.0.7/122 and for
DX21/X21.21.1/16, Dmx̃

1
1 /mx̃

1
1520.24% and

Dmx̃
2
1 /mx̃

2
1520.14%. For the same parameters but tanb

540 one gets for DX12/X12.2.3/113, DX21/X21
.23.2/2.8, Dmx̃

1
1 /mx̃

1
1520.76%, and Dmx̃

2
1 /mx̃

2
1

520.46%.
As shown in Sec. III, the on-shell parametersM andm for
3-4
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FIG. 1. DM5M2Meff ~full lines! and Dm5m2meff ~dashed lines! as functions ofA with tanb57, MQ̃1
5MQ̃5300 GeV, and

sgn(m)521. In ~a! $mx̃
1
1,mx̃

2
1%5$126.7,322% GeV giving $Meff,meff%5$300,2130% GeV for M.umu. In ~b! $mx̃

1
1,mx̃

2
1%5$200,300% GeV

giving $Meff,meff%5$227.7,2255.6% GeV for M,umu.
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given values of the pole massesmx̃
1
1 and mx̃

2
1 depend on

sfermion parameters. In Fig. 1, we show the values ofM and
m as functions ofA, for fixed mx̃

1,2
1 , tanb57, and MQ̃1

5MQ̃5300 GeV. For comparison we show the differen
from the effective parameters used in@11#, Meff and meff.
These are obtained from the pole massesmx̃

1,2
1 by tree-level

sum rules and are therefore independent of sfermion par
eters. We see that the dependence on the sfermion param
becomes large forM;umu, i.e., large gaugino-Higgsino mix
ing.

Let us now discuss the neutralino sector for the on-s
M andm fixed by the chargino sector. We first treat the o
shell M 8 as an independent parameter. Then the one-l
corrections to the mass matrix~35! are calculated by Eqs
~42!–~51!.

In Fig. 2~a!, we show the relative correctiondmx̃
1
0 /mx̃

1
0 as

a function of m for tanb57 and $MQ̃1
,MQ̃ ,A,M ,M 8%

5$300,300,2500,300,149.4% GeV.
One can see that the corrections tomx̃

1
0 andmx̃

2
0 can go up

to 2.2% for umu;100 GeV, wherex̃1
0 and x̃2

0 are Higgsino-
like. Figure 2~b! shows the same as Fig. 2~a! for tanb540
with the other parameters unchanged. The general beha
of the curves is very similar.

We also present numerical values of the mass matriỸ
11501
m-
ters

ll
-
p

ior

and its correctionDY calculated for the same set of param
eters as in Fig. 2~a!, with m5110 GeV,

Ỹ1DY5S 149.4 0 26.2 43.3

0 300 11.3 279.2

26.2 11.3 0 110

43.3 279.2 110 0

D GeV

1S 0 0.3 0.0 0.9

0.3 20.1 20.1 20.2

0.0 20.1 20.0 0.2

0.9 20.2 0.2 24.3

D GeV.

Notice that also the zero elements ofỸ get nonzero correc-
tions. Especially, the most important contribution com
from the elementDY44, that is, from theH̃2

0 to H̃2
0 transition

via a t t̃ loop. The effects ofDY22, DY33, DY34, andDY44
on the masses were discussed in the limiting cases, forumu
!(M ,M 8) in @18# and forM!(umu,M 8) in @19,17#, respec-
tively.
FIG. 2. Relative corrections to neutralino masses as a function ofm for tanb57 ~a! and tanb540 ~b! with $MQ̃1
,MQ̃ ,A,M ,M 8%

5$300,300,2500,300,149.4% GeV. The full, dashed, dotted, and dash-dotted lines correspond tox̃1
0, x̃2

0, x̃3
0, and x̃4

0 mass corrections,
respectively. The gray areas are excluded by the boundsmx̃

1
1>100 GeV,mh0.95 GeV.
3-5
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In Fig. 3, we show theM dependence withM 8
50.498M for m52130 GeV and the other parameters as
Fig. 2~a!. One sees that up toM.200 GeV, theM depen-
dence ofdmx̃

1
0 /mx̃

1
0 is rather strong and becomes weak wh

x̃1
0 becomes Higgsino-like. One also sees the various disc

tinuities in x̃2
0 and x̃3

0 due to ‘‘level crossings’’~see, e.g.,
@20#!.

Figure 4 exhibits the dependence onMQ̃ for the same
parameter set as in Fig. 2~a! with m52130 GeV. The cor-
rections to the masses become smaller with increasingMQ̃ .
The dependence onMQ̃1

for fixed MQ̃ is very small. The
effects of the nondecoupling corrections@21,10# to the
gaugino-Higgsino mixing elements ofY and X cannot be
seen in Fig. 4.

In Fig. 5, we show the dependence onAt , with m5
2130 GeV,Ab5At fixed to 500 GeV, and the other param
eters as in Fig. 2~a!. It is strong for the Higgsino-like state
x̃1

0 and x̃2
0 being mainly due to theAt dependence ofDY44.

The sensitivity to the value ofAb andAt is very weak.
Finally, we discuss the interesting case in whichM 8 and

M are related by the SUSY SU~5! GUT relation M 8

FIG. 3. Relative corrections to neutralino masses as a func
of M for tanb57 and $MQ̃1

,MQ̃ ,A,m%5$300,300,2500,
2130% GeV. The full, dashed, dotted, and dash-dotted lines co
spond tox̃1

0, x̃2
0, x̃3

0, and x̃4
0 mass corrections, respectively. Th

gray areas are excluded by the boundmx̃
1
1>100 GeV.

FIG. 4. Relative corrections to neutralino masses as a func
of MQ̃ for tanb57 and $MQ̃1

,A,M ,M 8,m%5$300,
2500,300,149.4,2130% GeV. The full, dashed, dotted, and das
dotted lines correspond tox̃1

0, x̃2
0, x̃3

0, and x̃4
0 mass corrections

respectively. The gray areas are excluded by the boundmt̃ 1

>100 GeV.
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3 tan2 uWM in theDR scheme. Then it is possible to defin

the on-shellM 8 by imposing this relation on the on-she
parameters. In this case,DY11 gets a contribution according
to Eq. ~52!. This correction is relatively large. For instanc
for the parameter set of Fig. 2~a! with m52130 GeV one
gets DY11/Y11.5.7/149. This corresponds to the SUS
threshold correction to the unification condition of th
gaugino masses@7,22#. DY11 gives a large correction to th
mass of aB-ino-like neutralino. This is clearly seen in Fig. 6
Figure 6~a! shows the correction tomx̃

3
0 as a function ofM

for m52130 GeV and the other parameters as in Fig. 2~a!.
The solid line shows the case in which theDR parametersM
andM 8 satisfy the SUSY GUT relation and the on-shellM 8
is defined by the same relation. For comparison, the do
line shows the case in which the on-shellM 8 is defined by
Y11 as an independent parameter~with DY1150!, but its
value coincides with the on-shell5

3 tan2 uWM. x̃3
0 is B-ino-

like for M.200 GeV anddmx̃
3
0 /mx̃

3
0 goes up to 4%. In Fig.

6~b!, we showdmx̃
1
0 /mx̃

1
0 for m52300 GeV. Herex̃1

0 is

almost purelyB-ino-like, hence it also gets a large corre
tion.

V. CONCLUSIONS

We have presented a consistent method for the calcula
of the one-loop corrections to the on-shell mass matrice
charginos and neutralinos, and hence their masses. The
shell parametersM, m, and M 8 are determined by the ele
ments of the on-shell mass matrices. We have calculated
corrections to the tree-level mass matrices in terms of
shell parameters. We have performed a detailed nume
analysis of the corrections due to fermion and sferm
loops, as a function of the SUSY parameters. When the
rametersM and m are determined by the chargino syste
one gets corrections to the neutralino masses of up to
We have also treated the case in which the on-shellM 8 is
defined byM using the SUSY GUT relation. Therefore, the
corrections have to be taken into account in precision exp
ments at futuree1e2 linear colliders.

n

-

n

FIG. 5. Relative corrections to neutralino masses as a func
of A for tanb57 and $MQ̃1

,MQ̃ ,M ,M 8,m%5$300,300,300,149.4,
2130% GeV. The full, dashed, dotted, and dash-dotted lines co
spond tox̃1

0, x̃2
0, x̃3

0, and x̃4
0 mass corrections, respectively. Th

gray areas are excluded by the boundmt̃ 1
>100 GeV.
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FIG. 6. Comparison of relative corrections tomx
3
0 ~a! andmx

1
0 ~b!. The full line shows the case where the SUSY SU~5! GUT relation is

assumed for theDR parametersM andM 8, and the on-shellM 8 is determined fromM by the same relation. The dotted line corresponds
the case where the on-shellM 8 is an independent parameter but satisfies the SUSY GUT relation. Other parameters are tab57,
$MQ̃1

,MQ̃ ,A%5$300,300,2500% GeV, andm5@2110~a!,2300~b!# GeV. The gray areas are excluded by the boundmx̃
1
1>100 GeV.
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APPENDIX

In the following, we give the formulas for the variou
self-energies due to fermion and sfermion one-loop contri
tions and the formulas for the counterterms ofmZ , mW ,
sinuW, and tanb used in this work.

Chargino self-energies

The chargino self-energies read

P i j
L ~k2!52

1

~4p!2 (
gen

NC(
a51

2

@ l ai
ũ l a j

ũ B1~k2,md
2,mũa

2 !

1kai
d̃ ka j

d̃ B1~k2,mu
2,m

d̃a

2
!#,

P i j
R~k2!52

1

~4p!2 (
gen

NC(
a51

2

@kai
ũ ka j

ũ B1~k2,md
2,mũa

2 !

1 l ai
d̃ l a j

d̃ B1~k2,mu
2,m

d̃a

2
!#,

~A1!

P i j
S,L~k2!5

1

~4p!2 (
gen

NC(
a51

2

@mul ai
d̃ ka j

d̃ B0~k2,mu
2,m

d̃a

2
!

1mdkai
ũ l a j

ũ B0~k2,md
2,mũa

2 !#,

P i j
S,R~k2!5

1

~4p!2 (
gen

NC(
a51

2

@mul a j
d̃ kai

d̃ B0~k2,mu
2,m

d̃a

2
!

1mdka j
ũ l ai

ũ B0~k2,md
2,mũa

2 !#.
11501
-
-

-

Here and in the following, the indexu (d) denotes an up
~down! -type fermion andSgen denotes the sum over all si
fermion generations.NC53 (1) in the quark~lepton! case.
The chargino-sfermion-fermion couplings are

l ak
ũ 52gVk1Ra1

ũ 1huVk2Ra1
ũ , kak

ũ 5hdUk2Ra1
ũ ,

~A2!
l ak
d̃ 52gUk1Ra1

d̃ 1hdUk2Ra1
d̃ , kak

d̃ 5huVk2Ra1
d̃ ,

whereU,V(Rf̃) are the chargino~sfermion! mixing matrices
and

hu5
gmu

&mW sinb
, hd5

gmd

&mW cosb
. ~A3!

The two-point functionsB0 and B1 @23# are given in the
convention@24#.

Neutralino self-energies

The neutralino self-energies read

P i j
x̃0L~k2!5P i j

x̃0R~k2!

5
21

~4p!2 (
gen

NC (
f 5u,d

(
a51

2

~aai
f̃ aa j

f̃ 1bai
f̃ ba j

f̃ !

3B1~k2,mf
2,m

f̃ a

2
!, ~A4!

P i j
x̃0S,L~k2!5P i j

x̃0S,R~k2!

5
1

~4p!2 (
gen

NC (
f 5u,d

(
a51

2

~aai
f̃ ba j

f̃ 1aa j
f̃ bai

f̃ !

3B0~k2,mf
2,m

f̃ a

2
!. ~A5!

The neutralino-sfermion-fermion couplings are

aak
f̃ 5g fLk

f Ra1
f̃ 1hfZkxRa2

f̃ , bak
f̃ 5g fRk

f Ra2
f̃ 1hfZkxRa1

f̃ ,
~A6!
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with x53 for down-type andx54 for up-type fermions.Z
denotes the neutralino mixing matrix and the termsf Lk

f and
f Rk

f are

f Lk
f 5&@~ef2I f

3L!tanuWZk11I f
3LZk2#, ~A7!

f Rk
f 52&ef tanuWZk1 . ~A8!

Gauge boson self-energies

The counterterms formW andmZ are given by

dmV
25RePT

VV~mV
2 ! ~V5W,Z!. ~A9!

For the weak mixing angle we use the definition sin2 uW51
2mW

2 /mZ
2. This gives@25#

d sinuW

sinuW
5

1

2

cos2 uW

sin2 uW
S dmZ

2

mZ
2 2

dmW
2

mW
2 D . ~A10!

The explicit forms for the self-energies are

PT
WW~k2!5

1

~4p!2

g2

2 (
gen

NCF ~k22mu
22md

2!B0~k2,mu
2,md

2!

14B00~k2,mu
2,md

2!2 (
f 5u,d

A0~mf
2!

1 (
f 5u,d

(
a51

2

~Ra1
f̃ !2A0~m

f̃ a

2
!

24 (
a,b51

2

~Ra1
ũ !2~Rb1

d̃ !2B00~k2,mũa

2 ,md̃b

2
!G ,

~A11!
11501
PT
ZZ~k2!5

1

~4p!2 S g

cosuW
D 2

3(
gen

NC (
f 5u,d

H 2(
a51

2

@~CL
f !2~Ra1

f̃ !2

1~CR
f !2~Ra2

f̃ !2#A0~mf̃ a

2
!24 (

a,b51

2

@CL
f Ra1

f̃ Rb1
f̃

1CR
f Ra2

f̃ Rb2
f̃ #2B00~k2,mf̃ a

2 ,mf̃ b

2
!

2@~CL
f !21~CR

f !2#2@A0~mf
2!22B00~k2,mf

2,mf
2!#

1$k2@~CL
f !21~CR

f !2#

22mf
2~CL

f 2CR
f !2%B0~k2,mf

2,mf
2!J , ~A12!

with

CL
f 5I f

3L2sin2 uW ef , CR
f 52sin2 uW ef . ~A13!

The functionsA0 ,B0 ,B00 @23# are given in the convention o
@24#.

A0-Z0 self-energy

The mixing angleb is fixed by the condition@26#

Im P̂A0Z0~mA
2 !50. ~A14!

The renormalized self-energyP̂A0Z0(k2) is defined by the
two-point function
Thus we get the counterterm for tanb:

d tanb

tanb
52

1

mZ sin 2b
Im PA0Z0~mA

2 !. ~A15!

PA0Z0 denotes the unrenormalized self-energy

PA0Z0~k2!5
i

~4p!2 mZ sin 2b(
gen

NC (
f 5u,d

I f
3Lhf

2

3H B0~k2,mf
2,mf

2!1
sin 2u f̃

2mf
FAf1mS tanb

cotb D G~2B11B0!~k2,m
f̃ 1

2
,mf 2

2 !J . ~A16!
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