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Abstract. The basic parameters of supersymmetric theories can be determined at future e+e− linear
colliders with high precision. We investigate in this report how polarisation measurements in τ̃ and t̃ or b̃
decays to τ leptons and t quarks plus neutralinos or charginos can be used to measure tan β (in particular
for large values) and to determine the trilinear couplings Aτ , At and Ab in sfermion pair production.

1 Introduction

If supersymmetry is realised in nature [1,2], a large num-
ber of low-energy parameters – masses, couplings and mix-
ings – must be determined with high precision. This is nec-
essary in order to investigate the mechanism of breaking
the symmetry and to reconstruct the fundamental theory
eventually at a scale close to the Planck scale [3]. While
the coloured SUSY partners are expected to be discov-
ered at the hadron colliders Tevatron and LHC, future
e+e− linear colliders will provide a comprehensive pic-
ture of the weakly interacting, non-coloured particles [4,5].
Moreover, the detailed analysis of their properties will be
a central target of experiments at the linear colliders such
as JLC/NLC/TESLA in the sub-TeV phase and as CLIC,
a collider concept for extending the energy to the multi-
TeV range.

The analysis program for the new particles has been
developed in great detail for the mass parameters and
mixings in the (non-coloured) sfermion and gaugino sec-
tors [6]. It has been shown in particular how the SU(2) ×
U(1) gaugino mass parameters M2 and M1, as well as
the higgsino mass parameter µ can be extracted [7, 8].
However, while tan β, the mixing parameter in the Higgs
sector, can be measured well for moderate values in the
chargino/neutralino sector, only bounds can be set on
tanβ if this parameter is large, i.e. tanβ>∼10, for simple
mathematical reasons discussed later.

Several processes have been studied to measure tan β
in different ways (see e.g. [9] and references therein), com-
plemented also by methods for measuring the trilinear At

couplings in the superpotential [10]. They include heavy
Higgs boson decays to fermion and sfermion pairs, Higgs

radiation off fermions and sfermions, and others. For this
purpose some of us [11] made a detailed study of the tau
polarisation in stau production. In this report we expand
on this work and perform a comprehensive analysis of
polarisation effects in sfermion decays to fermions plus
neutralinos/charginos in e+e− pair production of third-
generation sfermions:

e+e− → τ̃i
¯̃τj , τ̃i → τ χ̃0

k [i, j = 1, 2; k = 1, . . . , 4] ,

e+e− → t̃i
¯̃tj , t̃i → tχ̃0

k [i, j = 1, 2; k = 1, . . . , 4] ,

e+e− → b̃i
¯̃
bj , b̃i → tχ̃−

k [i, j = 1, 2; k = 1, 2] . (1)

The τ , t fermions are longitudinally polarised in the two-
body decays of the scalar particles – the neutralino/
chargino spin states are not measured.

Stau production has been proposed in [12] for investi-
gating the properties of neutralinos. We do not only ex-
pand on this work but rather focus on the processes (1) as
a means for measuring separately tanβ and the trilinear
couplings Aτ , At, Ab in the superpotential.

These parameters enter the off-diagonal L/R element
of the sfermion mass matrix in the combination

m2
LR[f̃ ] = mf

[
Af − µ tanβ(cot β)

]
(2)

for down (up)-type particles, respectively. The matrix el-
ement can be related directly to experimental observables
– the physical masses mf̃1

, mf̃2
and the mixing angle θf̃ :

m2
LR[f̃ ] = 1

2 (m2
f̃1

− m2
f̃2

) sin 2θf̃ . (3)

While the sfermion masses can be determined accurately
from decay spectra and from threshold scans, the mixing
angles can be extracted from sfermion pair production.
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The trilinear Af couplings and tanβ can be disentan-
gled by measuring the fermion polarisation in the decays
f̃ → fχ̃. In particular for large tanβ, the properties of
the charginos and neutralinos – masses and mixings –
are nearly independent of the specific value of this pa-
rameter as the gaugino mass matrices depend solely on
cos 2β � −1 + 2/ tan2 β and sin 2β � 2/ tanβ. By con-
trast, the Yukawa couplings ff̃ χ̃ for down-type particles
are of order cos−1 β � tanβ, with high sensitivity to large
tanβ – to the extent that the wave functions of the as-
sociated neutralinos and charginos possess non-negligible
higgsino components. If this is not realised for the light
gauginos, sfermion decays to heavy gauginos may be ex-
ploited in major parts of the supersymmetry parameter
space wherever those decay channels are kinematically
open and the corresponding decay branching ratios are
sufficiently large.

The polarisation of fast moving τ particles affects the
shape of the energy spectrum in decays like τ− → ντπ− by
angular-momentum conservation. For positive τ helicity,
for instance, the pion is emitted preferentially in forward
direction, carrying a large fraction of the τ energy while
the spectrum is suppressed in the opposite direction, i.e.
for soft π energies. Another useful analyser is provided by
the ρ decay channel.

The polarisation of the top quark in the decays b̃ →
tχ̃− and t̃ → tχ̃0 can be determined from the distribution
of the quark jets in the hadronic top decays t → b + cs̄.

This report is organised as follows. In the next section
we discuss the general analysis of the τ̃ /τ sector, followed
in the third section by an experimental simulation for a
specific large tan β reference point, RP, inferred from the
Snowmass Point SPS1a [13]. In the fourth section we will
present the analogous analysis for t̃ and b̃ decays including
details on the measurement of the top quark polarisation
in the decay final states.

2 The τ̃ /τ system

2.1 Masses and mixing

Because of the large Yukawa couplings in the third gen-
eration, the left- and right-chiral stau states1 τ̃L and τ̃R
mix to form mass eigenstates τ̃1 and τ̃2. The mass matrix
in the L/R current basis can be written in the form

M2
τ̃ =

(
M2

L + m2
τ + DL mτ (Aτ − µ tanβ)

mτ (Aτ − µ tanβ) M2
E + m2

τ + DR

)

=

(
m2

LL m2
LR

m2
LR m2

RR

)
, (4)

with the SU(2) doublet (singlet) mass parameter M2
L

(M2
E); the D-terms DL =

(− 1
2 + sin2 θW

)
cos(2β)m2

Z and

1 The following paragraphs are included for the sake of co-
herence (see also [12,14])

DR = − sin2 θW cos(2β)m2
Z ; the trilinear τ̃Rτ̃LH1 stau–

Higgs coupling Aτ ; the higgsino mass parameter µ; and
tanβ = v2/v1 the ratio of the two Higgs vacuum expecta-
tion values. The mass parameters m2

LL, m2
RR are positive

for tanβ > 1, whereas m2
LR may carry either sign.

The two mass eigenvalues,

m2
τ̃1,2

= 1
2

[
m2

LL + m2
RR ∓

√
(m2

LL − m2
RR)2 + 4m4

LR

]
, (5)

are ordered in the sequence mτ̃1 < mτ̃2 by definition. The
mixing angle θτ̃ rotates the current states to the mass
eigenstates,(

τ̃1

τ̃2

)
=

(
cos θτ̃ sin θτ̃

− sin θτ̃ cos θτ̃

)(
τ̃L

τ̃R

)
. (6)

The stau mixing angle, defined on the interval 0 ≤ θτ̃ < π,
is related to the diagonal and off-diagonal elements of the
mass matrix,

tan 2θτ̃ =
−2m2

LR

m2
RR − m2

LL
. (7)

In reverse, the elements of the mass matrix can be ex-
pressed by the three characteristics of the state system,
i.e. the two masses and the mixing angle:

m2
LL = 1

2 (m2
τ̃1

+ m2
τ̃2

) − 1
2 (m2

τ̃2
− m2

τ̃1
) cos 2θτ̃ , (8)

m2
RR = 1

2 (m2
τ̃1

+ m2
τ̃2

) + 1
2 (m2

τ̃2
− m2

τ̃1
) cos 2θτ̃ , (9)

m2
LR = 1

2 (m2
τ̃1

− m2
τ̃2

) sin 2θτ̃ . (10)

Depending on the sign of cos 2θτ̃ , the SUSY mass param-
eter m2

LL is either smaller or larger than m2
RR.

The two masses mτ̃1,2 can be measured from the end-
points of the spectra in decay distributions and from
threshold scans in e+e− annihilation. The mixing angle
θτ̃ can be determined from measurements of the produc-
tion cross sections e+e− → τ̃iτ̃j [i, j = 1, 2]:

σ(e+e− → τ̃iτ̃j)

=
8πα2

3s
λ

3
2

[
c2
ij

|∆(Z)|2
sin4 2θW

(P−+L2
τ + P+−R2

τ )

+δij
1
16 (P−+ + P+−)

+ δijcij
Re(∆(Z))
2 sin2 2θW

(P−+Lτ + P+−Rτ )
]

, (11)

with s denoting the CM energy squared. λ
1
2 , with λ = [1−

(mτ̃i +mτ̃j )
2/s][1−(mτ̃i −mτ̃j )

2/s], is proportional to the
velocity of the τ̃ in the final state; the coefficient λ3/2 in
the cross section is characteristic for the P -wave suppres-
sion of pair production of scalar particles at threshold in
e+e− annihilation. ∆(Z) = is/(s − m2

Z + imZΓZ) denotes
the (renormalised) Z propagator. The lepton/slepton cou-
plings include the mixing angle,

c11/22 = 1
2 [Lτ + Rτ ± (Lτ − Rτ ) cos 2θτ̃ ] , (12)
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c12 = c21 = 1
2 (Lτ − Rτ ) sin 2θτ̃ , (13)

with Lτ =
(− 1

2 + sin2 θW
)

and Rτ = sin2 θW being the
left/right-chiral Z charges of τ . The electron/positron po-
larisation coefficients are defined as P−+ = (1 − Pe−)(1 +
Pe+) and vice versa, with the first/second index denoting
the e−/e+ helicity, and Pe− , Pe+ being the polarisation.

The measurement of one of the diagonal cross sections,
for example, will determine cos 2θτ̃ up to at most a single
ambiguity2. The ambiguity can be resolved by measur-
ing the cross sections for two pairs 11 and 22, or by us-
ing polarised beams, or by varying the beam energy. The
second method may be most useful in practice. The 12
cross section is generally small and therefore less useful in
practice. Either of the other options will finally lead to a
unique value of cos 2θτ̃ from which the modulus | cos θτ̃ |
can be derived and, equivalently, θτ̃ up to the reflection
θτ̃ ↔ π − θτ̃ . At the very end we are left with a sign
ambiguity in the mixing parameter sin 2θτ̃ .

Let us summarise. If the two masses mτ̃1,2 and the mix-
ing angle | cos θτ̃ | have been determined, the off-diagonal
element of the mass matrix is fixed up to a sign ambiguity.
Thus the combination (Aτ − µ tanβ) of the fundamental
supersymmetric parameters Aτ and tanβ can be evalu-
ated up to a simple sign ambiguity solely from measure-
ments of masses and cross sections.

2.2 τ polarisation in τ̃ decays

To disentangle the parameters Aτ and tanβ in the off-
diagonal element of the mass matrix, the measurement of
the τ (longitudinal) polarisation in the decays

τ̃1 → τ χ̃0
k and τ̃2 → τ χ̃0

k [k = 1, . . . , 4] (14)

proves crucial. The τ polarisation depends in general on
the mixing of the neutralino χ̃0

k states and it can be ex-
pressed in terms of the Yukawa couplings aL,R

ik [11, 12]:

Pτ̃i→τχ̃0
k

=
(aR

ik)2 − (aL
ik)2

(aR
ik)2 + (aL

ik)2
, (15)

with

aL,R
1k = cos θτ̃aL,R

Lk + sin θτ̃aL,R
Rk and

aL,R
2k = − sin θτ̃aL,R

Lk + cos θτ̃aL,R
Rk , (16)

where the scalar currents are defined by the interaction

Lτ =
∑
i=1,2

k=1,...,4

τ̃i(τ̄RaR
ik + τ̄LaL

ik)χ̃0
k (17)

in the {gaugino; higgsino} basis {B̃, W̃3; H̃1, H̃2}:

aR
Lk = − g√

2
mτ

mW cos β
Nk3 and

2 Generally the condition | cos 2θτ̃ | ≤ 1 is not met by both
solutions of the quadratic equation (11) and the analysis of the
single production channel 11 is sufficient in this case

Table 1. Definition of the reference scenario RP at the electro-
weak scale

Basic RP parameters
Gaugino masses M1 99.1 GeV

M2 192.7 GeV
Higgs(ino) parameters µ 140 GeV

tan β 20
Slepton mass parameters ML 300 GeV

ME 150 GeV
Squark mass parameters MQ 596 GeV
3rd generation MU 525 GeV

MD 617 GeV
Trilinear couplings Aτ −254 GeV

Ab −773 GeV
At −510 GeV

aR
Rk = − 2g√

2
Nk1 tan θW , (18)

aL
Lk = +

g√
2

[Nk2 + Nk1 tan θW] and

aL
Rk = aR

Lk. (19)

The elements of the neutralino mixing matrix Nkm ap-
proach asymptotically a value independent of high tanβ so
that the coefficients in front of the aR

Lk and aL
Rk couplings

are the key elements for our purpose. They are propor-
tional to cos−1 β � tanβ with a coefficient that depends
only on parameters measured in the chargino/neutralino
sector but is nearly independent of tanβ. To exploit the
strong tanβ dependence of aR

Lk and aL
Rk, a significant higgs-

ino component ∼ Nk3 must be present in the neutralino
wave function. Therefore τ̃i [i = 1, 2] may be needed both
to cover also the heavy neutralino decay channels. Uni-
tarity ensures that at least one neutralino state with sig-
nificant higgsino component in the wave function will be
accessed. Since the coefficients of the key elements depend
only on already measured parameters, we can predict a
priori to what extent the method is useful for a particular
decay process. The contour plots in Fig. 1 exemplify typi-
cal values of the higgsino parameter N13/N11 of χ̃0

1 versus
N33/N31 of χ̃0

3 (both normalised to the bino component)
in the (µ, M2) plane of the MSSM. [The constraint relation
M1/M2 = 5

3 tan θ2
W is adopted as an auxiliary assumption

just for the sake of simplicity.] The kinks of the contour
curves N33/N31 in Fig. 1b are caused by the exchange
of the gaugino/higgsino mixing character of χ̃0

2 and χ̃0
3 as

the corresponding mass eigenvalues change their ordering,
cf. [15]. The reference point RP, given in Table 1, is marked
by a star.

Separating the neutralino mixing parameters from the
relevant Yukawa couplings,

ng = 1 + cot θW
N12

N11
, (20)

nh = cot θW
N13

N11
, (21)
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Fig. 1. Contour plots in the (M2, µ) plane for the matrix elements N13/N11 and N33/N31. The reference point RP is indicated
by the star. The exclusion bounds are set to mχ̃0

1
≥ 45 GeV and m

χ̃±
1

≥ 103 GeV

gives rise to a transparent representation for the τ polar-
isation in τ̃1 → τ χ̃0

1 decay:

Pτ̃1→τχ̃0
1

= [(4 − n2
g) − (4 + n2

g − 2n2
hµ2

τ/ cos2 β) cos 2θτ̃

+2(2 + ng)nh sin 2θτ̃µτ/ cos β]

/[(4 + n2
g + 2n2

hµ2
τ/ cos2 β) − (4 − n2

g) cos 2θτ̃

+2(2 − ng)nh sin 2θτ̃µτ/ cos β] , (22)

with the abbreviation µτ = mτ/mW . The formula is easily
transcribed to other neutralino χ̃0

k decays by adjusting
the mixing coefficients N1m ⇒ Nkm. The transition to τ̃2
just requires flipping the signs of sin 2θτ̃ and cos 2θτ̃ . Note
that the polarisation itself is independent of the stau and
neutralino masses.

Evidently, measurements of the polarisation at a level
of a few percent are sufficient to guarantee the determina-
tion of large values of tanβ to better than ten percent in
most of the (M2, µ) parameter plane of Fig. 1 by analysing
mutually complementary channels, like τ̃1 → χ̃0

1τ and
τ̃2 → χ̃0

3τ .
If accuracies at the percent level will be reached ex-

perimentally, the equivalent precision must be provided
by the theoretical analysis. This requires the calculation
of higher order corrections, which become increasingly im-
portant for rising tanβ, and the proper operational defini-
tion of this parameter (for first steps see [16,17]). Affected
in this way by all parameters of the theory, polarisation
measurements must be part of a general global analysis
– with a strong effect, however, on the determination of

tanβ and the Af parameters as evident from the present
analysis at tree level.

3 A specific example

To study the experimental feasibility of measuring the pa-
rameters tan β and Aτ after the previous general estimates
in more detail, we have defined a specific reference point
RP in Table 1, that is motivated3 by the Snowmass point
SPS1a [13]. The particle masses associated with the ref-
erence point RP are collected in Table 2. The matrices
diagonalising the neutralino and chargino mass matrices
are displayed in Tables 3 and 4. Note that the lightest
neutralino χ̃0

1 state (and also the chargino χ̃+
1 ) has a sig-

nificant higgsino component, N13 (and V12). In Table 5 the
cross sections σ(e+e− → τ̃iτ̃j) are listed for

√
s = 500 GeV

and 800 GeV and various e± beam polarisations Pe− and
Pe+ . The predicted τ polarisations and branching ratios
of the decays τ̃1, 2 → τ χ̃0

k are collected in Table 6.
For moderate values of tanβ, the polarisation is af-

fected only indirectly by the wave function through the
gaugino mixing ng while the direct dependence on tanβ
through the Yukawa coupling is suppressed by the small
mass ratio µτ ∼ 10−2. By contrast for “large tanβ” in
the range from 10 to 50, the gaugino and higgsino pa-
rameters, ng and nh, are nearly independent of tanβ,

3 We have checked, by adopting the programme [18], that the
point RP, whose parameters are given in Table 1, is in agree-
ment with constraints from present data for [g − 2]µ, b → sγ
and Ω
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Table 2. Physical masses and sfermion mixing angles in the
reference scenario RP

Masses and sfermion mixing angles
Neutralinos mχ̃0

1
78 GeV

mχ̃0
2

126 GeV

mχ̃0
3

152 GeV

mχ̃0
4

240 GeV

Charginos m
χ̃±
1

110 GeV

m
χ̃±
2

240 GeV

Staus mτ̃1 155 GeV
mτ̃2 305 GeV

Sbottoms mb̃1
592 GeV

mb̃2
624 GeV

Stops mt̃1
497 GeV

mt̃2
665 GeV

Sfermion mixing angles θτ̃ 1.492
θb̃ 0.485
θt̃ 0.987

Table 3. Neutralino mixing matrix of RP

Nk1 Nk2 Nk3 Nk4

χ̃0
1 −0.730 0.248 −0.548 0.325

χ̃0
2 0.657 0.488 −0.425 0.386

χ̃0
3 0.118 −0.161 −0.660 −0.724

χ̃0
4 −0.147 0.821 0.289 −0.470

Table 4. Chargino mixing matrix of RP

Vk1 Vk2 Uk1 Uk2

χ̃+
1 0.669 −0.743 χ̃−

1 −0.408 0.913

χ̃+
2 0.743 0.669 χ̃−

2 0.913 0.408

Table 5. Production cross sections of e+e− → τ̃iτ̃j for reference point RP with polarised
beams (Pe− , Pe+). The cross sections for τ̃1τ̃2 production at

√
s = 500 GeV are less than 0.1 fb

√
s = 500 GeV

√
s = 800 GeV

(Pe− , Pe+) σ(e−e+ → τ̃1τ̃1) σ(e−e+ → τ̃1τ̃1) σ(e−e+ → τ̃2τ̃2) σ(e−e+ → τ̃1τ̃2)
unpolarised 46.8 fb 29.4 fb 12.4 fb 0.06 fb
(−0.8, 0) 24.0 fb 15.3 fb 19.1 fb 0.07 fb
(+0.8, 0) 70.0 fb 43.6 fb 5.7 fb 0.05 fb

(−0.8, +0.6) 29.3 fb 18.9 fb 30.0 fb 0.11 fb
(+0.8, −0.6) 109.1 fb 68.3 fb 6.7 fb 0.07 fb

Table 6. τ polarisations Pτ and branching ratios Bτ̃ of the
decays τ̃1,2 → τχ̃0

k for reference point RP

τ̃1 → τ χ̃0
k τ̃2 → τ χ̃0

k

Pτ Bτ̃1→τχ̃0 Pτ Bτ̃2→τχ̃0

χ̃0
1 +0.85 0.78 +0.11 0.04

χ̃0
2 +0.76 0.12 −0.84 0.43

χ̃0
3 – – +0.72 0.05

χ̃0
4 – – −0.93 0.07

cf. [8] and Appendix A, and the mixing angle θτ̃ , with
tan 2θτ̃ ∼ 2mτµ tanβ/M2

E,L, is expected to be still suffi-
ciently away from the asymptotic value π/4. In this range,
the polarisation is affected strongly by the Yukawa cou-
pling ∼ cos−1 β � tanβ so that the polarisation measure-
ment provides us with a new experimental method for
determining large values of tanβ.

The Yukawa couplings can be proven as the origin for
the sensitivity of the polarisation on tanβ in τ̃1 → τ χ̃0

1.
This can be demonstrated by comparing the exact value
of the τ polarisation P = 0.85 with the approximate value

derived for the gaugino and higgsino components ng, nh of
the neutralino in the asymptotic limit tanβ → ∞: P∞ =
0.86.

3.1 Summary of τ̃ parameter measurements

The parameters of the τ̃ system can be determined by
measurements of the τ̃1, τ̃2 masses and the mixing angle θτ̃

from which tanβ and the trilinear coupling Aτ can be de-
rived. Maximum sensitivity is achieved by proper choices
of collision energy and beam polarisations; see Table 5.
The following configurations with large rates are consid-
ered:

e+
L e−

R → τ̃1τ̃1 at
√

s = 500 GeV , (23)

e+
Re−

L → τ̃2τ̃2 at
√

s = 800 GeV . (24)

Methods to determine particle masses include mea-
surements of decay spectra and cross sections at the pro-
duction thresholds. A Monte Carlo simulation of reac-
tion (23), described in Appendix B, shows that the τ̃1 mass
can be measured with an accuracy of δmτ̃1 = 0.5 GeV.
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Applying extrapolations of the present and previous stud-
ies [5] to τ̃2τ̃2 production at higher energies, one expects
an uncertainty of δmτ̃2 � 2–3 GeV on the τ̃2 mass.

The τ̃ mixing angle θτ̃ is related to the total cross
section, given by (11)–(13), and it is displayed in Fig. 2
for τ̃1τ̃1 production. The measurement of the cross sec-
tion will not be limited by statistics, but rather by sys-
tematic effects with a typical error of δσ/σ = 3%. Using
the theoretical prediction of σ(e+

L e−
R → τ̃1τ̃1) = 109 fb

at the Born level for Pe− = +0.80, Pe+ = −0.60, with
a statistical error of 1.0 fb and a systematical error of
3.3 fb, the mixing angle can be estimated to an accuracy of
cos 2θτ̃ = −0.987±0.02±0.06 for an integrated luminosity
of L = 500 fb−1; see Fig. 2. (The detailed simulation will
be presented in Appendix B.)

The τ polarisation Pτ in τ̃ decays can be measured
from the shape of the energy spectra of hadronic decays,
e.g. τ → πν. The energy distributions including the com-
plete spin correlations for the final state e+

L e−
R → τ̃1τ̃1 →

τ̃±
1 + π∓νχ̃0

1 have been calculated using CompHEP [19].
The polarised τ decays have been checked to agree with
Tauola [20]. In a case study the accuracy of a polarisa-
tion measurement has been estimated by generating un-
weighted events at

√
s = 500 GeV corresponding to an in-

tegrated luminosity of L = 500 fb−1. Taking all branching
ratios into account and assuming an efficiency of ε � 0.30
gives rise to about 3,300 decays τ → πν with the pion
energy spectrum shown in Fig. 3. The scaled pion energy
distribution, yπ = 2Eπ/

√
s, is given [12] by

1
σ

dσ

dyπ
=

1
x+ − x−

(25)

×




(1 − Pτ ) log
x+

x−
+ 2Pτ yπ

(
1

x−
− 1

x+

)
for 0 < yπ < x−,

(1 − Pτ ) log
x+

yπ
+ 2Pτ

(
1 − yπ

x+

)
for x− < yπ < x+,

where

x+/− =
mτ̃√

s

(
1 − m2

χ̃

m2
τ̃

)
1 ± β√
1 − β2

,

with

β =
√

1 − 4m2
τ̃/s .

A fit of the analytical formula to the generated spectrum
gives a polarisation of Pτ̃1→τχ̃0

1
= 0.82 ± 0.03, compatible

with the theoretical value P th
τ = 0.85 quoted in Table 6.

From such a measurement of Pτ̃1→τχ̃0
1

the inversion of ex-
pression (22) leads to a determination of tanβ = 22 ± 2,
as illustrated in Fig. 4. Note that the above approach ne-
glects detector acceptances and resolution effects as well
as backgrounds. It nevertheless provides a valuable esti-
mate of the precision which can be achieved and which is

Fig. 2. Mixing angle cos 2θτ̃ versus cross section σ(e+e− →
τ̃1τ̃1) at

√
s = 500 GeV for beam polarisations Pe− = +0.8 and

Pe+ = −0.6 (thick dotted) and the unpolarised case (solid line)
in the scenario RP. The vertical lines indicate the predicted
cross sections. For unpolarised beams one observes a two-fold
ambiguity in cos 2θτ̃ (bullets on solid line); for polarised beams,
however, only one solution lies in the allowed range (bullets on
dotted line)
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Fig. 3. Pion energy spectrum yπ = 2 Eπ/
√

s from τ → πν
decays of e+

L e−
R → τ̃+

1 τ̃−
1 → τ+χ̃0

1 + τ−χ̃0
1 production with

Pe− = +0.8, Pe+ = −0.6 at
√

s = 500 GeV, corresponding to
L = 500 fb−1; reference scenario RP. The curve represents a fit
to a τ polarisation of Pτ = 0.82 ± 0.03

��� �

�
����� ��

�

�

10

15

20

25

30

35

40

45

50

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 4. tan β versus τ polarisation Pτ̃1→τχ̃0
1

for the ref-
erence scenario RP. The bands illustrate a measurement of
Pτ = 0.82 ± 0.03 leading to tan β = 22 ± 2
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later supported by detailed simulations described in Ap-
pendix B.

The off-diagonal elements of the mass matrix, (4) and
(10), offer, in principle, the possibility to derive the trilin-
ear coupling Aτ from the data:

Aτ =
m2

τ̃1
− m2

τ̃2

2mτ
sin 2θτ̃ + µ tanβ . (26)

In the reference scenario RP, with the trilinear coupling
Aτ = −254 GeV, this method cannot be applied, how-
ever. The second term contributes to the total error with
δA

(δ tan β)
τ = 280 GeV. But the first term gives a huge er-

ror of δA
(δ sin 2θτ̃ )
τ = 2400 GeV, even if only the statistical

uncertainty in sin 2θτ̃ = 0.158 ± 0.125 is taken into ac-
count. This is an artifact of the large τ̃ mass splitting
compared to mτ and the small L/R mixing generated
for θτ̃ � π/2 in RP. The situation improves considerably
for models with small mass differences and larger mixing.
For example, a reduction of the slepton mass parameter
ML = 200 GeV (� mτ̃2), while the other RP parameters
are left unchanged, in particular mτ̃1 = 155 GeV (cf. Ta-
ble 1) leads to sin 2θτ̃ = 0.517±0.033 and a corresponding
error of δA

(δ sin 2θτ̃ )
τ = 200 GeV, comparable to the contri-

bution of δA
(δ tan β)
τ in (26).

4 The t̃, b̃ → t system

The analyses presented in the previous section can easily
be expanded to squarks/quarks of the third generation.
Three points should be noted for the transition from the
lepton to the quark sector.
(i) Since squarks are significantly heavier than staus, the
decays to the heavier neutralino/chargino states χ̃0

3,4 and
χ̃±

2 are possible which, in particular in mSUGRA-like sce-
narios, may carry a dominant higgsino component.
(ii) Decays of b quarks cannot be exploited, as depolarisa-
tion effects during the fragmentation process b → B, B∗
wash out the b helicity signal.
(iii) Hadronic top decays can efficiently be used as analy-
sers for the top polarisation in the decay t → bW → b+cs̄
by tagging the b and c quarks while the flavour of the fi-
nal s̄ jet, which corresponds to the charged lepton in the
leptonic W decays of [21], need not be identified. These
arguments lead us naturally to consider the channels

t̃i → t χ̃0
k [i = 1, 2; k = 1, . . . , 4] , (27)

b̃i → t χ̃−
k [i = 1, 2; k = 1, 2] . (28)

From the off-diagonal elements of the t̃ and b̃ mass
matrices,

m2
LR[t̃] = 1

2 (m2
t̃1

− m2
t̃2

) sin 2θt̃ = mt(At − µ cot β) , (29)

m2
LR[b̃] = 1

2 (m2
b̃1

− m2
b̃2

) sin 2θb̃ = mb(Ab − µ tanβ), (30)

combinations of tanβ and the trilinear couplings At and
Ab can be determined. The sensitivity to tanβ in the stop

sector is low for large tan β, so that access is provided
primarily to At. Conversely, the pattern in the sbottom
sector is quite analogous to the stau sector.

With the couplings defined in analogy to (17)

Lq =
∑
i,k

q̃i(t̄RbR
ik + t̄LbL

ik)χ̃k, (31)

the (longitudinal) polarisation formulae are modified
slightly owing to the large top mass in the final state:

Pq̃i→tχ̃k
=

[
(bR

ik)2 − (bL
ik)2

]
f1[

(bR
ik)2 + (bL

ik)2
]− 2bR

ikbL
ik f2

. (32)

The additional coefficients f1 and f2, cf. (15), purely kine-
matical in origin, are given by

f1 = mt
(pχ̃ st)
(pt pχ̃)

, f2 = mt
mχ̃

(pt pχ̃)
, (33)

where mt, pt, st denote the mass, momentum and lon-
gitudinal spin vector of the decaying top quark, and pχ̃

the momentum of the neutralino. These coefficients can
be written in the t rest frame as

f1 =
λ

1
2 (m2

q̃, m
2
t , m

2
χ̃)

m2
q̃ − m2

t − m2
χ̃

, f2 =
2mtmχ̃

m2
q̃ − m2

t − m2
χ̃

.

(34)

They approach f1 → 1 and f2 → 0 for small decay fermion
masses, leading back to (22).

The differential distribution of the s̄ jet in the top de-
cay is given by

1
Γ

dΓ

d cos θ∗
s

= 1
2 (1 + Pq̃i→tχ̃k

cos θ∗
s), (35)

where θ∗
s is the angle between the s̄ quark from the W

boson in the t decay and the primary sfermion t̃i (b̃i) in
the top rest frame.
(i) t̃ → t transition. The polarisation of the t quark in this
decay process is explicitly given by

Pt̃1→tχ̃0
k

=
FNf1

FD1 − FD2f2
, (36)

where the coefficients of the numerator FN and denom-
inator FD1 are known from the massless case, only with
charge et = 2/3, Yukawa coupling Yt = µt/(

√
2 sin β) and

top-type electroweak isospin It
3L = 1/2 adapted properly:

FN= It
3L

2(ng − 2)2 + 2etI
t
3L(ng − 2)

+
√

2 sin 2θt̃Ytn
t
h

[
2et + It

3L(ng − 2)
]

+ cos 2θt̃

[
It
3L

2(ng − 2)2 + 2etI
t
3L(ng − 2)

+2e2
t − Y 2

t nt
h
2
]

(37)
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= 9ng
2 − 12ng − 12 + (12 + 18ng)nt

h sin 2θt̃µt/ sin β

+(9n2
g − 12ng + 20 − 18nt

h
2
µ2

t / sin2 β) cos 2θt̃, (38)

FD1= It
3L

2(ng − 2)2 + 2etI
t
3L(ng − 2) + 2e2

t + Y 2
t nt

h
2

+
√

2 sin 2θt̃YtI
t
3Lnt

h(ng − 2)

+ cos 2θt̃

[
It
3L

2(ng − 2)2 + 2etI
t
3L(ng − 2)

]
(39)

= 9n2
g − 12ng + 20

+18nt
h
2
µ2

t / sin β2 + 18nt
h(ng − 2) sin 2θt̃µt/ sin β

+(9n2
g − 12ng − 12) cos 2θt̃, (40)

FD2=
√

2YtI
t
3Lnt

h(ng − 2)

− sin 2θt̃

[
2e2

t + 2etI
t
3L(ng − 2) − Y 2

t nt
h
2
]

+
√

2 cos 2θt̃Ytn
t
h

[
2et + It

3L(ng − 2)
]

(41)

= 18nt
h(ng − 2)µt/ sin β

−(24ng − 16 − 18nt
h
2
µ2

t / sin2 β) sin 2θt̃

+nt
h(12 + 18ng) cos 2θt̃µt/ sin β. (42)

The abbrevations ng, nt
h for the gaugino and higgsino com-

ponents are given by

ng = 1 + cot θW
Nk2

Nk1
, (43)

nt
h = cot θW

Nk4

Nk1
. (44)

The expression for the t polarisation in the t̃2 decay can
be derived from (36) by changing the sign of all terms
∼ sin 2θt̃ and ∼ cos 2θt̃ in (37)–(42).
(ii) b̃ → t transition. With the appropriate couplings in-
serted, the polarisation of the top quark in the decays
b̃i → tχ̃±

k can be written equivalently to (36):

Pb̃1→tχ̃±
k

=
GNf1

GD1 − GD2f2
. (45)

The coefficients of the numerator GN and denominator
GD1 and GD2 are given by

GN = −c+
h

2
µ2

t / sin2 β + c−
h

2
µ2

b/ cos2 β + 2

−
(
2
√

2c−
h µb/ cos β

)
sin 2θb̃ (46)

−
(
c+
h

2
µ2

t / sin2 β + c−
h

2
µ2

b/ cos2 β − 2
)

cos 2θb̃ ,

GD1 = c+
h

2
µ2

t / sin2 β + c−
h

2
µ2

b/ cos2 β + 2

−
(
2
√

2c−
h µb/ cos β

)
sin 2θb̃ (47)

+
(
c+
h

2
µ2

t / sin2 β − c−
h

2
µ2

b/ cos2 β + 2
)

cos 2θb̃ ,

GD2 = −c+
h

(
1 + cos 2θb̃

)
2
√

2µt/ sin β

+c+
h c−

h 4 sin 2θb̃µtµb/ sin 2β , (48)

where c+
h and c−

h are ratios of U and V mixing matrix
elements,

c+
h = Vk2/Uk1 , (49)

c−
h = Uk2/Uk1 . (50)

The components of the chargino mixing matrix in the high
tanβ approximation read

U12 = U21 =
√

W + M2
2 − µ2 + 2m2

W /
√

2W , (51)

U11 = −U22 = −sign(µ)
√

W − M2
2 − µ2 + 2m2

W /
√

2W ,

(52)

V12 = −V21 = −sign(M2)
√

W + M2
2 − µ2 − 2m2

W /
√

2W ,

(53)

V11 = V22 =
√

W − M2
2 − µ2 − 2m2

W /
√

2W, (54)

with W =
√

(M2
2 + µ2 + 2m2

W )2 − 4M2
2 µ2. The explicit

expression for the t polarisation in the decay b̃2 → tχ̃±
k

can be derived from (45) by changing in (46)–(48) the
sign in the terms ∼ cos 2θb̃ and ∼ sin 2θb̃.

4.1 A study of t polarisation

Since the t polarisation in the process t̃i → tχ̃0
k depends

on 1/ sin β, see (37)–(41), it is only weakly sensitive to
large tanβ.

By contrast, the decay b̃1 → tχ̃±
1 can be used indeed

to measure tan β. A feasibility study of the reaction

e+
L e−

R → b̃1
¯̃
b1 → tχ̃±

1 + t̄χ̃∓
k (55)

has been performed at
√

s = 1.9 TeV within the reference
scenario RP. The cross section amounts to σb̃1b̃1

= 10 fb
assuming beam polarisations of Pe− = +0.80 and Pe+ =
−0.60.

The top polarisation measurement requires the recon-
struction of the t system and of the direction of the pri-
mary squark b̃1. If no other particles except the neutralinos
escape detection and all SUSY particle masses are known
(as assumed in the present study), it is possible to recon-
struct the momenta of both χ̃0

1 kinematically. The b̃1 di-
rections can then be determined up to a two-fold ambigu-
ity, where the correct solution gives the expected angular
distribution ∝ sin θ2

b̃1
while the false solution contributes

uniformly in cos θb̃1
. For a distribution measured with re-

spect to the b̃1 direction, like the strange quark in the top
decay of (35), the ambiguity can be resolved on a statis-
tical basis by subtracting the “wrong” solution (e.g. via
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Fig. 5. Angular distribution in cos θ∗
s , with θ∗

s being the angle
between the b̃1 and s̄ partons in the top rest frame of t → b cs̄
decays from e+

L e−
R → b̃1b̃1 → tχ̃±

1 + b̃1 production at
√

s =
1.9 TeV. The histogram corresponds to L = 2 000 fb−1; the
line represents a fit to a top polarisation of Pt = −0.44 ± 0.10

a Monte Carlo simulation). Therefore the following decay
chains of reaction (55) have been considered:

b̃
(1)
1 → tχ̃±

1 , t → b W → b cs̄, χ̃±
1 → qq̄′ χ̃0

1,

B(1) = 0.076, (56)

b̃
(2)
1 →




tχ̃±
1 , t → b W → b qq̄′, χ̃±

1 → qq̄′ χ̃0
1,

B(2) = 0.152 ,

tχ̃±
2 , t → b W → b qq̄′, χ̃±

2 → qq̄′ (W/Z) χ̃0
1,

B(3) = 0.180,

(57)

where the first sequence contains the decay of interest and
the B(i) denote the combined branching ratios. The b̃1

branching ratios to charginos are B(b̃1 → tχ̃±
1 ) = 0.36 and

B(b̃1 → tχ̃±
2 ) = 0.30. The large number of combinatorics

can be efficiently reduced by requiring flavour identifica-
tion – two bottom jets from top decays and at least one
charm jet from W decays – and applying additional kine-
matic constraints on the reconstruction of W masses, top
masses and chargino χ̃±

1 or χ̃±
2 masses.

The program CompHEP [19] has been used to calcu-
late the exact decay distributions of the 5-particle final
state e+e− → b̃1 + t χ̃±

1 → b̃1 +bcs̄ χ̃±
1 . Flavour tagging ef-

ficiencies for bottom and charm jets of εb = 0.85 and εc =
0.5 with reasonable purities (∼ 0.8) have been assumed
[5]. With an integrated luminosity of L = 2 000 fb−1 one
expects N = 2 B(1) (B(2) + B(3)) σb̃1b̃1

ε L � 330 recon-
structed b̃1 → tχ̃±

1 decays. The generated angular distri-
bution cos θ∗

s , where θ∗
s is the angle between the s̄ quark

and the primary b̃1 in the top rest frame, is presented in
Fig. 5. A fit to the top polarisation, given by (35), yields
Pt = −0.44±0.10, which is 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 Fig. 6.

Fig. 6. tan β as a function of top polarisation P
b̃1→tχ̃±

1
for

reference scenario RP. The bands indicate the results of a sim-
ulation with Pt = −0.44 ± 0.10 leading to tan β = 17.5 ± 4.5

Using (30), the trilinear bottom coupling can be ex-
pressed as

Ab =
mb̃1

+ mb̃2

2
· mb̃1

− mb̃2

mb
sin 2θb̃ + µ tanβ , (58)

with a nominal value of Ab = −778 GeV in the scenario
RP. The uncertainty coming from the second term can be
considerably reduced when using the tanβ measurement
from the τ sector. The contribution to Ab amounts to
δA

(δ tan β)
b = 280 GeV. The first term of (58) requires a

knowledge of this b̃ masses and mixing angle. From a cross
section measurement of reaction (55) with L = 2000 fb−1

one expects for the mixing angle a statistical accuracy of
sin 2θb̃ = 0.82 ± 0.04, which corresponds to a contribution
of δA

(δ sin 2θb̃)
b = 140 GeV. Due to the small mass difference

mb̃1
− mb̃2

= 32 GeV the precision on Ab is limited by
the errors on the masses. Assuming δmb̃ = 5 GeV one
gets δA

(δmb̃)
b = 770 GeV, which is of the same magnitude

as the trilinear coupling itself. If the mass determination
can be improved to δmb̃ = 2 GeV or better, the trilinear
coupling Ab can be obtained with a statistical accuracy of
δ(Ab)/Ab ∼ 60% or better.

The analysis can be carried out correspondingly for
the trilinear top coupling:

At =
mt̃1

+ mt̃2

2
· mt̃1

− mt̃2

mt
sin 2θt̃ + µ cot β . (59)

In the reference scenario RP the nominal value is given by
At = −510 GeV. Due to the large value of tanβ the sec-
ond term in (59) is completely negligible. Thus one relies
solely on the mass and cross section measurements. As-
suming δmt̃ � 10 GeV and δσ/σ = 0.05, corresponding to
sin 2θt̃ = 0.92 ± 0.06, the top coupling can be determined
to an accuracy of δ(At)/At <∼ 10%.

The above estimates of measurements of the top po-
larisation from b̃1 decays and the trilinear bottom and
top couplings can only serve as a rough guide. A more
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Table 7. Summary of expected precisions of the sfermion
mixing parameters sin 2θf̃ , tan β and the trilinear couplings
Af in reference scenario RP. The experimental assumptions
are L = 500 fb−1 at

√
s = 500 GeV for τ̃ production and L =

2000 fb−1 at
√

s = 1.9 TeV for b̃ and t̃ production. For details
on the error estimates see text

f̃ sin 2θf̃ tan β Af [GeV]
ideal error ideal error ideal error

τ̃ 0.16 0.12 20 2 −254 −
b̃ 0.82 0.04 20 4.5 −773 450
t̃ 0.92 0.06 20 −− −510 50

realistic statement must include background from com-
binatorics and production of all other squarks. Such an
analysis, however, can only be done with specific assump-
tions on a detector performance and a jet reconstruction
algorithm, which goes beyond the scope of the present
paper.

5 Summary and outlook

High-precision analyses of fundamental parameters will be
crucial elements of high-energy physics in the future. In
supersymmetric theories they should allow us to bridge
the gap from the electroweak scale to the grand unification
/ Planck scale in a stable way so as to set a link between
particle physics and gravity.

The mixing angle tanβ in the Higgs sector and the
trilinear couplings Af in the soft SUSY breaking terms,
correlated with the interactions described by the super-
potential, are parameters in supersymmetric theories that
are particularly difficult to determine. In this paper we
have explored opportunities to measure these parameters
in pair production of stau, sbottom and stop particles at
prospective e+e− linear colliders. The results of a study
of a specific scenario RP are summarised in Table 7.

Analysing the f polarisation in decays (generically)
f̃ → fχ̃ proves very promising for measurements of large
values of tanβ with an accuracy at the 10% level. The
proposed method can be applied across the MSSM pa-
rameter space by analysing mutually complementary χ̃0

i
[i = 1, 3, . . .] channels that guarantee sufficiently large
higgsino components in one of the neutralino wave func-
tions by unitarity.

Measurements of the split sfermion masses and the
mixing angles can subsequently be exploited to determine
the trilinear couplings Af . The precision which can be
achieved for the determination of the trilinear couplings
depends strongly on the masses and mixing angles of the
system. In the case of b̃ and t̃ decays where (mf̃1

−mf̃2
)/mf

is small and the mixing is sufficiently large, accuracies of
about 60% and 10% should be obtained for Ab and At, re-
spectively. In contrast, since mτ is very small, Aτ cannot
be determined with sufficient accuracy in the RP scenario
investigated.

A systematic survey of the parameter space will be
presented in a sequel to this report.
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A Analytical expressions
in the high tan β approximation

In order to study the tanβ dependence analytically, we
express the neutralino wave functions by the MSSM pa-
rameters M1,2 and µ, which are given in compact form
in [8]. In the high tanβ sector we can use the approxima-
tions

sin 2β ≈ 2 tan−1 β (1 − tan−2 β) ≈ 2 tan−1 β, (60)

cos 2β ≈ 2 tan−2 β − 1 ≈ −1 , (61)

which lead for the gaugino and higgsino coefficients ng and
nh in the τ̃i → τ χ̃0

k decay to the expressions:

ng = 2 +
1

sin θW cos θWBk/Ak − sin2 θW
, (62)

nh =
C̃k/Ak + D̃k

sin θW(Bk/Ak − tan θW)
, (63)

where

Ak = m2
Z(M2

2 sin4 θW + M2
1 cos4 θW

+2M2M1 sin2 θW cos2 θW − m2
k) (64)

+ (M2
2 sin2 θW + M2

1 cos2 θW − m2
k)(µ2 − m2

k),

Bk = sin θW cos θW

× [m2
Z(M1 cos2 θW + M2 sin2 θW)(M1 − M2)

+2m2
Zµ(M2 − M1)/ tanβ

−(µ2 − m2
k)(M2

2 − M2
1 )], (65)

C̃k = mZ [M1 sin2 θW(m2
k − M2

2 )

+M2 cos2 θW(m2
k − M2

1 )]/ tanβ, (66)

D̃k = − mZµ

µ2 − m2
k

. (67)

For completeness we note that the mass eigenvalues be-
have as m2

k = 1 + const/tanβ. (The expressions C̃k and
D̃k of (66) and (67) correspond to cosβ Ck and sinβ Dk

in the notation of [8]).
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B Monte Carlo study of e+e− → τ̃1τ̃1

In order to get a more realistic estimate of the achievable
precision of the τ̃ parameters a detailed simulation of the
process

e+
L e−

R → τ̃+
1 τ̃−

1 → τ+χ̃0
1 + τ−χ̃0

1 (68)

has been performed, assuming reference scenario RP with
beam polarisations of Pe− = +0.80 and Pe+ = −0.60,
a CM energy of

√
s = 500 GeV and an integrated lumi-

nosity of L = 250 fb−1. The SUSY particles masses are
mτ̃1 = 154.6 GeV and mχ̃0

1
= 78.0 GeV, the τ̃1 decay

modes and branching ratios are B(τ̃1 → τ−χ̃0
1) = 0.779,

B(τ̃1 → τ−χ̃0
2) = 0.124 and B(τ̃1 → ντ χ̃−

1 ) = 0.097.
Events are generated using the Monte Carlo program

Pythia 6.2 [22], which includes beam polarisation, QED
radiation and beamstrahlung effects [23]. Polarised τ de-
cays are treated by an interface to Tauola [20]. The de-
tector properties, acceptances and resolutions, follow the
concept described in [5] and realised in the parametric
simulation program Simdet [24].

The τ identification proceeds via the leptonic decays
τ → �ν̄�ντ with � = e or µ, and the hadronic decays τ →
h ντ with h = π, ρ (ππ0) or generic 3 π (ππ+π− + ππ0π0)
final states. The experimental signature for reaction (68)
are two acoplanar τ candidates, excluding di-lepton final
states, and large missing energy. Background from stan-
dard model processes is suppressed by demanding the τs
to carry less than the beam energy (E�, h < 0.8 Ebeam), to
be produced in the central region (polar angle | cos θτ | <
0.75) and to be acoplanar (azimuthal angles ∆φ < 160◦).
Two-photon contributions e+e− → e+e−τ+τ− are com-
pletely rejected by vetoing scattered electrons and radia-
tive photons down to polar angles θ > 4.6 mrad. The
remaining background from WW production is ∼ 6%.
Other contributions come from SUSY processes, in partic-
ular from chargino and neutralino production. The reac-
tion e+e− → χ̃+

1 χ̃−
1 → τ+νχ̃0

1 τ−νχ̃0
1 has a similar topol-

ogy, but a softer τ energy distribution, and it amounts to
∼ 3%. Neutralino production e+e− → χ̃0

2χ̃
0
1 → τ+τ−χ̃0

1χ̃
0
1

is large. The ττ pair tends to be more collinear, and de-
manding an acollinearity angle ξ > 90◦ suppresses this
contribution to a level of ∼ 7%.

Applying these event selection criteria to a complete
simulation of signal and background processes, the exper-
imental cross section, including QED radiation and beam-
strahlung effects, can be determined as

σ(e+
L e−

R → τ̃1τ̃1) (69)

=
Nττ − Nbkg

ε · L = 113.5 ± 1.4 (stat) ± 3.3 (sys) fb ,

where the first error represents the statistical and the sec-
ond error the systematic uncertainties. The overall effi-
ciency is ε � 0.20 ± 0.006 and includes the branching
ratios Bτ̃1 and Bτ . Obviously, the expected precision is
limited by systematics. The dominant error comes from
the τ̃1 branching ratio, which will be difficult to mea-
sure with high accuracy. It is assumed that a value of

B(τ̃1 → τ χ̃0
1) = 0.78 ± 0.01 may be achieved finally, al-

though higher rates are needed than used in the present
study. Further systematics to be considered are the pre-
cise knowledge of background, acceptance corrections, the
degree of beam polarisations and the τ decay rates. The
sum of all sources gives an estimate of δσ/σ � 3%. Note
that the result for the cross section of (69) needs to be cor-
rected for radiative effects before comparing to the Born
calculation given in Table 5.

The τ̃ mass can be determined from the shape of the
hadronic energy spectra of τ decays. The isotropic two-
body decay τ̃ → τ χ̃0

1 leads to a uniform τ energy distri-
bution in the laboratory system. The “endpoints” of the
energy spectrum, in the usual notation

E+/− =
mτ̃

2

(
1 − m2

χ̃

m2
τ̃

)
1 ± β√
1 − β2

, (70)

can be used to derive the masses of the primary τ̃ ,

mτ̃ =

√
E− · E+

E− + E+

√
s , (71)

and the neutralino χ̃0
1 (assumed to be known in the present

analysis). The resulting hadron spectra of τ decays are
of triangular shape – modified by mass effects and de-
tector resolution – and they are still sensitive to mτ̃1 .
The energy distributions peak (turn over) at the lower
endpoint E− = 20.0 GeV and extend up to the upper
endpoint E+ = 166.4 GeV; see Figs. 7 and 8. On the
other hand the shape of the energy spectrum also de-
pends on the τ polarisation, as discussed above for the
π spectrum. Fortunately the Pτ dependence is very weak
for the ρ spectrum and essentially absent for the 3π final
states and there is no need for a two-parameter analy-
sis in these channels. The simulated energy spectra Eρ

and E3π are shown in Fig. 7. A fit to the ρ spectrum
yields a τ̃1 mass of mτ̃1 = 155.2 ± 0.8 GeV. The analysis
of the 3π spectrum gives a slightly better resolution with
mτ̃1 = 154.8 ± 0.5 GeV. Both results are consistent with
the nominal value of 154.6 GeV.

Knowing the τ̃1 and χ̃0
1 masses, the π energy spec-

trum and the decay characteristics of ρ → ππ0 can be
used to determine the τ polarisation. The energy distri-
bution is harder for a π emitted from a right-handed τR
than from a left-handed τL, as discussed above. The Eπ

spectrum is shown in Fig. 8. A fit yields a τ polarisation
of Pτ = 0.860 ± 0.050, consistent with the input value of
P th

τ = 0.85. Note that the residual background at low en-
ergies slightly reduces the sensitivity. In contrast to the
Eρ distribution, there is a strong Pτ dependence on the
ρ polarisation, which can be measured through the decay
ρ → ππ0. Define the fraction of the energy carried by the
charged π as zπ = Eπ/Eρ. A right-handed τR prefers to
decay into a longitudinally polarised ρL, and the zπ distri-
bution ∼ (2zπ − 1)2 is peaked at zπ → 0 and 1, i.e. most
of the energy is carried by one of the pions. A left-handed
τL decays dominantly into a transversely polarised ρT, re-
sulting in a zπ distribution ∼ 2zπ (1 − zπ), i.e. a rather
equal sharing of the energy between the two pions. The
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Fig. 7. Hadron energy spectra of τ → ρ ντ and τ → 3π ντ decays from e+
L e−

R → τ̃+
1 τ̃−

1 production at
√

s = 500 GeV with
Pe− = +0.80, Pe+ = −0.60 assuming L = 250 fb−1. The simulated data (dots) including SM and SUSY background (shaded
histogram) are shown together with a fit to the τ̃1 mass

Fig. 8. Pion energy spectrum of τ → π ντ and ratio Eπ/Eρ of τ → ρ ντ → ππ0 ντ decays from e+
L e−

R → τ̃+
1 τ̃−

1 production at√
s = 500 GeV assuming L = 250 fb−1. The simulated data (dots) including SM and SUSY background (shaded histogram) are

shown together with a fit to the τ polarisation Pτ from τ̃1 decays

distribution of the ratio Eπ/Eρ is shown in Fig. 8, with a
flat contribution from the unpolarised background. From
a fit to the zπ distribution a value of Pτ = 0.859 ± 0.045
is obtained.

Let us summarise. The simulation of the reaction e+
L e−

R
→ τ̃+

1 τ̃−
1 with L = 250 fb−1 at

√
s = 500 GeV and beam

polarisations of Pe− = +0.8 and Pe+ = −0.6 demon-
strates that the τ̃ parameters can be determined with
high precision. The cross section measurement appears
feasible with an accuracy of δσ/σ � 3%, where the er-
ror is entirely due to systematics and is dominated by
the uncertainty of the branching ratio. Using the infor-
mation from all decay channels, the τ̃1 mass can be de-
termined with an error of δmτ̃1 = 0.5 GeV and the τ po-
larisation from τ̃1 decays can be measured with an accu-
racy of δPτ = 0.035. As shown in Fig. 2, the cross sec-
tion depends sensitively on the τ̃ mixing angle. Applying
(11) and including the experimental resolutions, a value of

cos 2θτ̃ = −0.987 ± 0.02 (stat) ± 0.06 (sys) can be derived
for the τ̃ mixing angle.

References

1. J. Wess, B. Zumino, Nucl. Phys. B 70, 39 (1974)
2. H.P. Nilles, Phys. Rept. 110, 1 (1984); H.E. Haber, G.L.

Kane, Phys. Rep. 117, 75 (1985)
3. G.A. Blair, W. Porod, P.M. Zerwas, Phys. Rev. D 63,

017703 (2001) [hep-ph/0007107]; G.A. Blair, W. Porod,
P.M. Zerwas, Eur. Phys. J. C 27, 263 (2003)

4. E. Accomando et al. [ECFA/DESY LC Physics Working
Group Collaboration], Phys. Rept. 299, 1 (1998) [hep-
ph/9705442]

5. J.A. Aguilar-Saavedra et al., TESLA Technical Design
Report, Part III: Physics at an e+e- Linear Collider,
Part IV: A Detector for TESLA, DESY 2001-011 [hep-
ph/0106315]



E. Boos et al.: Polarisation in sfermion decays: determining tan β and trilinear couplings 407

6. G. Moortgat-Pick et al., hep-ph/0210212; A. Freitas et
al., hep-ph/0211108; P.M. Zerwas et al., hep-ph/0211076;
Proceedings of the 31st International Conference on High
Energy Physics (ICHEP 2002), Amsterdam, 2002
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