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1. INTRODUCTION

While the Standard Model of electroweak and
strong interactions has been widely tested and strin-
gently established in various experiments, it never-
theless exhibits conceptual drawbacks in the context
of Grand Unified Theories and it does not include
gravity. The introduction of supersymmetry provides
a first step to resolve these problems. The Minimal
Supersymmetric Standard Model (MSSM) comprises
the minimal particle content necessary for extending
the Standard Model into a supersymmetric theory. It
is clear that supersymmetry is broken in nature, but
the construction of a viable breaking mechanism re-
mains a difficult issue. In most scenarios the break-
ing mechanism resides in an experimentally inacces-
sible “hidden sector” and is transmitted to the visible
world, thus generating explicit soft-breaking terms in
the effective Lagrangian.

If supersymmetric particles are detected in the fu-
ture, exploring the underlying theory will include two
central tasks. On the one hand, to establish symmetry
scheme experimentally, it is necessary to accurately
test the predicted symmetry relations, in particular the
quantum numbers and couplings of the superpartners
must coincide with the corresponding parameters of
the Standard Model. On the other hand, the pattern
of supersymmetry breaking needs to be explored. Be-
cause of the large number of soft-breaking parame-
ters in the MSSM, this will be an enormous experi-
mental effort. In this context, it is important to de-
termine the soft-breaking parameters with high pre-
cision in order to reconstruct the underlying break-
ing mechanism, which eventually involves extrapo-
lations to high energy scales. A high-energye+ e�

linear collider [1] is particularly suited for precision
measurements of supersymmetric particle properties
up to the per-mille level, due to the well-defined ini-
tial state, the high luminosity and the polarization for
both beams [2]. In order to match the experimental
accuracy, sufficiently precise and reliable theoretical
predictions for the production cross-sections and de-
cays of the superpartners are required.

This report is focused on recent developments in
precision analyses of scalar fermions—sleptons and
squarks—at a linear collider. In particular the de-
termination of their quantum numbers, couplings and
masses will be discussed, the latter being the essential
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Figure 1. Masses and branching ratios of sleptons of
the first two generations in the SPS1 scenario [3]. The
total widths are�~lR = 210M eV and�~lL = 250M eV .

building block for the exploration of the soft-breaking
terms. Moreover, due to the large Higgs Yukawa cou-
pling of the third generation sfermions, this sector can
yield valuable information about the Higgs parame-
ters� andtan� as well as the trilinear scalar cou-
plingsA f, including potential CP-violating phases.

2. DECAY AND PRODUCTION MODES

The phenomenology of scalar leptons is character-
ized by clean final state signatures with only a few
visible leptons and missing energy. The scalar part-
ners ~fL , ~fR of the left- and right-handed states of the
fermionf have different decay modes which can be
used to discriminate between the two chirality states:

~f
�

R
! f� ~�01;

~f
�

L
! f� ~�02

b
! �+ �� ~�01

~f
�

L
! f0

�
~�
�
1

b
! �� �� ~�

0
1

(1)

wheref0 is the SU(2) doublet partner off. Fig. 1
shows the mass spectrum and branching ratios of the
first and second generation sleptons for the SPS1 sce-
nario [3].
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Figure 2. Tree-level diagrams for the production of
smuons (a) and selectrons (b) ine+ e� annihilation
and for the production of selectrons ine� e� colli-
sions (c).

At leading order, sleptons of the second and third
generation, as well as squarks, are produced via s-
channel gauge-boson exchange ine+ e� annihilation,
see Fig. 2 (a). As a consequence, they are produced
in a P-wave with a characteristic rise of the excita-
tion curve� / �3, where� =

q

1� 4m 2
~f
=s is

the sfermion velocity. Due to the Majorana nature
of the neutralinos in the t-channel, see Fig. 2 (b)
and (c), selectrons can also be produced in S-waves
(� / �), namely for~e�

R
~e
�

L
pairs ine+ e� annihila-

tion and~e�
R
~e
�

R
;~e

�

L
~e
�

L
pairs ine� e� scattering. The

e� e� mode has the additional advantage of much
lower background.

3. SELECTRON QUANTUM NUMBERS

Due to the small masses of the first two genera-
tion fermions, the mixing between the correspond-
ing scalar partners is expected to be negligible. As

a consequence, the mass eigenstates~f1, ~f2 are almost
identical to the chirality states~fL , ~fR , which are the
scalar partners of the left- and right-handed states of
the fermionf, respectively.

The additional t-channel amplitude for selectron
production directly relates the quantum numbers of
the produced selectrons and spositrons to the polar-
ization of the incoming electron and positron. There-
fore the chiral quantum numbers of the selectrons
can be unambiguously determined by studying the se-
lectron production cross-sections ine+ e� annihila-
tion with polarized beams [4]. In order to separate
the t-channel neutralino exchange from the s-channel
photon and Z-boson exchange, both the electron and
positron beams must be polarized. By comparing the
selectron cross-section for different polarization com-
binations the chiral quantum numbers of the selec-
trons can be disentangled.

4. SUSY COUPLING RELATIONS

One of the most fundamental predictions of su-
persymmetry is the equivalence between gauge cou-
plings and their supersymmetric Yukawa counter-
parts. For instance, the gauge coupling between a
vector bosonV and a fermionf,g(V ff), is related to
the Yukawa coupling between the gaugino partner~V

of the vector boson, the fermionf and the sfermion~f,
ĝ(~V f ~f). Within softly broken supersymmetric theo-
ries both kinds of couplings are required to be identi-
cal,

g = ĝ: (2)

This relation can be tested in the electroweak sector
by measuring the production cross-sections of scalar
leptons. The Yukawa couplingŝg can best be probed
in the production of selectrons, as a result of the t-
channel neutralino exchange contributions [5]. One
can take advantage of thee� e� mode due to re-
duced background, larger cross-sections, higher po-
larizability and no interfering s-channel contributions
[6]. Simulations have shown that these couplings can
be determined with high accuracy by measuring the
slepton cross-sections at a linear collider [8,9], see
Tab. 1. This method is complementary to the mea-
surement of the Yukawa couplings in chargino and
neutralino pair production [7].
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Table 1
Expected errors for the extraction of the supersymmetric Yukawa couplingŝg0 and ĝ, which correspond to the
U(1)Y and SU(2)L gauge couplingsg0andg, respectively. No detector simulation is included. The values are for
the SPS1 scenario [3] and

p
s= 500G eV .

Process Luminosity Result
e+ e� ! (~e

+

R
~e
�

R
)! e+ e� ~�01 ~�

0
1 500 fb� 1 �ĝ0=ĝ0� 0:2%

e+ e� ! (~e
�

R
~e
�

L
)! e+ e� ~�01 ~�

0
2 ! e+ e� �� ~�01 ~�

0
1 �ĝ=ĝ � 0:7%

e� e� ! (~e
�

R
~e
�

R
)! e� e� ~�01 ~�

0
1 50 fb� 1 �ĝ0=ĝ0� 0:2%

e� e� ! (~e
�

L
~e
�

L
(! e+ e� ~�02 ~�

0
2 ! e+ e� 4� ~�01 ~�

0
1 �ĝ=ĝ � 0:8%

Clearly the experimental precision requires the in-
clusion of radiative corrections in the theoretical pre-
dictions for the slepton cross-sections. As a first step
the produced sleptons may be considered on-shell,
since in the continuum far above threshold the ef-
fect of the non-zero slepton width is relatively small,
of the order�~f=m ~f

. As a consequence, the produc-
tion and decay of the sleptons can be treated sepa-
rately. For both sub-processes, the complete elec-
troweak one-loop corrections in the MSSM have been
computed [10,11]. In Ref. [10] the pair production
of smuons ine+ e� and the production of selectrons
in e+ e� and e� e� collisions have been calculated
at next-to-leading order. TheO (�) corrections for
the most important decay channels of the sleptons,
~l� ! l� ~�0i and~l� !

(� )

�l ~�
�

i have been considered
in Ref. [11].

Both calculations have been performed in the on-
shell renormalization scheme. While the renormal-
ization of the gauge couplings and gauge bosons can
be performed similar to the Standard Model case, the
renormalization of the superpartner contributions is
slightly more involved. For example, the sector of
the charginos and neutralinos depends on the gaug-
ino parametersM 1, M 2 and the Higgs parameters�
andtan�. It should be noted that the definition of
tan� cannot be related to any physical observable in
a straightforward manner [12]. Instead, for technical
reasons, theDR scheme is used in [10] for the renor-
malization oftan�. By demanding on-shell mass
conditions for three out of the six charginos and neu-
tralinos, the parametersM 1, M 2 and� can be fixed.
The other three mass eigenvalues then receive non-
zero corrections at the one-loop level. For more de-
tails on the renormalization see [8,10,11].

The effects of the electroweak corrections were
found to be sizeable, of the order of 5–10%. They

include important effects from supersymmetric par-
ticles in the virtual corrections, in particular non-
decoupling logarithmic contributions, e.g. terms/
logm ~f

=m weak from fermion-sfermion-loops.
The equality of gauge and Yukawa couplings in the

SU(3)C gauge sector can be tested at a linear collider
by investigating the associated production of quarks
q and squarks~q with a gluong or gluino ~g. While
the processese+ e� ! q�qg ande+ e� ! ~q�~qg are
sensitive to the strong gauge coupling of quarks and
squarks, respectively, the corresponding Yukawa cou-
pling can be probed ine+ e� ! q�~q~g. In order to
obtain reliable theoretical predictions for these cross-
sections it is necessary to include next-to-leading or-
der (NLO) supersymmetric QCD corrections. These
corrections are generally expected to be rather large
and they are necessary to reduce the large scale de-
pendence of the leading-order result. The NLO QCD
corrections to the processe+ e� ! q�qg within the
Standard Model are known since long [13]. Recently,
the completeO (�s)corrections to all three processes
in the MSSM have been calculated [14]. The NLO
contributions enhance the cross-section in the peak
region by roughly 20% with respect to the LO re-
sult. Furthermore, the scale dependence is reduced
by a factor of about six when the NLO corrections are
included.

5. MASS DETERMINATION

In models with R-parity conservation, the mass of
supersymmetric particles cannot directly be recon-
structed from its decay products since the lightest su-
persymmetry particle (LSP)—mostly the lightest neu-
tralino ~�01—escapes undetected. Nevertheless both
the mass of scalar fermions and the unobserved LSP
can be determined by measuring the end points of
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the kinematical energy distributions of the visible de-
cay fermions [15,16]. However the efficiency of this
method is affected by initial-state radiation (ISR) and
beamstrahlung effects and cuts necessary to reduce
the backgrounds.

A novel approach for determining the selectron
masses [17] takes advantage of the fact that selec-
trons can be produced in mixed pairs,e+ e� ! ~e

+

R
~e
�

L
,

~e
+

L
~e
�

R
. Because of the mass difference between L-

and R-selectrons, the minima and maxima of the final
state lepton energy distributions originating from an
~e
+

R
~e
�

L
pair will be different for the final electron and

positron. When subtracting the normalized electron
and positron distributions, the relevant kinematical
edges will therefore remain visible while the Standard
Model background and a large part of supersymmetric
backgrounds are canceled. In particular, the contribu-
tions from the production of selectrons with same chi-
rality, ~e+

R
~e
�

R
and~e+

L
~e
�

L
, are cancelled while the signal

from mixed pairs,~e+
R
~e
�

L
and~e+

L
~e
�

R
is preserved. In

order to disentangle~e+
R
~e
�

L
pairs from~e

+

L
~e
�

R
pairs, ap-

propriate polarization of the incident electron beam is
used and the subtracted electron and positron distribu-
tions for left- and right-handede� beam polarization
are again subtracted. The final distribution including
ISR and beamstrahlung and cascade decays shown in
Fig. 3 nicely exhibits the characteristic kinematical
edges while being unaffected by backgrounds. With
this method it is possible to determine the masses of
the selectrons and the neutralino LSP with a preci-
sion of 200–500 MeV for an integrated luminosity ofR
L = 1000 fb� 1.
Alternatively, the sfermion masses can be ex-

tracted from the measurement of the pair produc-
tion cross-sections near threshold. The characteris-
tic onset of the excitation curve allows a very precise
determination of the sfermion masses in threshold
scans. Since the expected experimental accuracy is
of O (100M eV), it is necessary to incorporate effects
beyond leading order in the theoretical predictions
[18]. The non-zero widths of the sfermions, which
considerably affect the cross-sections near threshold,
must be included in a gauge-invariant manner. This
can be achieved by shifting the sfermion mass into
the complex plane,m 2

~f
! m 2

~f
� im ~f

�~f . More-
over, for the production of off-shell sfermions, the full
2 ! 4 matrix element (e.g.e+ e� ! f+ f� ~�01~�

0
1)

must be taken into account, including the decay of the

(e- - e+) Energy Dist. (R - L Polarization) GeV   
0 20 40 60 80 100 120 140 160 180 200

# 
ev

en
ts

-1000

-500

0

500

1000

1500

Figure 3. Difference of the subtracted normalized
electron and positron energy distributions for 80% L-
and R-polarizede� beam.

sfermions as well as the MSSM backgrounds and in-
terference contributions. One of the most important
radiative corrections near threshold is the Coulomb
rescattering correction due to photon exchange be-
tween the slowly moving sfermions. For the produc-
tion of off-shell sfermions with orbital angular mo-
mentumlit is given by

�coul = �born
��

2�p
Q
2
~f

�

�

1�
2

�
arctan

j�M j2 � �2p

2�p =m �M

�

<eCl;

Cl =

"
�2p + �2M

2�2p

#l

(3)

with

�p =
1

s

q

(s� p2+ � p2� )
2 � 4p2+ p

2
� ; (4)

�M =
1

s

q

(s� M 2
+ � M 2

� )
2 � 4M 2

+ M
2
� : (5)

Q ~f
,p� andM 2

� = m 2
� � im � �� are the charge quan-

tum number, the momenta and complex pole masses
of the produced sfermion and anti-sfermion. Beam-
strahlung and ISR also play an important role. As
mentioned in sec. 2, selectrons can in addition be pro-
duced ine� e� collisions.

As an example, the selectron cross-sections for
both collider modes and the cross-section for smuon
production ine+ e� annihilation are shown in Fig. 4
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Figure 4. Threshold excitation curves for R-selectron
pair production. The error bars indicate the statistical
error for a luminosity per scan point of

R
L = 10fb

� 1

in e+ e� and
R
L = 1fb

� 1 in e� e� mode, respec-
tively (SPS1 scenario).

and Fig. 5, including five equidistant scan points. Us-
ing four free parameters, the mass, width, normal-
ization and a flat background contribution, it is pos-
sible to fit the excitation cross-section in a model-
independent way. Results for the production of se-
lectrons are given in Tab. 2. The numbers have been
obtained with a MC generator without detector sim-
ulation but including ISR and the theoretical refine-
ments mentioned above. The backgrounds from both
SM and MSSM sources, reduced by appropriate cuts,
have also been included.

These high-precision measurements are necessary

e+ e� ! (~�
+

R
~�
�

R
)! �+ �� + 6E

286 288 290 292 294
0

0.5

1

1.5

2

2.5

3

3.5

PSfrag replaements
� [fb℄

ps [GeV℄
Figure 5. Threshold excitation curve for R-smuon
pair production with error bars corresponding toR
L = 10fb

� 1 per scan point (SPS1 scenario).

for reconstructing the soft-breaking parameters at the
GUT and Planck scales [19]. As an example, in [20]
a method is proposed to probe a non-universality be-
tween the left and right slepton masses at the GUT
scale if only both selectrons and the light chargino
are accessible at a linear collider. Inspired by the one-
loop RGE for slepton masses in mSUGRA-type mod-
els the quantity

� = m 2
~eR
� m 2

~eL
+

m
2

~�
�
1

2� 2

2
(m

~�
�
1

)

�
3

11

�
�21(m ~e)

� �21(M G U T )
�
� 3

�
�22(m ~e)� �22(M G U T )

��
(6)

is defined which is strongly correlated with the slep-
ton mass non-universality�m2 � m 2

~eR
(M G U T )�

m 2
~eL
(M G U T ). The method allows to detect a non-

universality if j�m2j>� 5 � 103 G eV
2. Using addi-

tional information onM 2 this improves toj�m2j>� 2�

103 G eV
2, i.e.�m =m >

� 1:6% for m � 250G eV .

6. SINGLE SLEPTON PRODUCTION

In general, only sfermions with masses up to the
beam energy,m ~f

<
p
s=2, can be investigated us-

ing the pair production process. Below the pair pro-
duction threshold, sfermions can only be produced in
association with their partner fermions and charginos
or neutralinos. With sufficiently high luminosity at
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Table 2
Expected precision for the determination of selectron
masses and widths from threshold scans [8,9]. The
values are for the SPS1 scenario.
Process Lumn. Mass Width

[fb� 1] [GeV] [MeV]

m ~eR �~eR

e+ e� ! (~e
+

R
~e
�

R
)

! e+ e� + 6E

5� 10 143:0
+ 0:21
� 0:19 150

+ 300
� 250

e� e� ! (~e
�

R
~e
�

R
)

! e� e� + 6E

5� 1 142:95
+ 0:048
� 0:053 200

+ 50
� 40

m ~eL �~eL

e+ e� ! (~e
�

R
~e
�

L
) 5� 10 202:2

+ 0:37
� 0:33 240

+ 40
� 40

! e+ e� �� + 6E

e� e� ! (~e
�

L
~e
�

L
) 5� 1 202:2

+ 0:62
� 0:44 240

+ 500
� 400

! e� e� 4� + 6E

a future linear collider (
R
L = 500fb

� 1), it is pos-
sible to probe sfermions with masses that exceed the
beam energy by a few tens of GeV if the gauginos
are relatively light [21]. Due to the additional pho-
ton exchange in the t-channel, the discovery potential
of the associated production is particularly promising
for selectrons.

7. THIRD GENERATION SFERMIONS

In contrast to the first two generation sfermions,
large mixings are expected between the left- and
right-chiral states of the third generation sfermions
due to the large Yukawa coupling. It can be seen
from the sfermion mass matrix that for large fermion
massesm f the sensitivity to the Higgs parameters�
andtan� as well as the trilinear scalar couplingsAf

is enhanced:

M
2
~f
=

0

@
m 2

f + m 2
~F L

+ D L m f

�
A f� �=t

2I
3

f

�

�

m f

�
A f� �=t

2I
3

f

�

�
m 2

f
+ m 2

~fR
+ D R

1

A;(7)

where m ~F L
, m ~fR

, D L , D R are the soft-breaking

masses and D-terms of the sfermions~fL;R , andI3
f

is
the weak isospin quantum number of the fermionf.
The shortcutt� � tan� has been used.

For instance, the production and decay of staus is
interesting for the determination oftan�, in particu-

tan(�) tan(�)

P~�1!�
Figure 6. Determination oftan� from the tau polar-
izationP~�1! � in the decay~��1 ! �� ~�01.

lar at high values3, by examining the polarization of
the taus in the decay~��1;2 ! �

�

L;R
~�01 [22,5]. In a re-

cent study within the MSSM [23] it was found that
tan� in the range of 30–40 can be determined with
an error of about 10% when the� polarization is mea-
sured only for~�1 decays (see also Fig. 6), assuming a
sufficiently large higgsino component of the lightest
neutralino~�01.

The parameters� andA� as well as the neutralino
parameterM 1 may carry CP-violating phases. By us-
ing measurements of stau masses, cross-sections and
branching ratios, it is possible to extract these parame-
ters including their phases from the stau system. Very
high accuracy on all involved parameters can be ob-
tained [24] if the decay of the heavy staus into heavy
Higgs bosons is kinematically allowed, see Tab. 3.

CP-violating parameters in the stau sector can also
give rise to electric and weak dipole moments of the
taus. At a linear collider with high luminosity and
polarization of bothe+ ande� beams it is possible
to probe CP-violating tau dipole form factors up to
the level ofO (3)� O (5)� 10� 19ecm [25]. While
this precision would improve the current experimen-
tal bounds by three orders of magnitude, it is how-
ever still about one order of magnitude beyond the
expectations from supersymmetric models with CP-

3In this region the chargino/neutralino analyses are not effec-
tive [7].
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Table 3
Extracted parameters from simulated data of the
masses, cross-sections and BRs of~�i for

p
s =

800G eV and
R
L = 500 fb� 1. Original val-

ues: M ~�L = 350G eV , m ~�R = 150G eV , A � =

� 800iG eV , M 2 = 280G eV , � = 250G eV ,
�U (1) = 0.

tan� 3 30

m 2
~�R

[GeV2] (225� 2)� 102 (225� 6)� 102

m 2
~�L

[GeV2] (1225� 4)� 102 (1229� 7)� 102

<eA � [GeV] � 8� 180 8� 55

=m A � [GeV] � 800� 70 � 800� 21

<e� [GeV] 249:9� 0:26 249:9� 0:6

=m � [GeV] 2:4� 1:7 � 0:2� 3:8

tan� 2:99� 0:03 29:9� 0:7

<eM 1 [GeV] 140:9� 0:2 140:6� 0:6

=m M 1 [GeV] � 0:7� 3:4 0:16� 1:0

M 2 [GeV] 280:0� 0:3 280� 1

violation.
The study of scalar top quarks is of particular in-

terest since due to large mixing the lighter stop mass
eigenstate is likely to be the lightest squark. As a con-
sequence, the decay channel intot~�01 may be kinemat-
ically forbidden so that other dedicated search strate-
gies are necessary. The most promising decay modes
in this case are~t1 ! c~�01 and~t1 ! b~�

�
1 [26]. A sim-

ulation including full-statistics SM backgrounds and
a detailed investigation of quark tagging and super-
symmetric backgrounds for the SPS5 scenario4 [3]
has been performed [27]. Using the decay channel
~t1 ! c~�01, the mass of the lighter stop and the mix-
ing angle can be constrained up to�m ~t1

� 1G eV

and�cos� ~t1
� 0:0125 with a luminosity of 1000

fb� 1, while other decay channels like~t1 ! b~�
�
1 and

~t1 ! bl~�lare not open in this specific scenario.
For stops and sbottoms with large mass differences,

bosonic decay modes,~t1 ! ~b1 + (H + or W + ),
~b1 ! ~t1 + (H � or W � ), may become important.
Due to the large Yukawa couplings and mixings of
~tand~b these decay modes can dominate in a wide

4The SPS5 scenario is a dedicated ”light-stop” scenario

range of MSSM parameters [28]. Furthermore the
bosonic decay modes are affected by large radiative
SUSY-QCD corrections [29], whose leading contri-
bution can be taken into account by SUSY-QCD run-
ning parameters for the stop/sbottom masses and the
trilinear couplings. As a consequence, the precise
investigation of these decay modes is important for
stop/sbottom searches and the determination of the
underlying MSSM parametersat a future linear col-
lider.
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510 (2001) 211; hep-ph/0207364.

12. A. Freitas and D. Stöckinger, hep-ph/0205281,
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