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We will start the discussion with the Minimal Supersym-

metric Standard Model considered as an effective low en-

ergy model with a) minimal particle content, b) R-parity
conservation, c) most general soft supersymmetry break-

ing terms. Since the mechanism of SUSY breaking is un-

known, several Snowmass benchmark scenarios, so-called

’Snowmass Points and Slopes’ (SPS) [8], with distinct sig-

natures have been studied. Although each benchmark sce-

nario is characterized by a few parameters specified at high

energies (for example at the GUT scale), most of the phe-

nomenological analyses have been performed strictly on

low-energy supersymmetry.

A word of caution is in order here. The deduction of low-

energy parameters from high-scale assumptions (and vice-

versa) inevitably involves theoretical errors coming from

the level of approximation used, neglected higher order

terms etc. The SPS benchmarks, while motivated in terms

of specific SUSY-breaking scenarios (like the mSUGRA

scenario), have explicitly been defined in terms of the

low-energy MSSM parameters. Therefore it is not nec-

essary in the SPS benchmarks to refer to any particular

program for calculating the SUSY spectrum from high-

energy parameters. Studies during the Workshop [10, 11]

showed large differences between various calculations of

the MSSM spectrum. Recent analysis [11] of the most

advanced modern codes for the MSSM spectra: ISAJET

7.64, SOFTSUSY 1.71 [12], SPHENO 2.0 [13] and SUS-

PECT 2.101 [14], shows that the typical relative uncer-

tainty in mSUGRA and mGMSB scenarios in generic (i.e.

not tricky) regions of parameter space is about 2 – 5%. In

some cases, in particular in focus point, high tan β and

mAMSB scenarios, the relative uncertainty is larger, about

5 – 10% For the focus point and high tan β scenarios, spar-
ticle masses are particularly sensitive to the values of the

Yukawa couplings (especially the top Yukawa for the focus

point, and the bottom Yukawa for the high tan β regime).
Slightly different treatments of top and bottom masses

can lead to large differences in mass predictions. In the

mAMSB scenario larger differences between various pro-

grams are due to a different implementation of GUT-scale

boundary conditions. Nevertheless, even in these particu-

lar cases, comparison with previous versions of the codes

[10] (where SUSYGEN3.00 [15], PYTHIA6.2 [16] and the

mSUGRA Post-LEP benchmarks [17] have also been in-

vestigated) shows a significant improvement. Differences

in the results between the codes (which may be interpreted

as very conservative upper bounds on current theoretical

uncertainties [11] as some programs are more advanced

than others) should be reduced by future higher–order the-

oretical calculations.

After extensive discussion of experimentation and ex-

traction of SUSY parameters in the MSSM, we will go to

’beyond the MSSM’ scenarios by considering R-parity vi-
olating couplings and/or extended gaugino sector. Finally,

in a ‘bottom-up’ approach, by extrapolating to higher en-

ergies the SUSY parameters determined at the electroweak

scale with certain errors, we demonstrate how model as-

sumptions on SUSY breaking can be tested. It will be seen

that precise knowledge of the SUSY spectrum and the soft

SUSY breaking parameters is necessary to reveal the un-

derlying supersymmetric theory.

SFERMIONS

Sfermions f̃L, f̃R are spin-zero superpartners of the SM

chiral fermions fL, fR. The sfermion mass matrix has the

form

M2
f̃

=

(

m2
f̃L

a∗
f̃
mf

af̃mf m2
f̃R

)

(1)

m2
f̃i

= M2
F̃i

+ m2
Z cos 2β (I3

fi
− Qf sin2 θW ) + m2

f

af̃ = Af̃ − µ∗(tanβ)−2I3
f

where M2
F̃L,F̃R

, Af̃ are soft SUSY breaking parameters

(which can be 3×3 matrices in the flavor space), and µ is

the higgs/higgsino mass term. Both Af̃ = |Af̃ |e
iϕA

f̃ and

µ = |µ|eiϕµ can be complex. The mixing betweenL andR
states is important when the off-diagonal term is compara-

ble to the splitting of diagonal ones∆f̃ = m2
f̃L

−m2
f̃R
, i.e.

|∆f̃ | ≤ |af̃mf |. For ẽ and µ̃ the L−R mixing is therefore

usually neglected.

Neglecting inter-generation mixing, the masses of phys-

ical sfermions f̃1,2

f̃1 = f̃Leiϕf̃ cos θf̃ + f̃R sin θf̃

f̃2 = −f̃L sin θf̃ + f̃Re−iϕf̃ cos θf̃ (2)

and the mixing angle θf̃ and the phase ϕf̃ are given by

m2
f̃±

1,2

= (m2
f̃L

+ m2
f̃R

∓ [∆2
f̃

+ 4|af̃mf |2]1/2)/2

tan θf̃ = (m2
f̃1

− m2
f̃L

)/|af̃mf |

ϕf̃ = arg(Af̃ − µ∗(tanβ)−2I3
f ) (3)

Thus reconstructing the sfermion sector requires

m2
f̃L

, m2
f̃R

, af̃ to be decoded from measurements of

sfermion masses, cross sections, decay widths etc. [18].

With the anticipated experimental precision, however,

higher order corrections will have to be taken into ac-

count. A current summary of theoretical progress in this

direction can be found in Ref.[19]. Complete one-loop

calculations have been performed for µ̃µ̃ and ẽẽ produc-
tion [20] and for sfermion masses and their decays [21].

For a relatively light SUSY spectrum and a high–energy

LC (MSUSY %
√

s <∼ 2 – 3 TeV), the simple one–loop

approximation may turn out to be inadequate and resum-

mation of higher–order effects might be necessary to obtain

good theoretical predictions [22].

Study of selectrons/smuons

At e+e− collisions charged sleptons are produced in

pairs via the s-channel γ/Z exchange; for the first gen-

eration there is additional t-channel neutralino exchange.
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ILC  can add a lot of information after 
discovery of SUSY at LHC → 

precision measurements in the light part 
of the spectrum, expecially  sleptons and 

ew gauginos

masses,    decay  widths,   cross  sections,  mixing 
angles ...
are they really the SUSY partners ?
→ check spin and parity,  gauge quantum numbers 
and  couplings
reconstruct the low-energy SUSY  breaking 
parameters
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spin-0 partner of chiral fermions
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ticle masses are particularly sensitive to the values of the

Yukawa couplings (especially the top Yukawa for the focus

point, and the bottom Yukawa for the high tan β regime).
Slightly different treatments of top and bottom masses

can lead to large differences in mass predictions. In the

mAMSB scenario larger differences between various pro-

grams are due to a different implementation of GUT-scale

boundary conditions. Nevertheless, even in these particu-

lar cases, comparison with previous versions of the codes

[10] (where SUSYGEN3.00 [15], PYTHIA6.2 [16] and the

mSUGRA Post-LEP benchmarks [17] have also been in-

vestigated) shows a significant improvement. Differences

in the results between the codes (which may be interpreted

as very conservative upper bounds on current theoretical

uncertainties [11] as some programs are more advanced

than others) should be reduced by future higher–order the-

oretical calculations.

After extensive discussion of experimentation and ex-

traction of SUSY parameters in the MSSM, we will go to

’beyond the MSSM’ scenarios by considering R-parity vi-
olating couplings and/or extended gaugino sector. Finally,

in a ‘bottom-up’ approach, by extrapolating to higher en-

ergies the SUSY parameters determined at the electroweak

scale with certain errors, we demonstrate how model as-

sumptions on SUSY breaking can be tested. It will be seen

that precise knowledge of the SUSY spectrum and the soft

SUSY breaking parameters is necessary to reveal the un-

derlying supersymmetric theory.
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, af̃ to be decoded from measurements of
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With the anticipated experimental precision, however,
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direction can be found in Ref.[19]. Complete one-loop

calculations have been performed for µ̃µ̃ and ẽẽ produc-
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known, several Snowmass benchmark scenarios, so-called

’Snowmass Points and Slopes’ (SPS) [8], with distinct sig-
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f̃2 = −f̃L sin θf̃ + f̃Re−iϕf̃ cos θf̃ (2)

and the mixing angle θf̃ and the phase ϕf̃ are given by

m2
f̃±

1,2

= (m2
f̃L

+ m2
f̃R

∓ [∆2
f̃

+ 4|af̃mf |2]1/2)/2

tan θf̃ = (m2
f̃1

− m2
f̃L

)/|af̃mf |

ϕf̃ = arg(Af̃ − µ∗(tanβ)−2I3
f ) (3)

Thus reconstructing the sfermion sector requires

m2
f̃L

, m2
f̃R

, af̃ to be decoded from measurements of

sfermion masses, cross sections, decay widths etc. [18].

With the anticipated experimental precision, however,

higher order corrections will have to be taken into ac-

count. A current summary of theoretical progress in this

direction can be found in Ref.[19]. Complete one-loop

calculations have been performed for µ̃µ̃ and ẽẽ produc-
tion [20] and for sfermion masses and their decays [21].

For a relatively light SUSY spectrum and a high–energy

LC (MSUSY %
√

s <∼ 2 – 3 TeV), the simple one–loop

approximation may turn out to be inadequate and resum-

mation of higher–order effects might be necessary to obtain

good theoretical predictions [22].

Study of selectrons/smuons

At e+e− collisions charged sleptons are produced in

pairs via the s-channel γ/Z exchange; for the first gen-

eration there is additional t-channel neutralino exchange.

We will start the discussion with the Minimal Supersym-

metric Standard Model considered as an effective low en-

ergy model with a) minimal particle content, b) R-parity
conservation, c) most general soft supersymmetry break-

ing terms. Since the mechanism of SUSY breaking is un-

known, several Snowmass benchmark scenarios, so-called

’Snowmass Points and Slopes’ (SPS) [8], with distinct sig-

natures have been studied. Although each benchmark sce-

nario is characterized by a few parameters specified at high

energies (for example at the GUT scale), most of the phe-

nomenological analyses have been performed strictly on

low-energy supersymmetry.

A word of caution is in order here. The deduction of low-

energy parameters from high-scale assumptions (and vice-

versa) inevitably involves theoretical errors coming from

the level of approximation used, neglected higher order

terms etc. The SPS benchmarks, while motivated in terms

of specific SUSY-breaking scenarios (like the mSUGRA

scenario), have explicitly been defined in terms of the

low-energy MSSM parameters. Therefore it is not nec-

essary in the SPS benchmarks to refer to any particular

program for calculating the SUSY spectrum from high-

energy parameters. Studies during the Workshop [10, 11]

showed large differences between various calculations of

the MSSM spectrum. Recent analysis [11] of the most

advanced modern codes for the MSSM spectra: ISAJET

7.64, SOFTSUSY 1.71 [12], SPHENO 2.0 [13] and SUS-

PECT 2.101 [14], shows that the typical relative uncer-

tainty in mSUGRA and mGMSB scenarios in generic (i.e.

not tricky) regions of parameter space is about 2 – 5%. In

some cases, in particular in focus point, high tan β and

mAMSB scenarios, the relative uncertainty is larger, about

5 – 10% For the focus point and high tan β scenarios, spar-
ticle masses are particularly sensitive to the values of the

Yukawa couplings (especially the top Yukawa for the focus

point, and the bottom Yukawa for the high tan β regime).
Slightly different treatments of top and bottom masses

can lead to large differences in mass predictions. In the

mAMSB scenario larger differences between various pro-

grams are due to a different implementation of GUT-scale

boundary conditions. Nevertheless, even in these particu-

lar cases, comparison with previous versions of the codes

[10] (where SUSYGEN3.00 [15], PYTHIA6.2 [16] and the

mSUGRA Post-LEP benchmarks [17] have also been in-

vestigated) shows a significant improvement. Differences

in the results between the codes (which may be interpreted

as very conservative upper bounds on current theoretical

uncertainties [11] as some programs are more advanced

than others) should be reduced by future higher–order the-

oretical calculations.

After extensive discussion of experimentation and ex-

traction of SUSY parameters in the MSSM, we will go to

’beyond the MSSM’ scenarios by considering R-parity vi-
olating couplings and/or extended gaugino sector. Finally,

in a ‘bottom-up’ approach, by extrapolating to higher en-

ergies the SUSY parameters determined at the electroweak

scale with certain errors, we demonstrate how model as-

sumptions on SUSY breaking can be tested. It will be seen

that precise knowledge of the SUSY spectrum and the soft

SUSY breaking parameters is necessary to reveal the un-

derlying supersymmetric theory.

SFERMIONS

Sfermions f̃L, f̃R are spin-zero superpartners of the SM

chiral fermions fL, fR. The sfermion mass matrix has the

form

M2
f̃

=

(

m2
f̃L

a∗
f̃
mf

af̃mf m2
f̃R

)

(1)

m2
f̃i

= M2
F̃i

+ m2
Z cos 2β (I3

fi
− Qf sin2 θW ) + m2

f

af̃ = Af̃ − µ∗(tanβ)−2I3
f

where M2
F̃L,F̃R

, Af̃ are soft SUSY breaking parameters

(which can be 3×3 matrices in the flavor space), and µ is

the higgs/higgsino mass term. Both Af̃ = |Af̃ |e
iϕA

f̃ and

µ = |µ|eiϕµ can be complex. The mixing betweenL andR
states is important when the off-diagonal term is compara-

ble to the splitting of diagonal ones∆f̃ = m2
f̃L

−m2
f̃R
, i.e.

|∆f̃ | ≤ |af̃mf |. For ẽ and µ̃ the L−R mixing is therefore

usually neglected.

Neglecting inter-generation mixing, the masses of phys-

ical sfermions f̃1,2

f̃1 = f̃Leiϕf̃ cos θf̃ + f̃R sin θf̃

f̃2 = −f̃L sin θf̃ + f̃Re−iϕf̃ cos θf̃ (2)

and the mixing angle θf̃ and the phase ϕf̃ are given by

m2
f̃±

1,2

= (m2
f̃L

+ m2
f̃R

∓ [∆2
f̃

+ 4|af̃mf |2]1/2)/2

tan θf̃ = (m2
f̃1

− m2
f̃L

)/|af̃mf |

ϕf̃ = arg(Af̃ − µ∗(tanβ)−2I3
f ) (3)

Thus reconstructing the sfermion sector requires

m2
f̃L

, m2
f̃R

, af̃ to be decoded from measurements of

sfermion masses, cross sections, decay widths etc. [18].

With the anticipated experimental precision, however,

higher order corrections will have to be taken into ac-

count. A current summary of theoretical progress in this

direction can be found in Ref.[19]. Complete one-loop

calculations have been performed for µ̃µ̃ and ẽẽ produc-
tion [20] and for sfermion masses and their decays [21].

For a relatively light SUSY spectrum and a high–energy

LC (MSUSY %
√

s <∼ 2 – 3 TeV), the simple one–loop

approximation may turn out to be inadequate and resum-

mation of higher–order effects might be necessary to obtain

good theoretical predictions [22].

Study of selectrons/smuons

At e+e− collisions charged sleptons are produced in

pairs via the s-channel γ/Z exchange; for the first gen-

eration there is additional t-channel neutralino exchange.

(not for selectron and smuons)

We will start the discussion with the Minimal Supersym-

metric Standard Model considered as an effective low en-

ergy model with a) minimal particle content, b) R-parity
conservation, c) most general soft supersymmetry break-

ing terms. Since the mechanism of SUSY breaking is un-

known, several Snowmass benchmark scenarios, so-called

’Snowmass Points and Slopes’ (SPS) [8], with distinct sig-

natures have been studied. Although each benchmark sce-

nario is characterized by a few parameters specified at high

energies (for example at the GUT scale), most of the phe-

nomenological analyses have been performed strictly on

low-energy supersymmetry.

A word of caution is in order here. The deduction of low-

energy parameters from high-scale assumptions (and vice-

versa) inevitably involves theoretical errors coming from

the level of approximation used, neglected higher order

terms etc. The SPS benchmarks, while motivated in terms

of specific SUSY-breaking scenarios (like the mSUGRA

scenario), have explicitly been defined in terms of the

low-energy MSSM parameters. Therefore it is not nec-

essary in the SPS benchmarks to refer to any particular

program for calculating the SUSY spectrum from high-

energy parameters. Studies during the Workshop [10, 11]

showed large differences between various calculations of

the MSSM spectrum. Recent analysis [11] of the most

advanced modern codes for the MSSM spectra: ISAJET

7.64, SOFTSUSY 1.71 [12], SPHENO 2.0 [13] and SUS-

PECT 2.101 [14], shows that the typical relative uncer-

tainty in mSUGRA and mGMSB scenarios in generic (i.e.

not tricky) regions of parameter space is about 2 – 5%. In

some cases, in particular in focus point, high tan β and

mAMSB scenarios, the relative uncertainty is larger, about

5 – 10% For the focus point and high tan β scenarios, spar-
ticle masses are particularly sensitive to the values of the

Yukawa couplings (especially the top Yukawa for the focus

point, and the bottom Yukawa for the high tan β regime).
Slightly different treatments of top and bottom masses

can lead to large differences in mass predictions. In the

mAMSB scenario larger differences between various pro-

grams are due to a different implementation of GUT-scale

boundary conditions. Nevertheless, even in these particu-

lar cases, comparison with previous versions of the codes

[10] (where SUSYGEN3.00 [15], PYTHIA6.2 [16] and the

mSUGRA Post-LEP benchmarks [17] have also been in-

vestigated) shows a significant improvement. Differences

in the results between the codes (which may be interpreted

as very conservative upper bounds on current theoretical

uncertainties [11] as some programs are more advanced

than others) should be reduced by future higher–order the-

oretical calculations.

After extensive discussion of experimentation and ex-

traction of SUSY parameters in the MSSM, we will go to

’beyond the MSSM’ scenarios by considering R-parity vi-
olating couplings and/or extended gaugino sector. Finally,

in a ‘bottom-up’ approach, by extrapolating to higher en-

ergies the SUSY parameters determined at the electroweak

scale with certain errors, we demonstrate how model as-

sumptions on SUSY breaking can be tested. It will be seen

that precise knowledge of the SUSY spectrum and the soft

SUSY breaking parameters is necessary to reveal the un-

derlying supersymmetric theory.

SFERMIONS

Sfermions f̃L, f̃R are spin-zero superpartners of the SM

chiral fermions fL, fR. The sfermion mass matrix has the

form

M2
f̃

=

(

m2
f̃L

a∗
f̃
mf

af̃mf m2
f̃R

)

(1)

m2
f̃i

= M2
F̃i

+ m2
Z cos 2β (I3

fi
− Qf sin2 θW ) + m2

f

af̃ = Af̃ − µ∗(tanβ)−2I3
f

where M2
F̃L,F̃R

, Af̃ are soft SUSY breaking parameters

(which can be 3×3 matrices in the flavor space), and µ is

the higgs/higgsino mass term. Both Af̃ = |Af̃ |e
iϕA

f̃ and

µ = |µ|eiϕµ can be complex. The mixing betweenL andR
states is important when the off-diagonal term is compara-

ble to the splitting of diagonal ones∆f̃ = m2
f̃L

−m2
f̃R
, i.e.

|∆f̃ | ≤ |af̃mf |. For ẽ and µ̃ the L−R mixing is therefore

usually neglected.

Neglecting inter-generation mixing, the masses of phys-

ical sfermions f̃1,2

f̃1 = f̃Leiϕf̃ cos θf̃ + f̃R sin θf̃

f̃2 = −f̃L sin θf̃ + f̃Re−iϕf̃ cos θf̃ (2)

and the mixing angle θf̃ and the phase ϕf̃ are given by

m2
f̃±

1,2

= (m2
f̃L

+ m2
f̃R

∓ [∆2
f̃

+ 4|af̃mf |2]1/2)/2

tan θf̃ = (m2
f̃1

− m2
f̃L

)/|af̃mf |

ϕf̃ = arg(Af̃ − µ∗(tanβ)−2I3
f ) (3)

Thus reconstructing the sfermion sector requires

m2
f̃L

, m2
f̃R

, af̃ to be decoded from measurements of

sfermion masses, cross sections, decay widths etc. [18].

With the anticipated experimental precision, however,

higher order corrections will have to be taken into ac-

count. A current summary of theoretical progress in this

direction can be found in Ref.[19]. Complete one-loop

calculations have been performed for µ̃µ̃ and ẽẽ produc-
tion [20] and for sfermion masses and their decays [21].

For a relatively light SUSY spectrum and a high–energy

LC (MSUSY %
√

s <∼ 2 – 3 TeV), the simple one–loop

approximation may turn out to be inadequate and resum-

mation of higher–order effects might be necessary to obtain

good theoretical predictions [22].

Study of selectrons/smuons

At e+e− collisions charged sleptons are produced in

pairs via the s-channel γ/Z exchange; for the first gen-

eration there is additional t-channel neutralino exchange.

We will start the discussion with the Minimal Supersym-

metric Standard Model considered as an effective low en-

ergy model with a) minimal particle content, b) R-parity
conservation, c) most general soft supersymmetry break-

ing terms. Since the mechanism of SUSY breaking is un-

known, several Snowmass benchmark scenarios, so-called

’Snowmass Points and Slopes’ (SPS) [8], with distinct sig-

natures have been studied. Although each benchmark sce-

nario is characterized by a few parameters specified at high

energies (for example at the GUT scale), most of the phe-

nomenological analyses have been performed strictly on

low-energy supersymmetry.

A word of caution is in order here. The deduction of low-

energy parameters from high-scale assumptions (and vice-

versa) inevitably involves theoretical errors coming from

the level of approximation used, neglected higher order

terms etc. The SPS benchmarks, while motivated in terms

of specific SUSY-breaking scenarios (like the mSUGRA

scenario), have explicitly been defined in terms of the

low-energy MSSM parameters. Therefore it is not nec-

essary in the SPS benchmarks to refer to any particular

program for calculating the SUSY spectrum from high-

energy parameters. Studies during the Workshop [10, 11]

showed large differences between various calculations of

the MSSM spectrum. Recent analysis [11] of the most

advanced modern codes for the MSSM spectra: ISAJET

7.64, SOFTSUSY 1.71 [12], SPHENO 2.0 [13] and SUS-

PECT 2.101 [14], shows that the typical relative uncer-

tainty in mSUGRA and mGMSB scenarios in generic (i.e.

not tricky) regions of parameter space is about 2 – 5%. In

some cases, in particular in focus point, high tan β and

mAMSB scenarios, the relative uncertainty is larger, about

5 – 10% For the focus point and high tan β scenarios, spar-
ticle masses are particularly sensitive to the values of the

Yukawa couplings (especially the top Yukawa for the focus

point, and the bottom Yukawa for the high tan β regime).
Slightly different treatments of top and bottom masses

can lead to large differences in mass predictions. In the

mAMSB scenario larger differences between various pro-

grams are due to a different implementation of GUT-scale

boundary conditions. Nevertheless, even in these particu-

lar cases, comparison with previous versions of the codes

[10] (where SUSYGEN3.00 [15], PYTHIA6.2 [16] and the

mSUGRA Post-LEP benchmarks [17] have also been in-

vestigated) shows a significant improvement. Differences

in the results between the codes (which may be interpreted

as very conservative upper bounds on current theoretical

uncertainties [11] as some programs are more advanced

than others) should be reduced by future higher–order the-

oretical calculations.

After extensive discussion of experimentation and ex-

traction of SUSY parameters in the MSSM, we will go to

’beyond the MSSM’ scenarios by considering R-parity vi-
olating couplings and/or extended gaugino sector. Finally,

in a ‘bottom-up’ approach, by extrapolating to higher en-

ergies the SUSY parameters determined at the electroweak

scale with certain errors, we demonstrate how model as-

sumptions on SUSY breaking can be tested. It will be seen

that precise knowledge of the SUSY spectrum and the soft

SUSY breaking parameters is necessary to reveal the un-

derlying supersymmetric theory.

SFERMIONS

Sfermions f̃L, f̃R are spin-zero superpartners of the SM

chiral fermions fL, fR. The sfermion mass matrix has the

form

M2
f̃

=

(

m2
f̃L

a∗
f̃
mf

af̃mf m2
f̃R

)

(1)

m2
f̃i

= M2
F̃i

+ m2
Z cos 2β (I3

fi
− Qf sin2 θW ) + m2

f

af̃ = Af̃ − µ∗(tanβ)−2I3
f

where M2
F̃L,F̃R

, Af̃ are soft SUSY breaking parameters

(which can be 3×3 matrices in the flavor space), and µ is

the higgs/higgsino mass term. Both Af̃ = |Af̃ |e
iϕA

f̃ and

µ = |µ|eiϕµ can be complex. The mixing betweenL andR
states is important when the off-diagonal term is compara-

ble to the splitting of diagonal ones∆f̃ = m2
f̃L

−m2
f̃R
, i.e.

|∆f̃ | ≤ |af̃mf |. For ẽ and µ̃ the L−R mixing is therefore

usually neglected.

Neglecting inter-generation mixing, the masses of phys-

ical sfermions f̃1,2

f̃1 = f̃Leiϕf̃ cos θf̃ + f̃R sin θf̃

f̃2 = −f̃L sin θf̃ + f̃Re−iϕf̃ cos θf̃ (2)

and the mixing angle θf̃ and the phase ϕf̃ are given by

m2
f̃±

1,2

= (m2
f̃L

+ m2
f̃R

∓ [∆2
f̃

+ 4|af̃mf |2]1/2)/2

tan θf̃ = (m2
f̃1

− m2
f̃L

)/|af̃mf |

ϕf̃ = arg(Af̃ − µ∗(tanβ)−2I3
f ) (3)

Thus reconstructing the sfermion sector requires

m2
f̃L

, m2
f̃R

, af̃ to be decoded from measurements of

sfermion masses, cross sections, decay widths etc. [18].

With the anticipated experimental precision, however,

higher order corrections will have to be taken into ac-

count. A current summary of theoretical progress in this

direction can be found in Ref.[19]. Complete one-loop

calculations have been performed for µ̃µ̃ and ẽẽ produc-
tion [20] and for sfermion masses and their decays [21].

For a relatively light SUSY spectrum and a high–energy

LC (MSUSY %
√

s <∼ 2 – 3 TeV), the simple one–loop

approximation may turn out to be inadequate and resum-

mation of higher–order effects might be necessary to obtain

good theoretical predictions [22].

Study of selectrons/smuons

At e+e− collisions charged sleptons are produced in

pairs via the s-channel γ/Z exchange; for the first gen-

eration there is additional t-channel neutralino exchange.

We will start the discussion with the Minimal Supersym-

metric Standard Model considered as an effective low en-

ergy model with a) minimal particle content, b) R-parity
conservation, c) most general soft supersymmetry break-

ing terms. Since the mechanism of SUSY breaking is un-

known, several Snowmass benchmark scenarios, so-called

’Snowmass Points and Slopes’ (SPS) [8], with distinct sig-

natures have been studied. Although each benchmark sce-

nario is characterized by a few parameters specified at high

energies (for example at the GUT scale), most of the phe-

nomenological analyses have been performed strictly on

low-energy supersymmetry.

A word of caution is in order here. The deduction of low-

energy parameters from high-scale assumptions (and vice-

versa) inevitably involves theoretical errors coming from

the level of approximation used, neglected higher order

terms etc. The SPS benchmarks, while motivated in terms

of specific SUSY-breaking scenarios (like the mSUGRA

scenario), have explicitly been defined in terms of the

low-energy MSSM parameters. Therefore it is not nec-

essary in the SPS benchmarks to refer to any particular

program for calculating the SUSY spectrum from high-

energy parameters. Studies during the Workshop [10, 11]

showed large differences between various calculations of

the MSSM spectrum. Recent analysis [11] of the most

advanced modern codes for the MSSM spectra: ISAJET

7.64, SOFTSUSY 1.71 [12], SPHENO 2.0 [13] and SUS-

PECT 2.101 [14], shows that the typical relative uncer-

tainty in mSUGRA and mGMSB scenarios in generic (i.e.

not tricky) regions of parameter space is about 2 – 5%. In

some cases, in particular in focus point, high tan β and

mAMSB scenarios, the relative uncertainty is larger, about

5 – 10% For the focus point and high tan β scenarios, spar-
ticle masses are particularly sensitive to the values of the

Yukawa couplings (especially the top Yukawa for the focus

point, and the bottom Yukawa for the high tan β regime).
Slightly different treatments of top and bottom masses

can lead to large differences in mass predictions. In the

mAMSB scenario larger differences between various pro-

grams are due to a different implementation of GUT-scale

boundary conditions. Nevertheless, even in these particu-

lar cases, comparison with previous versions of the codes

[10] (where SUSYGEN3.00 [15], PYTHIA6.2 [16] and the

mSUGRA Post-LEP benchmarks [17] have also been in-

vestigated) shows a significant improvement. Differences

in the results between the codes (which may be interpreted

as very conservative upper bounds on current theoretical

uncertainties [11] as some programs are more advanced

than others) should be reduced by future higher–order the-

oretical calculations.

After extensive discussion of experimentation and ex-

traction of SUSY parameters in the MSSM, we will go to

’beyond the MSSM’ scenarios by considering R-parity vi-
olating couplings and/or extended gaugino sector. Finally,

in a ‘bottom-up’ approach, by extrapolating to higher en-

ergies the SUSY parameters determined at the electroweak

scale with certain errors, we demonstrate how model as-

sumptions on SUSY breaking can be tested. It will be seen

that precise knowledge of the SUSY spectrum and the soft

SUSY breaking parameters is necessary to reveal the un-

derlying supersymmetric theory.

SFERMIONS

Sfermions f̃L, f̃R are spin-zero superpartners of the SM

chiral fermions fL, fR. The sfermion mass matrix has the

form

M2
f̃

=

(

m2
f̃L

a∗
f̃
mf

af̃mf m2
f̃R

)

(1)

m2
f̃i

= M2
F̃i

+ m2
Z cos 2β (I3

fi
− Qf sin2 θW ) + m2

f

af̃ = Af̃ − µ∗(tanβ)−2I3
f

where M2
F̃L,F̃R

, Af̃ are soft SUSY breaking parameters

(which can be 3×3 matrices in the flavor space), and µ is

the higgs/higgsino mass term. Both Af̃ = |Af̃ |e
iϕA

f̃ and

µ = |µ|eiϕµ can be complex. The mixing betweenL andR
states is important when the off-diagonal term is compara-

ble to the splitting of diagonal ones∆f̃ = m2
f̃L

−m2
f̃R
, i.e.

|∆f̃ | ≤ |af̃mf |. For ẽ and µ̃ the L−R mixing is therefore

usually neglected.

Neglecting inter-generation mixing, the masses of phys-

ical sfermions f̃1,2

f̃1 = f̃Leiϕf̃ cos θf̃ + f̃R sin θf̃

f̃2 = −f̃L sin θf̃ + f̃Re−iϕf̃ cos θf̃ (2)

and the mixing angle θf̃ and the phase ϕf̃ are given by

m2
f̃±

1,2

= (m2
f̃L

+ m2
f̃R

∓ [∆2
f̃

+ 4|af̃mf |2]1/2)/2

tan θf̃ = (m2
f̃1

− m2
f̃L

)/|af̃mf |

ϕf̃ = arg(Af̃ − µ∗(tanβ)−2I3
f ) (3)

Thus reconstructing the sfermion sector requires

m2
f̃L

, m2
f̃R

, af̃ to be decoded from measurements of

sfermion masses, cross sections, decay widths etc. [18].

With the anticipated experimental precision, however,

higher order corrections will have to be taken into ac-

count. A current summary of theoretical progress in this

direction can be found in Ref.[19]. Complete one-loop

calculations have been performed for µ̃µ̃ and ẽẽ produc-
tion [20] and for sfermion masses and their decays [21].

For a relatively light SUSY spectrum and a high–energy

LC (MSUSY %
√

s <∼ 2 – 3 TeV), the simple one–loop

approximation may turn out to be inadequate and resum-

mation of higher–order effects might be necessary to obtain

good theoretical predictions [22].

Study of selectrons/smuons

At e+e− collisions charged sleptons are produced in

pairs via the s-channel γ/Z exchange; for the first gen-

eration there is additional t-channel neutralino exchange.
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SUSY in the bulk region (SPS1a)

• A scenario with many SUSY signal
at LHC and LC has been studied
extensively (SPS1a)

• LHC sees coloured superpartners
directly and uncoloured ones in
cascades

• ILC sees most uncoloured super-
partners

• LHC measures mass differences
pretty accurately, but has difficul-
ties to get the LSP mass

• ILC measures all accessible parti-
cles including the LSP very accu-
rately

µ energy from e+e− → µ̃+
Rµ̃−

R

s = 400GeV
U. Martyn
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5.1 Measurement of supersymmetric particle masses, mixings and couplings at LHC and LC

!̃ m [GeV] decay B
ẽR 143.0 χ̃0

1e
− 1.000

ẽL 202.1 χ̃0
1e

− 0.490
χ̃0

2e
− 0.187

χ̃−
1 νe 0.323

ν̃e 186.0 χ̃0
1νe 0.885

χ̃0
2νe 0.031

χ̃+
1 e− 0.083

µ̃R 143.0 χ̃0
1µ

− 1.000
µ̃L 202.1 χ̃0

1µ
− 0.490

χ̃0
2µ

− 0.187
χ̃−

1 νµ 0.323
ν̃µ 186.0 χ̃0

1νµ 0.885
χ̃0

2νµ 0.031
χ̃+

1 µ− 0.083
τ̃1 133.2 χ̃0

1τ
− 1.000

τ̃2 206.1 χ̃0
1τ

− 0.526
χ̃0

2τ
− 0.174

χ̃−
1 ντ 0.300

ν̃τ 185.1 χ̃0
1ντ 0.906

χ̃+
1 τ− 0.067

Table 5.1: Slepton masses and significant branching ratios (B > 3%) in SPS 1a (from Ref. [4]).

χ̃ m [GeV] decay B
χ̃0

1 96.1
χ̃0

2 176.8 ẽ±Re∓ 0.062
µ̃±

Rµ∓ 0.062
τ̃±
1 τ∓ 0.874

χ̃0
3 358.8 χ̃±

1 W∓ 0.596
χ̃0

1Z
0 0.108

χ̃0
2Z

0 0.215
χ̃0

4 377.8 χ̃±
1 W∓ 0.526
χ̃0

1h
0 0.064

χ̃0
2h

0 0.134

χ̃ m [GeV] decay B
χ̃+

1 176.4 τ̃+
1 ντ 0.979

χ̃+
2 378.2 χ̃0

1W
+ 0.064

ẽ+
Lνe 0.052

µ̃+
Lνµ 0.052

τ̃+
2 ντ 0.056

χ̃+
1 Z0 0.244

χ̃+
1 h0 0.170

Table 5.2: Neutralino and chargino masses and significant branching ratios (B > 3%) in SPS 1a
(from Ref. [4]).
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Figure 5.2: A squark decay chain for SPS 1a, where mq̃L ∈ {491.9, 537.2, 543.0} GeV, mχ̃0
2

=
176.82 GeV, m"̃R

= 142.97 GeV, mχ̃0
1

= 96.05 GeV.

5.1.2 A detailed analysis of the measurement of SUSY masses

with the ATLAS detector at the LHC

B.K. Gjelsten, J. Hisano, K. Kawagoe, E. Lytken, D. Miller, M.M. Nojiri, P. Osland, G. Pole-
sello

We present a series of exclusive analyses which can be performed at the LHC for mSUGRA
Point SPS 1a. The aim is to evaluate the precision with which sparticle masses can be evalu-
ated at the LHC, and how the various measurements are interrelated.

The analyses are then used to demonstrate how information from a LC can be used to
improve the LHC’s mass measurement.

5.1.2.1 Introduction

We here describe a series of analyses performed on Point SPS 1a [1], characterized by
the SUGRA parameters

m0 = 100 GeV, m1/2 = 250 GeV,

tanβ = 10, A = −100 GeV, µ > 0, (5.6)

with the aim of providing an input to the studies which evaluate the complementarity
of the LHC and of the LC.

5.1.2.2 Analysis of kinematic edges involving χ̃0
2

→ l̃Rl

In this scenario the total SUSY cross section is rather large, and at the LHC squarks
and gluinos will be produced abundantly. The gluino is the heaviest particle and
decays to a squark and a quark. The squarks decay to neutralinos and charginos,
which in turn decay to sleptons or lighter neutralinos and charginos. The sleptons
then decay into the LSP, χ̃0

1.
Since the LSP will escape detection, it is not a straightforward task to reconstruct

SUSY events. A possible approach is to use kinematic edges [1, 9]. Particularly inter-
esting is the decay χ̃0

2 → l̃Rl → l+l−χ̃0
1. The two leptons in the final state provide a

natural trigger, and the energy resolution is high.
While right-handed squarks decay directly to the LSP, due to the bino-like nature

of the χ0
1 at SPS 1a, left-handed squarks decay to χ̃0

2 with a branching ratio ∼ 32%. We
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Figure 5.1: The mass spectrum corresponding to the SPS 1a benchmark scenario (from
Ref. [4]).

which is experimentally more challenging than the dilepton signal resulting for in-
stance from the decay of the second lightest neutralino into the lightest neutralino
and a pair of leptons of the first or the second generation. This effect becomes more
pronounced for larger values of tanβ.

Concerning the compatibility of the benchmark scenario with external constraints,
severe restrictions on the MSSM parameter space arise from the requirement that the
lightest SUSY particle should give rise to an acceptable dark matter density. The
SPS 1a parameter values give rise to a dark matter density in what used to be the
“bulk” region of the allowed mSUGRA parameter space. Taking into account the
recent precision data from the WMAP Collaboration [7, 8], the dark matter density
corresponding to the SPS 1a point is slightly outside the allowed region. However,
shifting the low-energy MSSM parameters of the SPS 1a point in order to make them
fully compatible with the most recent WMAP bound would hardly affect the collider
phenomenology of the SPS 1a scenario. It should furthermore be mentioned in this
context that allowing a small amount of R-parity violation in the model would leave
the collider phenomenology essentially unchanged, while having a drastic impact on
the constraints from dark matter relic abundance. The SPS 1a benchmark scenario is
in satisfactory agreement with all other experimental constraints.
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is a favourable scenario both for LHC and LC, examples of other possible scenarios
should be investigated as well. It can be expected that also in this case important
synergy effects will arise from the LHC / LC interplay.

5.1.1 The SPS 1a benchmark scenario

H.-U. Martyn and G. Weiglein

5.1.1.1 Introduction

In the unconstrained version of the Minimal Supersymmetric extension of the Stan-
dard Model (MSSM) no particular Supersymmetry (SUSY) breaking mechanism is
assumed, but rather a parametrisation of all possible soft SUSY breaking terms is
used. This leads to more than a hundred parameters (masses, mixing angles, phases)
in this model in addition to the ones of the Standard Model. For performing detailed
simulations of experimental signatures within detectors of high-energy physics ex-
periments it is clearly not practicable to scan over a multi-dimensional parameter
space. One thus often concentrates on certain “typical” benchmark scenarios.

The “Snowmass Points and Slopes” (SPS) [1] are a set of benchmark points and
parameter lines in the MSSM parameter space corresponding to different scenarios
in the search for Supersymmetry at present and future experiments. The SPS 1a ref-
erence point is a “typical” parameter point of the minimal supergravity (mSUGRA)
scenario. It gives rise to a particle spectrum where many states are accessible both at
the LHC and the LC, corresponding to a rather favourable scenario for phenomenol-
ogy at LHC and LC. The SPS 1a benchmark scenario has been studied with detailed
experimental simulations at both colliders.

Since for no other parameter point in the MSSM a similar amount of information
about the experimental capabilities of both the LHC and the LC is available, most
analyses performed in the context of the LHC / LC Study Group have focussed on
this particular parameter point. It should be kept in mind, however, that the interplay
between LHC and LC could be qualitatively very different in different regions of the
MSSM parameter space. In order to allow a quantitative assessment of the LHC / LC
interplay also for other parameter regions, more experimental simulations for LHC
and LC are required.

5.1.1.2 Definition of the SPS 1a benchmark point

The SPS benchmark points are defined in terms of low-energy MSSM parameters.
The benchmark values for the SPS 1a point are the following (all mass parameters are
given in GeV) [1,2]. The gluino mass Mg̃, the Supersymmetric Higgs mass parameter
µ, the mass of the CP-odd Higgs boson MA, the ratio of the vacuum expectation val-
ues of the two Higgs doublets tanβ, and the electroweak gaugino mass parameters
M1 and M2 have the values

Mg̃ = 595.2, µ = 352.4, MA = 393.6, tan β = 10, M1 = 99.1, M2 = 192.7.
(5.1)
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The soft SUSY-breaking parameters in the diagonal entries of the squark and slep-
ton mass matrices have been chosen to be the same for the first and second genera-
tion. They have the values (these parameters are approximately equal to the sfermion
masses; the off-diagonal entries have been neglected for the first two generations; the
index i in Mq̃iL refers to the generation)

Mq̃1L = Mq̃2L = 539.9, Md̃R
= 519.5, MũR = 521.7, MẽL = 196.6, MẽR = 136.2.

(5.2)
The soft SUSY-breaking parameters in the diagonal entries of the squark and slepton
mass matrices of the third generation have the values

Mq̃3L = 495.9, Mb̃R
= 516.9, Mt̃R = 424.8, Mτ̃L = 195.8, Mτ̃R = 133.6, (5.3)

while the trilinear couplings of the third generation read

At = −510.0, Ab = −772.7, Aτ = −254.2. (5.4)

All mass parameters for the benchmark point SPS 1a are to be understood as defined
in the DR scheme at the scale Q = 453.6 GeV. The value of the top-quark mass for all
SPS benchmarks is chosen to be mt = 175 GeV.

As mentioned above, these low-energy parameters correspond to a “typical”
mSUGRA point with an intermediate value of tan β. In order to obtain these low-
energy parameters from the high-scale parameters m0, m1/2, A0 of the mSUGRA sce-
nario a particular code had to be chosen. For the SPS benchmarks this was version
7.58 of the program ISAJET [3]. Once the low-energy parameters have been fixed,
this choice is no longer relevant. The mSUGRA parameters used for generating the
SPS 1a benchmark values are

m0 = 100GeV, m1/2 = 250GeV, A0 = −100GeV, tan β = 10, µ > 0. (5.5)

5.1.1.3 Particle spectrum and decay modes

While the low-energy MSSM parameters have been fixed as benchmarks by defini-
tion, the particle spectra, branching ratios, etc. for the SPS points should be calcu-
lated with an appropriate program according to the specific requirements of the anal-
ysis that is being performed. For simplicity, the spectrum shown in Fig. 5.1 and the
branching ratios of the SUSY particles and the Higgs bosons listed in Tab. 5.1–5.4,
see Ref. [4], have been obtained with ISAJET 7.58, although parts of this code are not
state-of-the-art. The resulting spectra and branching ratios have been widely used for
exploring the physics potential of LHC and LC.

The SPS 1a scenario yields a sparticle spectrum, see Fig. 5.1, of which many states
are accessible both at LHC and LC. Experimentally important and challenging, how-
ever, are the τ -rich neutralino and chargino decays, see Tab. 5.2. This is a generic
feature of SUSY scenarios with intermediate or large values of tanβ (the parameter
space at smaller values of tan β is severely constrained by the exclusion bounds from
the LEP Higgs searches [5, 6]). A non-negligible mixing leads to a significant mass
splitting between the two staus so that the lighter stau becomes the lightest slep-
ton. Neutralinos and charginos therefore decay predominantly into staus and taus,
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(5.2)
The soft SUSY-breaking parameters in the diagonal entries of the squark and slepton
mass matrices of the third generation have the values

Mq̃3L = 495.9, Mb̃R
= 516.9, Mt̃R = 424.8, Mτ̃L = 195.8, Mτ̃R = 133.6, (5.3)

while the trilinear couplings of the third generation read

At = −510.0, Ab = −772.7, Aτ = −254.2. (5.4)

All mass parameters for the benchmark point SPS 1a are to be understood as defined
in the DR scheme at the scale Q = 453.6 GeV. The value of the top-quark mass for all
SPS benchmarks is chosen to be mt = 175 GeV.

As mentioned above, these low-energy parameters correspond to a “typical”
mSUGRA point with an intermediate value of tan β. In order to obtain these low-
energy parameters from the high-scale parameters m0, m1/2, A0 of the mSUGRA sce-
nario a particular code had to be chosen. For the SPS benchmarks this was version
7.58 of the program ISAJET [3]. Once the low-energy parameters have been fixed,
this choice is no longer relevant. The mSUGRA parameters used for generating the
SPS 1a benchmark values are

m0 = 100GeV, m1/2 = 250GeV, A0 = −100GeV, tan β = 10, µ > 0. (5.5)

5.1.1.3 Particle spectrum and decay modes

While the low-energy MSSM parameters have been fixed as benchmarks by defini-
tion, the particle spectra, branching ratios, etc. for the SPS points should be calcu-
lated with an appropriate program according to the specific requirements of the anal-
ysis that is being performed. For simplicity, the spectrum shown in Fig. 5.1 and the
branching ratios of the SUSY particles and the Higgs bosons listed in Tab. 5.1–5.4,
see Ref. [4], have been obtained with ISAJET 7.58, although parts of this code are not
state-of-the-art. The resulting spectra and branching ratios have been widely used for
exploring the physics potential of LHC and LC.

The SPS 1a scenario yields a sparticle spectrum, see Fig. 5.1, of which many states
are accessible both at LHC and LC. Experimentally important and challenging, how-
ever, are the τ -rich neutralino and chargino decays, see Tab. 5.2. This is a generic
feature of SUSY scenarios with intermediate or large values of tanβ (the parameter
space at smaller values of tan β is severely constrained by the exclusion bounds from
the LEP Higgs searches [5, 6]). A non-negligible mixing leads to a significant mass
splitting between the two staus so that the lighter stau becomes the lightest slep-
ton. Neutralinos and charginos therefore decay predominantly into staus and taus,

209

5.1 Measurement of supersymmetric particle masses, mixings and couplings at LHC and LC

The soft SUSY-breaking parameters in the diagonal entries of the squark and slep-
ton mass matrices have been chosen to be the same for the first and second genera-
tion. They have the values (these parameters are approximately equal to the sfermion
masses; the off-diagonal entries have been neglected for the first two generations; the
index i in Mq̃iL refers to the generation)

Mq̃1L = Mq̃2L = 539.9, Md̃R
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Scalar Leptons

e+e− → !̃+!̃−

→ ν̃!ν̃!

!̃− → !− χ̃0, ν! χ̃−

ν̃! → ν! χ̃0, !− χ̃+

γ, Z

e+

e−

"̃+, ν̃!

"̃−, ν̃!

χ̃

e+

e−

ẽ+, ν̃e

ẽ−, ν̃e

E− E+

decay lepton energy spectrum

E+/− =
m!̃

2

(
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m2
χ̃

m2
!̃

)
γ (1 ± β)

ml̃ =

√
s

E− + E+

√
E− · E+

mχ = ml̃

√

1 −
E− + E+√

s/2

Selection criteria e+e− → µ̃Rµ̃R at 400 GeV

nr cut min max
------------------------------------------------------------

input events 24000
0. n_ch, n_gamma in accept. 2 0 0.815

n_charge in acceptance 2 2 0.989
n_gamma in acceptance 5.0 0 0.851
n_veto in acceptance 5.0 0 0.960

1. lepton cos_theta_l 0.900 0.698
Q*cos_theta_l 0.750 0.693

2. delta phi_(l+,l-) (deg) 160.0 0.555
4. p_T event (GeV) 10.0 0.553
5. p_miss cos_theta_(l+l-) 0.900 0.537
7. lepton energy (GeV) 2.5 150.0 0.537
10. m_recoil + 0.4*m_ll (GeV) 240.0 0.537

efficiency 0.5365

lepton energy E_min 16.52 E_max 93.30
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5.1.4 Measurement of sparticle masses in mSUGRA scenario

SPS 1a at a Linear Collider

H.-U. Martyn

5.1.4.1 Introduction

If low energy supersymmetry will be discovered at the LHC its gross features may
be revealed, in particular for the coloured squark and gluino sector. However, a Lin-
ear Collider will be indispensible in order to provide complementary information, in
particular in the slepton and neutralino/chargino sector, and to scrutinise the charac-
teristics of the underlying SUSY structure. High precision LC experiments have to

• measure the masses, decay widths, production cross sections, mixing angles,
etc., of the new particles,

• prove that each particle can be associated to its superpartner with the expected
spin and parity, gauge quantum numbers and couplings,

• reconstruct the low energy SUSY breaking parameters which would allow one to
uncover the fundamental theory and finally extrapolate its parameters to high
(GUT, Planck) scales.

A concurrent operation of the LHC and LC would provide answers to these ele-
mentary topics already after a few years of running. A nice example to support their
complementarity is the SPS 1a benchmark point [1, 4]. With the recent progress in
cavity development TESLA energies of 1 TeV appear achievable, thus the complete
slepton and neutralino/chargino spectra as well as the light stop 1 would be acces-
sible. A peculiarity of this scenario is the large tan β = 10 leading to (incompletely
measurable) multi τ final states from χ̃0

i , χ̃±
i cascade decays. Therefore charged slep-

ton and sneutrino production are very important to measure the masses of the LSP
χ̃0

1 and the light chargino χ̃±
1 . The advantage of the LC is to explore the spectrum in

a bottom-up approach, i.e. selecting particular channels by the appropriate choice of
energy and beam polarisations, while suppressing background reactions.

First studies of SPS 1a masses were based on extrapolations and estimates from
low tan β scenarios [36]. Meanwhile more reliable simulations have become available.
They typicaly assume integrated luminosities of L = 250−500 fb−1 at

√
s = 500 GeV to

be accumulated within a reasonable run time of one to two years. The LC luminosity
is expected to scale linearly with energy. Beam polarisations of Pe− = ±0.8 and Pe+ =
±0.6 are assumed. For the determination of sparticle properties of SPS 1a other than
masses see [37].

5.1.4.2 Sleptons

Scalar leptons are produced in pairs

e+e− → $̃+
i $̃−j , ν̃! ν̃! $ = e, µ, τ and [i, j = L, R or 1, 2] (5.27)

via s-channel γ/Z exchange and t-channel χ̃ exchange for the first generation. The
L, R states can be determined using beam polarisation, e.g. $̃R$̃R production is much
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We will start the discussion with the Minimal Supersym-

metric Standard Model considered as an effective low en-

ergy model with a) minimal particle content, b) R-parity
conservation, c) most general soft supersymmetry break-

ing terms. Since the mechanism of SUSY breaking is un-

known, several Snowmass benchmark scenarios, so-called

’Snowmass Points and Slopes’ (SPS) [8], with distinct sig-

natures have been studied. Although each benchmark sce-

nario is characterized by a few parameters specified at high

energies (for example at the GUT scale), most of the phe-

nomenological analyses have been performed strictly on

low-energy supersymmetry.

A word of caution is in order here. The deduction of low-

energy parameters from high-scale assumptions (and vice-

versa) inevitably involves theoretical errors coming from

the level of approximation used, neglected higher order

terms etc. The SPS benchmarks, while motivated in terms

of specific SUSY-breaking scenarios (like the mSUGRA

scenario), have explicitly been defined in terms of the

low-energy MSSM parameters. Therefore it is not nec-

essary in the SPS benchmarks to refer to any particular

program for calculating the SUSY spectrum from high-

energy parameters. Studies during the Workshop [10, 11]

showed large differences between various calculations of

the MSSM spectrum. Recent analysis [11] of the most

advanced modern codes for the MSSM spectra: ISAJET

7.64, SOFTSUSY 1.71 [12], SPHENO 2.0 [13] and SUS-

PECT 2.101 [14], shows that the typical relative uncer-

tainty in mSUGRA and mGMSB scenarios in generic (i.e.

not tricky) regions of parameter space is about 2 – 5%. In

some cases, in particular in focus point, high tan β and

mAMSB scenarios, the relative uncertainty is larger, about

5 – 10% For the focus point and high tan β scenarios, spar-
ticle masses are particularly sensitive to the values of the

Yukawa couplings (especially the top Yukawa for the focus

point, and the bottom Yukawa for the high tan β regime).
Slightly different treatments of top and bottom masses

can lead to large differences in mass predictions. In the

mAMSB scenario larger differences between various pro-

grams are due to a different implementation of GUT-scale

boundary conditions. Nevertheless, even in these particu-

lar cases, comparison with previous versions of the codes

[10] (where SUSYGEN3.00 [15], PYTHIA6.2 [16] and the

mSUGRA Post-LEP benchmarks [17] have also been in-

vestigated) shows a significant improvement. Differences

in the results between the codes (which may be interpreted

as very conservative upper bounds on current theoretical

uncertainties [11] as some programs are more advanced

than others) should be reduced by future higher–order the-

oretical calculations.

After extensive discussion of experimentation and ex-

traction of SUSY parameters in the MSSM, we will go to

’beyond the MSSM’ scenarios by considering R-parity vi-
olating couplings and/or extended gaugino sector. Finally,

in a ‘bottom-up’ approach, by extrapolating to higher en-

ergies the SUSY parameters determined at the electroweak

scale with certain errors, we demonstrate how model as-

sumptions on SUSY breaking can be tested. It will be seen

that precise knowledge of the SUSY spectrum and the soft

SUSY breaking parameters is necessary to reveal the un-

derlying supersymmetric theory.

SFERMIONS

Sfermions f̃L, f̃R are spin-zero superpartners of the SM

chiral fermions fL, fR. The sfermion mass matrix has the

form

M2
f̃

=

(

m2
f̃L

a∗
f̃
mf

af̃mf m2
f̃R

)

(1)

m2
f̃i

= M2
F̃i

+ m2
Z cos 2β (I3

fi
− Qf sin2 θW ) + m2

f

af̃ = Af̃ − µ∗(tanβ)−2I3
f

where M2
F̃L,F̃R

, Af̃ are soft SUSY breaking parameters

(which can be 3×3 matrices in the flavor space), and µ is

the higgs/higgsino mass term. Both Af̃ = |Af̃ |e
iϕA

f̃ and

µ = |µ|eiϕµ can be complex. The mixing betweenL andR
states is important when the off-diagonal term is compara-

ble to the splitting of diagonal ones∆f̃ = m2
f̃L

−m2
f̃R
, i.e.

|∆f̃ | ≤ |af̃mf |. For ẽ and µ̃ the L−R mixing is therefore

usually neglected.

Neglecting inter-generation mixing, the masses of phys-

ical sfermions f̃1,2

f̃1 = f̃Leiϕf̃ cos θf̃ + f̃R sin θf̃

f̃2 = −f̃L sin θf̃ + f̃Re−iϕf̃ cos θf̃ (2)

and the mixing angle θf̃ and the phase ϕf̃ are given by

m2
f̃±

1,2

= (m2
f̃L

+ m2
f̃R

∓ [∆2
f̃

+ 4|af̃mf |2]1/2)/2

tan θf̃ = (m2
f̃1

− m2
f̃L

)/|af̃mf |

ϕf̃ = arg(Af̃ − µ∗(tanβ)−2I3
f ) (3)

Thus reconstructing the sfermion sector requires

m2
f̃L

, m2
f̃R

, af̃ to be decoded from measurements of

sfermion masses, cross sections, decay widths etc. [18].

With the anticipated experimental precision, however,

higher order corrections will have to be taken into ac-

count. A current summary of theoretical progress in this

direction can be found in Ref.[19]. Complete one-loop

calculations have been performed for µ̃µ̃ and ẽẽ produc-
tion [20] and for sfermion masses and their decays [21].

For a relatively light SUSY spectrum and a high–energy

LC (MSUSY %
√

s <∼ 2 – 3 TeV), the simple one–loop

approximation may turn out to be inadequate and resum-

mation of higher–order effects might be necessary to obtain

good theoretical predictions [22].

Study of selectrons/smuons

At e+e− collisions charged sleptons are produced in

pairs via the s-channel γ/Z exchange; for the first gen-

eration there is additional t-channel neutralino exchange.

→   two  main  strategies :

→ note !  beam polarization  enhances       
different   chiral   states !
here we assume : 
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5.1.4 Measurement of sparticle masses in mSUGRA scenario

SPS 1a at a Linear Collider

H.-U. Martyn

5.1.4.1 Introduction

If low energy supersymmetry will be discovered at the LHC its gross features may
be revealed, in particular for the coloured squark and gluino sector. However, a Lin-
ear Collider will be indispensible in order to provide complementary information, in
particular in the slepton and neutralino/chargino sector, and to scrutinise the charac-
teristics of the underlying SUSY structure. High precision LC experiments have to

• measure the masses, decay widths, production cross sections, mixing angles,
etc., of the new particles,

• prove that each particle can be associated to its superpartner with the expected
spin and parity, gauge quantum numbers and couplings,

• reconstruct the low energy SUSY breaking parameters which would allow one to
uncover the fundamental theory and finally extrapolate its parameters to high
(GUT, Planck) scales.

A concurrent operation of the LHC and LC would provide answers to these ele-
mentary topics already after a few years of running. A nice example to support their
complementarity is the SPS 1a benchmark point [1, 4]. With the recent progress in
cavity development TESLA energies of 1 TeV appear achievable, thus the complete
slepton and neutralino/chargino spectra as well as the light stop 1 would be acces-
sible. A peculiarity of this scenario is the large tan β = 10 leading to (incompletely
measurable) multi τ final states from χ̃0

i , χ̃±
i cascade decays. Therefore charged slep-

ton and sneutrino production are very important to measure the masses of the LSP
χ̃0

1 and the light chargino χ̃±
1 . The advantage of the LC is to explore the spectrum in

a bottom-up approach, i.e. selecting particular channels by the appropriate choice of
energy and beam polarisations, while suppressing background reactions.

First studies of SPS 1a masses were based on extrapolations and estimates from
low tan β scenarios [36]. Meanwhile more reliable simulations have become available.
They typicaly assume integrated luminosities of L = 250−500 fb−1 at

√
s = 500 GeV to

be accumulated within a reasonable run time of one to two years. The LC luminosity
is expected to scale linearly with energy. Beam polarisations of Pe− = ±0.8 and Pe+ =
±0.6 are assumed. For the determination of sparticle properties of SPS 1a other than
masses see [37].

5.1.4.2 Sleptons

Scalar leptons are produced in pairs

e+e− → $̃+
i $̃−j , ν̃! ν̃! $ = e, µ, τ and [i, j = L, R or 1, 2] (5.27)

via s-channel γ/Z exchange and t-channel χ̃ exchange for the first generation. The
L, R states can be determined using beam polarisation, e.g. $̃R$̃R production is much
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larger for right-handed e−R than for left-handed e−L electrons; positron polarisation
further enhances the effect. The isotropic two-body decays

!̃− → !−χ̃0
i , (5.28)

ν̃! → !−χ̃+
i (5.29)

allow for a clean identification and lead to a uniform lepton energy spectrum. The
minimum and maximum (‘endpoint’) energies

E+/− =

√
s

4

(

1 −
m2

χ̃

m2
!̃

)

(1 ± β) , (5.30)

ml̃ =

√
s

E− + E+

√
E− E+ , (5.31)

mχ̃ = ml̃

√

1 −
E− + E+√

s/2
(5.32)

can be used for an accurate determination of the masses of the primary slepton and
the secondary neutralino/chargino.

Charged slepton production in continuum Examples of mass measurements us-
ing the lepton energy spectra of e+

Le−R → µ̃Rµ̃R and ẽRẽR production at
√

s = 400 GeV
are shown in fig. 5.29 [38]. With a moderate luminosity of L = 200 fb−1 the masses
can be determined with (highly correlated) errors of δmµ̃R $ δmχ̃0

1
$ 0.2 GeV, re-

spectively δmẽR $ δmχ̃0
1
$ 0.1 GeV. A simultaneous analysis of ẽRẽR, ẽRẽL and ẽLẽL

Figure 5.29: Energy spectra of Eµ from the reaction e+
Le−R → µ̃+

R µ̃−
R → µ+χ̃0

1 µ−χ̃0
1 (left) and

Ee from the reaction e+
Le−R → ẽ+

R ẽ−R → e+χ̃0
1 e−χ̃0

1 (right),SPS 1a at
√

s = 400 GeV and L =
200 fb−1

production makes use of the different energy distributions of the final electrons and
positrons [39,40]. The symmetric background is eliminated by a double subtraction of
e− and e+ energy spectra and opposite electron beam polarisations. This essentially
results in a clean ẽRẽL sample where the endpoints from ẽR and ẽL decays are easily
measurable. Assuming

√
s = 500 GeV and L = 2 · 500 fb−1, both selectron masses can

be determined with an accuracy of δmẽR, ẽL $ 0.8 GeV.
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Scalar Leptons

e+e− → !̃+!̃−

→ ν̃!ν̃!

!̃− → !− χ̃0, ν! χ̃−

ν̃! → ν! χ̃0, !− χ̃+

γ, Z

e+

e−

"̃+, ν̃!

"̃−, ν̃!

χ̃

e+

e−

ẽ+, ν̃e

ẽ−, ν̃e

E− E+

decay lepton energy spectrum

E+/− =
m!̃

2

(
1 −

m2
χ̃

m2
!̃

)
γ (1 ± β)

ml̃ =

√
s

E− + E+

√
E− · E+

mχ = ml̃

√

1 −
E− + E+√

s/2

Selection criteria e+e− → µ̃Rµ̃R at 400 GeV

nr cut min max
------------------------------------------------------------

input events 24000
0. n_ch, n_gamma in accept. 2 0 0.815

n_charge in acceptance 2 2 0.989
n_gamma in acceptance 5.0 0 0.851
n_veto in acceptance 5.0 0 0.960

1. lepton cos_theta_l 0.900 0.698
Q*cos_theta_l 0.750 0.693

2. delta phi_(l+,l-) (deg) 160.0 0.555
4. p_T event (GeV) 10.0 0.553
5. p_miss cos_theta_(l+l-) 0.900 0.537
7. lepton energy (GeV) 2.5 150.0 0.537
10. m_recoil + 0.4*m_ll (GeV) 240.0 0.537

efficiency 0.5365

lepton energy E_min 16.52 E_max 93.30

H-U Martyn ECFA/DESY Workshop, Prague, 15 – 18 November 2002 Page

isotropic decays

accurate determination of masses of 
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248

5 Supersymmetric Models

larger for right-handed e−R than for left-handed e−L electrons; positron polarisation
further enhances the effect. The isotropic two-body decays

!̃− → !−χ̃0
i , (5.28)

ν̃! → !−χ̃+
i (5.29)

allow for a clean identification and lead to a uniform lepton energy spectrum. The
minimum and maximum (‘endpoint’) energies

E+/− =

√
s

4

(

1 −
m2

χ̃

m2
!̃

)

(1 ± β) , (5.30)

ml̃ =

√
s

E− + E+

√
E− E+ , (5.31)

mχ̃ = ml̃

√

1 −
E− + E+√

s/2
(5.32)

can be used for an accurate determination of the masses of the primary slepton and
the secondary neutralino/chargino.

Charged slepton production in continuum Examples of mass measurements us-
ing the lepton energy spectra of e+

Le−R → µ̃Rµ̃R and ẽRẽR production at
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Figure 5.29: Energy spectra of Eµ from the reaction e+
Le−R → µ̃+

R µ̃−
R → µ+χ̃0

1 µ−χ̃0
1 (left) and

Ee from the reaction e+
Le−R → ẽ+
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√
s = 320 GeV L = 160 fb−1

√
s = 500 GeV L = 250 fb−1

Figure 2: Energy spectra Eµ of muons from the processes e−Re+
L → µ̃−

R µ̃+
R → µ−χ̃0

1 µ+χ̃0
1 (left)

and e−Le+
R → µ̃−

L µ̃+
L → µ−χ̃0

2 µ+χ̃0
2 with χ̃0

2 → "+"− χ̃0
1 (right), assuming mSUGRA model

RR 1 [8]

decays can be readily subtracted using the corresponding e+e− cascade decays. The achievable
mass resolutions formµ̃L

andmχ̃0
2
is of the order of 2 per mil.

If the neutralino mass is known one can make use

of correlations between the two observed muons. The

µ momentum vectors can be arranged with the χ̃0 mo-

menta, whose magnitudes are calculable, in such a way

as to give two back-to-back primary smuons under the

assumption of a kinematically allowed minimum mass

mmin(µ̃R). The resulting distribution in fig. 3 has a pro-
nounced edge at the actual smuon mass, while the back-

ground is flat. The mass resolution can be improved by

a factor of two.
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An important quantity is the spin of the slepton which can be directly determined from their

angular distribution. If the slepton and neutralino mass are known, one can reconstruct from the

event kinematics the polar angle θ of the slepton up to a twofold ambiguity. The wrong solution
is flat in cos θ and can be subtracted. The angular distribution of the reaction e+e− → µ̃R µ̃R,

shown in fig. 3, clearly exhibits a sin2 θ behaviour as expected for a scalar particle.

2.2 Study of selectrons in continuum

Similar investigations can be performed for selectrons, but with higher accuracy due to larger

cross sections. Of particular interest is the associated production of

e−Re+
R → ẽ−Rẽ+

L and e−Le+
L → ẽ−L ẽ+

R (5)

via t-channel χ̃0 exchange. Note that both e± beams carry the same helicity, which is ‘odd’ with
respect to the usual γ/Z exchange. For polarised beams the charge of the observed lepton can

be directly associated to the L, R quantum numbers of the selectrons and the energy spectrum

uniquely determines whether it comes from the ẽR or the ẽL decay.
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Figure 1: Mass spectra of mSUGRA models RR 1 (parameters m0 = 100 GeV, m1/2 =
200 GeV, A0 = 0 GeV, tanβ = 3, signµ + ) and SPS 1 (m0 = 100 GeV, m1/2 = 250 GeV,
A0 = −100 GeV, tan β = 10, signµ + )

via s-channel γ/Z exchange and t-channel χ̃ exchange for the first generation. The various
states and L, R quantum numbers can be efficiently disentangled by a proper choice of beam

energy and polarisation. The cross section for $̃+
R$̃−R production is much larger for right-handed

e−R than for left-handed e−L electrons; positron polarisation further enhances the effect.

The isotropic two-body decays

$̃− → $−χ̃0
i , (2)

ν̃! → $−χ̃+
i (3)

allow for a clean identification and lead to a uniform lepton energy spectrum. The minimum

and maximum (‘endpoint’) energies

E+/− =
m!̃

2

(

1 −
m2

χ̃

m2
!̃

)

γ (1 ± β) (4)

can be used for an accurate determination of the masses of the primary slepton and the secondary

neutralino/chargino. This feature makes slepton production particularly attractive.

2.1 Study of smuons in continuum

Examples of mass measurements using the µ energy spectra of µ̃Rµ̃R and µ̃Lµ̃L production are

shown in fig. 2. The distributions are not perfectly flat due to beamstrahlung, QED radiation,

selection criteria and detector resolutions. In the simple case of µ̃R pair production a small

background from χ̃0
2χ̃

0
1 is present. With a moderate luminosity the massesmµ̃R

andmχ̃0
1
can be

obtained with an accuracy of about 3 per mil. The partner µ̃L is more difficult to detect because

of large background from WW pairs and SUSY cascades. However, with the high luminosity

of TESLA one may select the rare decay modes µ̃L → µχ̃0
2 and χ̃0

2 → $+$− χ̃0
1, leading to a

unique, background free signature µ+µ− 4$±E/. The contributions of false µ+µ− pairs from χ̃0
2

3

Figure 3: Exploiting momentum correlations in the reaction e−Re+
L → µ̃−

R µ̃+
R → µ−χ̃0

1 µ+χ̃0
1,

mSUGRA model RR 1 [3]. Minimum mass mmin(µ̃R) (left) and µ̃+
R polar angle distribution

(right)

These properties have been used to disentangle the reaction e−R,Le+ → ẽRẽL from the si-

multaneous ẽRẽR and ẽLẽL production at
√

s = 500 GeV in the SPS 1 scenario [12]. The idea

is to eliminate all charge symmetric background by a double subtraction of e− and e+ energy

spectra and opposite electron beam polarisations Pe− = +0.8 and Pe− = −0.8, symbolically
(Ee−−Ee+)e−R

−(Ee−−Ee+)e−L
. The results of a simulation, shown in fig. 4, exhibit clear edges

or ‘endpoints‘ from the ẽR and ẽL decays. They can be used to determine both selectron masses

to an accuracy of δmẽR, ẽL
∼ 0.8 GeV. This elegant method would profit considerably from

additional positron beam polarisation, which could effectively enhance the signal and suppress

the background.
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2.3 Sneutrino production

Sneutrinos are being identified via their decay into the corresponding charged lepton and the

subsequent chargino decays χ̃±
1 → qq̄′/#±ν χ̃0

1 leading to additional jets and leptons. The final

topology, e.g. ν̃µν̃µ → µ+µ−#±2j E/, is very clean and the event rates are large, in particular for
ν̃eν̃e production. The energy spectra of the primary leptons, see fig. 5, can be used to determine
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1
$ 0.1 GeV. A simultaneous analysis of ẽRẽR, ẽRẽL and ẽLẽL

Figure 5.29: Energy spectra of Eµ from the reaction e+
Le−R → µ̃+

R µ̃−
R → µ+χ̃0

1 µ−χ̃0
1 (left) and

Ee from the reaction e+
Le−R → ẽ+

R ẽ−R → e+χ̃0
1 e−χ̃0

1 (right),SPS 1a at
√

s = 400 GeV and L =
200 fb−1

production makes use of the different energy distributions of the final electrons and
positrons [39,40]. The symmetric background is eliminated by a double subtraction of
e− and e+ energy spectra and opposite electron beam polarisations. This essentially
results in a clean ẽRẽL sample where the endpoints from ẽR and ẽL decays are easily
measurable. Assuming

√
s = 500 GeV and L = 2 · 500 fb−1, both selectron masses can

be determined with an accuracy of δmẽR, ẽL $ 0.8 GeV.

248



Barbara Mele ILC Physics in Florence,  12/9/2007 11

exp problems for selectrons :

a) overlap of                               flat energy distributions
b) large SM bckgr

Different states and their quantum numbers can be disen-

tangled by a proper choice of the beam energy and polar-

ization.

Figure 1: Cross sections at threshold for the reactions

e+
Le−R → ẽ+

Rẽ−R (left) and e−Re−R → ẽ+
Rẽ−R (right) in the

SPS#1a scenario, including background [20]. Error bars

correspond to a luminosity of 10 fb−1 (left) and 1 fb−1

(right) per point.

Slepton masses can be measured in threshold scans or

in continuum. At threshold: µ̃+
L µ̃−

L , µ̃+
Rµ̃−

R , ẽ+
L ẽ−L and

ẽ+
Rẽ−R pairs are excited in a P-wave characterized by a slow
rise of the cross section σ ∼ β3 with slepton velocity

β. On the other hand, in e+
Le−L / e+

Re−R → ẽ+
Rẽ−L / ẽ+

L ẽ−R
and e−Le−L / e−Re−R → ẽ−L ẽ−L / ẽ−Rẽ−R sleptons are excited in
the S-wave giving steep rise of the cross sections σ ∼ β.
Therefore the shape of the cross section near threshold is

sensitive to the masses and quantum numbers.

Figure 2: Lepton energy spectra in the processes e−Re+
L →

ẽ−R ẽ+
R → e−χ̃0

1e
+χ̃0

1 (left) and e−Re+
L → µ̃−

Rµ̃+
R →

µ−χ̃0
1 µ+χ̃0

1 → µ−χ̃0
1µ

+χ̃0
1 (right) at

√
s = 400 GeV,L =

200 fb−1; scenario SPS#1a [23].

The expected experimental precision requires higher or-

der corrections, and finite sfermion width effects to be in-

cluded. Examples of simulations for the SPS#1a point

are shown in fig. 1. Using polarized e+e− beams and

L = 50 fb−1 a (highly correlated) 2-parameter fit gives

δmẽR = 0.20 GeV and δΓẽR = 0.25 GeV; the resolution
deteriorates by a factor of ∼ 2 for µ̃Rµ̃R production. For

e−Re−R → ẽRẽR the gain in resolution is a factor ∼ 4 with
only a tenth of the luminosity, compared to e+e− beams.
Above the threshold, slepton masses can be obtained

from the endpoint energies of leptons coming from slep-

ton decays. In the case of two-body decays, %̃− → %−χ̃0
i

and ν̃! → %−χ̃+
i the lepton energy spectrum is flat with

endpoints (the minimum E− and maximum E+ energies)

E± = 1
4

√
s (1 ± β)(1 − m2

χ̃/m2
!̃
) (4)

providing an accurate determination of the masses of the

primary slepton and the secondary neutralino/chargino.

Simulations of the e and µ energy spectra of ẽRẽR and

µ̃Rµ̃R (respectively) production, including beamstrahlung,

QED radiation, selection criteria and detector resolutions,

are shown in fig. 2 assuming mSUGRA scenario SPS#1a

[23]. With a moderate luminosity of L = 200 fb−1 at√
s = 400 GeV one finds mẽR = 143 ± 0.10 GeV,

mµ̃R = 143 ± 0.10 GeV and mχ̃0
1

= 96 ± 0.10 GeV
from selectron, or mχ̃0

1
= 96 ± 0.18 GeV from smuon

production processes. Assuming the neutralino mass is

known, one can improve slepton mass determination by

a factor 2 from reconstructed kinematically allowed mini-

mummmin(%̃). A slightly better experimental error for the
neutralino mass δmχ̃0

1
= 0.08 GeV from the smuon pro-

duction has recently been reported in [24]. The partner µ̃L

is more difficult to detect because of large background from

WW pairs and SUSY cascades. However, with the high lu-

minosity of TESLA one may select the rare decay modes

µ̃L → µχ̃0
2 and χ̃0

2 → %+%− χ̃0
1, leading to a unique, back-

ground free signature µ+µ− 4%±E/. The achievable mass
resolutions for mµ̃L and mχ̃0

2
is of the order of 0.4 GeV

[25].

One should keep in mind that the measurement of se-

lectron masses is subject to two experimental difficul-

ties: an overlap of flat energy distributions of leptons

from ẽ−Rẽ+
L , ẽ−R ẽ+

R, ẽ−L ẽ+
L , ẽ−L ẽ+

L , and large SM background.

Nevertheless, it has been demonstrated [26] that thanks to

larger cross sections, both problems can be solved by a dou-

ble subtraction of e− and e+ energy spectra and opposite

electron beam polarizationsPe− = +0.8 andPe− = −0.8,
symbolically (Ee− − Ee+)e−

R
− (Ee− − Ee+)e−

L
. Such a

procedure eliminates all charge symmetric background and

clearly exhibits endpoints from the ẽR and ẽL decays, as

seen in fig. 3. Simulations at
√

s = 500 GeV in the SPS#1a
scenario [26] show that both selectron masses can be deter-

mined to an accuracy of δmẽR, ẽL ∼ 0.8 GeV.

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

#
 e

v
e
n

ts

-1000

-500

0

500

1000

1500

Figure 3: Energy spec-

trum (Ee− − Ee+)e−

R
−

(Ee− − Ee+)e−

L
for

e−R, Le+ → ẽRẽL in
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SPS#1a scenario, including background [20]. Error bars
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der corrections, and finite sfermion width effects to be in-

cluded. Examples of simulations for the SPS#1a point

are shown in fig. 1. Using polarized e+e− beams and
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δmẽR = 0.20 GeV and δΓẽR = 0.25 GeV; the resolution
deteriorates by a factor of ∼ 2 for µ̃Rµ̃R production. For

e−Re−R → ẽRẽR the gain in resolution is a factor ∼ 4 with
only a tenth of the luminosity, compared to e+e− beams.
Above the threshold, slepton masses can be obtained

from the endpoint energies of leptons coming from slep-
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endpoints (the minimum E− and maximum E+ energies)
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1, leading to a unique, back-

ground free signature µ+µ− 4%±E/. The achievable mass
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L , ẽ−R ẽ+
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Nevertheless, it has been demonstrated [26] that thanks to

larger cross sections, both problems can be solved by a dou-

ble subtraction of e− and e+ energy spectra and opposite

electron beam polarizationsPe− = +0.8 andPe− = −0.8,
symbolically (Ee− − Ee+)e−

R
− (Ee− − Ee+)e−

L
. Such a

procedure eliminates all charge symmetric background and

clearly exhibits endpoints from the ẽR and ẽL decays, as

seen in fig. 3. Simulations at
√

s = 500 GeV in the SPS#1a
scenario [26] show that both selectron masses can be deter-

mined to an accuracy of δmẽR, ẽL ∼ 0.8 GeV.
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At e+e− collisions sneutrinos are produced in pairs via
the s-channel Z exchange; for the ν̃e production there is

additional t-channel chargino exchange. Their decay into

the corresponding charged lepton and chargino, and the

5 Supersymmetric Models

larger for right-handed e−R than for left-handed e−L electrons; positron polarisation
further enhances the effect. The isotropic two-body decays

!̃− → !−χ̃0
i , (5.28)

ν̃! → !−χ̃+
i (5.29)

allow for a clean identification and lead to a uniform lepton energy spectrum. The
minimum and maximum (‘endpoint’) energies

E+/− =

√
s

4

(

1 −
m2

χ̃

m2
!̃

)

(1 ± β) , (5.30)

ml̃ =

√
s

E− + E+

√
E− E+ , (5.31)

mχ̃ = ml̃

√

1 −
E− + E+√

s/2
(5.32)

can be used for an accurate determination of the masses of the primary slepton and
the secondary neutralino/chargino.

Charged slepton production in continuum Examples of mass measurements us-
ing the lepton energy spectra of e+

Le−R → µ̃Rµ̃R and ẽRẽR production at
√

s = 400 GeV
are shown in fig. 5.29 [38]. With a moderate luminosity of L = 200 fb−1 the masses
can be determined with (highly correlated) errors of δmµ̃R $ δmχ̃0

1
$ 0.2 GeV, re-

spectively δmẽR $ δmχ̃0
1
$ 0.1 GeV. A simultaneous analysis of ẽRẽR, ẽRẽL and ẽLẽL

Figure 5.29: Energy spectra of Eµ from the reaction e+
Le−R → µ̃+

R µ̃−
R → µ+χ̃0

1 µ−χ̃0
1 (left) and

Ee from the reaction e+
Le−R → ẽ+

R ẽ−R → e+χ̃0
1 e−χ̃0

1 (right),SPS 1a at
√

s = 400 GeV and L =
200 fb−1

production makes use of the different energy distributions of the final electrons and
positrons [39,40]. The symmetric background is eliminated by a double subtraction of
e− and e+ energy spectra and opposite electron beam polarisations. This essentially
results in a clean ẽRẽL sample where the endpoints from ẽR and ẽL decays are easily
measurable. Assuming

√
s = 500 GeV and L = 2 · 500 fb−1, both selectron masses can

be determined with an accuracy of δmẽR, ẽL $ 0.8 GeV.
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248

5 Supersymmetric Models

larger for right-handed e−R than for left-handed e−L electrons; positron polarisation
further enhances the effect. The isotropic two-body decays

!̃− → !−χ̃0
i , (5.28)

ν̃! → !−χ̃+
i (5.29)

allow for a clean identification and lead to a uniform lepton energy spectrum. The
minimum and maximum (‘endpoint’) energies

E+/− =

√
s

4

(

1 −
m2

χ̃

m2
!̃

)

(1 ± β) , (5.30)

ml̃ =

√
s

E− + E+

√
E− E+ , (5.31)

mχ̃ = ml̃

√

1 −
E− + E+√

s/2
(5.32)

can be used for an accurate determination of the masses of the primary slepton and
the secondary neutralino/chargino.

Charged slepton production in continuum Examples of mass measurements us-
ing the lepton energy spectra of e+

Le−R → µ̃Rµ̃R and ẽRẽR production at
√

s = 400 GeV
are shown in fig. 5.29 [38]. With a moderate luminosity of L = 200 fb−1 the masses
can be determined with (highly correlated) errors of δmµ̃R $ δmχ̃0

1
$ 0.2 GeV, re-

spectively δmẽR $ δmχ̃0
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Different states and their quantum numbers can be disen-

tangled by a proper choice of the beam energy and polar-

ization.

Figure 1: Cross sections at threshold for the reactions

e+
Le−R → ẽ+

Rẽ−R (left) and e−Re−R → ẽ+
Rẽ−R (right) in the

SPS#1a scenario, including background [20]. Error bars

correspond to a luminosity of 10 fb−1 (left) and 1 fb−1

(right) per point.
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L ẽ−R
and e−Le−L / e−Re−R → ẽ−L ẽ−L / ẽ−Rẽ−R sleptons are excited in
the S-wave giving steep rise of the cross sections σ ∼ β.
Therefore the shape of the cross section near threshold is

sensitive to the masses and quantum numbers.
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√
s = 400 GeV,L =

200 fb−1; scenario SPS#1a [23].

The expected experimental precision requires higher or-

der corrections, and finite sfermion width effects to be in-

cluded. Examples of simulations for the SPS#1a point

are shown in fig. 1. Using polarized e+e− beams and

L = 50 fb−1 a (highly correlated) 2-parameter fit gives

δmẽR = 0.20 GeV and δΓẽR = 0.25 GeV; the resolution
deteriorates by a factor of ∼ 2 for µ̃Rµ̃R production. For

e−Re−R → ẽRẽR the gain in resolution is a factor ∼ 4 with
only a tenth of the luminosity, compared to e+e− beams.
Above the threshold, slepton masses can be obtained

from the endpoint energies of leptons coming from slep-

ton decays. In the case of two-body decays, %̃− → %−χ̃0
i

and ν̃! → %−χ̃+
i the lepton energy spectrum is flat with

endpoints (the minimum E− and maximum E+ energies)

E± = 1
4

√
s (1 ± β)(1 − m2

χ̃/m2
!̃
) (4)

providing an accurate determination of the masses of the

primary slepton and the secondary neutralino/chargino.

Simulations of the e and µ energy spectra of ẽRẽR and

µ̃Rµ̃R (respectively) production, including beamstrahlung,

QED radiation, selection criteria and detector resolutions,

are shown in fig. 2 assuming mSUGRA scenario SPS#1a

[23]. With a moderate luminosity of L = 200 fb−1 at√
s = 400 GeV one finds mẽR = 143 ± 0.10 GeV,

mµ̃R = 143 ± 0.10 GeV and mχ̃0
1

= 96 ± 0.10 GeV
from selectron, or mχ̃0

1
= 96 ± 0.18 GeV from smuon

production processes. Assuming the neutralino mass is

known, one can improve slepton mass determination by

a factor 2 from reconstructed kinematically allowed mini-

mummmin(%̃). A slightly better experimental error for the
neutralino mass δmχ̃0

1
= 0.08 GeV from the smuon pro-

duction has recently been reported in [24]. The partner µ̃L

is more difficult to detect because of large background from

WW pairs and SUSY cascades. However, with the high lu-

minosity of TESLA one may select the rare decay modes

µ̃L → µχ̃0
2 and χ̃0

2 → %+%− χ̃0
1, leading to a unique, back-

ground free signature µ+µ− 4%±E/. The achievable mass
resolutions for mµ̃L and mχ̃0

2
is of the order of 0.4 GeV

[25].

One should keep in mind that the measurement of se-

lectron masses is subject to two experimental difficul-

ties: an overlap of flat energy distributions of leptons

from ẽ−Rẽ+
L , ẽ−R ẽ+

R, ẽ−L ẽ+
L , ẽ−L ẽ+

L , and large SM background.

Nevertheless, it has been demonstrated [26] that thanks to

larger cross sections, both problems can be solved by a dou-

ble subtraction of e− and e+ energy spectra and opposite

electron beam polarizationsPe− = +0.8 andPe− = −0.8,
symbolically (Ee− − Ee+)e−

R
− (Ee− − Ee+)e−

L
. Such a

procedure eliminates all charge symmetric background and

clearly exhibits endpoints from the ẽR and ẽL decays, as

seen in fig. 3. Simulations at
√

s = 500 GeV in the SPS#1a
scenario [26] show that both selectron masses can be deter-

mined to an accuracy of δmẽR, ẽL ∼ 0.8 GeV.
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Sneutrino production

At e+e− collisions sneutrinos are produced in pairs via
the s-channel Z exchange; for the ν̃e production there is

additional t-channel chargino exchange. Their decay into

the corresponding charged lepton and chargino, and the

(clean) endpoint  from 
                     decays  easily 
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larger for right-handed e−R than for left-handed e−L electrons; positron polarisation
further enhances the effect. The isotropic two-body decays

!̃− → !−χ̃0
i , (5.28)

ν̃! → !−χ̃+
i (5.29)

allow for a clean identification and lead to a uniform lepton energy spectrum. The
minimum and maximum (‘endpoint’) energies

E+/− =

√
s

4

(

1 −
m2

χ̃

m2
!̃

)

(1 ± β) , (5.30)

ml̃ =

√
s

E− + E+

√
E− E+ , (5.31)

mχ̃ = ml̃

√

1 −
E− + E+√

s/2
(5.32)

can be used for an accurate determination of the masses of the primary slepton and
the secondary neutralino/chargino.

Charged slepton production in continuum Examples of mass measurements us-
ing the lepton energy spectra of e+

Le−R → µ̃Rµ̃R and ẽRẽR production at
√

s = 400 GeV
are shown in fig. 5.29 [38]. With a moderate luminosity of L = 200 fb−1 the masses
can be determined with (highly correlated) errors of δmµ̃R $ δmχ̃0

1
$ 0.2 GeV, re-

spectively δmẽR $ δmχ̃0
1
$ 0.1 GeV. A simultaneous analysis of ẽRẽR, ẽRẽL and ẽLẽL

Figure 5.29: Energy spectra of Eµ from the reaction e+
Le−R → µ̃+

R µ̃−
R → µ+χ̃0

1 µ−χ̃0
1 (left) and

Ee from the reaction e+
Le−R → ẽ+

R ẽ−R → e+χ̃0
1 e−χ̃0

1 (right),SPS 1a at
√

s = 400 GeV and L =
200 fb−1

production makes use of the different energy distributions of the final electrons and
positrons [39,40]. The symmetric background is eliminated by a double subtraction of
e− and e+ energy spectra and opposite electron beam polarisations. This essentially
results in a clean ẽRẽL sample where the endpoints from ẽR and ẽL decays are easily
measurable. Assuming

√
s = 500 GeV and L = 2 · 500 fb−1, both selectron masses can

be determined with an accuracy of δmẽR, ẽL $ 0.8 GeV.
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Different states and their quantum numbers can be disen-

tangled by a proper choice of the beam energy and polar-

ization.
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L ẽ−R
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Sneutrino production

At e+e− collisions sneutrinos are produced in pairs via
the s-channel Z exchange; for the ν̃e production there is

additional t-channel chargino exchange. Their decay into

the corresponding charged lepton and chargino, and the

disentangle                           
from  all  charge symmetric  
bckgr

Figure 3: Exploiting momentum correlations in the reaction e−Re+
L → µ̃−

R µ̃+
R → µ−χ̃0

1 µ+χ̃0
1,

mSUGRA model RR 1 [3]. Minimum mass mmin(µ̃R) (left) and µ̃+
R polar angle distribution

(right)

These properties have been used to disentangle the reaction e−R,Le+ → ẽRẽL from the si-

multaneous ẽRẽR and ẽLẽL production at
√

s = 500 GeV in the SPS 1 scenario [12]. The idea

is to eliminate all charge symmetric background by a double subtraction of e− and e+ energy

spectra and opposite electron beam polarisations Pe− = +0.8 and Pe− = −0.8, symbolically
(Ee−−Ee+)e−R

−(Ee−−Ee+)e−L
. The results of a simulation, shown in fig. 4, exhibit clear edges

or ‘endpoints‘ from the ẽR and ẽL decays. They can be used to determine both selectron masses

to an accuracy of δmẽR, ẽL
∼ 0.8 GeV. This elegant method would profit considerably from

additional positron beam polarisation, which could effectively enhance the signal and suppress

the background.
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Figure 4: Subtracted energy

spectra (Ee− −Ee+)e−R
− (Ee− −

Ee+)e−L
of the reaction e−R, Le+ →

ẽRẽL in mSUGRA model SPS 1

at
√

s = 500 GeV [12]

2.3 Sneutrino production

Sneutrinos are being identified via their decay into the corresponding charged lepton and the

subsequent chargino decays χ̃±
1 → qq̄′/#±ν χ̃0

1 leading to additional jets and leptons. The final

topology, e.g. ν̃µν̃µ → µ+µ−#±2j E/, is very clean and the event rates are large, in particular for
ν̃eν̃e production. The energy spectra of the primary leptons, see fig. 5, can be used to determine

5



Barbara Mele ILC Physics in Florence,  12/9/2007 12

5.1 Measurement of supersymmetric particle masses, mixings and couplings at LHC and LC

In the production of e+
Le−R → τ̃+

1 τ̃−
1 → τ+χ̃0

1 τ−χ̃0
1 the final τ leptons are incom-

pletely measured, thus spoiling the flat energy distribution of eq. (5.30). However, the
hadronic decays τ → ρντ , 3πντ are still sensitive to the primary τ̃1 mass [38]. From the
E3π energy spectrum, shown in fig. 5.30, the expected uncertainty is δmτ̃1 = 0.3 GeV,
assuming the χ̃0

1 mass to be known. The heavier state τ̃2 is much more problematic to
identify and measure its mass. So far no simulations for continuum production exist.

τ → 3πν

Figure 5.30: Hadron energy spectrum E3π of
τ → 3πντ decays from the reaction e+

Le−R →
τ̃+
1 τ̃1

1 → τ+χ̃0
1 τ−χ̃0

1, SPS 1a at
√

s = 400GeV
and L = 200 fb−1

Sneutrino production Sneutrinos are very difficult to detect because most of their
decays are invisible into a neutrino and a neutralino. Only ∼ 8% can be identified
via the decay (5.29) into the corresponding charged lepton and a chargino, which
subsequently decays via χ̃±

1 → τ̃ ν → τν χ̃0
1. In practice only ν̃eν̃e production with

the additional t-channel chargino exchange has a large enough cross section to be ob-
servable. A detection and measurement of ν̃µ and ν̃τ appears extremely challenging,
if not hopeless. The reaction e+e−L → ν̃eν̃e → νeχ̃0 e±χ̃∓

1 → e±τ∓ E/ and τ → µνν at√
s = 500 GeV has been studied [39]. The energy spectrum of the primary electron

can be used to determine the electron-sneutrino mass to δmν̃e = 1.2 GeV and the
chargino mass to δmχ̃±

1
= 1.4 GeV.

Threshold scans Masses of accuracy O(0.1 GeV) can be obtained by scanning the
excitation curve close to production threshold. In e+e− annihilation slepton pairs
'̃+
i '̃−i , except ẽRẽL, are produced in a P-wave state with a characteristic rise of the cross

section σ%̃+ %̃− ∼ β3, where β =
√

1 − 4 m2
%̃
/s. On the other hand in e−e− collisions ẽ−R ẽ−R

and ẽ−L ẽ−L pairs are produced in a S-wave state with a steeper rise of σẽ−ẽ− ∼ β. Thus,
the shape of the cross section carries information on the mass and the quantum num-
bers. The anticipated precision requires to take the finite width Γ%̃ and higher order
corrections into account [41]. Examples of SPS 1a simulations within this frame are
shown in fig. 5.31. Using polarised beams and L = 50 fb−1 a (highly correlated) two-
parameter fit gives δmẽR = 0.20 GeV and δΓẽR = 0.25 GeV; the resolution deteriorates
by a factor of ∼ 2 for µ̃Rµ̃R production. For e−Re−R → ẽRẽR the gain in resolution is
substantial, yielding δmẽR = 0.050 GeV and δΓẽR = 0.045 GeV with only a tenth of the
luminosity, compared to e+e− beams. But notice that a LC in e−e− mode is expected to
provide much lower luminosity, typically reduced by a factor of seven. The precision
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and ẽ−L ẽ−L pairs are produced in a S-wave state with a steeper rise of σẽ−ẽ− ∼ β. Thus,
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the additional t-channel chargino exchange has a large enough cross section to be ob-
servable. A detection and measurement of ν̃µ and ν̃τ appears extremely challenging,
if not hopeless. The reaction e+e−L → ν̃eν̃e → νeχ̃0 e±χ̃∓

1 → e±τ∓ E/ and τ → µνν at√
s = 500 GeV has been studied [39]. The energy spectrum of the primary electron

can be used to determine the electron-sneutrino mass to δmν̃e = 1.2 GeV and the
chargino mass to δmχ̃±

1
= 1.4 GeV.

Threshold scans Masses of accuracy O(0.1 GeV) can be obtained by scanning the
excitation curve close to production threshold. In e+e− annihilation slepton pairs
'̃+
i '̃−i , except ẽRẽL, are produced in a P-wave state with a characteristic rise of the cross

section σ%̃+ %̃− ∼ β3, where β =
√

1 − 4 m2
%̃
/s. On the other hand in e−e− collisions ẽ−R ẽ−R

and ẽ−L ẽ−L pairs are produced in a S-wave state with a steeper rise of σẽ−ẽ− ∼ β. Thus,
the shape of the cross section carries information on the mass and the quantum num-
bers. The anticipated precision requires to take the finite width Γ%̃ and higher order
corrections into account [41]. Examples of SPS 1a simulations within this frame are
shown in fig. 5.31. Using polarised beams and L = 50 fb−1 a (highly correlated) two-
parameter fit gives δmẽR = 0.20 GeV and δΓẽR = 0.25 GeV; the resolution deteriorates
by a factor of ∼ 2 for µ̃Rµ̃R production. For e−Re−R → ẽRẽR the gain in resolution is
substantial, yielding δmẽR = 0.050 GeV and δΓẽR = 0.045 GeV with only a tenth of the
luminosity, compared to e+e− beams. But notice that a LC in e−e− mode is expected to
provide much lower luminosity, typically reduced by a factor of seven. The precision
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larger for right-handed e−R than for left-handed e−L electrons; positron polarisation
further enhances the effect. The isotropic two-body decays

!̃− → !−χ̃0
i , (5.28)

ν̃! → !−χ̃+
i (5.29)

allow for a clean identification and lead to a uniform lepton energy spectrum. The
minimum and maximum (‘endpoint’) energies

E+/− =

√
s

4

(

1 −
m2

χ̃

m2
!̃

)

(1 ± β) , (5.30)

ml̃ =

√
s

E− + E+

√
E− E+ , (5.31)

mχ̃ = ml̃

√

1 −
E− + E+√

s/2
(5.32)

can be used for an accurate determination of the masses of the primary slepton and
the secondary neutralino/chargino.

Charged slepton production in continuum Examples of mass measurements us-
ing the lepton energy spectra of e+

Le−R → µ̃Rµ̃R and ẽRẽR production at
√

s = 400 GeV
are shown in fig. 5.29 [38]. With a moderate luminosity of L = 200 fb−1 the masses
can be determined with (highly correlated) errors of δmµ̃R $ δmχ̃0

1
$ 0.2 GeV, re-

spectively δmẽR $ δmχ̃0
1
$ 0.1 GeV. A simultaneous analysis of ẽRẽR, ẽRẽL and ẽLẽL

Figure 5.29: Energy spectra of Eµ from the reaction e+
Le−R → µ̃+

R µ̃−
R → µ+χ̃0

1 µ−χ̃0
1 (left) and

Ee from the reaction e+
Le−R → ẽ+

R ẽ−R → e+χ̃0
1 e−χ̃0

1 (right),SPS 1a at
√

s = 400 GeV and L =
200 fb−1

production makes use of the different energy distributions of the final electrons and
positrons [39,40]. The symmetric background is eliminated by a double subtraction of
e− and e+ energy spectra and opposite electron beam polarisations. This essentially
results in a clean ẽRẽL sample where the endpoints from ẽR and ẽL decays are easily
measurable. Assuming

√
s = 500 GeV and L = 2 · 500 fb−1, both selectron masses can

be determined with an accuracy of δmẽR, ẽL $ 0.8 GeV.
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positrons [39,40]. The symmetric background is eliminated by a double subtraction of
e− and e+ energy spectra and opposite electron beam polarisations. This essentially
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Smuon Production @ 400 GeV

e−
Re+

L → µ̃−
R µ̃+

R → µ−χ̃0
1 µ+χ̃0

1

√
s = 400 GeV L = 200 fb−1

µ̃R 143.0 ± 0.18 Ge
χ̃0

1 96.0 ± 0.18 Ge

H-U Martyn ECFA/DESY Workshop, Prague, 15 – 18 November 2002 Page

5.1 Measurement of supersymmetric particle masses, mixings and couplings at LHC and LC
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Le−R → τ̃+

1 τ̃−
1 → τ+χ̃0

1 τ−χ̃0
1 the final τ leptons are incom-
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identify and measure its mass. So far no simulations for continuum production exist.

τ → 3πν

Figure 5.30: Hadron energy spectrum E3π of
τ → 3πντ decays from the reaction e+

Le−R →
τ̃+
1 τ̃1

1 → τ+χ̃0
1 τ−χ̃0

1, SPS 1a at
√

s = 400GeV
and L = 200 fb−1
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subsequently decays via χ̃±
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bers. The anticipated precision requires to take the finite width Γ%̃ and higher order
corrections into account [41]. Examples of SPS 1a simulations within this frame are
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parameter fit gives δmẽR = 0.20 GeV and δΓẽR = 0.25 GeV; the resolution deteriorates
by a factor of ∼ 2 for µ̃Rµ̃R production. For e−Re−R → ẽRẽR the gain in resolution is
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luminosity, compared to e+e− beams. But notice that a LC in e−e− mode is expected to
provide much lower luminosity, typically reduced by a factor of seven. The precision
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beamstrahlung, initial state radiation, selection criteria and detector resolution, is shown in
Fig. 5.4 for the point SPS1a [185]. With a moderate luminosity of 200 fb−1 at

√
s = 400

GeV, one obtains mµ̃R = 143 ± 0.10 GeV and mχ0
1

= 96 ± 0.10 GeV. If mχ0
1

is known from
chargino/neutralino production, one can improve the slepton mass determination by a factor
of two from reconstructed kinematically allowed slepton minima. Similar results are obtained
in the case of selectron production in e+e− → ẽ−Rẽ−R.

The sneutrino analysis is more involved in scenarios with light states which decay dom-
inantly into invisible channels, ν̃" → ν"χ0

1. The ν̃ mass resolution could be optimized by
looking at the channel e+e− → ν̃eν̃e → νeχ0

1e
±χ∓

1 . This is exemplified in Fig. 5.5 for scenario
SPS1a, where the branching ratio for the ν̃e → χ±

1 e∓ decay is about 10%. The sneutrino
mass can be determined to the level ∆mν̃ = 1.2 GeV, which is comparable to the accuracy
obtained from a threshold scan.
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FIGURE 5.5. Lepton energy spectrum for the sneutrino production and decay processes e+e− → ν̃eν̃e →
νeχ0

1e
±χ∓

1 → e±µ∓ + /E [192].

The sin2 θ law for the angular distribution in the production of sleptons (for selectrons
close to threshold) is a unique signal of the fundamental spin–zero character; the P–wave
onset of the excitation curve is a necessary but not sufficient condition in this case [187].
Thus, the slepton spin determination is conceptually very simple at the ILC.

As mentioned previously, large mixing effects are in general expected in the stau sector,
making as in SPS1a, τ̃1 the lightest slepton. The stau masses can be determined using the
same methods as described above and, for SPS1a, one obtains ∆mτ̃1 = 0.3 GeV. Since in
scenarios with tan β >∼ 10, charginos and neutralinos in the decay chain will dominantly lead
to additional tau leptons in the final state, it is difficult to disentangle the heavier τ̃2 from
the background of the lighter τ̃1 and the mτ̃2 measurement is still an open problem. Another
very difficult region is when τ̃1 is almost degenerate in mass with the χ0

1 LSP, a possibility
that is important as it corresponds to the co–annihilation region in which the LSP has the
required cosmological relic density to make the DM. In this case, the final state τ leptons are
very soft and the two–photon processes e+e− → ττee and e+e− → ccee, bbee with the quarks
decaying semi-leptonically, besides e+e− → WW → ττνν, represent very large backgrounds.

ILC-Reference Design Report II-65

           still an open problem !
difficult to disentangle
decay products from

Precision SUSY measurements at the ILC

beamstrahlung, initial state radiation, selection criteria and detector resolution, is shown in
Fig. 5.4 for the point SPS1a [185]. With a moderate luminosity of 200 fb−1 at

√
s = 400

GeV, one obtains mµ̃R = 143 ± 0.10 GeV and mχ0
1

= 96 ± 0.10 GeV. If mχ0
1

is known from
chargino/neutralino production, one can improve the slepton mass determination by a factor
of two from reconstructed kinematically allowed slepton minima. Similar results are obtained
in the case of selectron production in e+e− → ẽ−Rẽ−R.
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The sin2 θ law for the angular distribution in the production of sleptons (for selectrons
close to threshold) is a unique signal of the fundamental spin–zero character; the P–wave
onset of the excitation curve is a necessary but not sufficient condition in this case [187].
Thus, the slepton spin determination is conceptually very simple at the ILC.

As mentioned previously, large mixing effects are in general expected in the stau sector,
making as in SPS1a, τ̃1 the lightest slepton. The stau masses can be determined using the
same methods as described above and, for SPS1a, one obtains ∆mτ̃1 = 0.3 GeV. Since in
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The sin2 θ law for the angular distribution in the production of sleptons (for selectrons
close to threshold) is a unique signal of the fundamental spin–zero character; the P–wave
onset of the excitation curve is a necessary but not sufficient condition in this case [187].
Thus, the slepton spin determination is conceptually very simple at the ILC.

As mentioned previously, large mixing effects are in general expected in the stau sector,
making as in SPS1a, τ̃1 the lightest slepton. The stau masses can be determined using the
same methods as described above and, for SPS1a, one obtains ∆mτ̃1 = 0.3 GeV. Since in
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The sin2 θ law for the angular distribution in the production of sleptons (for selectrons
close to threshold) is a unique signal of the fundamental spin–zero character; the P–wave
onset of the excitation curve is a necessary but not sufficient condition in this case [187].
Thus, the slepton spin determination is conceptually very simple at the ILC.

As mentioned previously, large mixing effects are in general expected in the stau sector,
making as in SPS1a, τ̃1 the lightest slepton. The stau masses can be determined using the
same methods as described above and, for SPS1a, one obtains ∆mτ̃1 = 0.3 GeV. Since in
scenarios with tan β >∼ 10, charginos and neutralinos in the decay chain will dominantly lead
to additional tau leptons in the final state, it is difficult to disentangle the heavier τ̃2 from
the background of the lighter τ̃1 and the mτ̃2 measurement is still an open problem. Another
very difficult region is when τ̃1 is almost degenerate in mass with the χ0

1 LSP, a possibility
that is important as it corresponds to the co–annihilation region in which the LSP has the
required cosmological relic density to make the DM. In this case, the final state τ leptons are
very soft and the two–photon processes e+e− → ττee and e+e− → ccee, bbee with the quarks
decaying semi-leptonically, besides e+e− → WW → ττνν, represent very large backgrounds.

ILC-Reference Design Report II-65



Barbara Mele ILC Physics in Florence,  12/9/2007

more involved  !   (mostly invisible)

13

Precision SUSY measurements at the ILC

beamstrahlung, initial state radiation, selection criteria and detector resolution, is shown in
Fig. 5.4 for the point SPS1a [185]. With a moderate luminosity of 200 fb−1 at
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1

= 96 ± 0.10 GeV. If mχ0
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is known from
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of two from reconstructed kinematically allowed slepton minima. Similar results are obtained
in the case of selectron production in e+e− → ẽ−Rẽ−R.
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The sin2 θ law for the angular distribution in the production of sleptons (for selectrons
close to threshold) is a unique signal of the fundamental spin–zero character; the P–wave
onset of the excitation curve is a necessary but not sufficient condition in this case [187].
Thus, the slepton spin determination is conceptually very simple at the ILC.

As mentioned previously, large mixing effects are in general expected in the stau sector,
making as in SPS1a, τ̃1 the lightest slepton. The stau masses can be determined using the
same methods as described above and, for SPS1a, one obtains ∆mτ̃1 = 0.3 GeV. Since in
scenarios with tan β >∼ 10, charginos and neutralinos in the decay chain will dominantly lead
to additional tau leptons in the final state, it is difficult to disentangle the heavier τ̃2 from
the background of the lighter τ̃1 and the mτ̃2 measurement is still an open problem. Another
very difficult region is when τ̃1 is almost degenerate in mass with the χ0

1 LSP, a possibility
that is important as it corresponds to the co–annihilation region in which the LSP has the
required cosmological relic density to make the DM. In this case, the final state τ leptons are
very soft and the two–photon processes e+e− → ττee and e+e− → ccee, bbee with the quarks
decaying semi-leptonically, besides e+e− → WW → ττνν, represent very large backgrounds.
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larger for right-handed e−R than for left-handed e−L electrons; positron polarisation
further enhances the effect. The isotropic two-body decays

!̃− → !−χ̃0
i , (5.28)

ν̃! → !−χ̃+
i (5.29)

allow for a clean identification and lead to a uniform lepton energy spectrum. The
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ing the lepton energy spectra of e+

Le−R → µ̃Rµ̃R and ẽRẽR production at
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are shown in fig. 5.29 [38]. With a moderate luminosity of L = 200 fb−1 the masses
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production makes use of the different energy distributions of the final electrons and
positrons [39,40]. The symmetric background is eliminated by a double subtraction of
e− and e+ energy spectra and opposite electron beam polarisations. This essentially
results in a clean ẽRẽL sample where the endpoints from ẽR and ẽL decays are easily
measurable. Assuming

√
s = 500 GeV and L = 2 · 500 fb−1, both selectron masses can

be determined with an accuracy of δmẽR, ẽL $ 0.8 GeV.
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1
$ 0.1 GeV. A simultaneous analysis of ẽRẽR, ẽRẽL and ẽLẽL
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5.1 Measurement of supersymmetric particle masses, mixings and couplings at LHC and LC

In the production of e+
Le−R → τ̃+

1 τ̃−
1 → τ+χ̃0

1 τ−χ̃0
1 the final τ leptons are incom-

pletely measured, thus spoiling the flat energy distribution of eq. (5.30). However, the
hadronic decays τ → ρντ , 3πντ are still sensitive to the primary τ̃1 mass [38]. From the
E3π energy spectrum, shown in fig. 5.30, the expected uncertainty is δmτ̃1 = 0.3 GeV,
assuming the χ̃0

1 mass to be known. The heavier state τ̃2 is much more problematic to
identify and measure its mass. So far no simulations for continuum production exist.

τ → 3πν

Figure 5.30: Hadron energy spectrum E3π of
τ → 3πντ decays from the reaction e+
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Sneutrino production Sneutrinos are very difficult to detect because most of their
decays are invisible into a neutrino and a neutralino. Only ∼ 8% can be identified
via the decay (5.29) into the corresponding charged lepton and a chargino, which
subsequently decays via χ̃±

1 → τ̃ ν → τν χ̃0
1. In practice only ν̃eν̃e production with

the additional t-channel chargino exchange has a large enough cross section to be ob-
servable. A detection and measurement of ν̃µ and ν̃τ appears extremely challenging,
if not hopeless. The reaction e+e−L → ν̃eν̃e → νeχ̃0 e±χ̃∓

1 → e±τ∓ E/ and τ → µνν at√
s = 500 GeV has been studied [39]. The energy spectrum of the primary electron

can be used to determine the electron-sneutrino mass to δmν̃e = 1.2 GeV and the
chargino mass to δmχ̃±

1
= 1.4 GeV.

Threshold scans Masses of accuracy O(0.1 GeV) can be obtained by scanning the
excitation curve close to production threshold. In e+e− annihilation slepton pairs
'̃+
i '̃−i , except ẽRẽL, are produced in a P-wave state with a characteristic rise of the cross

section σ%̃+ %̃− ∼ β3, where β =
√

1 − 4 m2
%̃
/s. On the other hand in e−e− collisions ẽ−R ẽ−R

and ẽ−L ẽ−L pairs are produced in a S-wave state with a steeper rise of σẽ−ẽ− ∼ β. Thus,
the shape of the cross section carries information on the mass and the quantum num-
bers. The anticipated precision requires to take the finite width Γ%̃ and higher order
corrections into account [41]. Examples of SPS 1a simulations within this frame are
shown in fig. 5.31. Using polarised beams and L = 50 fb−1 a (highly correlated) two-
parameter fit gives δmẽR = 0.20 GeV and δΓẽR = 0.25 GeV; the resolution deteriorates
by a factor of ∼ 2 for µ̃Rµ̃R production. For e−Re−R → ẽRẽR the gain in resolution is
substantial, yielding δmẽR = 0.050 GeV and δΓẽR = 0.045 GeV with only a tenth of the
luminosity, compared to e+e− beams. But notice that a LC in e−e− mode is expected to
provide much lower luminosity, typically reduced by a factor of seven. The precision
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14

 mass  measurements

We will start the discussion with the Minimal Supersym-

metric Standard Model considered as an effective low en-

ergy model with a) minimal particle content, b) R-parity
conservation, c) most general soft supersymmetry break-

ing terms. Since the mechanism of SUSY breaking is un-

known, several Snowmass benchmark scenarios, so-called

’Snowmass Points and Slopes’ (SPS) [8], with distinct sig-

natures have been studied. Although each benchmark sce-

nario is characterized by a few parameters specified at high

energies (for example at the GUT scale), most of the phe-

nomenological analyses have been performed strictly on

low-energy supersymmetry.

A word of caution is in order here. The deduction of low-

energy parameters from high-scale assumptions (and vice-

versa) inevitably involves theoretical errors coming from

the level of approximation used, neglected higher order

terms etc. The SPS benchmarks, while motivated in terms

of specific SUSY-breaking scenarios (like the mSUGRA

scenario), have explicitly been defined in terms of the

low-energy MSSM parameters. Therefore it is not nec-

essary in the SPS benchmarks to refer to any particular

program for calculating the SUSY spectrum from high-

energy parameters. Studies during the Workshop [10, 11]

showed large differences between various calculations of

the MSSM spectrum. Recent analysis [11] of the most

advanced modern codes for the MSSM spectra: ISAJET

7.64, SOFTSUSY 1.71 [12], SPHENO 2.0 [13] and SUS-

PECT 2.101 [14], shows that the typical relative uncer-

tainty in mSUGRA and mGMSB scenarios in generic (i.e.

not tricky) regions of parameter space is about 2 – 5%. In

some cases, in particular in focus point, high tan β and

mAMSB scenarios, the relative uncertainty is larger, about

5 – 10% For the focus point and high tan β scenarios, spar-
ticle masses are particularly sensitive to the values of the

Yukawa couplings (especially the top Yukawa for the focus

point, and the bottom Yukawa for the high tan β regime).
Slightly different treatments of top and bottom masses

can lead to large differences in mass predictions. In the

mAMSB scenario larger differences between various pro-

grams are due to a different implementation of GUT-scale

boundary conditions. Nevertheless, even in these particu-

lar cases, comparison with previous versions of the codes

[10] (where SUSYGEN3.00 [15], PYTHIA6.2 [16] and the

mSUGRA Post-LEP benchmarks [17] have also been in-

vestigated) shows a significant improvement. Differences

in the results between the codes (which may be interpreted

as very conservative upper bounds on current theoretical

uncertainties [11] as some programs are more advanced

than others) should be reduced by future higher–order the-

oretical calculations.

After extensive discussion of experimentation and ex-

traction of SUSY parameters in the MSSM, we will go to

’beyond the MSSM’ scenarios by considering R-parity vi-
olating couplings and/or extended gaugino sector. Finally,

in a ‘bottom-up’ approach, by extrapolating to higher en-

ergies the SUSY parameters determined at the electroweak

scale with certain errors, we demonstrate how model as-

sumptions on SUSY breaking can be tested. It will be seen

that precise knowledge of the SUSY spectrum and the soft

SUSY breaking parameters is necessary to reveal the un-

derlying supersymmetric theory.

SFERMIONS

Sfermions f̃L, f̃R are spin-zero superpartners of the SM

chiral fermions fL, fR. The sfermion mass matrix has the

form

M2
f̃

=

(

m2
f̃L

a∗
f̃
mf

af̃mf m2
f̃R

)

(1)

m2
f̃i

= M2
F̃i

+ m2
Z cos 2β (I3

fi
− Qf sin2 θW ) + m2

f

af̃ = Af̃ − µ∗(tanβ)−2I3
f

where M2
F̃L,F̃R

, Af̃ are soft SUSY breaking parameters

(which can be 3×3 matrices in the flavor space), and µ is

the higgs/higgsino mass term. Both Af̃ = |Af̃ |e
iϕA

f̃ and

µ = |µ|eiϕµ can be complex. The mixing betweenL andR
states is important when the off-diagonal term is compara-

ble to the splitting of diagonal ones∆f̃ = m2
f̃L

−m2
f̃R
, i.e.

|∆f̃ | ≤ |af̃mf |. For ẽ and µ̃ the L−R mixing is therefore

usually neglected.

Neglecting inter-generation mixing, the masses of phys-

ical sfermions f̃1,2

f̃1 = f̃Leiϕf̃ cos θf̃ + f̃R sin θf̃

f̃2 = −f̃L sin θf̃ + f̃Re−iϕf̃ cos θf̃ (2)

and the mixing angle θf̃ and the phase ϕf̃ are given by

m2
f̃±

1,2

= (m2
f̃L

+ m2
f̃R

∓ [∆2
f̃

+ 4|af̃mf |2]1/2)/2

tan θf̃ = (m2
f̃1

− m2
f̃L

)/|af̃mf |

ϕf̃ = arg(Af̃ − µ∗(tanβ)−2I3
f ) (3)

Thus reconstructing the sfermion sector requires

m2
f̃L

, m2
f̃R

, af̃ to be decoded from measurements of

sfermion masses, cross sections, decay widths etc. [18].

With the anticipated experimental precision, however,

higher order corrections will have to be taken into ac-

count. A current summary of theoretical progress in this

direction can be found in Ref.[19]. Complete one-loop

calculations have been performed for µ̃µ̃ and ẽẽ produc-
tion [20] and for sfermion masses and their decays [21].

For a relatively light SUSY spectrum and a high–energy

LC (MSUSY %
√

s <∼ 2 – 3 TeV), the simple one–loop

approximation may turn out to be inadequate and resum-

mation of higher–order effects might be necessary to obtain

good theoretical predictions [22].

Study of selectrons/smuons

At e+e− collisions charged sleptons are produced in

pairs via the s-channel γ/Z exchange; for the first gen-

eration there is additional t-channel neutralino exchange.

→   two  main  strategies :

→ note !  beam polarization  enhances       
different   chiral   states !
here we assume : 

5.1 Measurement of supersymmetric particle masses, mixings and couplings at LHC and LC

5.1.4 Measurement of sparticle masses in mSUGRA scenario

SPS 1a at a Linear Collider

H.-U. Martyn

5.1.4.1 Introduction

If low energy supersymmetry will be discovered at the LHC its gross features may
be revealed, in particular for the coloured squark and gluino sector. However, a Lin-
ear Collider will be indispensible in order to provide complementary information, in
particular in the slepton and neutralino/chargino sector, and to scrutinise the charac-
teristics of the underlying SUSY structure. High precision LC experiments have to

• measure the masses, decay widths, production cross sections, mixing angles,
etc., of the new particles,

• prove that each particle can be associated to its superpartner with the expected
spin and parity, gauge quantum numbers and couplings,

• reconstruct the low energy SUSY breaking parameters which would allow one to
uncover the fundamental theory and finally extrapolate its parameters to high
(GUT, Planck) scales.

A concurrent operation of the LHC and LC would provide answers to these ele-
mentary topics already after a few years of running. A nice example to support their
complementarity is the SPS 1a benchmark point [1, 4]. With the recent progress in
cavity development TESLA energies of 1 TeV appear achievable, thus the complete
slepton and neutralino/chargino spectra as well as the light stop 1 would be acces-
sible. A peculiarity of this scenario is the large tan β = 10 leading to (incompletely
measurable) multi τ final states from χ̃0

i , χ̃±
i cascade decays. Therefore charged slep-

ton and sneutrino production are very important to measure the masses of the LSP
χ̃0

1 and the light chargino χ̃±
1 . The advantage of the LC is to explore the spectrum in

a bottom-up approach, i.e. selecting particular channels by the appropriate choice of
energy and beam polarisations, while suppressing background reactions.

First studies of SPS 1a masses were based on extrapolations and estimates from
low tan β scenarios [36]. Meanwhile more reliable simulations have become available.
They typicaly assume integrated luminosities of L = 250−500 fb−1 at

√
s = 500 GeV to

be accumulated within a reasonable run time of one to two years. The LC luminosity
is expected to scale linearly with energy. Beam polarisations of Pe− = ±0.8 and Pe+ =
±0.6 are assumed. For the determination of sparticle properties of SPS 1a other than
masses see [37].

5.1.4.2 Sleptons

Scalar leptons are produced in pairs

e+e− → $̃+
i $̃−j , ν̃! ν̃! $ = e, µ, τ and [i, j = L, R or 1, 2] (5.27)

via s-channel γ/Z exchange and t-channel χ̃ exchange for the first generation. The
L, R states can be determined using beam polarisation, e.g. $̃R$̃R production is much
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Production at threshold

15

Scalar Leptons

e+e− → !̃+!̃−

→ ν̃!ν̃!

!̃− → !− χ̃0, ν! χ̃−

ν̃! → ν! χ̃0, !− χ̃+

γ, Z

e+

e−

"̃+, ν̃!

"̃−, ν̃!

χ̃

e+

e−

ẽ+, ν̃e

ẽ−, ν̃e

E− E+

decay lepton energy spectrum

E+/− =
m!̃

2

(
1 −

m2
χ̃

m2
!̃

)
γ (1 ± β)

ml̃ =

√
s

E− + E+

√
E− · E+

mχ = ml̃

√

1 −
E− + E+√

s/2

Selection criteria e+e− → µ̃Rµ̃R at 400 GeV

nr cut min max
------------------------------------------------------------

input events 24000
0. n_ch, n_gamma in accept. 2 0 0.815

n_charge in acceptance 2 2 0.989
n_gamma in acceptance 5.0 0 0.851
n_veto in acceptance 5.0 0 0.960

1. lepton cos_theta_l 0.900 0.698
Q*cos_theta_l 0.750 0.693

2. delta phi_(l+,l-) (deg) 160.0 0.555
4. p_T event (GeV) 10.0 0.553
5. p_miss cos_theta_(l+l-) 0.900 0.537
7. lepton energy (GeV) 2.5 150.0 0.537
10. m_recoil + 0.4*m_ll (GeV) 240.0 0.537

efficiency 0.5365

lepton energy E_min 16.52 E_max 93.30

H-U Martyn ECFA/DESY Workshop, Prague, 15 – 18 November 2002 Page
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5.1 Measurement of supersymmetric particle masses, mixings and couplings at LHC and LC

In the production of e+
Le−R → τ̃+

1 τ̃−
1 → τ+χ̃0

1 τ−χ̃0
1 the final τ leptons are incom-

pletely measured, thus spoiling the flat energy distribution of eq. (5.30). However, the
hadronic decays τ → ρντ , 3πντ are still sensitive to the primary τ̃1 mass [38]. From the
E3π energy spectrum, shown in fig. 5.30, the expected uncertainty is δmτ̃1 = 0.3 GeV,
assuming the χ̃0

1 mass to be known. The heavier state τ̃2 is much more problematic to
identify and measure its mass. So far no simulations for continuum production exist.

τ → 3πν

Figure 5.30: Hadron energy spectrum E3π of
τ → 3πντ decays from the reaction e+

Le−R →
τ̃+
1 τ̃1

1 → τ+χ̃0
1 τ−χ̃0

1, SPS 1a at
√

s = 400GeV
and L = 200 fb−1

Sneutrino production Sneutrinos are very difficult to detect because most of their
decays are invisible into a neutrino and a neutralino. Only ∼ 8% can be identified
via the decay (5.29) into the corresponding charged lepton and a chargino, which
subsequently decays via χ̃±

1 → τ̃ ν → τν χ̃0
1. In practice only ν̃eν̃e production with

the additional t-channel chargino exchange has a large enough cross section to be ob-
servable. A detection and measurement of ν̃µ and ν̃τ appears extremely challenging,
if not hopeless. The reaction e+e−L → ν̃eν̃e → νeχ̃0 e±χ̃∓

1 → e±τ∓ E/ and τ → µνν at√
s = 500 GeV has been studied [39]. The energy spectrum of the primary electron

can be used to determine the electron-sneutrino mass to δmν̃e = 1.2 GeV and the
chargino mass to δmχ̃±

1
= 1.4 GeV.

Threshold scans Masses of accuracy O(0.1 GeV) can be obtained by scanning the
excitation curve close to production threshold. In e+e− annihilation slepton pairs
'̃+
i '̃−i , except ẽRẽL, are produced in a P-wave state with a characteristic rise of the cross

section σ%̃+ %̃− ∼ β3, where β =
√

1 − 4 m2
%̃
/s. On the other hand in e−e− collisions ẽ−R ẽ−R

and ẽ−L ẽ−L pairs are produced in a S-wave state with a steeper rise of σẽ−ẽ− ∼ β. Thus,
the shape of the cross section carries information on the mass and the quantum num-
bers. The anticipated precision requires to take the finite width Γ%̃ and higher order
corrections into account [41]. Examples of SPS 1a simulations within this frame are
shown in fig. 5.31. Using polarised beams and L = 50 fb−1 a (highly correlated) two-
parameter fit gives δmẽR = 0.20 GeV and δΓẽR = 0.25 GeV; the resolution deteriorates
by a factor of ∼ 2 for µ̃Rµ̃R production. For e−Re−R → ẽRẽR the gain in resolution is
substantial, yielding δmẽR = 0.050 GeV and δΓẽR = 0.045 GeV with only a tenth of the
luminosity, compared to e+e− beams. But notice that a LC in e−e− mode is expected to
provide much lower luminosity, typically reduced by a factor of seven. The precision
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luminosity, compared to e+e− beams. But notice that a LC in e−e− mode is expected to
provide much lower luminosity, typically reduced by a factor of seven. The precision

249

s-channel  in P-waves  →  slow  rise

in  S-waves  →  steep  rise

SUPERSYMMETRY

and the trilinear couplings Af . Sfermion mixing turns the current eigenstates f̃L and f̃R into
the mass eigenstates f̃1 and f̃2, but only in the case of the third generation that this mixing,
∝ mf , is important [for the first two sfermion generations, since mf → 0, universality can
be assumed in general as will be done here]. In the case of τ̃s, it is significant at large tan β,
leading to a τ̃1 that is much lighter than the other sleptons.

The production of the second and third generation sleptons in e+e− collisions is mediated
by s–channel γ/Z exchanges in P–waves with a characteristic rise of the excitation curve,
σ ∝ β3

!̃
. The production of selectrons and electronic sneutrinos proceeds, in addition, through

t–channel exchanges of neutralinos or charginos. The channels e+e− → ẽ±Re∓L are generated
in S–waves with a steep threshold excitation curve, σ ∝ β!̃. Selectrons can also be produced
in e−e− collisions through neutralino exchange, with steep excitation curves for ẽ−Rẽ−R and
ẽ−L ẽ−L final states. Thus, different states and their quantum numbers can be disentangled by
a proper choice of the beam energy and the polarization. Since in many SUSY scenarios the
sleptons are relatively light, their decays are rather simple and involve in general only the
light chargino and neutralinos plus leptons. In SPS1a for instance, the decays of all sleptons
directly into the LSP, %̃ → %χ0

1, are the dominant ones.
Slepton masses can be measured in threshold scans or in the continuum. At threshold,

%̃+
L %̃−L and %̃+

R %̃−R are excited in a P–wave characterized by a slow rise of the cross section.
The experimental accuracy requires higher order corrections and finite sfermion width effects
to be included. An example of a simulation for the SPS1a point is shown in Fig. 5.4 for
µ̃R. Using polarized e+e− beams and L = 50 fb−1, a highly correlated 2–parameter fit gives
∆mẽR = 0.2 GeV and ∆ΓẽR = 0.25 GeV; the resolution deteriorates by a factor of ∼ 2 for
µ̃+

Rµ̃−
R production. For e−Re−R → ẽ−Rẽ−R, the gain in resolution is a factor ∼ 4 with only a tenth

of luminosity, compared to e+e− beams.
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FIGURE 5.4. Slepton mass measurements in SPS1a: Cross sections at threshold for e+
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s=400 GeV and L=200 fb−1 [185] (right).

Above the threshold, slepton masses can be obtained from the endpoint energies of
leptons coming from slepton decays. In the case of two–body decays, %̃± → %±χ0

i and
ν̃! → %±χ∓

i , the lepton energy spectrum is flat with the minimum and maximum energies
providing an accurate determination of the masses of the primary slepton and the secondary
neutralino/chargino. A simulation of the µ energy spectra of µ̃+

Rµ̃−
R production, including
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∆mẽR = 0.2 GeV and ∆ΓẽR = 0.25 GeV; the resolution deteriorates by a factor of ∼ 2 for
µ̃+

Rµ̃−
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5.1 Measurement of supersymmetric particle masses, mixings and couplings at LHC and LC

In the production of e+
Le−R → τ̃+

1 τ̃−
1 → τ+χ̃0

1 τ−χ̃0
1 the final τ leptons are incom-

pletely measured, thus spoiling the flat energy distribution of eq. (5.30). However, the
hadronic decays τ → ρντ , 3πντ are still sensitive to the primary τ̃1 mass [38]. From the
E3π energy spectrum, shown in fig. 5.30, the expected uncertainty is δmτ̃1 = 0.3 GeV,
assuming the χ̃0

1 mass to be known. The heavier state τ̃2 is much more problematic to
identify and measure its mass. So far no simulations for continuum production exist.

τ → 3πν

Figure 5.30: Hadron energy spectrum E3π of
τ → 3πντ decays from the reaction e+

Le−R →
τ̃+
1 τ̃1

1 → τ+χ̃0
1 τ−χ̃0

1, SPS 1a at
√

s = 400GeV
and L = 200 fb−1

Sneutrino production Sneutrinos are very difficult to detect because most of their
decays are invisible into a neutrino and a neutralino. Only ∼ 8% can be identified
via the decay (5.29) into the corresponding charged lepton and a chargino, which
subsequently decays via χ̃±

1 → τ̃ ν → τν χ̃0
1. In practice only ν̃eν̃e production with

the additional t-channel chargino exchange has a large enough cross section to be ob-
servable. A detection and measurement of ν̃µ and ν̃τ appears extremely challenging,
if not hopeless. The reaction e+e−L → ν̃eν̃e → νeχ̃0 e±χ̃∓

1 → e±τ∓ E/ and τ → µνν at√
s = 500 GeV has been studied [39]. The energy spectrum of the primary electron

can be used to determine the electron-sneutrino mass to δmν̃e = 1.2 GeV and the
chargino mass to δmχ̃±

1
= 1.4 GeV.

Threshold scans Masses of accuracy O(0.1 GeV) can be obtained by scanning the
excitation curve close to production threshold. In e+e− annihilation slepton pairs
'̃+
i '̃−i , except ẽRẽL, are produced in a P-wave state with a characteristic rise of the cross

section σ%̃+ %̃− ∼ β3, where β =
√

1 − 4 m2
%̃
/s. On the other hand in e−e− collisions ẽ−R ẽ−R

and ẽ−L ẽ−L pairs are produced in a S-wave state with a steeper rise of σẽ−ẽ− ∼ β. Thus,
the shape of the cross section carries information on the mass and the quantum num-
bers. The anticipated precision requires to take the finite width Γ%̃ and higher order
corrections into account [41]. Examples of SPS 1a simulations within this frame are
shown in fig. 5.31. Using polarised beams and L = 50 fb−1 a (highly correlated) two-
parameter fit gives δmẽR = 0.20 GeV and δΓẽR = 0.25 GeV; the resolution deteriorates
by a factor of ∼ 2 for µ̃Rµ̃R production. For e−Re−R → ẽRẽR the gain in resolution is
substantial, yielding δmẽR = 0.050 GeV and δΓẽR = 0.045 GeV with only a tenth of the
luminosity, compared to e+e− beams. But notice that a LC in e−e− mode is expected to
provide much lower luminosity, typically reduced by a factor of seven. The precision
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on masses can be considerably improved if one is able fix the sparticle width, e.g. by
assuming model calculations.

e+
Le−R → µ̃Rµ̃R 10 fb−1/point e+

Le−R → ẽRẽR 10 fb−1/point e−Re−R → ẽRẽR 1 fb−1/point

Figure 5.31: Cross sections at threshold for the reactions e+
Le−R → µ̃Rµ̃R, e+

Le−R → ẽRẽR and
e−Re−R → ẽRẽR for SPS 1a scenario including background [41]. Error bars correspond to a
luminosity of 10 fb−1 resp. 1 fb−1 per point

Taking the superior mass precision from the ẽ−Rẽ−R scan and combining it with the
energy spectrum of ẽ+

R ẽ−R production in the continuum, see fig. 5.29, one can constrain
the neutralino mass to δmχ̃0

1
= 0.05 GeV or better. Such an accurate LSP mass would

have immediate consequences for other processes, e.g. the construction of the kine-
matically allowed minimum mass mmin("̃) [42] yielding for the smuon a resolution of
δmµ̃R < 0.05 GeV [38].

5.1.4.3 Charginos and neutralinos

Charginos and neutralinos are produced in pairs

e+e− → χ̃+
i χ̃−

j [i, j = 1, 2] (5.33)

→ χ̃0
i χ̃

0
j [i, j = 1, . . . , 4] (5.34)

via s-channel γ/Z exchange and t-channel ẽ or ν̃e exchange. Beam polarisations are
important to study the χ̃ properties and couplings, e.g. by manipulating the ν̃e ex-
change contribution. Charginos and neutralinos decay into their lighter partners and
gauge bosons or sfermion-fermion pairs

χ̃i → Z/W χ̃j , (5.35)

χ̃±
1 → τ̃1ντ → τντ χ̃0

1 , (5.36)

χ̃0
2 → "̃" → "" χ̃0

1 . (5.37)

Chargino production Light charginos are being detected via the process e+
Re−L →

χ̃+
1 χ̃1

1 → τ+ντ χ̃0
1 τ−ντ χ̃0

1. The observed final state particles are the same as in the
production of τ̃1τ̃1 and χ̃0

2χ̃
0
1 → ττχ̃0

1χ̃
0
1, a severe background which may be par-

tially removed by topological cuts. The chargino mass may be reconstructed from
the energy spectra of hadronic τ decays. In a model similar to SPS 1a a simulation at√

s = 400 GeV and L = 200 fb−1 yields a mass uncertainty of δmχ̃±
1

= 1.5 GeV [43].
Alternatively the cross section at threshold can be scanned which rises fairly steeply

as σχ̃χ̃ ∼ β, characteristic for the chargino’s spin 1/2. The excitation curve is shown in
fig. 5.32 and provides a chargino mass determination accurate to δmχ̃± = 0.55 GeV.
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larger for right-handed e−R than for left-handed e−L electrons; positron polarisation
further enhances the effect. The isotropic two-body decays

!̃− → !−χ̃0
i , (5.28)

ν̃! → !−χ̃+
i (5.29)

allow for a clean identification and lead to a uniform lepton energy spectrum. The
minimum and maximum (‘endpoint’) energies

E+/− =

√
s

4

(

1 −
m2

χ̃

m2
!̃

)

(1 ± β) , (5.30)

ml̃ =

√
s

E− + E+

√
E− E+ , (5.31)

mχ̃ = ml̃

√

1 −
E− + E+√

s/2
(5.32)

can be used for an accurate determination of the masses of the primary slepton and
the secondary neutralino/chargino.

Charged slepton production in continuum Examples of mass measurements us-
ing the lepton energy spectra of e+

Le−R → µ̃Rµ̃R and ẽRẽR production at
√

s = 400 GeV
are shown in fig. 5.29 [38]. With a moderate luminosity of L = 200 fb−1 the masses
can be determined with (highly correlated) errors of δmµ̃R $ δmχ̃0

1
$ 0.2 GeV, re-

spectively δmẽR $ δmχ̃0
1
$ 0.1 GeV. A simultaneous analysis of ẽRẽR, ẽRẽL and ẽLẽL

Figure 5.29: Energy spectra of Eµ from the reaction e+
Le−R → µ̃+

R µ̃−
R → µ+χ̃0

1 µ−χ̃0
1 (left) and

Ee from the reaction e+
Le−R → ẽ+

R ẽ−R → e+χ̃0
1 e−χ̃0

1 (right),SPS 1a at
√

s = 400 GeV and L =
200 fb−1

production makes use of the different energy distributions of the final electrons and
positrons [39,40]. The symmetric background is eliminated by a double subtraction of
e− and e+ energy spectra and opposite electron beam polarisations. This essentially
results in a clean ẽRẽL sample where the endpoints from ẽR and ẽL decays are easily
measurable. Assuming

√
s = 500 GeV and L = 2 · 500 fb−1, both selectron masses can

be determined with an accuracy of δmẽR, ẽL $ 0.8 GeV.
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5.1 Measurement of supersymmetric particle masses, mixings and couplings at LHC and LC

In the production of e+
Le−R → τ̃+

1 τ̃−
1 → τ+χ̃0

1 τ−χ̃0
1 the final τ leptons are incom-

pletely measured, thus spoiling the flat energy distribution of eq. (5.30). However, the
hadronic decays τ → ρντ , 3πντ are still sensitive to the primary τ̃1 mass [38]. From the
E3π energy spectrum, shown in fig. 5.30, the expected uncertainty is δmτ̃1 = 0.3 GeV,
assuming the χ̃0

1 mass to be known. The heavier state τ̃2 is much more problematic to
identify and measure its mass. So far no simulations for continuum production exist.

τ → 3πν

Figure 5.30: Hadron energy spectrum E3π of
τ → 3πντ decays from the reaction e+

Le−R →
τ̃+
1 τ̃1

1 → τ+χ̃0
1 τ−χ̃0

1, SPS 1a at
√

s = 400GeV
and L = 200 fb−1

Sneutrino production Sneutrinos are very difficult to detect because most of their
decays are invisible into a neutrino and a neutralino. Only ∼ 8% can be identified
via the decay (5.29) into the corresponding charged lepton and a chargino, which
subsequently decays via χ̃±

1 → τ̃ ν → τν χ̃0
1. In practice only ν̃eν̃e production with

the additional t-channel chargino exchange has a large enough cross section to be ob-
servable. A detection and measurement of ν̃µ and ν̃τ appears extremely challenging,
if not hopeless. The reaction e+e−L → ν̃eν̃e → νeχ̃0 e±χ̃∓

1 → e±τ∓ E/ and τ → µνν at√
s = 500 GeV has been studied [39]. The energy spectrum of the primary electron

can be used to determine the electron-sneutrino mass to δmν̃e = 1.2 GeV and the
chargino mass to δmχ̃±

1
= 1.4 GeV.

Threshold scans Masses of accuracy O(0.1 GeV) can be obtained by scanning the
excitation curve close to production threshold. In e+e− annihilation slepton pairs
'̃+
i '̃−i , except ẽRẽL, are produced in a P-wave state with a characteristic rise of the cross

section σ%̃+ %̃− ∼ β3, where β =
√

1 − 4 m2
%̃
/s. On the other hand in e−e− collisions ẽ−R ẽ−R

and ẽ−L ẽ−L pairs are produced in a S-wave state with a steeper rise of σẽ−ẽ− ∼ β. Thus,
the shape of the cross section carries information on the mass and the quantum num-
bers. The anticipated precision requires to take the finite width Γ%̃ and higher order
corrections into account [41]. Examples of SPS 1a simulations within this frame are
shown in fig. 5.31. Using polarised beams and L = 50 fb−1 a (highly correlated) two-
parameter fit gives δmẽR = 0.20 GeV and δΓẽR = 0.25 GeV; the resolution deteriorates
by a factor of ∼ 2 for µ̃Rµ̃R production. For e−Re−R → ẽRẽR the gain in resolution is
substantial, yielding δmẽR = 0.050 GeV and δΓẽR = 0.045 GeV with only a tenth of the
luminosity, compared to e+e− beams. But notice that a LC in e−e− mode is expected to
provide much lower luminosity, typically reduced by a factor of seven. The precision
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and ẽ−L ẽ−L pairs are produced in a S-wave state with a steeper rise of σẽ−ẽ− ∼ β. Thus,
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by a factor of ∼ 2 for µ̃Rµ̃R production. For e−Re−R → ẽRẽR the gain in resolution is
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the shape of the cross section carries information on the mass and the quantum num-
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5 Supersymmetric Models

on masses can be considerably improved if one is able fix the sparticle width, e.g. by
assuming model calculations.

e+
Le−R → µ̃Rµ̃R 10 fb−1/point e+

Le−R → ẽRẽR 10 fb−1/point e−Re−R → ẽRẽR 1 fb−1/point

Figure 5.31: Cross sections at threshold for the reactions e+
Le−R → µ̃Rµ̃R, e+

Le−R → ẽRẽR and
e−Re−R → ẽRẽR for SPS 1a scenario including background [41]. Error bars correspond to a
luminosity of 10 fb−1 resp. 1 fb−1 per point

Taking the superior mass precision from the ẽ−Rẽ−R scan and combining it with the
energy spectrum of ẽ+

R ẽ−R production in the continuum, see fig. 5.29, one can constrain
the neutralino mass to δmχ̃0

1
= 0.05 GeV or better. Such an accurate LSP mass would

have immediate consequences for other processes, e.g. the construction of the kine-
matically allowed minimum mass mmin("̃) [42] yielding for the smuon a resolution of
δmµ̃R < 0.05 GeV [38].

5.1.4.3 Charginos and neutralinos

Charginos and neutralinos are produced in pairs

e+e− → χ̃+
i χ̃−

j [i, j = 1, 2] (5.33)

→ χ̃0
i χ̃

0
j [i, j = 1, . . . , 4] (5.34)

via s-channel γ/Z exchange and t-channel ẽ or ν̃e exchange. Beam polarisations are
important to study the χ̃ properties and couplings, e.g. by manipulating the ν̃e ex-
change contribution. Charginos and neutralinos decay into their lighter partners and
gauge bosons or sfermion-fermion pairs

χ̃i → Z/W χ̃j , (5.35)

χ̃±
1 → τ̃1ντ → τντ χ̃0

1 , (5.36)

χ̃0
2 → "̃" → "" χ̃0

1 . (5.37)

Chargino production Light charginos are being detected via the process e+
Re−L →

χ̃+
1 χ̃1

1 → τ+ντ χ̃0
1 τ−ντ χ̃0

1. The observed final state particles are the same as in the
production of τ̃1τ̃1 and χ̃0

2χ̃
0
1 → ττχ̃0

1χ̃
0
1, a severe background which may be par-

tially removed by topological cuts. The chargino mass may be reconstructed from
the energy spectra of hadronic τ decays. In a model similar to SPS 1a a simulation at√

s = 400 GeV and L = 200 fb−1 yields a mass uncertainty of δmχ̃±
1

= 1.5 GeV [43].
Alternatively the cross section at threshold can be scanned which rises fairly steeply

as σχ̃χ̃ ∼ β, characteristic for the chargino’s spin 1/2. The excitation curve is shown in
fig. 5.32 and provides a chargino mass determination accurate to δmχ̃± = 0.55 GeV.
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energy spectrum of ẽ+
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change contribution. Charginos and neutralinos decay into their lighter partners and
gauge bosons or sfermion-fermion pairs

χ̃i → Z/W χ̃j , (5.35)

χ̃±
1 → τ̃1ντ → τντ χ̃0

1 , (5.36)

χ̃0
2 → "̃" → "" χ̃0

1 . (5.37)

Chargino production Light charginos are being detected via the process e+
Re−L →

χ̃+
1 χ̃1

1 → τ+ντ χ̃0
1 τ−ντ χ̃0

1. The observed final state particles are the same as in the
production of τ̃1τ̃1 and χ̃0

2χ̃
0
1 → ττχ̃0

1χ̃
0
1, a severe background which may be par-

tially removed by topological cuts. The chargino mass may be reconstructed from
the energy spectra of hadronic τ decays. In a model similar to SPS 1a a simulation at√

s = 400 GeV and L = 200 fb−1 yields a mass uncertainty of δmχ̃±
1

= 1.5 GeV [43].
Alternatively the cross section at threshold can be scanned which rises fairly steeply

as σχ̃χ̃ ∼ β, characteristic for the chargino’s spin 1/2. The excitation curve is shown in
fig. 5.32 and provides a chargino mass determination accurate to δmχ̃± = 0.55 GeV.
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√
s = 320 GeV L = 160 fb−1

√
s = 500 GeV L = 250 fb−1

Figure 2: Energy spectra Eµ of muons from the processes e−Re+
L → µ̃−

R µ̃+
R → µ−χ̃0

1 µ+χ̃0
1 (left)

and e−Le+
R → µ̃−

L µ̃+
L → µ−χ̃0

2 µ+χ̃0
2 with χ̃0

2 → "+"− χ̃0
1 (right), assuming mSUGRA model

RR 1 [8]

decays can be readily subtracted using the corresponding e+e− cascade decays. The achievable
mass resolutions formµ̃L

andmχ̃0
2
is of the order of 2 per mil.

If the neutralino mass is known one can make use

of correlations between the two observed muons. The

µ momentum vectors can be arranged with the χ̃0 mo-

menta, whose magnitudes are calculable, in such a way

as to give two back-to-back primary smuons under the

assumption of a kinematically allowed minimum mass

mmin(µ̃R). The resulting distribution in fig. 3 has a pro-
nounced edge at the actual smuon mass, while the back-

ground is flat. The mass resolution can be improved by

a factor of two.
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An important quantity is the spin of the slepton which can be directly determined from their

angular distribution. If the slepton and neutralino mass are known, one can reconstruct from the

event kinematics the polar angle θ of the slepton up to a twofold ambiguity. The wrong solution
is flat in cos θ and can be subtracted. The angular distribution of the reaction e+e− → µ̃R µ̃R,

shown in fig. 3, clearly exhibits a sin2 θ behaviour as expected for a scalar particle.

2.2 Study of selectrons in continuum

Similar investigations can be performed for selectrons, but with higher accuracy due to larger

cross sections. Of particular interest is the associated production of

e−Re+
R → ẽ−Rẽ+

L and e−Le+
L → ẽ−L ẽ+

R (5)

via t-channel χ̃0 exchange. Note that both e± beams carry the same helicity, which is ‘odd’ with
respect to the usual γ/Z exchange. For polarised beams the charge of the observed lepton can

be directly associated to the L, R quantum numbers of the selectrons and the energy spectrum

uniquely determines whether it comes from the ẽR or the ẽL decay.

4

         law  in  slepton  angular  distribution 
unique  signal of spin-0 character !

(for selectron: close to threshold)

(P-wave excitation : a necessary but 
not sufficient condition !)

Figure 3: Exploiting momentum correlations in the reaction e−Re+
L → µ̃−

R µ̃+
R → µ−χ̃0

1 µ+χ̃0
1,

mSUGRA model RR 1 [3]. Minimum mass mmin(µ̃R) (left) and µ̃+
R polar angle distribution

(right)

These properties have been used to disentangle the reaction e−R,Le+ → ẽRẽL from the si-

multaneous ẽRẽR and ẽLẽL production at
√

s = 500 GeV in the SPS 1 scenario [12]. The idea

is to eliminate all charge symmetric background by a double subtraction of e− and e+ energy

spectra and opposite electron beam polarisations Pe− = +0.8 and Pe− = −0.8, symbolically
(Ee−−Ee+)e−R

−(Ee−−Ee+)e−L
. The results of a simulation, shown in fig. 4, exhibit clear edges

or ‘endpoints‘ from the ẽR and ẽL decays. They can be used to determine both selectron masses

to an accuracy of δmẽR, ẽL
∼ 0.8 GeV. This elegant method would profit considerably from

additional positron beam polarisation, which could effectively enhance the signal and suppress

the background.
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Figure 4: Subtracted energy

spectra (Ee− −Ee+)e−R
− (Ee− −

Ee+)e−L
of the reaction e−R, Le+ →

ẽRẽL in mSUGRA model SPS 1

at
√

s = 500 GeV [12]

2.3 Sneutrino production

Sneutrinos are being identified via their decay into the corresponding charged lepton and the

subsequent chargino decays χ̃±
1 → qq̄′/#±ν χ̃0

1 leading to additional jets and leptons. The final

topology, e.g. ν̃µν̃µ → µ+µ−#±2j E/, is very clean and the event rates are large, in particular for
ν̃eν̃e production. The energy spectra of the primary leptons, see fig. 5, can be used to determine

5

two-fold  ambiguity

  Spin  determination 
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for polarized  beams lepton charge 
associated to L,R quantum numbers → 
Eℓ  spectrum distinguishes       chirality

σe−

L
e+

R
, have been studied for t̃1 → b χ̃±

1 and t̃1 → c χ̃0
1 de-

cay modes including full-statistics SM background. New

analyses have been performed for the SPS#5-type point:

a dedicated “light-stop” scenario with mt̃1 = 210 GeV,
mχ̃0

1
= 121.2 GeV [29]. For this point the decay t̃1 →

b χ̃±
1 is not open, and the SUSY background is small. The

charm tagging, based on a CCD detector, helps to enhance

the signal from the decay process t̃1 → c χ̃0
1. Generated

events were passed through the SIMDET detector simula-

tion. The results, shown in the left panel of fig. 6, provide

high accuracies on the mass ∆mt̃1 ∼ 0.7 GeV and mixing
angle∆ cos θt̃ ∼ 0.01.
If the heavier stop t̃2 is too heavy to be produced at the

LC, the precise measurement of the Higgs boson massmh

together with measurements from the LHC can be used

to obtain indirect limits on mt̃2 [30]. Assuming mt̃1 =
180±1.25GeV, cos θt̃ = 0.57±0.01,MA = 257±10GeV,
µ = 263 ± 1 GeV, mg̃ = 496 ± 10 GeV, Ab̃ = At̃ ± 30%
and mb̃1

> 200 GeV, fig. 7 shows the allowed region in
the mt̃2–mh plane. Only a lower bound tan β > 10 has
been assumed, which could for instance be inferred from

the gaugino/higgsino sector. Intersection of the assumed
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mination of mt̃2 from

the mh measurement

for δmt=2 GeV (LHC)

and 0.1 GeV (LC) [30].

measured value mh = 115.5 ± 0.05 GeV with the al-

lowed mt̃2–mh region gives an indirect determination of

mt̃2 , yielding 670 GeV
<∼ mt̃2

<∼ 705 GeV for the LHC

precision δmt = 2 GeV (t̃2 must be above the LC reach).
The LC precision of δmt = 0.1 GeV reduces the range to
680 GeV <∼ mt̃2

<∼ 695 GeV, i.e. by a factor of more

than 2.

Similarly to the τ̃ , the measurement of top quark po-
larization in the squark decay can provide information on

tan β. For this purpose the decay b̃1 → tχ̃±
1 is far more

useful than t̃1 → tχ̃0
k since in the latter the t polarization

depends on 1/ sinβ and therefore is only weakly sensitive
to large tan β.
A feasibility study of the reaction

e+
Le−R → b̃1

¯̃b1 → tχ̃−
1 + t̄χ̃+

1 (5)

has been performed in [27]. A fit to the angular distribution

cos θ∗s , where θ∗s is the angle between the s̄ quark and the
primary b̃1 in the top rest frame in the decay chain e+e− →
¯̃b1 + t χ̃−

1 → ¯̃b1 + bcs̄ χ̃−
1 , yields Pt = −0.44 ± 0.10,

consistent with the input value of P th
t = −0.38. From

such a measurement one can derive tanβ = 17.5 ± 4.5,
as illustrated in the right panel of fig. 6. After tan β is

fixed, measurements of stop masses and mixing allow us to

determine the trilinear coupling At̃ at the ten-percent level

[27].

Quantum numbers

An important quantity is the spin of the sfermion which

can directly be determined from the angular distribution of

sfermion pair production in e+e− collisions [1, 25].
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Figure 8: Production

cross sections as a

function of Pe+ for
√

s
=350 GeV, Pe−=-0.8.

ISR and beamstrahlung

are included [31].

Due to small L − R mixing of the first two generation

sfermions, the mass eigenstates are chiral. As a result, of

particular interest is the associated production of

e−Re+
R → ẽ−R ẽ+

L and e−Le+
L → ẽ−L ẽ+

R (6)

via t-channel χ̃0 exchange for the sfermion quantum num-

ber determination. For polarized beams the charge of the

observed lepton is directly associated to the L, R quan-

tum numbers of the selectrons and the energy spectrum

uniquely determines whether it comes from the ẽR or the

ẽL decay. However, in order to separate the t-channel neu-

tralino 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 beam polarizations the chiral quantum numbers

of the selectrons can be disentangled, as can be seen in

fig. 8, where other parameters are mẽR = 137.7 GeV,
mẽL = 179.3 GeV, M2 = 156 GeV, µ = 316 GeV and
tan β = 3 [31].

Sfermion Yukawa couplings

Supersymmetry enforces gauge couplings and their su-

persymmetric Yukawa counterparts to be exactly equal at

tree level. For example, the Yukawa coupling ĝṼ f f̃ be-

tween the gaugino partner Ṽ of the vector boson V , the
fermion f and the sfermion f̃ must be equal to the corre-
sponding gauge coupling gV ff .

The Yukawa couplings of selectrons can best be probed

in the production of selectrons via the t-channel neutralino

exchange contributions. For this purpose one can exploit

the e−e− collider mode due to reduced background, larger
production cross-sections, higher beam polarizability and

no interfering s-channel contributions. Simulations have

shown that these couplings can be determined with high

accuracy [20, 32]. For example, errors for the extrac-

tion of the supersymmetric Yukawa couplings ĝ1 and ĝ2

(corresponding to the U(1) and SU(2) gauge couplings g1
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mt̃2 , yielding 670 GeV
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<∼ 695 GeV, i.e. by a factor of more

than 2.

Similarly to the τ̃ , the measurement of top quark po-
larization in the squark decay can provide information on

tan β. For this purpose the decay b̃1 → tχ̃±
1 is far more

useful than t̃1 → tχ̃0
k since in the latter the t polarization

depends on 1/ sinβ and therefore is only weakly sensitive
to large tan β.
A feasibility study of the reaction

e+
Le−R → b̃1

¯̃b1 → tχ̃−
1 + t̄χ̃+

1 (5)

has been performed in [27]. A fit to the angular distribution

cos θ∗s , where θ∗s is the angle between the s̄ quark and the
primary b̃1 in the top rest frame in the decay chain e+e− →
¯̃b1 + t χ̃−

1 → ¯̃b1 + bcs̄ χ̃−
1 , yields Pt = −0.44 ± 0.10,

consistent with the input value of P th
t = −0.38. From

such a measurement one can derive tanβ = 17.5 ± 4.5,
as illustrated in the right panel of fig. 6. After tan β is

fixed, measurements of stop masses and mixing allow us to

determine the trilinear coupling At̃ at the ten-percent level

[27].

Quantum numbers

An important quantity is the spin of the sfermion which

can directly be determined from the angular distribution of

sfermion pair production in e+e− collisions [1, 25].
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are included [31].
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sfermions, the mass eigenstates are chiral. As a result, of
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uniquely determines whether it comes from the ẽR or the

ẽL decay. However, in order to separate the t-channel neu-

tralino 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 beam polarizations the chiral quantum numbers

of the selectrons can be disentangled, as can be seen in

fig. 8, where other parameters are mẽR = 137.7 GeV,
mẽL = 179.3 GeV, M2 = 156 GeV, µ = 316 GeV and
tan β = 3 [31].

Sfermion Yukawa couplings

Supersymmetry enforces gauge couplings and their su-

persymmetric Yukawa counterparts to be exactly equal at

tree level. For example, the Yukawa coupling ĝṼ f f̃ be-

tween the gaugino partner Ṽ of the vector boson V , the
fermion f and the sfermion f̃ must be equal to the corre-
sponding gauge coupling gV ff .

The Yukawa couplings of selectrons can best be probed

in the production of selectrons via the t-channel neutralino

exchange contributions. For this purpose one can exploit

the e−e− collider mode due to reduced background, larger
production cross-sections, higher beam polarizability and

no interfering s-channel contributions. Simulations have

shown that these couplings can be determined with high

accuracy [20, 32]. For example, errors for the extrac-

tion of the supersymmetric Yukawa couplings ĝ1 and ĝ2

(corresponding to the U(1) and SU(2) gauge couplings g1
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= 121.2 GeV [29]. For this point the decay t̃1 →

b χ̃±
1 is not open, and the SUSY background is small. The

charm tagging, based on a CCD detector, helps to enhance

the signal from the decay process t̃1 → c χ̃0
1. Generated

events were passed through the SIMDET detector simula-

tion. The results, shown in the left panel of fig. 6, provide

high accuracies on the mass ∆mt̃1 ∼ 0.7 GeV and mixing
angle∆ cos θt̃ ∼ 0.01.
If the heavier stop t̃2 is too heavy to be produced at the

LC, the precise measurement of the Higgs boson massmh

together with measurements from the LHC can be used

to obtain indirect limits on mt̃2 [30]. Assuming mt̃1 =
180±1.25GeV, cos θt̃ = 0.57±0.01,MA = 257±10GeV,
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and mb̃1

> 200 GeV, fig. 7 shows the allowed region in
the mt̃2–mh plane. Only a lower bound tan β > 10 has
been assumed, which could for instance be inferred from

the gaugino/higgsino sector. Intersection of the assumed

300 400 500 600 700 800

m
 t

2 

~ [GeV]

105

110

115

120

125

130

m
h [G

eV
]

extraction of m
 t

2 

~

!m
t

exp
 = 2.0 GeV

!m
t

exp
 = 0.1 GeV

"m
h

exp Figure 7: Indirect deter-

mination of mt̃2 from

the mh measurement

for δmt=2 GeV (LHC)

and 0.1 GeV (LC) [30].

measured value mh = 115.5 ± 0.05 GeV with the al-

lowed mt̃2–mh region gives an indirect determination of

mt̃2 , yielding 670 GeV
<∼ mt̃2

<∼ 705 GeV for the LHC

precision δmt = 2 GeV (t̃2 must be above the LC reach).
The LC precision of δmt = 0.1 GeV reduces the range to
680 GeV <∼ mt̃2

<∼ 695 GeV, i.e. by a factor of more

than 2.

Similarly to the τ̃ , the measurement of top quark po-
larization in the squark decay can provide information on

tan β. For this purpose the decay b̃1 → tχ̃±
1 is far more

useful than t̃1 → tχ̃0
k since in the latter the t polarization

depends on 1/ sinβ and therefore is only weakly sensitive
to large tan β.
A feasibility study of the reaction

e+
Le−R → b̃1

¯̃b1 → tχ̃−
1 + t̄χ̃+

1 (5)

has been performed in [27]. A fit to the angular distribution

cos θ∗s , where θ∗s is the angle between the s̄ quark and the
primary b̃1 in the top rest frame in the decay chain e+e− →
¯̃b1 + t χ̃−

1 → ¯̃b1 + bcs̄ χ̃−
1 , yields Pt = −0.44 ± 0.10,

consistent with the input value of P th
t = −0.38. From

such a measurement one can derive tanβ = 17.5 ± 4.5,
as illustrated in the right panel of fig. 6. After tan β is

fixed, measurements of stop masses and mixing allow us to

determine the trilinear coupling At̃ at the ten-percent level

[27].

Quantum numbers

An important quantity is the spin of the sfermion which

can directly be determined from the angular distribution of

sfermion pair production in e+e− collisions [1, 25].
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tan β. For this purpose the decay b̃1 → tχ̃±
1 is far more

useful than t̃1 → tχ̃0
k since in the latter the t polarization

depends on 1/ sinβ and therefore is only weakly sensitive
to large tan β.
A feasibility study of the reaction

e+
Le−R → b̃1

¯̃b1 → tχ̃−
1 + t̄χ̃+

1 (5)

has been performed in [27]. A fit to the angular distribution

cos θ∗s , where θ∗s is the angle between the s̄ quark and the
primary b̃1 in the top rest frame in the decay chain e+e− →
¯̃b1 + t χ̃−

1 → ¯̃b1 + bcs̄ χ̃−
1 , yields Pt = −0.44 ± 0.10,

consistent with the input value of P th
t = −0.38. From

such a measurement one can derive tanβ = 17.5 ± 4.5,
as illustrated in the right panel of fig. 6. After tan β is

fixed, measurements of stop masses and mixing allow us to

determine the trilinear coupling At̃ at the ten-percent level

[27].

Quantum numbers

An important quantity is the spin of the sfermion which

can directly be determined from the angular distribution of

sfermion pair production in e+e− collisions [1, 25].
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ISR and beamstrahlung

are included [31].

Due to small L − R mixing of the first two generation

sfermions, the mass eigenstates are chiral. As a result, of

particular interest is the associated production of

e−Re+
R → ẽ−R ẽ+

L and e−Le+
L → ẽ−L ẽ+

R (6)

via t-channel χ̃0 exchange for the sfermion quantum num-

ber determination. For polarized beams the charge of the

observed lepton is directly associated to the L, R quan-

tum numbers of the selectrons and the energy spectrum

uniquely determines whether it comes from the ẽR or the

ẽL decay. However, in order to separate the t-channel neu-

tralino 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 beam polarizations the chiral quantum numbers

of the selectrons can be disentangled, as can be seen in

fig. 8, where other parameters are mẽR = 137.7 GeV,
mẽL = 179.3 GeV, M2 = 156 GeV, µ = 316 GeV and
tan β = 3 [31].

Sfermion Yukawa couplings

Supersymmetry enforces gauge couplings and their su-

persymmetric Yukawa counterparts to be exactly equal at

tree level. For example, the Yukawa coupling ĝṼ f f̃ be-

tween the gaugino partner Ṽ of the vector boson V , the
fermion f and the sfermion f̃ must be equal to the corre-
sponding gauge coupling gV ff .

The Yukawa couplings of selectrons can best be probed

in the production of selectrons via the t-channel neutralino

exchange contributions. For this purpose one can exploit

the e−e− collider mode due to reduced background, larger
production cross-sections, higher beam polarizability and

no interfering s-channel contributions. Simulations have

shown that these couplings can be determined with high

accuracy [20, 32]. For example, errors for the extrac-

tion of the supersymmetric Yukawa couplings ĝ1 and ĝ2

(corresponding to the U(1) and SU(2) gauge couplings g1

σe−

L
e+

R
, have been studied for t̃1 → b χ̃±

1 and t̃1 → c χ̃0
1 de-

cay modes including full-statistics SM background. New

analyses have been performed for the SPS#5-type point:

a dedicated “light-stop” scenario with mt̃1 = 210 GeV,
mχ̃0

1
= 121.2 GeV [29]. For this point the decay t̃1 →

b χ̃±
1 is not open, and the SUSY background is small. The

charm tagging, based on a CCD detector, helps to enhance

the signal from the decay process t̃1 → c χ̃0
1. Generated

events were passed through the SIMDET detector simula-

tion. The results, shown in the left panel of fig. 6, provide

high accuracies on the mass ∆mt̃1 ∼ 0.7 GeV and mixing
angle∆ cos θt̃ ∼ 0.01.
If the heavier stop t̃2 is too heavy to be produced at the

LC, the precise measurement of the Higgs boson massmh

together with measurements from the LHC can be used

to obtain indirect limits on mt̃2 [30]. Assuming mt̃1 =
180±1.25GeV, cos θt̃ = 0.57±0.01,MA = 257±10GeV,
µ = 263 ± 1 GeV, mg̃ = 496 ± 10 GeV, Ab̃ = At̃ ± 30%
and mb̃1

> 200 GeV, fig. 7 shows the allowed region in
the mt̃2–mh plane. Only a lower bound tan β > 10 has
been assumed, which could for instance be inferred from

the gaugino/higgsino sector. Intersection of the assumed
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measured value mh = 115.5 ± 0.05 GeV with the al-

lowed mt̃2–mh region gives an indirect determination of

mt̃2 , yielding 670 GeV
<∼ mt̃2

<∼ 705 GeV for the LHC

precision δmt = 2 GeV (t̃2 must be above the LC reach).
The LC precision of δmt = 0.1 GeV reduces the range to
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<∼ 695 GeV, i.e. by a factor of more
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R (6)

via t-channel χ̃0 exchange for the sfermion quantum num-

ber determination. For polarized beams the charge of the

observed lepton is directly associated to the L, R quan-

tum numbers of the selectrons and the energy spectrum

uniquely determines whether it comes from the ẽR or the
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measured value mh = 115.5 ± 0.05 GeV with the al-

lowed mt̃2–mh region gives an indirect determination of

mt̃2 , yielding 670 GeV
<∼ mt̃2

<∼ 705 GeV for the LHC

precision δmt = 2 GeV (t̃2 must be above the LC reach).
The LC precision of δmt = 0.1 GeV reduces the range to
680 GeV <∼ mt̃2

<∼ 695 GeV, i.e. by a factor of more

than 2.

Similarly to the τ̃ , the measurement of top quark po-
larization in the squark decay can provide information on

tan β. For this purpose the decay b̃1 → tχ̃±
1 is far more

useful than t̃1 → tχ̃0
k since in the latter the t polarization

depends on 1/ sinβ and therefore is only weakly sensitive
to large tan β.
A feasibility study of the reaction

e+
Le−R → b̃1

¯̃b1 → tχ̃−
1 + t̄χ̃+

1 (5)

has been performed in [27]. A fit to the angular distribution

cos θ∗s , where θ∗s is the angle between the s̄ quark and the
primary b̃1 in the top rest frame in the decay chain e+e− →
¯̃b1 + t χ̃−

1 → ¯̃b1 + bcs̄ χ̃−
1 , yields Pt = −0.44 ± 0.10,

consistent with the input value of P th
t = −0.38. From

such a measurement one can derive tanβ = 17.5 ± 4.5,
as illustrated in the right panel of fig. 6. After tan β is

fixed, measurements of stop masses and mixing allow us to

determine the trilinear coupling At̃ at the ten-percent level

[27].

Quantum numbers

An important quantity is the spin of the sfermion which

can directly be determined from the angular distribution of

sfermion pair production in e+e− collisions [1, 25].
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ISR and beamstrahlung

are included [31].

Due to small L − R mixing of the first two generation

sfermions, the mass eigenstates are chiral. As a result, of

particular interest is the associated production of

e−Re+
R → ẽ−R ẽ+

L and e−Le+
L → ẽ−L ẽ+

R (6)

via t-channel χ̃0 exchange for the sfermion quantum num-

ber determination. For polarized beams the charge of the

observed lepton is directly associated to the L, R quan-

tum numbers of the selectrons and the energy spectrum

uniquely determines whether it comes from the ẽR or the

ẽL decay. However, in order to separate the t-channel neu-

tralino 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 beam polarizations the chiral quantum numbers

of the selectrons can be disentangled, as can be seen in

fig. 8, where other parameters are mẽR = 137.7 GeV,
mẽL = 179.3 GeV, M2 = 156 GeV, µ = 316 GeV and
tan β = 3 [31].

Sfermion Yukawa couplings

Supersymmetry enforces gauge couplings and their su-

persymmetric Yukawa counterparts to be exactly equal at

tree level. For example, the Yukawa coupling ĝṼ f f̃ be-

tween the gaugino partner Ṽ of the vector boson V , the
fermion f and the sfermion f̃ must be equal to the corre-
sponding gauge coupling gV ff .

The Yukawa couplings of selectrons can best be probed

in the production of selectrons via the t-channel neutralino

exchange contributions. For this purpose one can exploit

the e−e− collider mode due to reduced background, larger
production cross-sections, higher beam polarizability and

no interfering s-channel contributions. Simulations have

shown that these couplings can be determined with high

accuracy [20, 32]. For example, errors for the extrac-

tion of the supersymmetric Yukawa couplings ĝ1 and ĝ2

(corresponding to the U(1) and SU(2) gauge couplings g1
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Figure 7: Left: Simulated spectra of τ± → ρ±ν and ρ± → π±π0; ratio Eπ±/Eρ for Bino-like

and Higgsino-like τ̃Rτχ̃0
1 couplings [14]. Right: Polarisations Pτ of τ̃1 → τχ̃0

1 and τ̃2 → τχ̃0
1

decays as a function of the τ̃ mixing angle assuming χ̃0
1 to be a pure Bino [15]

The formalism of τ polarisation from τ̃ decays has been generalised for any choice of
MSSM parameters [15]. Fig. 7 shows the polarisation dependence on the mixing angle for

a χ̃0
1 being a pure Bino. For small mixings both τ̃ ’s behave very different. However, in order

to be useful for a precise evaluation of large values of tanβ, the decay neutralinos must have
a considerable Higgsino component. Assuming that the parameters of the neutralino sector are

well measured elsewhere (see section 3.3), the application of eq. (7) would give direct access to

the trilinear Aτ coupling.

2.6 Testing SUSY relations in slepton sector

The precise measurements of slepton properties can be used to extract the underlying SUSY

parameters m0, m1/2 and tan β and to perform stringent tests of basic relations in the slepton

sector. These results may then be compared to the findings in the chargino and neutralino

systems.

• Supersymmetry requires the SM gauge couplings g(V ff) and ḡ(V f̃ f̃) of a vector boson
V and the Yukawa coupling ĝ(Ṽ f f̃) of the corresponding gaugino Ṽ to be identical,

g = ḡ = ĝ. The couplings can be extracted from cross section measurements and their

equality can be checked within a fraction of per cent.

• The universality and flavour dependence of slepton masses can be checked at the per mil
level.

• The superpartner ν̃R of right handed neutrinos would change the slepton mass predic-

tions and may become observable via 2 (m2
ν̃R

− m2
ν̃τ

) ≈ m2
ẽR

− m2
τ̃1 , valid up to higher

orders [19].

• The robust tree-level predictionm2
%̃L
−m2

ν̃"
= −m2

W cos 2 β relates the L-slepton masses
of one generation and can be tested very accurately. It further offers a model-independent

determination of low values of tan β.
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couplings  extracted from cross section measurements

and g2) are expected in the range δĝ1/ĝ1 ≈ 0.2% and

δĝ2/ĝ2 ≈ 0.8%. The values are for the SPS#1a scenario
and integrated luminosity of 50 fb−1 of the e−e− collider
running at

√
s = 500GeV, with no detector simulation in-

cluded. Similar precision in the e+e− mode requires inte-
grated luminosity of 500 fb−1, see fig. 9.
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Figure 9: The 1σ bounds on the supersymmetric Yukawa
couplings ĝ1 and ĝ2 in the SPS#1a scenario from e−e−

with L = 50 fb−1 (left) and e+e− with L = 500 fb−1

(right), both running at
√

s = 500 GeV [32].

Such a high experimental precision requires radiative

corrections to be included in the theoretical predictions

for the slepton cross-sections. Far above threshold the ef-

fects of the non-zero slepton width are small, of the or-

der Γf̃/mf̃ , and the production and decay of the sleptons

can be treated separately. As mentioned, for both sub-

processes the complete electroweak one-loop corrections in

the MSSM have been computed [20, 21]. The electroweak

correctionswere found to be sizable, of the order of 5–10%.

They include important effects from supersymmetric parti-

cles in the virtual corrections, in particular non-decoupling

logarithmic contributions, e.g. terms ∝ log mf̃/mweak

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 q̃ with a gluon g or gluino g̃. While the pro-

cesses e+e− → qq̄g and e+e− → q̃¯̃qg are sensitive to
the strong gauge coupling of quarks and squarks, respec-

tively, the corresponding Yukawa coupling can be probed

in e+e− → q¯̃qg̃. In order to obtain reliable theoretical pre-
dictions for these cross-sections it is necessary to include

next-to-leading order (NLO) supersymmetric QCD correc-

tions. 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 cor-

rections to the process e+e− → qq̄g within the Standard
Model have been known for a long time. Recently, the

complete O(αs) corrections to all three processes in the
MSSM have been calculated [33]. The NLO contributions

enhance the cross-section in the peak region by roughly

20% with respect to the LO result. Furthermore, the scale

dependence is reduced by a factor of about six when the

NLO corrections are included.

Mass universality

Most analyses are performed with a simplifying assump-

tion of universalmass parameters at some high energy scale

G: δm2(G) = m2
l̃R

(G)−m2
l̃L

(G)=0. This assumption can

be tested at the LC. For example, in [34] a quantity

∆2 = m2
ẽR

− m2
ẽL

+
m2

χ̃
±

1

2α2
2

[ 3
11

(α2
1 − α2

1(G))

−3(α2
2 − α2

2(G))], (7)

defined at the electroweak scale, is proposed as a probe of

non-universality of slepton masses if only both selectrons

and the light chargino are accessible at a linear collider (α1

and α2 are the U(1) and SU(2) couplings). It turns out

that ∆2 is strongly correlated with the slepton mass split-

ting, ∆2 ∼ 0.76 δm2(G). Assuming SUSY masses in the
150 GeV range to be measured with an experimental er-

ror of 1%, it has been found [34] that the non-universality

can be detected for |δm2(G)| ≥ 2500 GeV2; knowing the

gaugino mass M2 to 1% increases the sensitivity down to

δm2(G) = 1400 GeV2.

Sfermions with complex CP phases

The soft SUSY breaking parameters: the gauginomasses

and trilinear scalar couplings, and the Higgsino mass pa-

rameter µ, can in general be complex and the presence of
non-trivial phases violates CP. This generalization is quite

natural and is motivated by the analogy between fermions

and sfermions: in the SM the CKM phase is quite large

and the smallness of CP-violating observables results from

the structure of the theory. Furthermore, large leptonic CP-

violating phases together with leptogenesis may explain the

baryonic asymmetry of the Universe.
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Figure 10: Branching ra-

tios of τ̃1 → χ̃0
1τ for

mν̃ = 233, 238, 243 GeV
(from bottom to top) [37].

In mSUGRA-type models the phase ϕµ of µ is restricted
by the experimental data on electron, neutron and mercury

electric dipole moments (EDMs) to a range |ϕµ| <∼ 0.1 –
0.2 if a universal scalar mass parameter M0 <∼ 400 GeV
is assumed. However, the restriction due to the electron

EDM can be circumvented if complex lepton flavour violat-

ing terms are present in the slepton sector [35]. The phases

of the parameters At̃,b̃ enter the EDM calculations only at

two-loop level, resulting in much weaker constraints [36].

In the pure sfermionic sector the phases of Af̃ and

µ, eq. (3), enter the masses m2
f̃1,2

and mixing angle θf̃

only through a term m2
f |Af̃µ|(tanβ)−2I3

f cos(ϕAf̃
+ϕµ).

and g2) are expected in the range δĝ1/ĝ1 ≈ 0.2% and

δĝ2/ĝ2 ≈ 0.8%. The values are for the SPS#1a scenario
and integrated luminosity of 50 fb−1 of the e−e− collider
running at

√
s = 500GeV, with no detector simulation in-

cluded. Similar precision in the e+e− mode requires inte-
grated luminosity of 500 fb−1, see fig. 9.
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couplings ĝ1 and ĝ2 in the SPS#1a scenario from e−e−

with L = 50 fb−1 (left) and e+e− with L = 500 fb−1

(right), both running at
√

s = 500 GeV [32].

Such a high experimental precision requires radiative

corrections to be included in the theoretical predictions

for the slepton cross-sections. Far above threshold the ef-

fects of the non-zero slepton width are small, of the or-

der Γf̃/mf̃ , and the production and decay of the sleptons

can be treated separately. As mentioned, for both sub-

processes the complete electroweak one-loop corrections in

the MSSM have been computed [20, 21]. The electroweak

correctionswere found to be sizable, of the order of 5–10%.

They include important effects from supersymmetric parti-

cles in the virtual corrections, in particular non-decoupling

logarithmic contributions, e.g. terms ∝ log mf̃/mweak

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 q̃ with a gluon g or gluino g̃. While the pro-

cesses e+e− → qq̄g and e+e− → q̃¯̃qg are sensitive to
the strong gauge coupling of quarks and squarks, respec-

tively, the corresponding Yukawa coupling can be probed

in e+e− → q¯̃qg̃. In order to obtain reliable theoretical pre-
dictions for these cross-sections it is necessary to include

next-to-leading order (NLO) supersymmetric QCD correc-

tions. 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 cor-

rections to the process e+e− → qq̄g within the Standard
Model have been known for a long time. Recently, the

complete O(αs) corrections to all three processes in the
MSSM have been calculated [33]. The NLO contributions

enhance the cross-section in the peak region by roughly

20% with respect to the LO result. Furthermore, the scale

dependence is reduced by a factor of about six when the

NLO corrections are included.

Mass universality

Most analyses are performed with a simplifying assump-

tion of universalmass parameters at some high energy scale

G: δm2(G) = m2
l̃R

(G)−m2
l̃L

(G)=0. This assumption can

be tested at the LC. For example, in [34] a quantity
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defined at the electroweak scale, is proposed as a probe of

non-universality of slepton masses if only both selectrons

and the light chargino are accessible at a linear collider (α1

and α2 are the U(1) and SU(2) couplings). It turns out

that ∆2 is strongly correlated with the slepton mass split-

ting, ∆2 ∼ 0.76 δm2(G). Assuming SUSY masses in the
150 GeV range to be measured with an experimental er-

ror of 1%, it has been found [34] that the non-universality

can be detected for |δm2(G)| ≥ 2500 GeV2; knowing the

gaugino mass M2 to 1% increases the sensitivity down to

δm2(G) = 1400 GeV2.

Sfermions with complex CP phases

The soft SUSY breaking parameters: the gauginomasses

and trilinear scalar couplings, and the Higgsino mass pa-

rameter µ, can in general be complex and the presence of
non-trivial phases violates CP. This generalization is quite

natural and is motivated by the analogy between fermions

and sfermions: in the SM the CKM phase is quite large

and the smallness of CP-violating observables results from

the structure of the theory. Furthermore, large leptonic CP-

violating phases together with leptogenesis may explain the

baryonic asymmetry of the Universe.
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fects of the non-zero slepton width are small, of the or-

der Γf̃/mf̃ , and the production and decay of the sleptons

can be treated separately. As mentioned, for both sub-

processes the complete electroweak one-loop corrections in

the MSSM have been computed [20, 21]. The electroweak

correctionswere found to be sizable, of the order of 5–10%.
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cles in the virtual corrections, in particular non-decoupling

logarithmic contributions, e.g. terms ∝ log mf̃/mweak

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 q̃ with a gluon g or gluino g̃. While the pro-

cesses e+e− → qq̄g and e+e− → q̃¯̃qg are sensitive to
the strong gauge coupling of quarks and squarks, respec-

tively, the corresponding Yukawa coupling can be probed

in e+e− → q¯̃qg̃. In order to obtain reliable theoretical pre-
dictions for these cross-sections it is necessary to include

next-to-leading order (NLO) supersymmetric QCD correc-

tions. 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 cor-

rections to the process e+e− → qq̄g within the Standard
Model have been known for a long time. Recently, the

complete O(αs) corrections to all three processes in the
MSSM have been calculated [33]. The NLO contributions

enhance the cross-section in the peak region by roughly

20% with respect to the LO result. Furthermore, the scale

dependence is reduced by a factor of about six when the
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and α2 are the U(1) and SU(2) couplings). It turns out
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ting, ∆2 ∼ 0.76 δm2(G). Assuming SUSY masses in the
150 GeV range to be measured with an experimental er-

ror of 1%, it has been found [34] that the non-universality

can be detected for |δm2(G)| ≥ 2500 GeV2; knowing the

gaugino mass M2 to 1% increases the sensitivity down to

δm2(G) = 1400 GeV2.
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The soft SUSY breaking parameters: the gauginomasses

and trilinear scalar couplings, and the Higgsino mass pa-

rameter µ, can in general be complex and the presence of
non-trivial phases violates CP. This generalization is quite

natural and is motivated by the analogy between fermions

and sfermions: in the SM the CKM phase is quite large

and the smallness of CP-violating observables results from

the structure of the theory. Furthermore, large leptonic CP-

violating phases together with leptogenesis may explain the
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In mSUGRA-type models the phase ϕµ of µ is restricted
by the experimental data on electron, neutron and mercury

electric dipole moments (EDMs) to a range |ϕµ| <∼ 0.1 –
0.2 if a universal scalar mass parameter M0 <∼ 400 GeV
is assumed. However, the restriction due to the electron

EDM can be circumvented if complex lepton flavour violat-

ing terms are present in the slepton sector [35]. The phases

of the parameters At̃,b̃ enter the EDM calculations only at

two-loop level, resulting in much weaker constraints [36].
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running at
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couplings ĝ1 and ĝ2 in the SPS#1a scenario from e−e−

with L = 50 fb−1 (left) and e+e− with L = 500 fb−1

(right), both running at
√

s = 500 GeV [32].
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corrections to be included in the theoretical predictions

for the slepton cross-sections. Far above threshold the ef-

fects of the non-zero slepton width are small, of the or-

der Γf̃/mf̃ , and the production and decay of the sleptons

can be treated separately. As mentioned, for both sub-

processes the complete electroweak one-loop corrections in

the MSSM have been computed [20, 21]. The electroweak

correctionswere found to be sizable, of the order of 5–10%.

They include important effects from supersymmetric parti-

cles in the virtual corrections, in particular non-decoupling

logarithmic contributions, e.g. terms ∝ log mf̃/mweak

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 q̃ with a gluon g or gluino g̃. While the pro-

cesses e+e− → qq̄g and e+e− → q̃¯̃qg are sensitive to
the strong gauge coupling of quarks and squarks, respec-

tively, the corresponding Yukawa coupling can be probed

in e+e− → q¯̃qg̃. In order to obtain reliable theoretical pre-
dictions for these cross-sections it is necessary to include

next-to-leading order (NLO) supersymmetric QCD correc-

tions. 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 cor-

rections to the process e+e− → qq̄g within the Standard
Model have been known for a long time. Recently, the

complete O(αs) corrections to all three processes in the
MSSM have been calculated [33]. The NLO contributions

enhance the cross-section in the peak region by roughly

20% with respect to the LO result. Furthermore, the scale

dependence is reduced by a factor of about six when the

NLO corrections are included.
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non-universality of slepton masses if only both selectrons

and the light chargino are accessible at a linear collider (α1

and α2 are the U(1) and SU(2) couplings). It turns out

that ∆2 is strongly correlated with the slepton mass split-

ting, ∆2 ∼ 0.76 δm2(G). Assuming SUSY masses in the
150 GeV range to be measured with an experimental er-

ror of 1%, it has been found [34] that the non-universality

can be detected for |δm2(G)| ≥ 2500 GeV2; knowing the

gaugino mass M2 to 1% increases the sensitivity down to

δm2(G) = 1400 GeV2.

Sfermions with complex CP phases

The soft SUSY breaking parameters: the gauginomasses

and trilinear scalar couplings, and the Higgsino mass pa-

rameter µ, can in general be complex and the presence of
non-trivial phases violates CP. This generalization is quite

natural and is motivated by the analogy between fermions

and sfermions: in the SM the CKM phase is quite large

and the smallness of CP-violating observables results from

the structure of the theory. Furthermore, large leptonic CP-

violating phases together with leptogenesis may explain the
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In mSUGRA-type models the phase ϕµ of µ is restricted
by the experimental data on electron, neutron and mercury

electric dipole moments (EDMs) to a range |ϕµ| <∼ 0.1 –
0.2 if a universal scalar mass parameter M0 <∼ 400 GeV
is assumed. However, the restriction due to the electron

EDM can be circumvented if complex lepton flavour violat-

ing terms are present in the slepton sector [35]. The phases

of the parameters At̃,b̃ enter the EDM calculations only at

two-loop level, resulting in much weaker constraints [36].
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running at
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Such a high experimental precision requires radiative

corrections to be included in the theoretical predictions

for the slepton cross-sections. Far above threshold the ef-

fects of the non-zero slepton width are small, of the or-

der Γf̃/mf̃ , and the production and decay of the sleptons

can be treated separately. As mentioned, for both sub-

processes the complete electroweak one-loop corrections in

the MSSM have been computed [20, 21]. The electroweak

correctionswere found to be sizable, of the order of 5–10%.

They include important effects from supersymmetric parti-

cles in the virtual corrections, in particular non-decoupling

logarithmic contributions, e.g. terms ∝ log mf̃/mweak

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 q̃ with a gluon g or gluino g̃. While the pro-

cesses e+e− → qq̄g and e+e− → q̃¯̃qg are sensitive to
the strong gauge coupling of quarks and squarks, respec-

tively, the corresponding Yukawa coupling can be probed

in e+e− → q¯̃qg̃. In order to obtain reliable theoretical pre-
dictions for these cross-sections it is necessary to include

next-to-leading order (NLO) supersymmetric QCD correc-

tions. 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 cor-

rections to the process e+e− → qq̄g within the Standard
Model have been known for a long time. Recently, the

complete O(αs) corrections to all three processes in the
MSSM have been calculated [33]. The NLO contributions

enhance the cross-section in the peak region by roughly

20% with respect to the LO result. Furthermore, the scale

dependence is reduced by a factor of about six when the

NLO corrections are included.
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and the light chargino are accessible at a linear collider (α1

and α2 are the U(1) and SU(2) couplings). It turns out

that ∆2 is strongly correlated with the slepton mass split-

ting, ∆2 ∼ 0.76 δm2(G). Assuming SUSY masses in the
150 GeV range to be measured with an experimental er-

ror of 1%, it has been found [34] that the non-universality

can be detected for |δm2(G)| ≥ 2500 GeV2; knowing the

gaugino mass M2 to 1% increases the sensitivity down to

δm2(G) = 1400 GeV2.
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rameter µ, can in general be complex and the presence of
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In mSUGRA-type models the phase ϕµ of µ is restricted
by the experimental data on electron, neutron and mercury

electric dipole moments (EDMs) to a range |ϕµ| <∼ 0.1 –
0.2 if a universal scalar mass parameter M0 <∼ 400 GeV
is assumed. However, the restriction due to the electron

EDM can be circumvented if complex lepton flavour violat-

ing terms are present in the slepton sector [35]. The phases

of the parameters At̃,b̃ enter the EDM calculations only at

two-loop level, resulting in much weaker constraints [36].

In the pure sfermionic sector the phases of Af̃ and

µ, eq. (3), enter the masses m2
f̃1,2

and mixing angle θf̃

only through a term m2
f |Af̃µ|(tanβ)−2I3

f cos(ϕAf̃
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larger for right-handed e−R than for left-handed e−L electrons; positron polarisation
further enhances the effect. The isotropic two-body decays

!̃− → !−χ̃0
i , (5.28)

ν̃! → !−χ̃+
i (5.29)

allow for a clean identification and lead to a uniform lepton energy spectrum. The
minimum and maximum (‘endpoint’) energies

E+/− =

√
s

4

(

1 −
m2

χ̃

m2
!̃

)

(1 ± β) , (5.30)

ml̃ =

√
s

E− + E+

√
E− E+ , (5.31)

mχ̃ = ml̃

√

1 −
E− + E+√

s/2
(5.32)

can be used for an accurate determination of the masses of the primary slepton and
the secondary neutralino/chargino.

Charged slepton production in continuum Examples of mass measurements us-
ing the lepton energy spectra of e+

Le−R → µ̃Rµ̃R and ẽRẽR production at
√

s = 400 GeV
are shown in fig. 5.29 [38]. With a moderate luminosity of L = 200 fb−1 the masses
can be determined with (highly correlated) errors of δmµ̃R $ δmχ̃0

1
$ 0.2 GeV, re-

spectively δmẽR $ δmχ̃0
1
$ 0.1 GeV. A simultaneous analysis of ẽRẽR, ẽRẽL and ẽLẽL

Figure 5.29: Energy spectra of Eµ from the reaction e+
Le−R → µ̃+

R µ̃−
R → µ+χ̃0

1 µ−χ̃0
1 (left) and

Ee from the reaction e+
Le−R → ẽ+

R ẽ−R → e+χ̃0
1 e−χ̃0

1 (right),SPS 1a at
√

s = 400 GeV and L =
200 fb−1

production makes use of the different energy distributions of the final electrons and
positrons [39,40]. The symmetric background is eliminated by a double subtraction of
e− and e+ energy spectra and opposite electron beam polarisations. This essentially
results in a clean ẽRẽL sample where the endpoints from ẽR and ẽL decays are easily
measurable. Assuming

√
s = 500 GeV and L = 2 · 500 fb−1, both selectron masses can

be determined with an accuracy of δmẽR, ẽL $ 0.8 GeV.

248

and g2) are expected in the range δĝ1/ĝ1 ≈ 0.2% and

δĝ2/ĝ2 ≈ 0.8%. The values are for the SPS#1a scenario
and integrated luminosity of 50 fb−1 of the e−e− collider
running at

√
s = 500GeV, with no detector simulation in-

cluded. Similar precision in the e+e− mode requires inte-
grated luminosity of 500 fb−1, see fig. 9.
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Such a high experimental precision requires radiative

corrections to be included in the theoretical predictions

for the slepton cross-sections. Far above threshold the ef-

fects of the non-zero slepton width are small, of the or-

der Γf̃/mf̃ , and the production and decay of the sleptons

can be treated separately. As mentioned, for both sub-

processes the complete electroweak one-loop corrections in

the MSSM have been computed [20, 21]. The electroweak

correctionswere found to be sizable, of the order of 5–10%.

They include important effects from supersymmetric parti-

cles in the virtual corrections, in particular non-decoupling

logarithmic contributions, e.g. terms ∝ log mf̃/mweak

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 q̃ with a gluon g or gluino g̃. While the pro-

cesses e+e− → qq̄g and e+e− → q̃¯̃qg are sensitive to
the strong gauge coupling of quarks and squarks, respec-

tively, the corresponding Yukawa coupling can be probed

in e+e− → q¯̃qg̃. In order to obtain reliable theoretical pre-
dictions for these cross-sections it is necessary to include

next-to-leading order (NLO) supersymmetric QCD correc-

tions. 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 cor-

rections to the process e+e− → qq̄g within the Standard
Model have been known for a long time. Recently, the

complete O(αs) corrections to all three processes in the
MSSM have been calculated [33]. The NLO contributions

enhance the cross-section in the peak region by roughly

20% with respect to the LO result. Furthermore, the scale

dependence is reduced by a factor of about six when the

NLO corrections are included.

Mass universality

Most analyses are performed with a simplifying assump-

tion of universalmass parameters at some high energy scale

G: δm2(G) = m2
l̃R

(G)−m2
l̃L

(G)=0. This assumption can

be tested at the LC. For example, in [34] a quantity

∆2 = m2
ẽR

− m2
ẽL

+
m2

χ̃
±

1

2α2
2

[ 3
11

(α2
1 − α2

1(G))

−3(α2
2 − α2

2(G))], (7)

defined at the electroweak scale, is proposed as a probe of

non-universality of slepton masses if only both selectrons

and the light chargino are accessible at a linear collider (α1

and α2 are the U(1) and SU(2) couplings). It turns out

that ∆2 is strongly correlated with the slepton mass split-

ting, ∆2 ∼ 0.76 δm2(G). Assuming SUSY masses in the
150 GeV range to be measured with an experimental er-

ror of 1%, it has been found [34] that the non-universality

can be detected for |δm2(G)| ≥ 2500 GeV2; knowing the

gaugino mass M2 to 1% increases the sensitivity down to

δm2(G) = 1400 GeV2.

Sfermions with complex CP phases

The soft SUSY breaking parameters: the gauginomasses

and trilinear scalar couplings, and the Higgsino mass pa-

rameter µ, can in general be complex and the presence of
non-trivial phases violates CP. This generalization is quite

natural and is motivated by the analogy between fermions

and sfermions: in the SM the CKM phase is quite large

and the smallness of CP-violating observables results from

the structure of the theory. Furthermore, large leptonic CP-

violating phases together with leptogenesis may explain the

baryonic asymmetry of the Universe.
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In mSUGRA-type models the phase ϕµ of µ is restricted
by the experimental data on electron, neutron and mercury

electric dipole moments (EDMs) to a range |ϕµ| <∼ 0.1 –
0.2 if a universal scalar mass parameter M0 <∼ 400 GeV
is assumed. However, the restriction due to the electron

EDM can be circumvented if complex lepton flavour violat-

ing terms are present in the slepton sector [35]. The phases

of the parameters At̃,b̃ enter the EDM calculations only at

two-loop level, resulting in much weaker constraints [36].

In the pure sfermionic sector the phases of Af̃ and

µ, eq. (3), enter the masses m2
f̃1,2

and mixing angle θf̃

only through a term m2
f |Af̃µ|(tanβ)−2I3

f cos(ϕAf̃
+ϕµ).
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and integrated luminosity of 50 fb−1 of the e−e− collider
running at
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s = 500GeV, with no detector simulation in-

cluded. Similar precision in the e+e− mode requires inte-
grated luminosity of 500 fb−1, see fig. 9.
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ẽR

− m2
ẽL
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EDM can be circumvented if complex lepton flavour violat-

ing terms are present in the slepton sector [35]. The phases
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e−Le+
R → ν̃eν̃e → e−χ̃+

1 e+χ̃−
1 (left) with subsequent de-

cay χ̃±
1 → qq̄′ χ̃0

1 (right) [25]

subsequent chargino decay, make the final topology, e.g.

ν̃eν̃e → e+e−#±2j E/, very clean. The primary charged
lepton energy, and di-jet energy andmass spectra, see fig. 4,

can be used to determinemν̃ andmχ̃±

1
to 2 per mil (or bet-

ter), and to measure the chargino couplings and the χ̃±
1 −χ̃0

1

mass difference; a resolution below 50 MeV, given essen-

tially by detector systematics, appears feasible [25]. The

detection and measurement of tau-sneutrinos ν̃τ is more

problematic, due to neutrino losses in decay modes and de-

cay energy spectra.

Study of staus

In contrast to the first two generations, the L − R mix-

ing for the third generation sleptons can be non-negligible

due to the large τ Yukawa coupling. Therefore the τ̃ ’s are
very interesting to study since their production and decay

is different from ẽ and µ̃.
The τ̃ masses can be determined with the usual tech-

niques of decay spectra or threshold scans at the per cent

level, while the mixing angle | cos θτ̃ | can be extracted with
high accuracy from cross section measurements with dif-

ferent beam polarisations. In a case study [27] for mτ̃1
=

155 GeV, mτ̃2
= 305 GeV, µ = 140 GeV, tanβ = 20,

Aτ = −254 GeV it has been found that at
√

s = 500
GeV, L = 250 fb−1, Pe− = +0.8, Pe+ = −0.6, the
expected precision is as follows: mτ̃1

= 155 ± 0.8 GeV,
cos 2θτ = −0.987± 0.08, left panel of fig. 5.
The dominant decay mode τ̃1 → χ̃0

1τ can be exploited to
determine tan β if tan β turns to be large [28]. In this case
the non-negligible τ Yukawa coupling makes τ̃ couplings
sensitive to the neutralino composition in the decay pro-

cess. Most importantly, if the higgsino component of the

neutralino is sufficiently large, the polarization of τ ’s from
the τ̃ decay turns out to be a sensitive function of τ̃ mix-
ing, neutralino mixing and tan β [27]. This is crucial since
for large tan β other SUSY sectors are not very sensitive to
tan β and therefore cannot provide a precise determination
of this parameter.

The τ polarization can be measured using the energy
distributions of the decay hadrons, e.g. τ → πν and

τ → ρν → π±π0ν. Simulations show that the τ polariza-
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Figure 5: Left: cos 2θτ̃ versus σ(e+e− → τ̃1τ̃1) at
√

s =
500 GeV for polarized (green, upper curve) and unpolar-

ized (red, lower curve) beams; the expected cross sections

shown by vertical lines. Unpolarised beams give a two-fold

ambiguity in cos 2θτ̃ , while polarized beams give a unique

physical solution. Right: tan β as a function of τ polar-
ization. From simulations Pτ = 0.82 ± 0.03 leading to
tan β = 22 ± 2 [27].

tion can be measured very accurately, δPτ = 0.82 ± 0.03,
which in turn allows to determine tan β = 20±2, as shown
in the right panel of fig. 5.

Squarks

For the third generation squarks, t̃ and b̃, the L − R
mixing is also expected to be important. As a result of

the large top quark Yukawa coupling, it is possible that

the lightest superpartner of the quarks is the stop t̃1 =
t̃L cos θt̃ + t̃R sin θt̃. If the mass mt̃1 is below 250 GeV,

it may escape detection at the LHC, while it can easily be

discovered at the Linear Collider.
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Figure 6: Left: Contours of σR(t̃1 t̃1) and σL(t̃1 t̃1) as a
function of mt̃1 and cos θt̃ for

√
s = 500 GeV, L =

2 · 500 fb−1 [29]. Right: tan β as a function of top po-
larization. From simulations Pt = −0.44±0.10 leading to
tan β = 17.5 ± 4.5 [27].

The t̃ and b̃ phenomenology is analogous to that of the τ̃
system. The masses and mixing angles can be extracted

from production cross sections measured with polarized

beams. The production cross sections for e+e− → t̃1
¯̃t1

with different beam polarizations, σR = σe−

R
e+

L
and σL =

e
+
Le

−
R → µ̃Rµ̃R 10 fb−1/point e

+
Le

−
R → ẽRẽR 10 fb−1/point e

−
Re

−
R → ẽRẽR 1 fb−1/point

Figure 6: Cross sections at threshold for the reactions e+
Le−R → µ̃Rµ̃R, e+

Le−R → ẽRẽR and

e−Re−R → ẽRẽR (SPS 1 scenario) including background [13]. Error bars correspond to a lumi-

nosity of 10 fb−1 resp. 1 fb−1 per point

2.5 τ polarisation from τ̃ decays

Sfermions of the third generation are in general mixed states due to the large Yukawa coupling

of their superpartner fermions. For the τ̃ sector one has

(

τ̃1

τ̃2

)

=

(

cos θτ̃ sin θτ̃

− sin θτ̃ cos θτ̃

) (

τ̃L

τ̃R

)

(6)

The mixing angle is related to the off-diagonal elements of the τ̃ mass matrix

sin 2θτ̃ =
2 mτ (Aτ − µ tanβ)

m2
τ̃1 + m2

τ̃2

. (7)

The detection of τ̃i → τχ̃0
j is more difficult, but offers as additional information the τ polarisa-

tion, measurable via the energy spectra of decay particles. This option is useful in order to study

neutralino properties and in particular to determine tan β at large values, which is problematic
otherwise.

The τ̃ masses can be determined with the usual techniques of decay spectra (see fig. 7
for τ → ρν decay) or threshold scans at the per cent level. The mixing angle | cos θτ̃ | can be
extracted with high accuracy from cross section measurements with different beam polarisations

or at different cm energies.

The τ polarisation is related to the mixing of th τ̃ as well as to the τ̃ coupling to the neutralino
in the decay. The L/R quantum number is not directly transferred to the τ lepton. The gaugino
component of χ̃0 preserves the ‘chirality’ flow while the Higgsino causes a flip

τ̃R (L) → τR (L) B̃ and τ̃R (L) → τL (R) H̃0
1 . (8)

The τ polarisation can be measured using the energy distributions of the decay hadrons, e.g.
τ → πν and τ → ρν → π±π0ν. Very sensitive is the energy ratio Eπ±/Eρ in ρ decaya,
shown in fig. 7 for two opposite maximal polarisations, giving δPτ ! 10%. The polarisation
can be expressed in terms of the mixing angle θτ̃ , tanβ and the χ̃0

1 components [14]. In a

simplified case study an accuracy of 10 per cent for large tanβ values was achieved using the
τ polarisation.
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subsequent chargino decay, make the final topology, e.g.

ν̃eν̃e → e+e−#±2j E/, very clean. The primary charged
lepton energy, and di-jet energy andmass spectra, see fig. 4,

can be used to determinemν̃ andmχ̃±

1
to 2 per mil (or bet-

ter), and to measure the chargino couplings and the χ̃±
1 −χ̃0

1

mass difference; a resolution below 50 MeV, given essen-

tially by detector systematics, appears feasible [25]. The

detection and measurement of tau-sneutrinos ν̃τ is more

problematic, due to neutrino losses in decay modes and de-

cay energy spectra.

Study of staus

In contrast to the first two generations, the L − R mix-

ing for the third generation sleptons can be non-negligible

due to the large τ Yukawa coupling. Therefore the τ̃ ’s are
very interesting to study since their production and decay

is different from ẽ and µ̃.
The τ̃ masses can be determined with the usual tech-

niques of decay spectra or threshold scans at the per cent

level, while the mixing angle | cos θτ̃ | can be extracted with
high accuracy from cross section measurements with dif-

ferent beam polarisations. In a case study [27] for mτ̃1
=

155 GeV, mτ̃2
= 305 GeV, µ = 140 GeV, tanβ = 20,

Aτ = −254 GeV it has been found that at
√

s = 500
GeV, L = 250 fb−1, Pe− = +0.8, Pe+ = −0.6, the
expected precision is as follows: mτ̃1

= 155 ± 0.8 GeV,
cos 2θτ = −0.987± 0.08, left panel of fig. 5.
The dominant decay mode τ̃1 → χ̃0

1τ can be exploited to
determine tan β if tan β turns to be large [28]. In this case
the non-negligible τ Yukawa coupling makes τ̃ couplings
sensitive to the neutralino composition in the decay pro-

cess. Most importantly, if the higgsino component of the

neutralino is sufficiently large, the polarization of τ ’s from
the τ̃ decay turns out to be a sensitive function of τ̃ mix-
ing, neutralino mixing and tan β [27]. This is crucial since
for large tan β other SUSY sectors are not very sensitive to
tan β and therefore cannot provide a precise determination
of this parameter.

The τ polarization can be measured using the energy
distributions of the decay hadrons, e.g. τ → πν and

τ → ρν → π±π0ν. Simulations show that the τ polariza-
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Figure 5: Left: cos 2θτ̃ versus σ(e+e− → τ̃1τ̃1) at
√

s =
500 GeV for polarized (green, upper curve) and unpolar-

ized (red, lower curve) beams; the expected cross sections

shown by vertical lines. Unpolarised beams give a two-fold

ambiguity in cos 2θτ̃ , while polarized beams give a unique

physical solution. Right: tan β as a function of τ polar-
ization. From simulations Pτ = 0.82 ± 0.03 leading to
tan β = 22 ± 2 [27].

tion can be measured very accurately, δPτ = 0.82 ± 0.03,
which in turn allows to determine tan β = 20±2, as shown
in the right panel of fig. 5.

Squarks

For the third generation squarks, t̃ and b̃, the L − R
mixing is also expected to be important. As a result of

the large top quark Yukawa coupling, it is possible that

the lightest superpartner of the quarks is the stop t̃1 =
t̃L cos θt̃ + t̃R sin θt̃. If the mass mt̃1 is below 250 GeV,

it may escape detection at the LHC, while it can easily be

discovered at the Linear Collider.
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Figure 6: Left: Contours of σR(t̃1 t̃1) and σL(t̃1 t̃1) as a
function of mt̃1 and cos θt̃ for

√
s = 500 GeV, L =

2 · 500 fb−1 [29]. Right: tan β as a function of top po-
larization. From simulations Pt = −0.44±0.10 leading to
tan β = 17.5 ± 4.5 [27].

The t̃ and b̃ phenomenology is analogous to that of the τ̃
system. The masses and mixing angles can be extracted

from production cross sections measured with polarized

beams. The production cross sections for e+e− → t̃1
¯̃t1

with different beam polarizations, σR = σe−

R
e+

L
and σL =
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Figure 6: Cross sections at threshold for the reactions e+
Le−R → µ̃Rµ̃R, e+

Le−R → ẽRẽR and

e−Re−R → ẽRẽR (SPS 1 scenario) including background [13]. Error bars correspond to a lumi-

nosity of 10 fb−1 resp. 1 fb−1 per point

2.5 τ polarisation from τ̃ decays

Sfermions of the third generation are in general mixed states due to the large Yukawa coupling

of their superpartner fermions. For the τ̃ sector one has
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=
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(6)

The mixing angle is related to the off-diagonal elements of the τ̃ mass matrix
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2 mτ (Aτ − µ tanβ)
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τ̃1 + m2

τ̃2

. (7)

The detection of τ̃i → τχ̃0
j is more difficult, but offers as additional information the τ polarisa-

tion, measurable via the energy spectra of decay particles. This option is useful in order to study

neutralino properties and in particular to determine tan β at large values, which is problematic
otherwise.

The τ̃ masses can be determined with the usual techniques of decay spectra (see fig. 7
for τ → ρν decay) or threshold scans at the per cent level. The mixing angle | cos θτ̃ | can be
extracted with high accuracy from cross section measurements with different beam polarisations

or at different cm energies.

The τ polarisation is related to the mixing of th τ̃ as well as to the τ̃ coupling to the neutralino
in the decay. The L/R quantum number is not directly transferred to the τ lepton. The gaugino
component of χ̃0 preserves the ‘chirality’ flow while the Higgsino causes a flip

τ̃R (L) → τR (L) B̃ and τ̃R (L) → τL (R) H̃0
1 . (8)

The τ polarisation can be measured using the energy distributions of the decay hadrons, e.g.
τ → πν and τ → ρν → π±π0ν. Very sensitive is the energy ratio Eπ±/Eρ in ρ decaya,
shown in fig. 7 for two opposite maximal polarisations, giving δPτ ! 10%. The polarisation
can be expressed in terms of the mixing angle θτ̃ , tanβ and the χ̃0

1 components [14]. In a

simplified case study an accuracy of 10 per cent for large tanβ values was achieved using the
τ polarisation.
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subsequent chargino decay, make the final topology, e.g.

ν̃eν̃e → e+e−#±2j E/, very clean. The primary charged
lepton energy, and di-jet energy andmass spectra, see fig. 4,

can be used to determinemν̃ andmχ̃±

1
to 2 per mil (or bet-

ter), and to measure the chargino couplings and the χ̃±
1 −χ̃0

1

mass difference; a resolution below 50 MeV, given essen-

tially by detector systematics, appears feasible [25]. The

detection and measurement of tau-sneutrinos ν̃τ is more

problematic, due to neutrino losses in decay modes and de-

cay energy spectra.

Study of staus

In contrast to the first two generations, the L − R mix-

ing for the third generation sleptons can be non-negligible

due to the large τ Yukawa coupling. Therefore the τ̃ ’s are
very interesting to study since their production and decay

is different from ẽ and µ̃.
The τ̃ masses can be determined with the usual tech-

niques of decay spectra or threshold scans at the per cent

level, while the mixing angle | cos θτ̃ | can be extracted with
high accuracy from cross section measurements with dif-

ferent beam polarisations. In a case study [27] for mτ̃1
=

155 GeV, mτ̃2
= 305 GeV, µ = 140 GeV, tanβ = 20,

Aτ = −254 GeV it has been found that at
√

s = 500
GeV, L = 250 fb−1, Pe− = +0.8, Pe+ = −0.6, the
expected precision is as follows: mτ̃1

= 155 ± 0.8 GeV,
cos 2θτ = −0.987± 0.08, left panel of fig. 5.
The dominant decay mode τ̃1 → χ̃0

1τ can be exploited to
determine tan β if tan β turns to be large [28]. In this case
the non-negligible τ Yukawa coupling makes τ̃ couplings
sensitive to the neutralino composition in the decay pro-

cess. Most importantly, if the higgsino component of the

neutralino is sufficiently large, the polarization of τ ’s from
the τ̃ decay turns out to be a sensitive function of τ̃ mix-
ing, neutralino mixing and tan β [27]. This is crucial since
for large tan β other SUSY sectors are not very sensitive to
tan β and therefore cannot provide a precise determination
of this parameter.

The τ polarization can be measured using the energy
distributions of the decay hadrons, e.g. τ → πν and

τ → ρν → π±π0ν. Simulations show that the τ polariza-
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tan β = 22 ± 2 [27].

tion can be measured very accurately, δPτ = 0.82 ± 0.03,
which in turn allows to determine tan β = 20±2, as shown
in the right panel of fig. 5.

Squarks

For the third generation squarks, t̃ and b̃, the L − R
mixing is also expected to be important. As a result of

the large top quark Yukawa coupling, it is possible that

the lightest superpartner of the quarks is the stop t̃1 =
t̃L cos θt̃ + t̃R sin θt̃. If the mass mt̃1 is below 250 GeV,

it may escape detection at the LHC, while it can easily be

discovered at the Linear Collider.
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is different from ẽ and µ̃.
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the τ̃ decay turns out to be a sensitive function of τ̃ mix-
ing, neutralino mixing and tan β [27]. This is crucial since
for large tan β other SUSY sectors are not very sensitive to
tan β and therefore cannot provide a precise determination
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mixing is also expected to be important. As a result of

the large top quark Yukawa coupling, it is possible that

the lightest superpartner of the quarks is the stop t̃1 =
t̃L cos θt̃ + t̃R sin θt̃. If the mass mt̃1 is below 250 GeV,

it may escape detection at the LHC, while it can easily be

discovered at the Linear Collider.
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The t̃ and b̃ phenomenology is analogous to that of the τ̃
system. The masses and mixing angles can be extracted

from production cross sections measured with polarized

beams. The production cross sections for e+e− → t̃1
¯̃t1

with different beam polarizations, σR = σe−
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and σL =
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Figure 6: Cross sections at threshold for the reactions e+
Le−R → µ̃Rµ̃R, e+

Le−R → ẽRẽR and

e−Re−R → ẽRẽR (SPS 1 scenario) including background [13]. Error bars correspond to a lumi-

nosity of 10 fb−1 resp. 1 fb−1 per point

2.5 τ polarisation from τ̃ decays

Sfermions of the third generation are in general mixed states due to the large Yukawa coupling

of their superpartner fermions. For the τ̃ sector one has

(
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The mixing angle is related to the off-diagonal elements of the τ̃ mass matrix

sin 2θτ̃ =
2 mτ (Aτ − µ tanβ)

m2
τ̃1 + m2

τ̃2

. (7)

The detection of τ̃i → τχ̃0
j is more difficult, but offers as additional information the τ polarisa-

tion, measurable via the energy spectra of decay particles. This option is useful in order to study

neutralino properties and in particular to determine tan β at large values, which is problematic
otherwise.

The τ̃ masses can be determined with the usual techniques of decay spectra (see fig. 7
for τ → ρν decay) or threshold scans at the per cent level. The mixing angle | cos θτ̃ | can be
extracted with high accuracy from cross section measurements with different beam polarisations

or at different cm energies.

The τ polarisation is related to the mixing of th τ̃ as well as to the τ̃ coupling to the neutralino
in the decay. The L/R quantum number is not directly transferred to the τ lepton. The gaugino
component of χ̃0 preserves the ‘chirality’ flow while the Higgsino causes a flip

τ̃R (L) → τR (L) B̃ and τ̃R (L) → τL (R) H̃0
1 . (8)

The τ polarisation can be measured using the energy distributions of the decay hadrons, e.g.
τ → πν and τ → ρν → π±π0ν. Very sensitive is the energy ratio Eπ±/Eρ in ρ decaya,
shown in fig. 7 for two opposite maximal polarisations, giving δPτ ! 10%. The polarisation
can be expressed in terms of the mixing angle θτ̃ , tanβ and the χ̃0

1 components [14]. In a

simplified case study an accuracy of 10 per cent for large tanβ values was achieved using the
τ polarisation.
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Figure 7: Left: Simulated spectra of τ± → ρ±ν and ρ± → π±π0; ratio Eπ±/Eρ for Bino-like

and Higgsino-like τ̃Rτχ̃0
1 couplings [14]. Right: Polarisations Pτ of τ̃1 → τχ̃0

1 and τ̃2 → τχ̃0
1

decays as a function of the τ̃ mixing angle assuming χ̃0
1 to be a pure Bino [15]

The formalism of τ polarisation from τ̃ decays has been generalised for any choice of
MSSM parameters [15]. Fig. 7 shows the polarisation dependence on the mixing angle for

a χ̃0
1 being a pure Bino. For small mixings both τ̃ ’s behave very different. However, in order

to be useful for a precise evaluation of large values of tanβ, the decay neutralinos must have
a considerable Higgsino component. Assuming that the parameters of the neutralino sector are

well measured elsewhere (see section 3.3), the application of eq. (7) would give direct access to

the trilinear Aτ coupling.

2.6 Testing SUSY relations in slepton sector

The precise measurements of slepton properties can be used to extract the underlying SUSY

parameters m0, m1/2 and tan β and to perform stringent tests of basic relations in the slepton

sector. These results may then be compared to the findings in the chargino and neutralino

systems.

• Supersymmetry requires the SM gauge couplings g(V ff) and ḡ(V f̃ f̃) of a vector boson
V and the Yukawa coupling ĝ(Ṽ f f̃) of the corresponding gaugino Ṽ to be identical,

g = ḡ = ĝ. The couplings can be extracted from cross section measurements and their

equality can be checked within a fraction of per cent.

• The universality and flavour dependence of slepton masses can be checked at the per mil
level.

• The superpartner ν̃R of right handed neutrinos would change the slepton mass predic-

tions and may become observable via 2 (m2
ν̃R

− m2
ν̃τ

) ≈ m2
ẽR

− m2
τ̃1 , valid up to higher

orders [19].

• The robust tree-level predictionm2
%̃L
−m2

ν̃"
= −m2

W cos 2 β relates the L-slepton masses
of one generation and can be tested very accurately. It further offers a model-independent

determination of low values of tan β.
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subsequent chargino decay, make the final topology, e.g.

ν̃eν̃e → e+e−#±2j E/, very clean. The primary charged
lepton energy, and di-jet energy andmass spectra, see fig. 4,

can be used to determinemν̃ andmχ̃±

1
to 2 per mil (or bet-

ter), and to measure the chargino couplings and the χ̃±
1 −χ̃0

1

mass difference; a resolution below 50 MeV, given essen-

tially by detector systematics, appears feasible [25]. The

detection and measurement of tau-sneutrinos ν̃τ is more

problematic, due to neutrino losses in decay modes and de-

cay energy spectra.

Study of staus

In contrast to the first two generations, the L − R mix-

ing for the third generation sleptons can be non-negligible

due to the large τ Yukawa coupling. Therefore the τ̃ ’s are
very interesting to study since their production and decay

is different from ẽ and µ̃.
The τ̃ masses can be determined with the usual tech-

niques of decay spectra or threshold scans at the per cent

level, while the mixing angle | cos θτ̃ | can be extracted with
high accuracy from cross section measurements with dif-

ferent beam polarisations. In a case study [27] for mτ̃1
=

155 GeV, mτ̃2
= 305 GeV, µ = 140 GeV, tanβ = 20,

Aτ = −254 GeV it has been found that at
√

s = 500
GeV, L = 250 fb−1, Pe− = +0.8, Pe+ = −0.6, the
expected precision is as follows: mτ̃1

= 155 ± 0.8 GeV,
cos 2θτ = −0.987± 0.08, left panel of fig. 5.
The dominant decay mode τ̃1 → χ̃0

1τ can be exploited to
determine tan β if tan β turns to be large [28]. In this case
the non-negligible τ Yukawa coupling makes τ̃ couplings
sensitive to the neutralino composition in the decay pro-

cess. Most importantly, if the higgsino component of the

neutralino is sufficiently large, the polarization of τ ’s from
the τ̃ decay turns out to be a sensitive function of τ̃ mix-
ing, neutralino mixing and tan β [27]. This is crucial since
for large tan β other SUSY sectors are not very sensitive to
tan β and therefore cannot provide a precise determination
of this parameter.

The τ polarization can be measured using the energy
distributions of the decay hadrons, e.g. τ → πν and

τ → ρν → π±π0ν. Simulations show that the τ polariza-
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Figure 5: Left: cos 2θτ̃ versus σ(e+e− → τ̃1τ̃1) at
√

s =
500 GeV for polarized (green, upper curve) and unpolar-

ized (red, lower curve) beams; the expected cross sections

shown by vertical lines. Unpolarised beams give a two-fold

ambiguity in cos 2θτ̃ , while polarized beams give a unique

physical solution. Right: tan β as a function of τ polar-
ization. From simulations Pτ = 0.82 ± 0.03 leading to
tan β = 22 ± 2 [27].

tion can be measured very accurately, δPτ = 0.82 ± 0.03,
which in turn allows to determine tan β = 20±2, as shown
in the right panel of fig. 5.

Squarks

For the third generation squarks, t̃ and b̃, the L − R
mixing is also expected to be important. As a result of

the large top quark Yukawa coupling, it is possible that

the lightest superpartner of the quarks is the stop t̃1 =
t̃L cos θt̃ + t̃R sin θt̃. If the mass mt̃1 is below 250 GeV,

it may escape detection at the LHC, while it can easily be

discovered at the Linear Collider.
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Figure 6: Left: Contours of σR(t̃1 t̃1) and σL(t̃1 t̃1) as a
function of mt̃1 and cos θt̃ for

√
s = 500 GeV, L =

2 · 500 fb−1 [29]. Right: tan β as a function of top po-
larization. From simulations Pt = −0.44±0.10 leading to
tan β = 17.5 ± 4.5 [27].

The t̃ and b̃ phenomenology is analogous to that of the τ̃
system. The masses and mixing angles can be extracted

from production cross sections measured with polarized

beams. The production cross sections for e+e− → t̃1
¯̃t1

with different beam polarizations, σR = σe−

R
e+

L
and σL =
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FIGURE 5.6. Left: Contours of σ(e−Re+
L → t̃1t̃1) and σ(e−Le+

R → t̃1t̃1) as a function of mt̃1 and cos θt̃1
for

√
s = 500 GeV and L = 2 · 500 fb−1 [200]. Right: tan β as a function of top polarization as obtained

from a simulation in Ref. [194].

scenario with an input value of tan β=20. After fixing tan β, measurements of the stop mass
and mixing angle allows to determine the trilinear coupling At at the 10% level.

Finally, first and second generation squarks, which will be produced copiously and studied
at LHC, might be accessible at ILC only at energies

√
s >∼ 1 TeV. Compared to the LHC, q̃

pair production at the ILC if kinematically possible would allow for better mass measurements
and a check of their charge, spin and chirality numbers.

5.2.4 Measurements in other scenarios/extensions

So far, we have only discussed the prominent features of the MSSM with gravity mediated
SUSY–breaking. Interesting and important studies can also be performed at the ILC in
variants of the MSSM in which some underlying basic assumptions are relaxed or in SUSY
models with different breaking patterns. In the following, we will briefly summarize some of
the studies which can be made at the ILC.

In Gauge mediated SUSY breaking models [176], the LSP is the lightest gravitino G̃ which
has a very small mass, leading to NLSP decay lengths ranging from micro–meters to tens of
meters. This NLSP is in general either the lightest neutralino which decays into a gravitino
and a photon, χ0

1 → G̃γ, and produces displaced photons not pointing to the interaction
vertex, or the τ̃1 with decays τ̃1 → G̃τ . The phenomenology of the other SUSY particles,
and even that of the NLSP if its lifetime is large and decays outside the detector, is the same
as in gravity mediated models but with different spectra. Detailed simulations [7] show that
a signal with displaced photons can be observed for NLSP masses close to the production
kinematical limit and that various techniques [such as tracking, pointing calorimetry and
photon counting] allow to measure the decay length over a large range and determine the
SUSY scale. From the rest of the SUSY spectrum, a precise determination of the GMSB
parameters is possible. The scenario with τ̃1 NLSP has also been studied [201] and it has
been shown that in many cases that the long τ̃ lifetime allows a precise determination of mG̃.

In Anomaly mediated SUSY breaking models [175], the most characteristic feature is that
the LSP neutralino is wino like and is nearly mass degenerate with the lightest chargino χ±

1 .
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5 A run scenario to explore mSUGRA

One may wonder if such a rich programme, i.e. exploiting the properties of all kinematically

accessible sparticles through cross section measurements in the continuum and at threshold in-

cluding various combinations of beam polarisations, can be performed in a reasonable time. At

the Snowmass Summer Study 2001 a possible run scenario for the SPS 1 mSUGRA benchmark

model has been constructed [9]. The NLC machine performance was assumed with an energy

of
√

s = 500 GeV and an electron (no positron) beam polarisation of Pe− = 0.8. The task was

to distribute an integrated luminosity of L = 1000 fb−1 (500 GeV equivalent) and to estimate

the achievable precisions on the SUSY mass spectrum. The time needed to accumulate the data

corresponds to four good years of NLC operation or probably rather seven years including the

start up phase.

√
s Pe− L [fb−1] Comments

e+e− 500 L/R 335 max. energy

e+e− 270 L/R 100 χ̃0
1χ̃

0
2 (L)

τ̃1τ̃1 (R)

e+e− 285 R 50 µ̃Rµ̃R, ẽRẽR

e+e− 350 L/R 40 tt̄
ẽRẽL (L & R)

χ̃+
1 χ̃−

1 (L)

e+e− 410 L 100 τ̃2τ̃2

µ̃Lµ̃L

e+e− 580 L/R 90 χ̃±
1 χ̃∓

2

e−e− 285 RR 10 ẽRẽR

Table 2: A run scenario for the SPS 1 mSUGRA

model [9]. Allocated energy, beam polarisation

and luminosity and achievable mass precisions

m [GeV] δmc δms δmSPS1

ẽR 143 0.19 0.02 0.02

ẽL 202 0.27 0.30 0.20

µ̃R 143 0.08 0.13 0.07

µ̃L 202 0.70 0.76 0.51

τ̃1 135 1 - 2 0.64 0.64

τ̃2 206 – 0.86 0.86

ν̃e 186 0.23 – 0.23

ν̃µ 186 7.0 – 7.0

ν̃τ 185 – – –

χ̃0
1 96 0.07 – 0.07

χ̃0
2 175 1 - 2 0.12 0.12

χ̃0
3 343 8.5 – 8.5

χ̃0
4 364 – – –

χ̃±
1 175 0.19 0.18 0.13

χ̃±
2 364 4.1 – 4.1

The results of this study are compiled in table 2. For all sparticles, except the muon and tau

sneutrinos and the heavy χ̃ states, mass resolutions of a few hundred MeV or better have been

12

in  case  the 
lightest  stop  is 
really light,
excellent  control 
on  masses and 
mixings
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Figure 22: The threshold behavior of the neutralino pro-

duction cross–sections σ{ij} for the CP–conserving (left

panel) and the CP–violating (right panel) cases. Other pa-

rameters as in fig. 21 [65].

dependence near threshold can be quite dramatic. Thus,

observing the {ij}, {ik} and {jk} pairs to be excited all in

S–wave states would therefore signal CP–violation.

Gluinos

Strongly interacting gluinos will copiously be produced

at the LHC. Only for rather light gluinos, mg̃ ∼ 200 – 300

GeV, can a 1 TeV LC improve on the LHC gluino mass

measurement.

In e+e− annihilation the exclusive production of gluino

pairs proceeds only at the loop level: s-channel photons

and Z0 bosons couple to the gluinos via triangular quark

and squark loops. Moreover, near threshold the pairs of

identical Majorana gluinos are excited in a P-wave with

a slow rise of the cross section. As a result, the produc-

tion cross sections are rather small even for relatively light

gluinos, see left panel of fig. 23. For mg̃ >∼ 500 GeV, no

events at LC with luminosities of 1 ab−1 per year are ex-

pected irrespectively of their collision energy.

In the γγ option, the chances to observe gluinos are bet-

ter. First, the gluino pairs can be excited in an S-wave with

a faster rise of the cross section. Second, for mq̃ " mg̃ the

production can be enhanced by resolved photons. As seen

in the right panel of fig. 23, the production cross sections in

the polarized e−e− option can reach several fb in a wider

range of gluino masses.
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Figure 23: Gluino production cross section in e+e− an-

nihilation (left), and in polarized direct photon collisions

generated in e−e− (right). [68].

R–PARITY VIOLATING SUSY

In the MSSM the multiplicative quantum number R–

parity is conserved. Under this symmetry all standard

model particles have Rp = +1 and their superpartners

Rp = −1. As a result, the lightest SUSY particle (LSP)

is stable, SUSY particles are only produced in pairs with

the distinct signature of missing energy in an experiment.

However, R–parity conservation has no strong theoreti-

cal justification since the superpotential admits explicit R–

parity violating (/Rp) terms

W/Rp
= εiLiHu + 1

2λijkLiLjD̄k

+ λ′
ijkLiQjD̄k + 1

2
λ′′

ijkŪiD̄jD̄k (25)

where Hu, L, Q are the Higgs and left–handed lepton and

squark superfields, and Ē, D̄, Ū are the corresponding

right–handed fields. R–parity violation changes the SUSY

phenomenology drastically. The LSP decays, so the char-

acteristic signature of missing energy in the /Rp conserving

MSSM is replaced by multi–lepton and/or multi–jet final

states.

The couplings ε, λ and λ′ violate lepton number, while

λ′′ violate baryon number. If both types of couplings were

present, they would induce fast proton decay. This can be

avoided by assuming at most one type of couplings to be

non-vanishing.

Bilinear R–parity violation

Models with explicit bilinear breaking of R–parity

(BRpV) assume only εi $= 0 in eq. (25) and the corre-

sponding terms in the soft SUSY breaking part of the La-

grangian Lsoft % BiεiL̃iHu [69]. As a result, the sneu-

trinos develop non-zero vacuum expectation vi = 〈ν̃i〉
in addition to the VEVs vu and vd of the MSSM Higgs

fields H0
u and H0

d . The bilinear parameters εi and vi in-

duce mixing between particles that differ only by R–parity:

charged leptons mix with charginos, neutrinos with neu-

tralinos, and Higgs bosons with sleptons. Mixing between

the neutrinos and the neutralinos generates at tree level a

non-zero mass mν3
∼ M2|&Λ|2/Det(Mχ̃0) (where Λi =

εivd + µvi) for one of the three neutrinos and the mixing

angle tan2 θatm ∼ (Λ2/Λ3)2; the remaining two masses

and mixing angles are generated at 1-loop. For example,

the solar mixing angle scales as tan2 θsol ∼ (ε1/ε2)2. Thus

the model can provide a simple and calculable framework

for neutrino masses and mixing angles in agreement with

the experimental data, and at the same time leads to clear

predictions for the collider physics [70].

For small /Rp couplings, production and decays of SUSY

particles is as in the MSSM except that the LSP decays.

Since the astrophysical constraints on the LSP no longer

apply, a priori any SUSY particle could be the LSP. In a re-

cent study [71] a sample of the SUSY parameter space with

/Rp couplings consistent with neutrino masses shows that ir-

respectively of the LSP nature, there is always at least one

correlation between ratios of LSP decay branching ratios

estimated. Under the assumption that mSUGRA is the correct underlying theory, the SUSY

parameters can be deduced with high precision: m0 = 100±0.08 GeV,m1/2 = 250±0.20 GeV,
A0 = 0 ± 13 GeV and tan β = 10 ± 0.5.

Similar precisions are quoted in a study of the RR 1 model at the TESLA LC [8], where one

profits from higher rates due to the availability of polarised positrons.

6 R-parity violation

Many supersymmetric models assume that R-parity, Rp = (−1)3B+L+2S , is a conserved quan-

tity. There is, however, no strong theoretical argument for this assumption. The general super-

potential contains /Rp tri-linear terms which violate lepton-number and baryon-number

W/Rp = λijkLiLjĒk
︸ ︷︷ ︸

δL!=0

+ λ′
ijkLiQjD̄k

︸ ︷︷ ︸

δL!=0

+ λ′′
ijkŪiD̄jD̄k

︸ ︷︷ ︸

δB !=0

. (16)

Rp violation changes the SUSY phenomenology drastically. The lightest superpartner (LSP),

usually the neutralino χ̃0
1, is no longer stable. Instead of the typical missing energy signa-

ture there are characteristic multi-lepton, multi-jet final states. A systematic investigation of

e+e− → χ̃+
1 χ̃−

1 , χ̃0
i χ̃

0
j production [20] demonstrates that /Rp decays are easily recognised as

events with at least three leptons plus few missing energy or jets (λ or λ′ couplings) or multi-jet

events (6-10 jets for λ′′ > 0). Despite large combinatorics a χ̃0
1 mass reconstruction appears

feasible.

For not too small /Rp couplings λ1j1 single sparticle production e+e− → ν̃ → %%̄, %±χ̃∓
j

is possible, to be significantly enhanced by e+
Le−L or e+

Re−R beam polarisations. The reaction
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in general                                assumed conserved             
           missing  energy  signature
no  strong  theoretical   justification
superpotential admits R-parity violating terms

phenomenology changes  drastically (LSP decays !):
Emiss → multi-lepton, multi-jet final states (observable!)
can provide framework for describing mass and mixing
in the SM ν  sector   (mixing between neutrinos and 
neutralinos generates ν masses)
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ijkŪiD̄jD̄k

︸ ︷︷ ︸

δB !=0

. (16)

Rp violation changes the SUSY phenomenology drastically. The lightest superpartner (LSP),

usually the neutralino χ̃0
1, is no longer stable. Instead of the typical missing energy signa-

ture there are characteristic multi-lepton, multi-jet final states. A systematic investigation of

e+e− → χ̃+
1 χ̃−

1 , χ̃0
i χ̃

0
j production [20] demonstrates that /Rp decays are easily recognised as

events with at least three leptons plus few missing energy or jets (λ or λ′ couplings) or multi-jet

events (6-10 jets for λ′′ > 0). Despite large combinatorics a χ̃0
1 mass reconstruction appears

feasible.

For not too small /Rp couplings λ1j1 single sparticle production e+e− → ν̃ → %%̄, %±χ̃∓
j

is possible, to be significantly enhanced by e+
Le−L or e+

Re−R beam polarisations. The reaction

- - - e+
L
e
−

L

!
~

1
0 !

~

1
0

!
~

i
0 !

~

j
0

"
~

p
 "
~

p
*

P
t
 (µ) (GeV/c)

N
o

rm
a

li
z
e

d
 N

u
m

b
e

r 
o

f 
E

v
e

n
ts

!
~

1
± µ

±
 #

0

0.02

0.04

0.06

0.08

0.1

0 25 50 75 100 125 150 175 200 225

λ121 = 0.05

mν̃ = 240 GeV

m
χ̃+
1

= 116 GeV

Figure 12: /Rp signals in resonance production e+e− → ν̃τ → e+e− interfering with Bhabha
scattering (left) and muon pµ

⊥ spectrum in e+e− → χ̃±
1 µ∓ with χ̃±

1 → %±ν$ χ̃0
1, χ̃

0
1 → eeνµ, µeνe

at
√

s = 500 GeV (right), from ref. [3]

13

estimated. Under the assumption that mSUGRA is the correct underlying theory, the SUSY

parameters can be deduced with high precision: m0 = 100±0.08 GeV,m1/2 = 250±0.20 GeV,
A0 = 0 ± 13 GeV and tan β = 10 ± 0.5.

Similar precisions are quoted in a study of the RR 1 model at the TESLA LC [8], where one

profits from higher rates due to the availability of polarised positrons.

6 R-parity violation

Many supersymmetric models assume that R-parity, Rp = (−1)3B+L+2S , is a conserved quan-

tity. There is, however, no strong theoretical argument for this assumption. The general super-

potential contains /Rp tri-linear terms which violate lepton-number and baryon-number

W/Rp = λijkLiLjĒk
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ture there are characteristic multi-lepton, multi-jet final states. A systematic investigation of

e+e− → χ̃+
1 χ̃−

1 , χ̃0
i χ̃

0
j production [20] demonstrates that /Rp decays are easily recognised as

events with at least three leptons plus few missing energy or jets (λ or λ′ couplings) or multi-jet

events (6-10 jets for λ′′ > 0). Despite large combinatorics a χ̃0
1 mass reconstruction appears

feasible.

For not too small /Rp couplings λ1j1 single sparticle production e+e− → ν̃ → %%̄, %±χ̃∓
j

is possible, to be significantly enhanced by e+
Le−L or e+
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scattering (left) and muon pµ
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1, χ̃

0
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at
√

s = 500 GeV (right), from ref. [3]
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peak in recoil  muon 
momentum can give accurate 
measurement of chargino 
mass
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for masses

e+e− → ν̃ → e+e−, interfering with Bhabha scattering, is particular interesting, as illustrated in
fig. 12. For mν̃ <

√
s one expects spectacular narrow resonances, while very heavy sneutrinos

can be detected via contact interactions up to mν̃ = 1.8 TeV for λ1j1 = 0.1 at the highest LC
energy.

A simulation of single chargino production e+e− → µ∓χ̃1 → µ∓ 3 $ E/ is presented in fig. 12.
The process can be easily identified and the pronounced peak of the recoil muon momentum

can be used to measure the χ̃±
1 mass very accurately. A sensitivity of λ121 = 10−4 for masses

mν̃ # 150−600 GeV can be reached at
√

s = 500 GeV. An interesting aspect is the polarisation
dependence, e+

Le−L → χ̃−
1 µ+ and e+

Re−R → χ̃+
1 µ−, caused by helicity flip of the λ121 coupling.

7 AMSB scenario

In anomaly mediated SUSY breaking, AMSB, the symmetry breaking is not directly communi-

cated, but is caused by loop effects. The gaugino and scalar masses are dynamically generated

via loops. A characteristic feature is that gaugino masses are no longer universal and are related

by the reversed hierarchy M1 # 2.8 M2 at the electroweak scale. Now the wino is the lightest

supersymmetric particle, which leads to almost degenerate masses of the light chargino χ̃±
1 and

the wino-like neutralino χ̃0
1.
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√

s = 600 GeV to search for e+e− → χ̃+
1 χ̃−

1 (γ) in AMSB scenar-
ios [21]. Discovery modes and reach as function of ∆mχ̃1

and mχ̃±
1
(left) and distributions Eπ

versusmχ̃χ̃ in χ̃χ̃ system of the decay χ̃±
1 → π±χ̃0

1 (right)

The decay modes and lifetime, and hence the search strategy for e+e− → χ̃+
1 χ̃−

1 (γ) [21],
depend entirely on the small mass difference ∆mχ̃1

= mχ̃±
1
− mχ̃0

1
, typically in the range

0.2 − 2 GeV. Background from e+e− → e+e−ππ can be effectively suppressed by tagging
an additional photon. The signatures comprise a stable heavily ionising chargino, a chargino

decaying inside the detector with or without visible secondary particles, low momentum pi-

ons associated to secondary vertices and standard topologies. The LC discovery potential for

AMSB scenarios is shown in fig. 13. Large parts of the ∆mχ̃1
− mχ̃±

1
region are covered up
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Significant         coupling can 
also be present in the third 
generation fermion sector
(eg. stop ...). ILC  good  probe !

estimated. Under the assumption that mSUGRA is the correct underlying theory, the SUSY

parameters can be deduced with high precision: m0 = 100±0.08 GeV,m1/2 = 250±0.20 GeV,
A0 = 0 ± 13 GeV and tan β = 10 ± 0.5.

Similar precisions are quoted in a study of the RR 1 model at the TESLA LC [8], where one

profits from higher rates due to the availability of polarised positrons.

6 R-parity violation

Many supersymmetric models assume that R-parity, Rp = (−1)3B+L+2S , is a conserved quan-

tity. There is, however, no strong theoretical argument for this assumption. The general super-

potential contains /Rp tri-linear terms which violate lepton-number and baryon-number

W/Rp = λijkLiLjĒk
︸ ︷︷ ︸

δL!=0

+ λ′
ijkLiQjD̄k

︸ ︷︷ ︸

δL!=0

+ λ′′
ijkŪiD̄jD̄k

︸ ︷︷ ︸

δB !=0

. (16)

Rp violation changes the SUSY phenomenology drastically. The lightest superpartner (LSP),

usually the neutralino χ̃0
1, is no longer stable. Instead of the typical missing energy signa-

ture there are characteristic multi-lepton, multi-jet final states. A systematic investigation of

e+e− → χ̃+
1 χ̃−

1 , χ̃0
i χ̃

0
j production [20] demonstrates that /Rp decays are easily recognised as

events with at least three leptons plus few missing energy or jets (λ or λ′ couplings) or multi-jet

events (6-10 jets for λ′′ > 0). Despite large combinatorics a χ̃0
1 mass reconstruction appears

feasible.

For not too small /Rp couplings λ1j1 single sparticle production e+e− → ν̃ → %%̄, %±χ̃∓
j

is possible, to be significantly enhanced by e+
Le−L or e+

Re−R beam polarisations. The reaction

- - - e+
L
e
−

L

!
~

1
0 !

~

1
0

!
~

i
0 !

~

j
0

"
~

p
 "
~

p
*

P
t
 (µ) (GeV/c)

N
o

rm
a
li
z
e
d

 N
u

m
b

e
r 

o
f 

E
v
e
n

ts

!
~

1
± µ

±
 #

0

0.02

0.04

0.06

0.08

0.1

0 25 50 75 100 125 150 175 200 225

λ121 = 0.05

mν̃ = 240 GeV

m
χ̃+
1

= 116 GeV

Figure 12: /Rp signals in resonance production e+e− → ν̃τ → e+e− interfering with Bhabha
scattering (left) and muon pµ

⊥ spectrum in e+e− → χ̃±
1 µ∓ with χ̃±

1 → %±ν$ χ̃0
1, χ̃

0
1 → eeνµ, µeνe

at
√

s = 500 GeV (right), from ref. [3]

13



Barbara Mele ILC Physics in Florence,  12/9/2007

Summary from mass precision in 
SPSa1

26

5 Supersymmetric Models

m [GeV] ∆m [GeV] Comments
χ̃±

1 176.4 0.55 simulation threshold scan , 100 fb−1

χ̃±
2 378.2 3 estimate χ̃±

1 χ̃∓
2 , spectra χ̃±

2 → Zχ̃±
1 , W χ̃0

1

χ̃0
1 96.1 0.05 combination of all methods

χ̃0
2 176.8 1.2 simulation threshold scan χ̃0

2χ̃
0
2, 100 fb−1

χ̃0
3 358.8 3 – 5 spectra χ̃0

3 → Zχ̃0
1,2, χ̃0

2χ̃
0
3, χ̃

0
3χ̃

0
4, 750 GeV, > 1000 fb−1

χ̃0
4 377.8 3 – 5 spectra χ̃0

4 → W χ̃±
1 , χ̃0

2χ̃
0
4, χ̃

0
3χ̃

0
4, 750 GeV, > 1000 fb−1

ẽR 143.0 0.05 e−e− threshold scan, 10 fb−1

ẽL 202.1 0.2 e−e− threshold scan 20 fb−1

ν̃e 186.0 1.2 simulation energy spectrum, 500 GeV, 500 fb−1

µ̃R 143.0 0.2 simulation energy spectrum, 400 GeV, 200 fb−1

µ̃L 202.1 0.5 estimate threshold scan, 100 fb−1 [36]
τ̃1 133.2 0.3 simulation energy spectra, 400 GeV, 200 fb−1

τ̃2 206.1 1.1 estimate threshold scan, 60 fb−1 [36]
t̃1 379.1 2 estimate b-jet spectrum, mmin(), 1TeV, 1000 fb−1

Table 5.12: Sparticle masses and their expected precisions in Linear Collider experiments,
SPS 1a mSUGRA scenario.

5.1.4.5 Summary

The results of the SPS 1a sparticle mass studies are summarised in table 5.12, where
the best values expected from either production in the continuum or threshold scans
are quoted. For most sparticles they are based on realistic Monte Carlo and detector
simulations and reasonable assumptions on the LC performance. Only the heavy χ̃0,
χ̃± and 1 states rely on some plausible estimates. Typical accuracies in the per cent
to per mil range can be expected at a Linear Collider. These precision measurements
serve as input to explore SUSY scenarios in a model independent way [47]. It should
be pointed out once more that LC experiments provide much more valuable informa-
tion, such as accurate values on mixing angles, couplings and quantum numbers.

The final goal would be to perform a combined analysis of all available experimen-
tal information – including masses, cross sections, branching ratios, etc. from the LC

and LHC [45, 46] – in order to arrive at a high precision determination of the SUSY

Lagrange parameters and to extrapolate them to high scales aiming at reconstructing
the fundamental parameters and the mechanism of supersymmetry breaking. This
requires also that theoretical calculations have to be developed to the same accuracy
as the anticipated experiments. Such a programme is in progress [48].

5.1.5 Sparticle mass measurements from LHC analyses and

combination with LC results

M. Chiorboli, A. De Roeck, B.K. Gjelsten, K. Kawagoe, E. Lytken, D. Miller, P. Osland,
G. Polesello and A. Tricomi

The analyses briefly described in the previous sections provide a series of mea-
surements of kinematic quantities which are directly related to sparticle masses and
branching fractions through simple algebraic formulae.
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ILC has a great potential  for probing  
both the main characteristics and the 

fine-structure of the scalar SUSY  
partners of SM fermions.
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ConclusionsConclusions


