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Radiative corrections to a supersymmetric relation: A new approach

Shingo Kiyoura,1,2 Mihoko M. Nojiri,3 Damien M. Pierce,4 and Youichi Yamada5
1KEK Theory Group, Oho 1-1, Tsukuba, Ibaraki 305-0801, Japan

2Department of Physics, Tokyo Institute of Technology, Oh-okayama, Meguro, Tokyo 152-8551, Japan
3YITP, Kyoto University, Kyoto 606-8502, Japan

4Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309
5Department of Physics, Tohoku University, Sendai 980-8578, Japan

~Received 25 February 1998; published 31 August 1998!

Recently it has been realized that the production and decay processes of charginos, neutralinos, and sleptons
receive corrections which grow like logmq̃ for largemq̃ . In this paper we calculate the chargino pair production
cross section ate1e2 colliders with quark-squark loop corrections. We introduce a novel formulation, where
the one-loop amplitude is reorganized into two parts. One part is expressed in terms of the ‘‘effective’’

chargino couplingḡeñW̃ and mixing matricesUP,VP, and includes allO(logmq̃) corrections, while the other
decouples for largemq̃ . The form of the one-loop cross section then becomes physically transparent. Our
formulation can be easily extended to other loops and processes. Numerically, we find significant corrections

due to the effectivet-channel couplingḡeñW̃ , for gaugino-like charginos. In the mixed region, where the
chargino has large gaugino and Higgsino components, the corrections due to (UP,VP) are also significant. Our
numerical results disagree with a previous calculation. We reexamine previous studies of the determination of

ḡeñW̃ through the measurement of the chargino production cross section. We point out that a previous study,
which claimed that the measurement suffers large systematic errors, was performed at a ‘‘pessimistic’’ point in
MSSM parameter space. We provide reasons why the systematic errors are not a limiting factor for generic
parameter choices.@S0556-2821~98!03617-0#

PACS number~s!: 11.30.Pb, 12.60.Jv, 14.80.Ly
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I. INTRODUCTION

Calculations of higher loop effects in the standard mo
~SM!, together with the recent precision measurements
electroweak parameters, have given rise to a wealth of in
mation on physics at the weak scale and above. Among th
measurements, one of the interesting observations is the
proximate agreement of the measured gauge couplings
the prediction of supersymmetric grand unified theor
~GUTs! @1#. This may be regarded as indirect evidence
the minimal supersymmetric standard model~MSSM!, which
is the low energy effective theory of supersymmetric GUT
Additionally, global fits to precision data in the SM prefer
light Higgs boson mass@2#, which is consistent with the
MSSM which predictsmh&130 GeV.

In the near future, the CERN Large Hadron Collid
~LHC! will explore the TeV energy region. Squarks and glu
nos will be discovered, together with charginos and neutr
nos, if the supersymmetry breaking scale is below a f
TeV. Recent studies show that certain superpartner mass
ferences can be measured quite precisely at the LHC@3,4#.
Furthermore, if any of the proposed lepton colliders are c
structed many of the MSSM parameters~e.g. the gaugino
masses, the Higgsino massm, the slepton masses, and th
ratio of vacuum expectation values tanb) will be measured
to O(1%) –O(10%) @5–8#.

The future precision measurements of new parti
masses, event rates, and branching ratios, will provide
detailed tests of the supersymmetry hypothesis. Supers
metry imposes hard relations between gaugino couplings
gauge couplings, and between Higgsino and Higgs c
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plings. The cancellation of Higgs mass quadratic divergen
cannot be realized without these supersymmetry coupling
lations. Therefore, they comprise an essential ingredien
the model. Measurements of the coupling relations will p
vide definitive evidence of supersymmetry.

The hard coupling relations receive radiative correctio
@8–13# due to the soft breaking of supersymmetry. Since
split supersymmetry multiplets contribute to the splitting
the gauge-gaugino and Higgs-boson–Higgsino couplin
measurements of the splitting may provide useful inform
tion about the supersymmetry spectrum. This is readily
derstood from the point of view of effective field theory. A
an example, below the squark mass scale the gauge
gaugino couplings run differently because squarks do
contribute to the running of the gauge or gaugino couplin
but quarks continue to contribute to the running of the gau
couplings. At a scaleQ below the squark mass scale, th
mismatch in the running manifests as a difference betw
the couplings proportional to ln(mq̃ /Q) @9#. Such a correction
also appears in the off-diagonal elements of the chargino
neutralino mass matrices, which originate from Higgsin
Higgs-gaugino couplings. This is analogous to the radiat
corrections in the SM, where the gauge symmetry relati
among various observables are corrected by the gauge
metry breaking masses of the particles.

Corrections to supersymmetric relations were first cal
lated in Ref.@9# in the effective renormalization group equ
tion ~RGE! approach. For degenerate heavy squarks,
finds the correction to lepton-slepton-gaugino couplings:

ḡeñW̃ /g2
SM5112%log10~mq̃ /ml̃ !, ~1!
© 1998 The American Physical Society02-1
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KIYOURA, NOJIRI, PIERCE, AND YAMADA PHYSICAL REVIEW D 58 075002
ḡeẽB̃ /gY
SM5110.7%log10~mq̃ /ml̃ !. ~2!

The fermion-sfermion-gaugino couplings are involved
both the production and decay processes of charginos,
tralinos and sfermions. Studying these processes provide
measurements of the gaugino couplings. It is particularly
teresting to measure the gaugino coupling at futuree1e2

colliders, because precise measurements of the differe
cross section are possible there. Studies show the ga
gaugino coupling difference may be measured wit
0.3% –20% through the measurement of the production c
sections of sleptons or charginos@8,11,13#. Typically, the
high sensitivity ofO(1%) or less may be achieved when th
collider experiments can measure both the final state su
partner masses and the mass of the particle exchange
t-channel. Such a high precision measurement allows for
possibility of constraining the mass scale of squarks wh
might not be in direct reach in either hadron or lepton c
lider experiments.

Because the corrections to the supersymmetric relat
are large enough to be measured in proposed future ex
ments, it is important to calculate the full one-loop amplitu
in detail. Tree level amplitudes depend on the definition
the tree level parameters. In theDR scheme@14# the gauge
couplings and chargino and neutralino mixing matrices
pend on the renormalization scale. Changing the scale
factor of 2 easily results in a few percent change in the p
dicted value of the production cross section, about the siz
the correction of interest. Such scale dependence can be
tailed only by including radiative corrections.

In this paper we present the full one-loop calculation
the chargino production cross sections(e2e1→x̃ i

2x̃ j
1) in-

cluding quark and squark loop contributions. The calculat
has been performed previously in the dimensional reduc
with modified minimal subtraction (DR) scheme in Ref.@15#
including only top-quark–top-squark and bottom-sbotto
loops. In their formula the mixing matrix of the chargino
scale dependent. This scale dependence must be com
sated for by the chargino wave function renormalizatio
leading to very complicated expressions. By introducing
effective mixing matricesUP,VP, we reorganize the ampli
tude into a compact and physically transparent form. The
amplitude consists of two renormalization scale independ
parts. One contains all the process independent correct
For sufficiently heavy squarks, this part reduces to the ef
tive tree level amplitude in terms of process independ
effective parameters which include all theO(logmq̃) correc-
tions. The other part contains the process dependent co
butions, i.e. the one particle irreducible~1PI! chargino vertex
correction and chargino wave function renormalization. T
part decouples in the largemq̃ limit.

We also examine previous studies of the measuremen
the effective gaugino couplingḡeñW̃ through the study of
chargino production and decay@11#, which is based on
Monte Carlo~MC! study of Ref.@7#. In the study, the con-
straint on ḡeñW̃ is claimed to be limited by the systemat
error due to the uncertainty of the underlying paramete
The maximal sensitivity toḡeñW̃ obtained in Ref.@7# is 2%,
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which is merely enough to constrain squark mass within
factor of 10. One may ask whether a full one-loop calcu
tion is necessary if this is always the case. However, we
the case studied in Ref.@7# is uncharacteristically pessimisti
in the sense that the signature of chargino events is v
similar to that of backgrounds, and this naturally makes p
cision measurement very difficult. We provide reasons w
systematic errors are not a limiting factor in the precisi
study of the supersymmetric relation.

The paper is organized as follows. In Sec. II we descr
our formalism which reorganizes the one-loop chargino p
production amplitude. In Sec. III we show our numeric
results. We find that, in addition to corrections from the w
studied logmq̃ behavior ofḡeñW̃ , the nondecoupling correc
tions to the effective mixing matrices are important when
chargino is a sizable mixture of Higgsino and gaugino. W
comment on the calculation of and our numerical disagr
ment with Ref.@15#. We also discuss the validity of variou
approximations to the one-loop cross section. In Sec. IV
revisit the previous study of theḡeñW̃ measurement from the
chargino production cross section. We argue that the syst
atic error is not a limiting factor in the measurement, co
trary to a study in Ref.@11#. Sec. V is saved for discussio
and conclusions.

II. ONE-LOOP CORRECTION TO CHARGINO PAIR
PRODUCTION

A. Amplitude and cross section

We show the form of the amplitudes of the chargino p
productione2(p1)e1(p2)→x̃ i

2(p3)x̃ j
1(p4) including quark

and squark loop corrections. We start with the tree le
amplitude. Thes-channel amplitude comes from the e
change of gauge bosons (g,Z). The t-channel amplitude in-
volves the exchange of the electron sneutrinoñ[ñe . Their
sum gives

iMi j 5 i ~M i j
~s!1M i j

~ t !!

51 ie2
1

s
@ ū~p3!gmd i j v~p4!#@ v̄~p2!gmu~p1!#

1 igZ

1

s2MZ
2 @ ū~p3!gm~vLi j

Z PL1vRi j
Z PR!v~p4!#

3@ v̄~p2!gm~T3ePL2sW
2 Qe!u~p1!#1

ig2
2

2

Vi1* Vj 1

t2mñ
2

3@ ū~p3!gmPRv~p4!#@ v̄~p2!gmPLu~p1!#, ~3!

where s5(p11p2)2, t5(p12p3)2, gZ5g2 /cW , sW

5A12cW
2 5sinuW, and PR,L5(16g5)/2. The u and v are

the wave functions ofe6 and x̃6. We have applied a Fierz
transformation to thet-channel amplitude to make its spino
structure similar tos-channel one. Thev i j

Z are the tree level
2-2
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couplings of the charginos to theZ boson, which depend on
the chargino mixing matrices (U,V). Their definitions are
given in Appendix A.

We next show the form of the corrected amplitude. T
loop corrections include the 1PI chargino-gauge vertex c
rection, the chargino wave function renormalization, and
gauge boson self energy corrections. We adopt theDR renor-
malization scheme for gauge couplings and the weak mix
angle (e,g2,gZ ,sW) and chargino mixing matrices (U,V),

and we adopt the on-shell scheme for theZ and ñ masses.
Since we only include the quark and squark loop correctio
the running of theDR parameters includes only the contrib
tions of quarks and squarks for consistency. Note that (U,V)
are obtained by diagonalizing the tree level mass matrix
~A2! in the DR scheme, so they are renormalization sc
dependent.

The t-channel amplitude receives only chargino wa
function renormalization. The corrected amplitude takes
following form:
lf-

s

.
st
n
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q.
e

e

iM i j
~ t !5

ig2
2

2

1

t2mñ
2 @ ū~p3!gmPRv~p4!#

3@ v̄~p2!gmPLu~p1!#S Vi1* Vj 11
1

2
~Vi1* Vj 81dZj 8 j

R

1dZii 8
R†Vi 81

* Vj 1! D , ~4!

where dZL(R) are the wave function renormalization o
charginosx̃L(R)

2 . Their explicit forms are given later. Strictly
speaking, the squark loop correction also appears in
sneutrino propagator. However, this momentum independ
contribution is completely canceled by the on-shell ren
malization ofmñ

2 .
The s-channel amplitude is corrected by oblique gau

boson propagator corrections, chargino wave function ren
malization, and the 1PI chargino-chargino-gauge boson
tex correction. The form of the corrected amplitude is
iM i j
~s!52 ieQe

1

sS 12
Pgg

T ~s!

s D @ ū~p3!G i j
gmv~p4!#@ v̄~p2!gmu~p1!#2 ie

PgZ
T ~s!

s~s2MZ
2!

$Qx̃2d i j @ ū~p3!gmv~p4!#

3@ v̄~p2!gmgZ~T3ePL2sW
2 Qe!u~p1!#1Qe@ ū~p3!gm~vLi j

Z PL1vRi j
Z PR!v~p4!#@ v̄~p2!gmu~p1!#%

2 igZ

1

s2MZ
2S 12

PZZ
T ~s!2PZZ

T ~MZ
2!

s2MZ
2 D @ ū~p3!G i j

Zmv~p4!#@ v̄~p2!gm~T3ePL2sW
2 Qe!u~p1!#, ~5!
ll
where MZ is the Z-boson pole mass. ThePT(p2) are the
transverse parts of theDR renormalized gauge-boson se
energies. Their explicit forms are given in Refs.@16,17#. The
form factorsiG i j

Gm for one-loop correctedx̃ i
1x̃ j

2Gm vertices
(G5g,Z) have the following forms:

G i j
Gm52gm~vLi j

G PL1vRi j
G PR!1FVL

G gmPL1FVR
G gmPR

1FSL
G ~p32p4!mPL1FSR

G ~p32p4!mPR

2
1

2
~vLi j 8

G dZj 8 j
L

1dZii 8
L†vLi 8 j

G
!gmPL

2
1

2
~vRi j8

G dZj 8 j
R

1dZii 8
R†vRi8 j

G
!gmPR . ~6!

The first term of Eq.~6! contains the tree level coupling
~A7! with (e,gZ ,U,V) in the DR scheme.FV

G andFS
G are the

one-particle-irreducible~1PI! corrections to the vertices
Their explicit forms are given in the Appendix B. The la
two terms give the chargino wave function renormalizatio

The wave function correctionsdZL,R are determined in
terms of the two-point functioniK i j (p) of charginos
x̃ i

1(2p)x̃ j
2(p) in the DR mass basis.Ki j is decomposed as
.

Ki j ~p!5S i j
L ~p2!p”PL1S i j

R~p2!p”PR1S i j
D~p2!PL

1S j i
D* ~p2!PR , ~7!

and dZ are then fixed by imposing well-known on-she
renormalization conditions for fermions@18#. The diagonal
parts ofdZ are

dZii
L 52S i i

L ~mi
2!1

1

mi
@S i i

D~mi
2!2S i i

D* ~mi
2!#

2mi
2@S i i

L8~mi
2!1S i i

R8~mi
2!#

2mi@S i i
D8~mi

2!1S i i
D8* ~mi

2!#,

dZii
R52S i i

R~mi
2!2mi

2@S i i
L8~mi

2!1S i i
R8~mi

2!#

2mi@S i i
D8~mi

2!1S i i
D8* ~mi

2!#. ~8!

Here S8(p2)5]S(p2)/]p2. The abbreviationmi5mx̃
i
2 is

used for convenience. The term proportional to ImS i i
D in dZii

L

comes from our convention to use realdZii
R . In this paper we

treat only cases whereS i i
D(mi

2) is real ~no CP violation!.
The off-diagonal terms (iÞ j ) are
2-3
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dZi j
L 5

2

mi
22mj

2 @mj
2S i j

L ~mj
2!1mimjS i j

R~mj
2!

1miS i j
D~mj

2!1mjS j i
D* ~mj

2!#,

dZi j
R5

2

mi
22mj

2 @mimjS i j
L ~mj

2!1mj
2S i j

R~mj
2!

1mjS i j
D~mj

2!1miS j i
D* ~mj

2!#. ~9!

In addition, the pole masses of charginos are given by

mi~pole!5mi2
1

2
mi@S i i

L ~mi
2!1S i i

R~mi
2!#

2
1

2
@S i i

D~mi
2!1S i i

D* ~mi
2!#. ~10!

In the corrected amplitude Eqs.~4!,~5!, the renormaliza-
tion scale dependence of theDR tree level parameters an
that of the loop functions exactly cancel toO(a). However,
the cancellation is quite complicated as we will see in
next subsection.

In the numerical calculation we take the pole masses
gauge bosons (Z,W), and the standard model modified min
mal subtraction~MS! electromagnetic couplingaSM(MZ) as
inputs. TheDR gauge couplings are obtained from these
rameters as discussed in Ref.@13#. The chargino sector is
fixed by giving pole masses of two charginos and tanb(MZ).

Finally, the spin-averaged differential cross section
written in terms of the amplitude as

ds

dcosu
5

1

2s

b̄x
˜

16p( uMu2. ~11!

Here(̄ denotes average over the initial electron and posit
helicities and sum over the final chargino helicities. We u
the helicity amplitude method@19,20# in the numerical cal-
culation of the cross section. The relevant formulas are gi

in Appendix C. The phase space factorb̄x
˜ is given by

b̄x
˜5

1

sAs222~m
x
˜

i
2

2
1m

x
˜

j
1

2
!s1~m

x
˜

i
2

2
2m

x
˜

j
1

2
!2. ~12!

Since a highly polarized electron beam will be available
future e1e2 linear colliders, in this paper we often prese
the cross section for an initial electron in a helicity eige

state. Note that the chargino masses inb̄x
˜ and in the wave

functions@u(p3),v(p4)# are the pole masses.

B. On-shell renormalization of charginos

The wave function renormalizations of charginosdZi j
L(R)

appear in the corrected amplitude Eqs.~4!,~5!. They contain
ultraviolet divergences from (SL,SR,SD) and, after DR

renormalization, depend on the renormalization scaleQ. This
Q dependence cancels the implicitQ dependence of theDR

mixing matrices (U, V), the gauge couplingg2 in Eq. ~4!,
07500
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and the explicit dependence of the 1PI vertex correction
Eq. ~6!. However, this cancellation is quite complicated. F
example, in Eq.~6! the Q dependence of the off-diagona
parts ofdZL cancels both that ofU in vL

G and that ofFVL
G .

Moreover, the off-diagonal parts ofdZL(R) in Eq. ~9! super-
ficially diverge when two chargino masses become dege
ate. Therefore the forms ofdZL(R) in Eqs. ~4!,~5! can be
inconvenient in real calculations.

In this subsection, we reorganize the contribution
dZL(R) into a very convenient form, by utilizing the
Q-independent effective chargino mixing matrices (UP,VP).
The loop contributions which compensate the running
(U,V) are then completely split from other corrections.

We first notice that both the diagonal and off-diagon
parts of the chargino wave function renormalizationdZL(R)

can be implemented by making the following replaceme
in the couplings of the tree level amplitude,

Uik
†→Uik

† 1
1

2
Ui j

† dZjk
L ,

Vik
T→Vik

T 1
1

2
Vi j

T dZjk
R . ~13!

The corrections Eq.~13! are universal in any processes i
volving on-shell charginos. Remember that in Eq.~13! the
mixing matrices (U,V) diagonalize theDR tree level mass
matrix Eq.~A2!.

The factors in Eq.~13! come from the relations betwee
theDR fields in the gauge eigenbasisc i

2 , theDR fields in the

tree level mass eigenbasisx̃ i
2 , and the on-shell renormalize

fields x̃ i
2P ,

c iL
2 5Ui j

† x̃ jL
2 5Ui j

† ~ZL! jk
1/2x̃kL

2P ,

c jR
2 5Vi j

T x̃ jR
2 5Vi j

T ~ZR! jk
1/2x̃kR

2P . ~14!

We then introduce the effective mixing matrices
charginos, which are renormalization scale independent,
rewrite Eq.~13! by these matrices. We first define the effe

tive mass matrixM̄C(p2) in the DR gauge basis as

M̄C~p2!5MC2S̃D~p2!2
1

2
MCS̃L~p2!2

1

2
S̃R~p2!MC .

~15!

S̃ i j are chargino two-point functionsc i
1c j

2 in the gauge
basis. They are related toS in the DR mass basis as

SL5US̃LU†,

SR5V* S̃RVT,

SD5V* S̃DU†. ~16!
2-4
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M̄C is diagonalized by two unitary matrices, the effecti

mixing matricesŪ(p2) and V̄(p2), as

M̄D~p2!5V̄* ~p2!M̄C~p2!Ū†~p2!, ~17!

where M̄D(p2)5diag„m̄i(p2)… is a real diagonal matrix

Note that (M̄C , Ū, V̄, M̄D) are independent of theDR renor-
malization scaleQ.

We then give the forms of (Ū,V̄) and M̄D in terms of

two-point functionsS(p) of charginos. (Ū,V̄) are expanded
as

Ū~p2!5U1dU~p2!5„11du~p2!…U,

V̄~p2!5V1dV~p2!5„11dv~p2!…V. ~18!

Here du5dU•U† and dv5dV•V† must be anti-Hermitian

from the unitarity of (Ū,V̄). Their diagonal elements must b
then pure imaginary.

TheO(a) expansion of Eq.~17! gives

M̄D~p2!5„11dv* ~p2!…V* M̄C~p2!U†
„11du~p2!…

5MD2SD~p2!2
1

2
MDSL~p2!2

1

2
SR~p2!MD

1dv* ~p2!MD1MDdu~p2!. ~19!

The real parts of the diagonal elements of Eq.~19! give m̄i

5mi(pole) at p25mi
2 . The off-diagonal elements of Eq

~19! give the following relations:

dui j ~p2!52
1

mi
22mj

2S 1

2
~mi

21mj
2!S i j

L 1mimjS i j
R

1miS i j
D1mjS j i

D* D ~p2!,

dv i j* ~p2!52
1

mi
22mj

2S 1

2
~mi

21mj
2!S i j

R1mimjS i j
L

1mjS i j
D1miS j i

D* D ~p2!, ~20!

for iÞ j . Finally, the imaginary parts of diagonal elemen
give the relation

~2du1dv* ! i i ~p2!5
1

2mi
@SD2SD* # i i ~p2!. ~21!

By convention we setdv i i (p2)50. The relations Eq.~14!
are then rewritten in terms of

Ui j
P[Ū i j ~mi

2!, Vi j
P[V̄i j ~mi

2!, ~22!

as
07500
c iL
2 5~UP! i j

† S d jk2
1

2
S jk

L ~mk
2! DNk

1/2x̃kL
2P ,

c iR
2 5~VP! i j

T S d jk2
1

2
S jk

R ~mk
2! DNk

1/2x̃kR
2P ,

Nk
1/2512

mk
2

2
@Skk

L81Skk
R8#~mk

2!

2
mk

2
@Skk

D81Skk
D8* #~mk

2!. ~23!

Nk
1/2 is the real diagonal finite factor. The chargino wa

function renormalization is then included by replacingUik
†

andVik
T in the couplings of the tree level amplitude by co

responding factors in Eq.~23!, as

Uik
†→~UP! i j

† S d jk2
1

2
S jk

L ~mk
2! DNk

1/2,

Vik
T→~VP! i j

T S d jk2
1

2
S jk

R ~mk
2! DNk

1/2. ~24!

The use of effective mixing matrices (UP,VP) has several
nice features. First, the superficial singularity ofdZi j for de-
generate masses is completely absorbed into (UP,VP). We
can then see that the original singularity just reflects the
bitrariness in the diagonalization of a matrix with degener
eigenvalues. The absence of this singularity is similar to
procedure proposed in Ref.@21#. Second, the renormalizatio
scale dependence in Eq.~23! only appears inSL,R. The
Q-dependent parts of the first equation of Eq.~23! become,
up toO(a),

c iL
2 5~UP! i j

† S d jk2
1

2
S jk

L U
div

D x̃kL
2P

5S d i j 2
1

2
S̃ i j

L U
div

D ~UP! jk
† x̃kL

2P . ~25!

Equation~25! takes the same form as the SU(2)3U(1) sym-
metric renormalization ofc i

2 . This property is very conve-
nient both in theoretical considerations of the renormali
tion and in numerical calculations. Note, however, th
(UP,VP) are nonunitary atO(a), unlike (U,V) and1

(Ū,V̄)(p2).
The wave function corrections in our process are

pressed as follows. By applying the rule in Eq.~24!, the
s-channel form factorsiG i j

Gm in Eq. ~6! are rewritten as

G i j
Gm52gmNi

1/2Nj
1/2~ v̄Li j

G PL1 v̄Ri j
G PR!1

1

2
„v̄Li j 8

G S j 8 j
L

~mj
2!

1The effective matrices are unitary up to corrections ofO„(m
x
˜

2
2

2

2m
x
˜ 2

2
)/m

q
˜
2
….
1

2-5
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1S i i 8
L†

~mi
2!v̄Li 8 j

G
…gmPL

1
1

2
~ v̄Ri j8

G S j 8 j
R

~mj
2!1S i i 8

R†
~mi

2!v̄Ri8 j
G

!gmPR

1~1PI vertex corrections!, ~26!

wherev̄L(R)
G are obtained fromvL(R)

G in Eq. ~A7! by replacing
(U,V) by (UP,VP). The Q dependence of the second a
third terms of Eq.~26! exactly cancels that of the last term
The Q independence of the rewritten form factor Eq.~26! is
thus more transparent than the original form Eq.~6!. Simi-
larly, the last factor in thet-channel amplitude of Eq.~4! is
rewritten as

Vi1* Vj 11
1

2
~Vi1

P* Vj 81dZj 8 j
R

1dZii 8
R†Vi 81

* Vj 1!

5Vi1
P* Vj 1

P Ni
1/2Nj

1/22
1

2
~Vi1

P* Vj 81
P S j 8 j

R
~mj

2!

1S i i 8
R†

~mi
2!Vi 81

P* Vj 1
P !. ~27!

In leaving, we comment that the effective matrix meth
given here can be applied to any process involving on-s
charginos, since the corrections of Eq.~13! are universal.
This method can also be extended to other particles w
flavor mixing, such as the neutralinos.

C. Large M Q
˜ limit

We are interested in the limit where the squark massMQ
˜

is much larger than the masses of the charginos,
ts

M
in
ch
a

c

07500
ll

th

e

sneutrino, and the beam energy. Some corrections to
chargino production amplitude do not decouple in this lim
but increase as logMQ

˜ . This reflects the supersymmetr
breaking in the effective field theory below the squark ma
scale@9#.

First, the effective chargino mass matrixM̄C(p2) receives

nondecoupling corrections. ForM
Q
˜
2

@p2 the effective mass

matrix becomes independent ofp2. For degenerate squark
the asymptotic form is obtained by replacing the elements
the tree level mass matrixMC of Eq. ~A2! by

M2→M2~Q!F11
9g2

2

16p2S ln
MQ

˜

Q
2

1

4D G[M2
eff , ~28!

m→m~Q!F11
3~yt

21yb
2!

16p2 S ln
MQ

˜

Q
2

1

4D G[meff, ~29!

A2MWcosb→A2MWcosb~Q!F11
dMW

MW
1

dcosb

cosb G ,
~30!

A2MWsinb→A2MWsinb~Q!F11
dMW

MW
1

dsinb

sinb G ,
~31!

where
16p2
dcosb

cosb
5

3

2
sin2bS yt

2ln
MW

2

Q2 2yb
2ln

M
Q
˜
2

Q2 D 2
3

2
yb

2cos2b ln
M

Q
˜
2

MW
2

1
9

4
yb

2 , ~32!

16p2
dsinb

sinb
52

3

2
cos2bS yt

2ln
M

Q
˜
2

Q2
2yb

2ln
MW

2

Q2 D 2
3

2
yt

2sin2b ln
M

Q
˜
2

MW
2

1
9

4
yt

2 , ~33!

16p2
dMW

MW
5

3

2
g2

2S ln
M

Q
˜
2

MW
2

1
11

12D 2
1

4
g2

2FR~R12!2~3R22!ln~R21!1R3ln
R21

R G , ~34!
m
e

s

t

ri-
fs.
with R5mt
2/MW

2 . The corrections to the diagonal elemen
can be absorbed into the effective mass parametersM2

eff and
meff and are not interesting within the context of the MSS
By contrast, the corrections to the gaugino-Higgsino mix
masses cannot be absorbed into unknown parameters su
tanb. The squark loop corrections to the effective mass m

trix M̄C , and effective mixing matrices (UP,VP), do not
decouple in the largeMQ

˜ limit. This effect is very important
if the gaugino-Higgsino mixing is not highly suppressed.

In the s-channel amplitude all other squark loop corre
.
g

as
-

-

tions decouple in this limit. The squark loop corrections fro
the gauge boson self energiesPT decouple after the gaug
couplings are renormalized. The factorN1/2 in Eq. ~23! ap-
proaches to 1 in this limit. Finally, the nondecoupling term
in SL(R) in Eq. ~26! exactly cancel theFVL(R)

G terms of the
1PI vertex corrections in Eq.~6!. This result is consisten
with the universality of gauge boson interactions.

By contrast, theO(logMQ
˜ ) terms inSL(R) remain in the

t-channel amplitude and are very important. This is the o
gin of the ‘‘superoblique corrections’’ discussed in Re
@11–13#. We point out that the correctedt-channel amplitude
2-6
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TABLE I. Five parameter sets. All entries with mass units are in GeV.

Name Description mx
˜

1
2 mx

˜
2
2 tanb(MZ) mn

˜ A As sgnm

G1 gaugino region,umu.M2 200 800 2 100 0 500 21
H1 Higgsino region,umu,M2 200 800 2 100 0 500 21
G2 gaugino region,umu.M2 172 512 4 240 0 500 21
H2 Higgsino region,umu,M2 172 512 4 400 0 500 21
M mixed region,umu,M2 172 255 4 240 0 500 21
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takes a very simple form for sufficiently heavy squarks.
this case, the corrected amplitude is obtained from the
level one by the replacement

g2
2~Q!Vi1* Vj 1→g2

2~Q!S 12
1

2
S̃11

R ~mi
2!

2
1

2
S̃11

R ~mj
2! DVi1

P* Vj 1
P

[ḡen
˜

W
˜ ~mi

2!ḡen
˜

W
˜ ~mj

2!Vi1
P* Vj 1

P . ~35!

Here we used the fact thatS̃1 j 8
R (mj

2) ( j 8Þ1) is insignificant

for sufficiently heavy squarks. The parameterḡen
˜

W
˜ , which is

renormalization scale independent, is interpreted as the e

tive eñW̃ coupling. ḡen
˜

W
˜ deviates from the correspondin

gauge coupling,g2
SM(Q). Its asymptotic form is@11,13#,

ḡen
˜

W
˜ 5g2

SM~Q!F11
3g2

2

32p2S ln
M

Q
˜
2

Q2
2

3

4D G . ~36!

Here we note that themi
2 dependence ofḡen

˜
W
˜ (mi

2) decouples
in the largeMQ

˜ limit.
While universality of the first and second generati

squark masses is necessary in order to satisfy flavor chan
neutral current constraints, the experimental constraints
the third generation squark masses are weak. Some mo
have been proposed where only the squarks in first two g
erations are heavy@22#. In this case, the contributions o
heavy squarks are obtained by multiplying the terms prop
tional to g2

2 in Eqs. ~28!–~33!,~36! and the first term of Eq.
~34! by 2/3. The remaining light third generation squark co
tributions to the chargino and gauge boson two point fu
tions may be included either by the full one loop formula
by the leading log approximation.

III. NUMERICAL RESULTS

In this section we describe the dependence of the char

production cross sections(e2e1→x̃1
2x̃1

1) on various
MSSM parameters. The production cross section is a fu
tion of the gauge couplings, theZ-boson and sneutrino
masses, and the chargino masses and mixing matrices~pa-
rametrized byM2, m, MW and tanb). In the proposed col-
liders the electron beam can be highly polarized, theref
we often show the production cross section with a polari
07500
e

c-

ing
n
els
n-

r-

-
-

r

no

c-

re
d

electron beam. We denote the cross section assL(R) when
the initial state electron is left handed~right handed!.

In the gaugino region (M2!umu), x̃1
2 is wino-like, and

the amplitude receives botht-channel ands-channel contri-
butions, unless the initial electron is right handed. If the el
tron is right handed, thet-channel amplitude vanishes be

cause of the absence of aW̃eRñ coupling. In the opposite
limit, umu!M2, the lightest chargino is Higgsino-like. Sinc
the Higgsino couplings to the first and second genera
~s!leptons are negligible, in the Higgsino limit only th
s-channel amplitude contributes. Finally, whenM2;umu,
both charginos have large gaugino and Higgsino com
nents, and they are somewhat degenerate in mass. In
region of parameter space the chargino mixing matrices
evant in the production cross section are sensitive functi
of tanb, which enters in the off-diagonal elements of th
chargino mass matrix.

In this section, we present our results assuming a univ
sal soft breaking squark massMQ

˜ and a universal trilinear
couplingA at the weak scale. These parameters, along w
m and tanb, determine the squark masses and mixing ang
The third generation quark-squark-Higgsino couplings
pend on the top and bottom Yukawa couplingsyt andyb . As
shown in Eqs.~30!–~34!, the heavy top quark can give rise t
a sizable correction proportional toyt

2lnMQ
˜ , which enters in

the off-diagonal elements of the effective chargino mass m
trix. The Yukawa couplings are also involved in the 1
vertex corrections when the final state chargino is Higgsi
like. The top Yukawa coupling is very large when tanb→1
while yb is substantial when tanb*30.

In the following we will considerx̃1
2x̃1

1 production in the
three cases where the lightest chargino is predomina
gaugino, predominantly Higgsino, and in the mixed regio
We will refer to the parameter sets listed in Table I. We no
discuss the three regions in turn.

A. Gaugino region

In Fig. 1~a! we plot the chargino production cross secti

s(eL
2e1→x̃1

2x̃1
1) versus MQ

˜ ~solid line!, for the G1
gaugino region parameter set of Table I. In the gaugino~or
Higgsino! region the diagonal elements of the effecti

chargino mass matrixM̄C are fixed by the input chargino
masses, so they are independent ofMQ

˜ . Conversely, theDR

parametersM2(M2) and m(m) vary asMQ
˜ increases. The

effective mixing matricesUP,VP contain nondecoupling cor
rections from the off-diagonal elements of the effecti
2-7
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FIG. 1. ~a! The one-loop chargino productio
cross sectionsL as the function of the soft squar
massMQ

˜ for the gaugino-like parameter set G
of Table I ~solid line!. The positive correction
proportional to logMQ

˜ is due to the loop correc-

tion to ḡen
˜

W
˜ . The dotted line shows the cros

section without theZ(g)x̃2x̃1 vertex correc-
tions. ~b! The ratio between the cross sectio
without the gauge vertex corrections and the f
one-loop cross section for the same set of para
eters. The vertex correction is less than 0.5%
the total cross section.
b
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chargino mass matrix. However, this effect is suppressed
small gaugino-Higgsino mixing,uV11

P u,uU11
P u.1. The posi-

tive correction proportional to logMQ
˜ in Fig. 1~a! is therefore

primarily due to the loop correction to the effective coupli

ḡen
˜

W
˜ .
The remaining corrections can be divided up into obliq

and nonoblique parts, each of which satisfies decoupl
The nonoblique part consists of the 1PI vertex correction
the associated chargino wave function renormalization
the following when we refer to the vertex correction w
mean this combination. The vertex correction is somew
complicated, so it is worthwhile checking whether this gau
and scale invariant correction can be neglected. The c
section calculated without including the vertex correction
shown by the dotted line in Fig. 1~a!, and the ratio between
the cross section without the vertex correction and the
one-loop cross section,sL

no vtx/sL , is shown in Fig. 1~b!. The
effect of the vertex correction is less than 0.5% of the to
cross section for this choice of parameters. This is neglig
compared to the sensitivity tosL in future experiments.

As seen in Fig. 1~a!, the left-handed cross sectionsL
increases by about 14% asMQ

˜ varies from 300 GeV to 3
TeV. The sensitivity toMQ

˜ depends onmn
˜ andAs, as dis-

cussed in Ref.@11#. In Fig. 2 we show theMQ
˜ dependence o

FIG. 2. TheMQ
˜ dependence ofsL for the parameter set G2 o

Table I with several values ofmn
˜ . The ratiossL(MQ

˜ )/sL(MQ
˜

5400 GeV) are shown formn
˜5 (1) 150 GeV,~2! 240 GeV,~3!

350 GeV,~4! 500 GeV, and~5! 1000 GeV. The values ofsL(MQ
˜

5400 GeV) are~0.55,0.39,0.54,0.83,1.4! pb for lines ~1,2,3,4,5!,
respectively.
07500
y

e
g.
d
n

at
e
ss
s

ll

l
le

sL for several values ofmn
˜ , for the G2 parameter set o

Table I. The cross sections are normalized bysL(MQ
˜

5400 GeV). AsMQ
˜ increases,sL increases ifmn

˜ is less
than 200 GeV, while it decreases ifmn

˜ is greater than 300
GeV. For mn

˜;250 GeV,sL becomes insensitive toMQ
˜ .

The dependence onMQ
˜ from thet-channel amplitude is neg

ligible in the limit mn
˜@As since thet-channel amplitude

scales as 1/m
n
˜
2

.

B. Higgsino region

In Fig. 3 we show theMQ
˜ dependence ofsL when the

chargino is Higgsino-like. We take parameter set H1
Table I. The diagonal elements of the effective charg

mass matrixM̄C are fixed by fixing the chargino masses. A
in the gaugino region, the mixing is suppressed,uV12u,
uU12u.1. The one-loop cross section including~not includ-
ing! the vertex correction is shown by the solid~dotted! line.
The cross section changes by less than 0.5% asMQ

˜ varies
from 300 GeV to 3 TeV. Such a weakMQ

˜ dependence in
Higgsino-like chargino production is expected from our o
servations in Sec. II. Although the large top quark Yuka
coupling is involved, the vertex correction remains sma
less than 1%.

C. Mixed region

In the mixed region (M2;umu), the full one-loop cross
section receives important corrections proportional to logMQ

˜

FIG. 3. The cross sectionsL with/without the gauge vertex
correction vs MQ

˜ for the parameter set H1 of Table
~solid/dotted!. The lightest chargino is Higgsino-like. Both the d
pendence onMQ

˜ , and the effect of the vertex correction is ve
weak.
2-8
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through the corrections to the effective mixing matricesUP,
VP, as well as logMQ

˜ corrections from the effective couplin

ḡen
˜

W
˜ . We illustrate this in Fig. 4, which shows the produ

tion cross section for parameter set M of Table I. For t
choice of parametersM2 andumu are both near 200 GeV, s
the chargino mass eigenstates are fully mixed (uV11

P u2.0.6).
In the figure,sL increases by 4% asMQ

˜ varies from 1 to 10
TeV ~solid line!. The destructive interference between t
t-channel ands-channel amplitudes accounts for this inse
sitivity. The 22% reduction in thet-channel cross sectio
~short-dashed line! is due to an 8% reduction ofV11

P and a

2% increase ofḡen
˜

W
˜ . The s-channel cross section depen

on bothUP andVP, and decreases by 7%~long-dashed line!.
Note that the cancellation of theMQ

˜ dependence is very
sensitive to other parameters, such asAs, mn

˜ , and tanb.

D. Comparison of M Q
˜ and tanb dependencies

We now compare theMQ
˜ and tanb dependence of the

chargino production cross section. This comparison is imp
tant for estimation of the uncertainty in constrainingMQ

˜

from the cross section measurement. In Figs. 5~a!–5~e!, we
show contours of constant cross section in the (MQ

˜ ,tanb)
plane. In Fig. 5~a! we use parameter set G2 of Table I, wit2

As5400 GeV. Sincex̃1
2 is gaugino-like,sL depends on

mn
˜ . We see thatsL is insensitive to tanb in this case. It is

almost constant in tanb when tanb.5. On the other hand
sL decreases by 10% whenMQ

˜ changes from 300 GeV to 1

TeV due to the correction toḡen
˜

W
˜ .

In Figs. 5~b! and 5~c!, we show the results for Higgsino

like x̃1
2 , using parameter set H2 of Table I. Over the ent

2The parameters are those used in Ref.@11#. We take As
5400 GeV for Fig. 5~a! because of the accidental insensitivity
sL to MQ

˜ at As5500 GeV.

FIG. 4. sL vs MQ
˜ for the mixed region parameter set M o

Table I ~solid!. The s-channel and thet-channel cross sections ar
shown by the long dashed and short dashed lines. The cross se
receives important corrections from the logMQ

˜ dependence ofUP

andVP ~see text!.
07500
s

-

r-

variation of tanb andMQ
˜ considered,sL varies by less than

1.5% @Fig. 5~b!#. The cross sectionsR is relatively more
sensitive to tanb @Fig. 5~c!#, but the absolute change in th
cross section is smaller than in thesL plot. In both cases the
MQ

˜ dependence is very weak because of the very small m
ing, and the absence of at-channel coupling.

In the case of large gaugino-Higgsino mixing, the cro
section is more sensitive to tanb than toMQ

˜ . In Figs. 5~d!
and 5~e! we show the chargino production cross section
the mixed region, with parameter set M of Table I, exce
mn

˜5400 GeV. The cross hatched region tanb*4 shown in
these plots is excluded because it is not possible to obtain
specified chargino masses in this region. We find a str
dependence on tanb for both sL @Fig. 5~d!# and sR @Fig.
5~e!#. The MQ

˜ dependence is very small in Fig. 5~d! due to
the interference between thes- and t-channel amplitudes. In
general it can be large. For example, in Fig. 5~e! at tanb
54, sR changes from 45 fb to 62 fb asMQ

˜ changes from
300 GeV to 10 TeV.

The large dependence of the one-loop cross section
MQ

˜ in the mixed region is caused by the strong sensitivity
the cross section to the off-diagonal elements of the effec
chargino mass matrix. In Ref.@7#, it was claimed that a 4%
measurement ofsR results in the constraint 3.9,tanb,4.1
~at tanb54). The tree level chargino masses were fixed
their determination. We see from Fig. 5~e! that for a given
value ofsR the central value of tanb(MZ) can shift by 0.5,
depending onMQ

˜ .
We find that while the vertex correction is not substant

compared to the experimental sensitivity to the cross sect
the corrections due toUP andVP can be. For example, th
MQ

˜ dependence in Fig. 5~e! is almost entirely due toUP and
VP. At tanb54, sR changes by about 37% asMQ

˜ varies
from 300 GeV to 10 TeV. In contrast, the vertex correction
less than 1.4% over this range.

E. Squark mixing effects

Left-right squark mixing effects give rise to importan
corrections in the mixed region. The stop and sbottom m
ing angles are controlled byA, m, and tanb as described in
Appendix A. In Fig. 6 we show contours of constantsR in
the (A/MQ

˜ , MQ
˜ ) plane for the chargino in the mixed region

We use parameter set M of Table I. The cross hatched re
of Fig. 6 is excluded either because of the chargino m

constraint or becausem
t
˜
2
,0. The cross section shows stron

dependence onA/MQ
˜ whenMQ

˜ is small. For example, when
A/MQ

˜ varies from 22 to 12 with MQ
˜ 5345 GeV, the

cross section changes from 61 fb to 39 fb. TheA dependence

is mainly caused by thet̃ L- t̃ R flip in the graphs with
gaugino-Higgsino mixing, through the corrections toUP and
VP. The correction is therefore roughly linear toA. The A
dependence decouples at largeMQ

˜ as 1/MQ
˜ for fixed A/MQ

˜ .
If only the two chargino masses andsR are measured it

may not be possible to disentangle the dependence of
cross section on squark mixing from the dependence on tb
andMQ

˜ . For example, atMQ
˜ 5345 GeV in Fig. 6, we see

the cross section is 61 fb atA/MQ
˜ 522. We can find the

tion
2-9
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same cross section with the same chargino masses atA50
by changing tanb from 4 to 3.6. It may be necessary
measureA from other quantities. The stop masses and m

ing angle can be constrained ifmt
˜

1,2
and s(e2e1→ t̃ 1 t̃ 1* )

are measured@23#. In Fig. 6, the top squark masses are w
split when A/MQ

˜ 522 (mt
˜

1
5128 GeV, mt

˜
2
5528 GeV)

for MQ
˜ 5345 GeV, while they are nearly degenerate a

point of small mixing A/MQ
˜ 50.12 (mt

˜
1
5383 GeV, mt

˜
2

5386 GeV). Combining these measurements with meas
ments ofm and tanb from other processes,At can then be
determined.

Because left-right squark mixing arises fro
SU(2)3U(1) gauge symmetry breaking, it contributes
the violations of the relations between the tree level charg
and neutralino masses. We can utilize this dependenc
efforts to constrain the values ofA and tanb. In Fig. 7 we
show contours ofA50 varying tanb and of tanb54 varying
A in the (mx

˜
3
0, sR) plane ~solid lines!. We fix MQ

˜

5345 GeV,mx
˜

1
05105 GeV, and the other input paramete

are fixed as in Fig. 6. The contours terminating atmx
˜

3
0

5201.4 GeV have tanb54 while the contours terminating
at mx

˜
3
05212.5 GeV haveA50. For values of tanb slightly

above 4, we cannot find solutions with the given charg
masses. For a givensR , we find mx

˜
3
0 differs up to 3 GeV

between two contours. We also show the variation ofmx
˜

2
0

with mx
˜

3
0 whenA or tanb is varied~dashed lines!. For fixed

mx
˜

3
0, mx

˜
2
0 differs up to 2 GeV between the two curves. If w

can measure the chargino and neutralino masses with
GeV or less, it could help to single out the effect of squa
mixing.3

The contribution of the vertex correction to the squa
mixing dependence is quite small. For example, atMQ

˜

5350 GeV,sR changes from 47.4 fb to 40.5 fb asA/MQ
˜

changes from 0 to 2, while the cross section without
vertex correction varies from 46.7 fb to 39.6 fb, a 1.5%
2.2% effect. Although it is larger than the&1% effect found
in the gaugino and Higgsino dominant regions, it is unimp
tant compared to the strong dependence of the cross se
on A, tanb, andMQ

˜ .

F. Comparison and approximations

We should briefly comment on the comparison of o
results with those of Ref.@15#. The results in Ref.@15# are
obtained by including top, top squark, bottom and sbott
loops only. They underestimate theg2

2log(MQ
˜ ) corrections to

ḡen
˜

W
˜ /g2 and UP,VP, which depend equally on the 1st an

2nd generation~s!quarks as the third generation. We ha

3An excellent measurement of the chargino and neutralino ma
may be achieved at proposedm1m2 colliders. A recent study
shows that it should be possible to measure the lighter char
mass with an accuracy of 30 to 300 MeV by measuring the cr
section in the threshold region@24#.
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checked thet-channel exchange of the sneutrino has a s
stantial effect on the total cross section in some of their plo
and including the contributions of the first two generatio
significantly alters the results.

Our comparisons with their results show large numeri
differences. For example, for the parameters correspon
to their Fig. 4 at tanb50.5, we find the one-loop cross se
tion decreasesby 1.2% asMQ

˜ 5A varies4 from 200 to 1000
GeV. Their results show a 17%increasein the cross section
Notice they take the gaugino mass parameterM2(MZ) as
input. Taking this unphysical mass parameter as input g
erally leads to largerMQ

˜ dependence. In the example ju
mentioned, takingmx

˜
2
2 as input reduces theMQ

˜ dependence

from 1.2% to 0.4%.
We also find smaller differences between the tree le

and one-loop cross sections. However, this is not surpris
since the definition of the tree level cross section is som
what arbitrary. Our tree level cross section is determined
the two chargino masses,MW , MZ , mn

˜ , tanb, and the ef-
fective theory~i.e., standard model! MS gauge couplings. The
tree level cross section depends on the choice of the sca
the effective theory gauge couplings. An appropriate scal
found by considering the Higgsino production cross sect
in the limit MZ!As!MQ

˜ . In this limit the squarks are com
pletely decoupled. Because of the constant correction in
quark loop oblique correction, the cross section in the eff
tive theory is equal to the cross section in the full theory
the effective theory gauge couplings are evaluated at
renormalization scaleQ5exp(25/6)As.As/2. Hence, our
tree level cross section is evaluated with effective the
gauge couplings evaluated at the scaleAs/2. With this
choice, the tree level and full one-loop cross sections
nearly equal when the squark corrections decouple.

We have already discussed that, for practical purpose
is safe to neglect the vertex correction. We will now consid
two approximations to the remaining corrections. In the fir
the effective theory approximation~ETA!, we use the effec-

tive coupling ḡen
˜

W
˜ and the effective mixing matrices,UP,

VP. In this approximation some 1/M
Q
˜
2

corrections are in-
cluded. In the second approximation, the ‘‘log1 const’’
approximation~LCA!, we strictly keep only the nondecou
pling squark corrections, i.e., we include only the correctio
of the form log(MQ

˜ )1const. The effective coupling in the

log 1 const approximation,ḡLCA , is given in Eq.~36!. The
effective mixing matrices in the LCA are found as follow
The off-diagonal elements of the effective chargino ma
matrix in the LCA are given in Eqs.~30!–~34!. The effective
mixing matrices in the log1 const approximation,ULCA

P ,
VLCA

P , are then determined from the two chargino mas

and these off-diagonal elements. Notice thatḡLCA ,ULCA
P ,

VLCA
P , and the effective theory couplings, are renormaliz

tion scale independent.
In Fig. 8 we show the ratio of the various approximatioes

o
s

4We refer to theirA. We use the opposite sign convention forA.
2-10
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FIG. 5. Contours ofsL @~a!, ~b!, and ~d!# and sR @~c! and ~e!# in the (MQ
˜ ,tanb) plane. The parameter sets from Table I are~a! G2

~gaugino-like! with As5400 GeV; ~b! and ~c! H2 ~Higgsino-like!; ~d! and ~e! M ~mixed! with mn
˜5400 GeV. TheMQ

˜ dependence is
strong in~e!, though the tanb dependence is more prominent. The cross hatched regions are excluded by the chargino mass cons
an

tio
e

th

n

wi
l-
is
e
or
di
te

cou-

%,
or
tter

-

wn
to the full cross section, versusMQ
˜ . We plot the ratio of

unpolarized cross sections in the gaugino, Higgsino,
mixed regions in Figs. 8~a!, 8~b!, and 8~c!, with parameter
sets G1, H1 and M of Table I, respectively. The cross sec
without the vertex correction is shown by the dotted lin
The ETA result is shown with the dot-dashed line, and
LCA result is indicated by the dashed line.

There are two factors which contribute to the deviatio
from unity in the largeMQ

˜ region in the ETA and LCA
results. For one, these approximations are calculated
effective theory couplings, while the full calculation is ca
culated with full theory couplings. This mismatch causes d
crepancies of order (a logMQ

˜ )2. These discrepancies giv
some indication of the expected magnitude of two-loop c
rections. Another reason why the approximations can
agree in the largeMQ

˜ limit is that the scale used to evalua

FIG. 6. Contours ofsR in the (A/MQ
˜ , MQ

˜ ) plane for the
mixed region parameter set M of Table I. TheA/MQ

˜ dependence is
larger for smallerMQ

˜ .
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the s-channel tree level gauge couplings isAs/2. The scale
which should be used to get exact agreement in the de
pled regime is somewhat different, depending onMZ , mt ,
andAs.

In all three figures the vertex correction is less than 1
so the ‘‘no vertex’’ approximation is a good one, even f
very small squark masses. The ETA also works well, be
than 1% except atMQ

˜ &As/2 in Fig. 8~b!. The LCA works as
well as the ETA, except in the gaugino region withMQ

˜

&As and in the mixed region withMQ
˜ &1.5As. By compar-

ing the ETA and LCA results we see that the 1/M
Q
˜
2

correc-

tions included inḡen
˜

W
˜ , UP and VP can be essential in ob

FIG. 7. Contours ofA50 (tanb54) varying tanb (A) in the
(mx

˜
3
0, sR) plane~solid lines!, with MQ

˜ 5345 GeV. The variation

of mx
˜

2
0 with mx

˜
3
0 for the same set of parameters is also sho

~dashed lines!.
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FIG. 8. Various approximations to the cross section divided by the full one-loop cross section. The results for the ‘‘no v
approximation, effective theory approximation~ETA!, and ‘‘log 1 const’’ approximation~LCA! are shown.~a!, ~b!, and~c! show results in
the gaugino, Higgsino, and mixed regions of parameter space, respectively.~Parameter sets G1, H1, and M of Table I are used.!
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taining a good approximation, even for squark masses
large as 1.5As.

IV. UNCERTAINTY IN THE CHARGINO PRODUCTION
CROSS SECTION MEASUREMENT

A. Previous analyses

In this section we reexamine previous studies of charg
production and decay@7,11#. Chargino production can b
studied ine1e2 collider experiments by observing their d

cay inton l x̃1
0 or qq̄8x̃1

0, with signalsl2 j 1 missing momen-
tum or 4j 1 missing momentum.

In Refs. @7,11# the probe of the supersymmetric relatio

of SU(2) gauge-gaugino couplingsg2
SM5ḡen

˜
W
˜ was consid-

ered based on the MC study of thel 2 j mode at the point in
parameter space (m,M2 ,tanb,M1 /M2 ,mn

˜)5(2500 GeV,
170 GeV,4,0.5,400 GeV!, wheremx

˜
1
15172 GeV andmx

˜
1
0

586 GeV. The analysis of Ref.@7# assumes As

5500 GeV and that no direct production ofñ is available.

This results in a poor constraint onḡen
˜

W
˜ . In Ref. @11# the

authors consider the same point in parameter space, ex
they assumemn

˜ is measured directly, andAs can be tuned.
Further, they assume that the uncertainty of the theore
input parameters in the chargino and neutralino sector,
acceptance ofl 2 j events, and the dependence of the acc
tance on the theoretical input parameters are independe

mn
˜ andAs. Under these assumptions, they finddḡen

˜
W
˜ /g2

SM

52% with mn
˜5240 GeV andAs5400 GeV. This result is

considerably poorer than the resultdḡen
˜

W
˜ /g2

SM,0.6%, esti-
mated in the sneutrino production study of Ref.@13#.

The purpose of this section is to provide a critical disc
sion of the analysis of Refs.@7,11#. We point out that the
poor constraint found in Ref.@11# results from the low ac-
ceptance of thel 2 j mode~found in Ref.@7#!, and the low
acceptance is further traced back to the~special! choice of
parameters. We also point out that the signal acceptance
dependence of the acceptance on the theoretical input pa
07500
as

o

ept

al
e
-
of

-

nd
m-

eters can be strongly dependent onAs. Therefore the esti-
mate given in Ref.@11# cannot be trusted at other values
As unless a dedicated MC simulation is provided for both
signal and background. The bottom line is that the constr

on ḡen
˜

W
˜ can be greatly improved for more generic para

eters, and by optimizing the beam energy and cuts.
Before going into the details of their simulation, we sh

discuss the background to thel 2 j signal for the case where

x̃1
6 decays exclusively intox̃1

0W as follows:

e1e2→x̃1
1x̃1

2

→W1W2x̃1
0x̃1

0

→ lnqq̄81p” T .

We assumex̃1
0 is the stable LSP, so it escapes detection a

~along with the neutrino! gives rise to missing momentum i
these events.

This process suffers fromW-boson pair production back
ground. In the background events the total momentum of
W-boson pair is balanced in the transverse direction, but
observed transverse momentum is not balanced, due to
escaping neutrino. Hence, the discrimination between
signal and background is difficult.

In the MC study of Ref.@7#, the following cuts are made
to reduce the background fromW-boson pair production in
the l2 j mode:

~a! existence of an isolated hard lepton;El.5 GeV, uql
.60°; ~b! p” T.35 GeV; ~c! uacop.30°; ~d! mln ISR

.120 GeV:~e! 2Qlcosuhad, Qlcosul,0.707. Cuts~b!, ~c!
and ~d! are set to reduce theW-pair events produced nearl
back to back in the transverse direction, while keeping
supersymmetric signal. The cut~e! is designed to remove th
large forward peak of theWW events.
2-12
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Although these cuts are standard ones to improve the
nal to noise ratio, the acceptance of the signal turns out to
small,

h5
Nobs

sLBlBhL
511.9%, ~37!

resulting in S/N51 at the previously mentioned point i
parameter space.

Our knowledge of the acceptance is limited by the err
of the underlying parameters (m,M1,M2,tanb,mn

˜). The sys-
tematic errors onh are estimated asDhsys50.55% by allow-
ing the underlying parameters to vary so thatmx

˜
1
1,mx

˜
2
1, and

mx
˜

1
0 vary within 2 GeV of their input values.

While Dhsys itself is small, the error in the cross sectio
due to the acceptance uncertainty turns out to be large
Dh/h55%. This is comparable to the change in the cro
section whenmq

˜ changes from 1 TeV to 4.5 TeV withmn
˜

5240 GeV andAs5400 GeV.
No question was raised concerning the small accepta

of the l2 j mode in Refs.@7,11#, but the value should be
contrasted with other MC studies, which generally claim
ceptances of 30 to 50% for SUSY signals@4,6,25#. The low
acceptance in Eq.~37! is a consequence of the special cho
of parameters. At the point in question,mx

˜
1
15172 GeV, and

mx
˜

1
0586 GeV, so the mass difference between the pa

and the daughter particlesDm5mx
˜

1
12mx

˜
1
02mW is only 6

GeV. In the rest frame ofx̃1
1 , both theW boson andx̃1

0 are

nonrelativistic. When the parentx̃1
1 is boosted, the angle

between thex̃1
1 momentum and theW boson, and also the

momentum spread of theW, can be very small. When th
charginos are produced atAs5500 GeV,ux

˜
1
1W,15°, and

the W-boson pair momenta andx̃1
0 momenta are roughly

balanced.
Notice in the cuts listed above we are relying on lar

ux
˜ 1W and large missing transverse momentum to sepa

the signal from theWW background, but neither of thes
attributes are characteristic of the signal events. The sm
acceptance merely results from the fact that theW pair from
the signal and the background have very similar kinema
at this particular point in parameter space.

The small acceptance has a direct effect on the accept
uncertainty. The signal event distribution in the (p” T ,uacop,
mln) space sits near the background distribution and th
fore near the cut region. When the input parameters
changed slightly within their error, the signal region al
changes in the (p” T ,uacop,mln) space. Because the accept
number of events for the input parameters is so small c
pared to the total number of reconstructedW-pair events, a
small change in the signal region easily changes the ac
tance by several percent. Relatedly,ux

˜
1
1W is a rather sensi-

tive function of Dm when Dm is small. Note that the sys
07500
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tematic error of the acceptance is estimated by changingDm
from 2 to 10 GeV in Ref.@7#.

To illustrate the kinematics, we show the acoplanar
angle distribution ofW pairs reconstructed frome1e2

→x̃1
1x̃1

2→WWx̃1
0x̃1

0→4 j 1p” T events in Fig. 9. The 4j
mode also suffers from theWW background, however the
cuts to remove the SM background are far simpler than th
of the l2 j mode.5

Figure 9 shows the acoplanarity angle distribution af
applying the cuts to reject backgroundW pairs given in Ref.
@6#, except for the acoplanarity angle cutuacop.30°. To gen-
erate MC events, we modified the event generator of R
@6#, and we used the Japan Linear Collider~JLC! detector
simulator@6#. The effect of initial state radiation is included
The distribution shown by points with error bars correspon
to our standard input parameters (m,M1, M2,tanb,mn

˜)5
(2500 GeV,84.6 GeV,170 GeV, 2,400 GeV!, resulting in
mx

˜
1
15176.6 GeV andmx

˜
1
0586.9 GeV. The parameters ar

chosen so thatDm59.4 GeV, larger than that in Ref.@7#.
The size of the error bars and the central values are de
mined from 10000 generated events, corresponding
*Ldt516 fb21. On this same plot we also show two distr
butions corresponding toM1590.6 GeV~short-dashed! and
M1578.6 GeV ~long-dashed!. These distributions corre
spond to mx

˜
1
0592.2 GeV and mx

˜
1
0580.3 GeV, respec-

tively. The difference inDm for these two curves is 12 GeV

5The 4j mode suffers from the SUSY background due toe1e2

→x̃2
0x̃2

0→4 j x̃1
0x̃1

0, which may be hard to distinguish from th
chargino signal. We discuss the 4j mode here for more or les
illustrative purposes, although it is possible to extract more phy
information by including this mode in a combined fit.

FIG. 9. The number of accepted chargino production events
the acoplanarity angle, withAs5500 GeV and*Ldt516 fb21.
The points with error bars are forM1584.6 GeV, and the long-
dashed~short-dashed! line corresponds toM1578.6 (90.6) GeV.
See text for other parameters.
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large enough to create a statistically significant difference
the event distribution, given the somewhat small integra
luminosity we are considering. These curves are normali
to have equal numbers of events.6

The acceptance changes drastically for the different ca
Implementinguacop.30°, we find the acceptance varies by
factor of two. The acceptance is correlated withDm, which

determines the maximalx̃1W angle. Below we listDm, the

maximal angleu
x
˜ 1W

max
, and the acceptance for the three cas

mx
˜

1
0 Dm u

x
˜ 1W

max h

92.2 GeV 4.1 GeV 13.7° 14.1%
86.9 GeV 9.4 GeV 20.7° 19.3%
80.3 GeV 16.0 GeV 27.2° 27.3%

Varying mx
˜

1
0 by 2%, we expect about a 2% change in t

acceptance. This corresponds toDh/h of about 10%.
Notice we requireuacop.30° to reduce the SM back

ground, while the maximaluacop is 2u
x
˜ 1W

max
if the recon-

structed jet momenta are identified with the quark mome
For the sample withDm54.1 GeV, the events are accept
by virtue of the finite resolution of the jet axis. Asux

˜ 1W
increases above half of the acoplanarity angle cut, the
cepted number of events increases linearly withux

˜ 1W . On

the other hand, ifDm is so large thatu
x
˜ 1W

max
@uacop, then

most of the events pass the cut by a wide margin. In part
lar, most events are accepted regardless of several pe
variations in the input parameters. Therefore, the accepta
error is much smaller in a generic region of parameter sp
We expect the acceptance uncertainty to scale roughly
versely with the acceptance, for sufficiently largeDm. We
will examine this conjecture later by an explicit examp
The uncertainty itself depends on the mode under consi
ation and the cuts applied, as we discuss in the next sub
tion.

For the l2 j mode the situation is less clear. Each of t
three cuts, thep” T cut, the acoplanarity angle cut, and themln
cut, causes roughly the same reduction in the numbe
signal events. Because of the missing momentum from
escaping neutrino, each cut yields smaller reductions c
pared to the 4j mode. However, each acceptance dominan
depends on the parameterDm. In particular, the acceptanc
is larger for largerDm for all of these cuts. WhenDm is
small the signal region significantly overlaps the backgrou
region. In that case, as with the 4j mode, the variation ofDm

6The total number of reconstructedWW events depends on th
chargino-neutralino mass differences. For example, rejection of
forward going jets (W’s! gives such dependences. However, as d
cussed below, this mass sensitivity is small compared to the un
tainty in the acceptance due to the acoplanarity angle cut.
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within the error is largely responsible for causing events
move into and out of the accepted region.

B. Improving the measurement

We found in the previous subsection that the point
parameter space considered in Refs.@7,11# must be regarded
as a pessimistic case. At other points the acceptance
generically increase, leading to a decrease in the accept
uncertainty. However, nature may equally well choose a
point, so let us reconsider this point for a moment, and s
a procedure to reduce the acceptance uncertainty.

One possibility is to reduce the chargino and neutral
mass errors, especially the error on their mass differen
When there is no correlation betweendmx

˜
1
1 and dmx

˜
1
0, the

largest ~smallest! acceptance comes from the point whe
mx

˜
1
12mx

˜
1
0 becomes maximum~minimum! within the mass

errors. For example, in the 4j mode, when we changeM1
and M2 so that (Dmx

˜
1
1,Dmx

˜
1
0)5(12 GeV,22 GeV), we

find the acceptance increases by 6%. With (Dmx
˜

1
1,Dmx

˜
1
0)

5(12 GeV,12 GeV) we find the acceptance increas
by7 1.7%. Hence, the acceptance is over three times m
sensitive to absolute changes in the mass difference than
mass sum.

In the standard technique to determine a particle’s m
from the energy distribution of one of the daughter partic
in two body decay, the mass difference between the pa
and the daughter particle is measured better than the i
vidual masses, especially when the parent particle is sig
cantly boosted.~See examples in Refs.@6,25#.! So, at generic
points the uncertainty in the acceptance is much smaller t
one would expect from uncorrelated mass errors. Howe
in this particular example, the acceptance is smaller near
endpoints of the energy distribution. This is because
daughter particle has a maximal energy when it goes in
same direction as the parent particle. In such a case,
acoplanarity of the event comes only from the oth
chargino, leading to small statistics near the endpoi
Therefore, we expect that the energy distribution is less s
sitive to the chargino-neutralino mass difference for the c
given in Ref.@7#.

The uncertainty of the acceptance may be reduced by
creasing the acceptance itself. One can increase the ac
tance easily in the 4j mode by reducingAs. In Fig. 10 we
see the acoplanarity angle distribution ofW pairs is much

flatter forAs5400 GeV. The angleu
x
˜

1
1W

max
541.3°, so a large

number of events pass the cutuacop.30°. We find the accep-
tance increases to 54.8% from 19.3% at our standard p
~wheremx

˜
1
15176.6 GeV andmx

˜
1
0586.9 GeV). The accep

tance increases by 2.4% withmx
˜

1
15176.612 GeV and

mx
˜

1
0586.922 GeV. The uncertainty in the acceptance fro

e
-
r-

7At ( 16 GeV,16 GeV) we find the acceptance is 24.3%. W
then assume a linear dependence on theDmx

˜ to obtain the estimate
for (12 GeV, 12 GeV).
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the chargino-neutralino mass errors is therefore reduced
factor of 7 relative to theAs5500 GeV case.8

For thel2 j mode, reducingAs may not result in a large
acceptance. For this mode, many cuts are needed to re
backgrounds and the relevant distributions have differentAs
dependencies. For example, thep” T.35 GeV cut rejects
more events at smallerAs, because the narrower allowe

range ofx̃1
0 momentum leads to observed events which

more balanced in transverse momentum. Since theWW
background also has a softerp” T at smallerAs, it may be
beneficial to reduce thep” T cut. To determine to what exten
the acceptance can be improved, both the signal and b
ground must be studied carefully, because the signal to n
ratio is near unity in this mode. Such a study is beyond
scope of this paper.

We summarize this section as follows.
The previously claimed cross section error due to the

certainty in the acceptance should not be taken as a ge
statement. The point studied in Ref.@7# has special kinematic
properties making it a very pessimistic case.

Because the error in the acceptance scales inversely
the acceptance, the acceptance uncertainty may be m
mized by changing the beam energy and the cuts so a
maximize the acceptance. One should always try to find
best possible way to increase the acceptance, not in ord
increase the statistics, but rather to reduce the system
error.

8However, we find the acceptance error including theWW recon-
struction efficiency is only reduced by a factor of 2.6. The dep
dence of theW-pair reconstruction efficiency on the chargin
neutralino masses comes in through the dependence on theW boson
velocity. The daughterW boson in the center of mass frame
substantially nonrelativistic atAs5400 GeV, so theW-boson ve-
locity is sensitive to the chargino-neutralino mass difference. T
dependence may be ascertained on an event by event basis.

FIG. 10. The acoplanarity angle distribution ofW-pair events
from chargino production, atAs5400 GeV. See the text for othe
parameters and cuts.
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If it is clear that specific distributions and/or cuts are t
dominant source of the uncertainty, one might benefit fr
fitting the distribution. Figure 9 illustrates an example whe
the shape of the acoplanarity angle distribution~not its over-
all normalization! changes substantially withDm.

V. DISCUSSION AND CONCLUSIONS

In this paper we calculated the chargino production cr
section including full one-loop quark and squark loop co
rections. Quark and squark loop corrections are known
induce corrections proportional to logmq

˜ . This logarithmic
correction is seen as a reflection of broken supersymmetr
the effective theory below the squark mass scale. The
rection may be observable in chargino, neutralino, and s
ton production and decay processes as discussed in R
@11,13#. In this paper, the important corrections in the lar
mq

˜ limit were extracted from the full one-loop calculation
and they were compared with the decoupling corrections.
also revisited previous MC studies of the measurement of
correction to the fermion-sfermion-chargino couplingdg

5ḡen
˜

W
˜ 2g2

SM. In Ref. @11# it was stated that a precise dete
mination of the chargino production cross section is imp
tant, but the uncertainty in the theoretical underlying para
eters would be the limiting factor in the measurement. In t
paper we pointed out the systematic error will not be a pr
lem at generic points in MSSM parameter space. This
contrary to their remarks which were based on a MC stud
a point in parameter space with special kinematic propert
Our study shows that experiments at futuree1e2 colliders
should be sensitive to the squark mass scale if the chargin
produced with a large cross section.

We presented our one-loop calculation in terms of
renormalization scale independent effective chargino mix
matrices,UP andVP. They are the matrices which diagona

ize the effective mass matrixM̄C(p2) at momentump2

5m
x
˜ 2

2
. When the one-loop amplitude is written in terms

UP andVP, a complicated part of the wave function reno
malization is absorbed, and the remaining part is a sim

expression. The sum of the 1PI gauge-x̃2x̃1 vertex correc-
tion and the remaining simplified wave function renormaliz
tion is scale independent, and decouples in the largemq

˜

limit. By isolating this scale independent correction we we
able to discuss its importance separately.

For sufficiently heavy squarks, it behooves one to int
duce the renormalization scale independent effec

electron-sneutrino-wino couplingḡen
˜

W
˜ . All corrections pro-

portional to logmq can then be included in the ‘‘effective tre
level’’ amplitude, which is obtained by replacing the co
plings and mixing matrices of the tree level amplitudegen

˜
W
˜ ,

U, V, and s-channel gauge couplinggi , with the effective

onesḡen
˜

W
˜ , UP, VP, and gi

SM respectively. The correction
proportional to logmq

˜ are included in the first three effectiv
parameters, whilegi

SM is mq
˜ independent. Our formulation o

the effective mixing matrices can be easily extended to
gauge-Higgs loops, and to the wave function renormalizat

-

is
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of other external particles with flavor mixing, such as ne
tralinos.

For gaugino-like charginos, the logmq
˜ dependence o

ḡen
˜

W
˜ gives the dominant correction to the production amp

tude. The amplitude in Higgsino-like chargino producti
does not receive corrections proportional to logmq

˜ . Instead it
receives finite corrections from the gauge-Higgsino-Higgs
vertex correction. The correction is rather small even thou
Yukawa couplings are involved. Numerically we found t
correction is of the order of a few percent. Our numeri
calculation is in contradiction with previous results given
Ref. @15#. They claim large corrections to the productio
cross section of Higgsino-like charginos. We found in so
cases order of magnitude differences with their results.
nally, in mixed chargino production, the corrections to t
off-diagonal elements of the effective chargino mass ma
are important, becauseUP andVP are sensitive to them. Th
off-diagonal elements receive corrections proportional
logmq

˜ , and they also receive decoupling corrections due
squark left-right mixing. Both corrections can be as large
10%. In order to successfully extract the most useful inf
mation from the chargino measurements, it may be neces
to isolate the light top squark mixing effects, for example
measuring the top squark masses and mixing angle thro
its direct production. Precise measurements of the char
and neutralino spectrum could also give information on
squark mixing.

The validity of various approximations to the one-loo
cross section was also studied in this paper. A simple
proximation which works in a wide region of paramet
space makes it easy to simulate the effect of the radia
correction in MC studies. We found the 1PI vertex correct
may be safely neglected, and we further defined approxi
tions to the rest of the one-loop amplitude. The one-lo
cross section is well described by the effective coupling a
mixing matrices. These parameters encode the lea
log(MQ

˜ ) and constant corrections, as well as important
coupling corrections. If these decoupling corrections
dropped, we found that the resulting approximation can
poor even for relatively heavy squark masses,mq

˜;1.5As.
Chargino production suffers fromW-boson pair produc-

tion background ate1e2 colliders. Therefore, the detectabi
ity of the radiative effect must be studied carefully. Pre
ously studies proceeded by choosing a point in MSS
parameter space, and generating the MC signals utilizing
cuts that reduce theWW backgrounds while keeping signa
events. These cuts were determined in a generic situatio
Ref. @6#. We pointed out that the point of parameter spa
chosen in the MC study of Ref.@11# is not consistent with
the assumptions used to determine the cuts in Ref.@6#.
Namely, at the parameter point of Ref.@11# there is very

little phase space in the chargino decayx̃1
2→Wx̃1

0. As a
result, thep” T distribution of the signal events is similar t
that of the background. However, the cuts to reduce
background were chosen under the assumption that the
nal would have a higherp” T distribution relative to the back
ground. We found this causes the very small acceptance

this situation small changes in thex̃1
2 andx̃1

0 masses lead to
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large variations in the accepted number of events. The
pected experimental chargino and neutralino mass e
therefore leads to a large systematic error in the charg
production cross section. We suggest the uncertainty at s
a point can be reduced by optimizing cuts and beam ene
to increase the acceptance. We showed that at generic p
in parameter space the acceptance is substantially larger
the systematic errors due to the chargino and neutralino m
uncertainties will not pose a serious problem. We stress
efforts to optimize cuts to obtain the maximal acceptan
greatly reduce the error in the cross section both by incre
ing statistics and reducing systematic errors. This impro
the sensitivity of the measurement to the loop effects.

We note the systematic error due to the theoretical und
lying parameters may be reduced by measuring various
nematical distributions of decay products inp” T , uacop, etc.
Such fitting to decay distributions has not been considere
previous studies. Furthermore, the decoupling correction
not negligible in the mixed case, and this might introduce
interesting twist in future chargino studies. This will be stu
ied elsewhere. We did not present our fits of chargino p
duction cross section to MSSM parameters. Notice, howe
that fits of MC data to MSSM parameters are sensitive to
specific choice of the theoretical input parameters, beam c
ditions, etc., chosen for the study. The fitted results at on
a few points in parameter space should not be interpre
generically.

The corrections encoded inḡeñW̃ , UP andVP are univer-
sal. They appear in various production and decay proces
and may be important when chargino decay distributions
branching ratios are used in a fit. Neutralino pair product
receives analogous logmq

˜ corrections. Of course the chargin
and neutralino corrections are equally important in fin
states which receive contributions from both chargino a
neutralino production.

Previously, information on particles which were not pr
duced directly was ascertained by calculating the effects
loop corrections in SM processes and comparing the pre
tions with experimental data. Unfortunately, superpartn
typically give very small corrections in SM processes b
cause of their decoupling nature. Once a superpartne
found, the existence of heavier superpartners with massM
gives rise to interesting nondecoupling effects proportio
to logM in the production and decay processes of the ligh
sparticle. In this paper we studied a chargino production p
cess, and compared the logmq

˜ correction and the associate
decoupling corrections in detail. We found the mixing
light third generation squarks also leads important radia
corrections. If these two effects can be separated, we c
uncover rich information about the squark mass spectr
We stress that a systematic treatment of the loop correc
and a detailed examination of future experimental prospe
are needed to make such a study possible.
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APPENDIX A: TREE LEVEL INTERACTIONS

We list the tree level interactions of charginos, quar

and squarks. The chargino (x̃2) mass matrix in the gaug
eigenbasis,

c iL
2 5~W̃L

2 ,H̃1L
2 !, c iR

2 5~W̃R
2 ,H̃2R

2 !, ~A1!

is given as@26#

2Lm5c iR
2 MCi jc jL

2 1c iL
2 MCi j

† c jR
2 ,

MC5S M2 A2MWcosb

A2MWsinb m
D . ~A2!

The mass matrixMC is diagonalized by two unitary matrice
V andU asMD5V* MCU†, whereMD5diag(mi). Note that
at the one-loop levelMW in Eq. ~A2! is theDR renormalized
parameter.

The chargino-fermion-sfermion couplings are written
follows:

Lint52 f̃ 1i* x̃ j
2~a

f
˜

1i j

2
PL1b

f
˜

1i j

2
PR! f 21~H.c.!

2 f̃ 2i* x̃ j
1~a

f
˜

2i j

1
PL1b

f
˜

2i j

1
PR! f 11~H.c.!, ~A3!

wheref 5(q,l ) and (f 1 , f 2) are SU~2! doublets, and the suf
fix i of sfermions denote its mass eigenstates. Explicit for

of (a,b) in the gauge eigenbasis of sfermionsf̃ L,R are writ-
ten in terms of (U,V), the gauge couplingg2 and Yukawa
couplingsyf of fermions f as

a
f
˜

1Li

2
5g2Vi1* , a

f
˜

2Li

1
5g2Ui1* ,

a
f
˜

1Ri

2
52yf 1

Vi2* , a
f
˜

2Ri

1
52yf 2

Ui2* ,

b
f
˜

1Li

2
52yf 2

Ui2 , b
f
˜

2Li

1
52yf 1

Vi2 ,

b
f
˜

Ri

7
50, ~A4!

where

yf 1
5

g2mf 1

A2MWsinb
, yf 2

5
g2mf 2

A2MWcosb
. ~A5!

The gauge interactions of fermions, charginos, and sferm
are expressed as
07500
d

t

,

s

s

ns

Lint52x̃ i
2gm~vLi j

G PL1vRi j
G PR!x̃ j

2Gm2 f̄ gm~v f L
G PL

1v f R
G PR! f Gm2 iv i j

f
˜

G~ f̃ i* ]Jm f̃ j !G
m. ~A6!

HereG5(g,Z) and

vLi j
G 5~UTGU†! i j , vRi j

G 5~V* TGVT! i j ,

Tg5eS 21 0

0 21D ,

TZ5gZS 211sin2uW 0

0 2
1

2
1sin2uW

D ,

v f L
Z 5gZ~T3 f L2Qf sin2uW!,

v f R
Z 52gZQf sin2uW ,

vLL
f
˜

Z 5v f L
Z , vRR

f
˜

Z 5v f R
Z , vLR

f
˜

Z 5vRL
f
˜

Z 50,

v f L
g 5v f R

g 5eQf , v i j
f
˜

g5eQfd i j . ~A7!

The mixing of left- and right-handed sfermions may n
be negligible for third generation sfermions. The mass m

trices for f̃ 5( t̃ ,b̃) are given as follows:

2Lm5~ f̃ L* f̃ R* !S mL
2 mLR

2

mLR
2 mR

2 D S f̃ L

f̃ R

D ,

mL
25m̃

Q
˜

3L

2
1mf

21mZ
2cos2b~T3 f L

2Qf sin2uW!,

mR
25m̃

f
˜

3R

2
1mf

21mZ
2Qf cos2b sin2uW ,

mLR
2 5H 2mt~At1m cotb! for t̃

2mb~Ab1m tanb! for b̃.
~A8!

The mass eigenstatesf̃ 1,2 are obtained by diagonalizing th
mass matrices. This leads to the field rotations

f̃ 15 f̃ L cosu f
˜1 f̃ R sinu f

˜ ,

f̃ 252 f̃ L sinu f
˜1 f̃ R cosu f

˜ , ~A9!

wheremf
˜

1
,mf

˜
2
. u f

˜ is the mixing angle. Couplings off̃ 1,2

are easily obtained from those in thef̃ L,R basis.

APPENDIX B: QUARK AND SQUARK LOOP FUNCTIONS

We list the explicit forms of the quark-squark loop fun
tions in the corrected amplitude shown in Sec. II. The res
are for quarks and squarks of a given generation.
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The forms of the chargino two-point functionsS i j (p2) are
@27#

S i j
L ~p2!5

Nc

16p2
„a

d
˜

ki

1* a
d
˜

k j

1
B1~p2,mu ,md

˜
k
!

1b
u
˜

ki

2
b

u
˜

k j

2* B1~p2,md ,mu
˜

k
!…,

S i j
R~p2!5

Nc

16p2
„b

d
˜

ki

1* b
d
˜

k j

1
B1~p2,mu ,md

˜
k
!

1a
u
˜

ki

2
a

u
˜

k j

2* B1~p2,md ,mu
˜

k
!…,

S i j
D~p2!5

Nc

16p2
„b

d
˜

ki

1* a
d
˜

k j

1
muB0~p2,mu ,md

˜
k
!

1a
u
˜

ki

2
b

u
˜

k j

2* mdB0~p2,md ,mu
˜

k
!…. ~B1!

HereB0,1 are ’t Hooft–Veltman functions in the conventio
of Ref. @17#, andNc53 is color factor.

The one-particle-irreducible~1PI! corrections to the

x̃ i
1x̃ j

2Gm vertices,FV
G andFS

G , appear in9 Eq. ~6!. The cor-

rections have two parts: contributions from (f , f , f̃ X8 ) loops

~denoted withf ) and those from (f , f̃ X8 , f̃ Y8 ) loops ~denoted

with f̃ 8), where (f , f 8) denotes an SU~2! multiplet of quarks.
Accordingly, theFG’s are decomposed as

FVL~R!
G 5(

f
FVL~R!

G f 1(
f
˜

FVL~R!
G f
˜

,

FSL~R!
G 5(

f
FSL~R!

G f 1(
f
˜

FSL~R!
G f
˜

. ~B2!

The contribution of the (f , f , f̃ X8 ) loops for (f , f̃ 8)5(d,ũ)
are expressed as

FVL
G f5

Nc

16p2 (
X51,2

@bXivRbX j* F f X1aXivLaX j* mimj~C12
f X2C11

f X!

1mf$2aXivRbX j* miC12
f X2bXivLaX j* mjC11

f X

1aXivLbX j* mi~C0
f X1C12

f X!1bXivRaX j* mj~C0
f X1C11

f X!%

1mf
2bXivLbX j* C0

f X#, ~B3!

FSL
G f5

Nc

16p2 (
X51,2

@bXivRbX j* mi~C22
f X2C23

f X!

9There we have ignored additional terms proportional to (p3

1p4)m since their contribution vanishes in the massless elec
limit. However, these terms can contribute to other processes
as chargino decays.
07500
1aXivLaX j* mj~C11
f X2C12

f X1C21
f X2C23

f X!

1mf$aXivRbX j* C12
f X2aXivLbX j* ~C0

f X1C11
f X!%#.

~B4!

Here we abbreviateaXi5a
f
˜
8Xi

2
, bXi5b

f
˜
8Xi

2
, and vL(R)

5v f ,L(R)
G . The FR

G f formula are obtained from the corre
sponding FL

G f expressions by replacingaXi↔bXi and
vL↔vR . C0

f X andCab
f X are the Passarino and Veltman@28# C

functions in the convention of@29#. The arguments of theC
function are

C0~ab!
f X 5C0~ab!~pj

2 ,pi
2 ,s,mf

2 ,m
f
˜

X8

2
,mf

2!. ~B5!

The functionF f X is defined as

F f X[2
1

2
$Bf X2sC0

f X1~m
f
˜

X8

2
2mf

21mi
22s!C11

f X

1~mf
22m

f
˜

X8

2
2mi

2!C12
f X21%, ~B6!

whereBf X5B0(pj
2 ,mf

2 ,m
f
˜

X8

2
).

The contributions of (f , f̃ X8 , f̃ Y8 ) loops for (f , f̃ 8)5(d,ũ)
are expressed as follows:

FVL
G f
˜
85

Nc

16p2(XY
2bXivXYbY j* C24

f
˜
8XY , ~B7!

FSL
G f
˜
852

Nc

16p2(XY
@mfaXivXYbY j* ~C12

f
˜
8XY2C11

f
˜
8XY!

1mibXivXYbY j* ~C23
f
˜
8XY2C22

f
˜
8XY!

1mjaXivXYaY j* ~C23
f
˜
8XY2C21

f
˜
8XY

1C12
f
˜
8XY2C11

f
˜
8XY!#. ~B8!

The FR
G f
˜
8 are obtained from Eqs.~B7!,~B8! by replacing

aXi↔bXi . Here,vXY5vXY
f
˜
8G , and

C0~ab!
f
˜
8XY 5C0~ab!~pj

2 ,pi
2 ,s,m

f
˜

Y8

2
,mf

2 ,m
f
˜

X8

2
!. ~B9!

The contributions for (f , f̃ 8)5(u,d̃) loops can be obtained

from the (f , f̃ 8)5(d,ũ) expressions in Eqs.~B3!,~B4!,~B7!,

~B8! by replacinga
f
˜
8Xi

2 →b
f
˜
8Xi

1* , b
f
˜
8Xi

2 →a
f
˜
8Xi

1* , v f ,L
G ↔2v f ,R

G ,

andvXY
f
˜
8G→2vXY

f
˜
8G .

APPENDIX C: HELICITY AMPLITUDE METHOD

In the calculation of cross sections it is often useful
directly evaluate the amplitude for helicity eigenstates of i
tial and final state particles, and numerically take the sum
the squared amplitudes for helicities, instead of taking

n
ch
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trace of the squared amplitude analytically. This method
called the helicity amplitude method@19,20#.

In this appendix we list the spinor bilinears which a
relevant in the one-loop amplitude of the proce

e2(p1 ,h1)e1(p2 ,h2)→x̃ i
2(p3 ,h3)x̃ j

1(p4 ,h4). h124 are the
helicities of the corresponding particles and take the val
61/2. We evaluate the spinor bilinears in the center of m
frame. The coordinate space is chosen so that the initiae2

goes along the positivez axis and the finalx̃ i
2 goes along the

(uf) direction in the polar basis. We give our results in t
spherical basis. A Lorentz vector in the spherical ba
(AL,Am) with m50,6, is related to the vectorAm in the
Minkowski basis via

AL5A0,

A152
1

A2
~A11 iA2!,

A05A3,

A25
1

A2
~A12 iA2!. ~C1!

The inner product of two vectors (A,B) is given by

A•B[ALBL1(
m

~21!m11AmB2m. ~C2!

The initial massless fermion bilinearsH ~we ignore the

electron mass! and final fermion bilinearsH̄ are given in the
spherical basis as

HV
m[ v̄h2

~p2!gmuh1
~p1!5~0,2A2ul I uEd2m,l I

!,

HA
m[ v̄h2

gmg5uh1
5~21!h211/2HV

m ,

H̄S[ūh3
~p3!vh4

~p4!

5„~E31E4!22~mi1mj !
2
…

1/2dlF0 ,
.
v.

e

07500
is

s

s
s

,

H̄P[ūh3
g5vh4

5~21!h411/2
„~E31E4!2

2~mi2mj !
2
…

1/2dlF0 ,

H̄V
m[ūh3

gmvh4
5S @AE31miAE42mj

2AE32miAE41mj #dlF0 ,

2~A2! ulFuAE31mi

E41mj
@E41mj2~21!lF

3~E32mi !#dmlF

1 ~u!ei ~m2lF!fD ,

H̄A
m[ūh3

gmg5vh4
5~21!h411/2

3SAE41mj

E31mi
@2E41E31mi1mj #dlF0 ,

2~A2! ulFu@~21!lF11AE32miAE41mj

1AE31miAE42mj #dmlF

1 ~u!ei ~m2lF!fD . ~C3!

We use the abbreviationsl I[h12h2 and lF[h32h4. (E,

E3, E4) are the (e2,x̃ i
2 ,x̃ j

1) energies, respectively. The re
evant Wignerd functionsdml

1 (u) are

S d11
1 d10

1 d12
1

d01
1 d00

1 d02
1

d21
1 d20

1 d22
1
D ~u!

5S 11cosu

2
2

1

A2
sinu

12cosu

2

1

A2
sinu cosu 2

1

A2
sinu

12cosu

2

1

A2
sinu

11cosu

2

D . ~C4!
a-
ta
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