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Abstract. A study of various SUSY scenarios is presented in which the lightest supersymmetric particle is
the gravitino G̃ and the next-to-lightest supersymmetric particle is a scalar tau τ̃ with lifetimes ranging
from seconds to years. Gravitinos are interesting dark matter candidates which can be produced in decays
of heavier sparticles at the International Linear Collider (ILC), but remain undetected in direct searches of
astrophysical experiments. We investigate the detection and measurement of metastable staus, which may
be copiously produced at the ILC either directly or via cascade decays. A proper choice of the experimental
conditions will allow one to collect large samples of τ̃ ′s coming to rest in the calorimeters of the ILC detector
and to study the subsequent decays τ̃ → τG̃. Detailed simulations show that the properties of the stau and
the gravitino, such as τ̃ mass and lifetime and G̃ mass, can be accurately determined at a future ILC and
may provide direct access to the gravitational coupling, respectively Planck scale.

1 Introduction

Supersymmetry (SUSY) provides a very attractive sce-
nario to account for the amount of dark matter in the
universe. If R-parity is conserved, the lightest supersym-
metric particle (LSP) is stable and thus an ideal dark mat-
ter candidate. Most frequently discussed is a neutralino
LSP. Another interesting candidate is the spin 3/2 grav-
itino G̃, cf. [1], which is part of the supersymmetric particle
spectrum in extensions to supergravity, or local SUSY.
The mass of the gravitino is set by the SUSY breaking
scale F

m3/2 =mG̃ =
F

√
3MP

, (1)

where MP = (8πGN)
−1/2 � 2.4×1018GeV is the reduced

Planck scale and GN is Newton’s constant. The masses
of the other superparticles depend on the supersymme-
try breaking mechanism and on the parameters of a spe-
cific model. In general m3/2 is a free parameter in the
theory and may extend over a wide range of O(eV−
TeV).
If the gravitino is indeed the LSP, it may be produced

in cascade decays of heavy SUSY particles. To be specific,
the next-to-lightest supersymmetric particle (NLSP) is as-
sumed to be a charged slepton, the scalar tau τ̃ . The dom-
inant decay will then be τ̃ → τG̃ and since the coupling is
gravitational, the lifetime may be very long, ranging from
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seconds to years. The decay-width Γτ̃ of the metastable τ̃
NLSP is given by

Γτ̃→τG̃ =
1

48πM2P

m5τ̃
m2
G̃

[
1−
m2
G̃

m2τ̃

]4
. (2)

This formula will be the basis of the present study. The τ̃
decay rate, respectively lifetime tτ̃ = Γ

−1
τ̃ , depends only on

the masses mτ̃ and mG̃ as well as on the Planck scaleMP
– no further supersymmetry parameters are required. Con-
versely, the ‘supergravity Planck scale’ can be expressed in
terms of observable quantities

MP =

√
tτ̃ mτ̃

48π

m2τ̃
mG̃

[
1−
m2
G̃

m2τ̃

]2
. (3)

A comparison of such a measurement at a particle col-
lider experiment with the value determined in macroscopic
gravitational experiments, MP = 2.436(2) ×1018 GeV [2],
would be a unique test of supergravity [3]. If the gravita-
tional coupling of the τ̃ decay is assumed, the direct meas-
urement of the gravitino mass may be replaced by a more
accurate determination from the decay-width. Rewriting
(2), the τ̃ lifetime as a function of the stau and gravitino
masses can be expressed in the limitmτ̃ −mG̃�mG̃ as

tτ̃ � 3.6×10
7 s

[
100GeV

mτ̃ −mG̃

]4 [ mG̃
100GeV

]
. (4)

The cosmological production of gravitino dark matter
proceeds essentially via two mechanisms: thermal produc-
tion in 2-body QCD interactions, e.g. gg→ g̃G̃ or qg̃→ qG̃,
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in the reheating phase following inflation [4]; and/or late
decays of the next-to-lightest sparticle, usually a slepton or
neutralino, which freezes out as usual and decays only after
the big bang nucleosynthesis phase, the prediction of which
should not be destroyed by the hadronic decays [5]. Com-
paring the calculated gravitino relic density with the ob-
served dark matter density puts constraints on the NLSP
and gravitino masses and on the parameters for supersym-
metric models. Collider experiments offer a unique possi-
bility to detect metastable staus and to study the proper-
ties of gravitinos, which otherwise cannot be observed di-
rectly in astrophysical experiments. Some phenomenologi-
cal investigations to detect long-lived staus and to measure
their lifetime at the LHC and ILC are discussed in [6–8].
In the present study the excellent potential of future

ILC experiments and detectors will be explored to observe
and detect metastable τ̃ ′s, measure precisely their mass
and lifetime, and to determine in an independent way the
gravitino mass. In Sect. 2 the investigated physics scenar-
ios will be presented. Details on experimental aspects, de-
tector requirements and event simulation will be given in
Sects. 3 and 4. The experimental analyses and case studies
are described in Sect. 5. The results are discussed in Sect. 6,
followed by conclusions.

2 Physics scenarios

Several SUSY benchmark models which have been recently
discussed in the literature are chosen for the case studies.
They represent different supersymmetry breaking mecha-
nisms and a variety of stau and gravitino masses leading
to different experimental conditions. In general, the models
are consistent with cosmological constraints, as claimed by
the authors. Here they should just serve as valid examples
of ‘typical’ spectra. The gravitino masses are somewhat
arbitrary. However, most important, the results can be eas-
ily transformed to other scenarios with different stau and
gravitino masses. The masses of the sleptons, light neu-

Table 1. Spectra of sleptons, light neutralinos and charginos [masses in GeV] in SUSY scenarios with
a gravitino LSP, masses of the first and second generation are identical; the gravitino masses [GeV]
used in the case studies are given in the last line

1 2 3 4 5 6 7

�̃, χ̃, G̃ SPS 7 FS 600 GDM ε GDM ζ GDM η χ̃MSB P1 χ̃MSB P3

τ̃1 123.4 219.3 157.6 340.2 322.1 185.2 102.5
τ̃2 264.9 406.5 307.2 659.2 652.2 341.5 356.9
ν̃τ 249.6 396.4 290.9 649.5 641.5 327.7 346.9
ẽR 130.9 227.2 175.1 381.4 368.5 192.9 109.5
ẽL 262.8 405.6 303.0 662.7 655.3 340.1 357.4
ν̃e 250.1 397.6 292.8 658.1 650.7 328.0 247.4

χ̃01 163.7 243.0 179.4 426.5 426.5 203.6 189.2

χ̃02 277.9 469.6 338.2 801.9 801.5 385.5 263.8

χ̃±1 275.5 469.9 338.0 801.9 801.4 388.2 251.5

G̃ 0.1 50 20 100 20 50 25

tralinos and charginos, relevant for the benchmark models
under study, are compiled in Table 1.
Gauge mediated symmetry breaking (GMSB) usually

occurs at rather low scales and a light gravitino is natu-
rally the LSP [9]. Typical masses are of order eV to keV
which may, however, be extended in the GeV range [10].
The GMSB scenario SPS 7 from the Snowmass points [11]
is chosen as reference model. It is described by the con-
ventional parameters Λ= 40 TeV, Mm = 80 TeV, Nm = 3,
tanβ = 15 and sign µ =+, where Λ is the universal soft
SUSY breaking scale felt by the low energy sector,Mm and
Nm are the messenger scale and index, tanβ is the ratio of
the vacuum expectation values of the two Higgs fields, and
sign µ is the sign of the higgsino mass parameter µ. The
gravitino mass is set arbitrarily tomG̃ = 0.1 GeV.
In supergravity mediated symmetry breaking (SUGRA)

the gravitino mass m3/2 is a free parameter and of the
same order as the other sparticle masses [12]. If the
NLSP is required to be the charged τ̃ , then the com-
mon scalar mass m0 in minimal versions has to be small
and much lower than the common gaugino mass M1/2.
In the scenario FS 600 of [7] the mSUGRA parameters
are m0 = 0GeV, M1/2 = 600GeV, A0 = 0GeV, tanβ = 10
and sign µ =+, where A0 is the common trilinear coup-
ling. The gravitino mass is chosen to be mG̃ = 50GeV.
The authors of the GDM series [8] require a tighter
mSUGRA definition with unified scalar and gravitino
masses m3/2 =m0. The parameters of GDM ε are m0 =
m3/2 = 20GeV,M1/2 = 440GeV, A0 = 25GeV, tanβ = 15
and sign µ = +. The model GDM ζ with a considerably
heavier NLSP is given by m0 =m3/2 = 100GeV, M1/2 =
1000GeV, A0 = 127GeV, tanβ = 21.5 and sign µ = +.
The spectrum of GDM η differs from the previous one es-
sentially only by a lighter gravitino, thus m0 =m3/2 =
20GeV, M1/2 = 1000GeV, A0 = 25GeV, tanβ = 23.7 and
sign µ=+.
In gaugino mediated symmetry breaking (χ̃MSB) the

gravitino may be the LSP with a mass comparable to the
other sparticles [13]. In the scenarios proposed by [14]
a gravitino LSP can be accompanied by a stau, sneutrino or
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neutralino NLSP, where the latter options are essentially
unobservable. The spectra of the τ̃ NLSP models are de-
termined by the parameters M1/2 = 500GeV, tanβ = 10,
sign µ = + and the soft Higgs masses, chosen as m2

h̃1
=

m2
h̃2
= 0TeV2 for point χ̃MSB P1, and m2

h̃1
= 0TeV2,

m2
h̃2
= 0.5 TeV2 for point χ̃MSB P3. An interesting fea-

ture of this particular gaugino mediation scenario is that
a naive dimensional analysis provides a lower bound on
the gravitino mass of m3/2 � 10 GeV [15]. In the present
case studies values of mG̃ = 50GeV and mG̃ = 25GeV are
chosen for P1 and P3, respectively.
The sparticle spectra of Table 1 are calculated from the

original set of parameters using the programs
SPHENO [16] for models 1, 2 and SUSPECT [17] for
models 3–7.

3 Stau detection and measurement principles

The programme to determine the properties of the meta-
stable stau and to measure, independently, the mass of the
gravitino consists of several parts:

– identify τ̃ by the characteristic heavy ionisation −dE/
dx∝ 1/β2 in the TPC;
– determine τ̃ mass from two-body kinematics of e+e−→
τ̃1τ̃1 production;
– follow low momentum τ̃ candidate until it stops inside
detector, record τ̃ location and time stamp t0;

Fig. 1. View of one quad-
rant of the TESLA detec-
tor [18], length units in mm;
the amount of material in-
tegrated perpendicular and
along the beam direction is
indicated by slightly larger
(red) symbols as R [g cm−2]

– trigger decay τ̃ → τG̃ at ttrig uncorrelated to beam col-
lision;
– associate vertex to previously recorded stopping point,
get τ̃ lifetime tτ̃ = ttrig− t0;
– measure τ recoil spectra in calorimeter, get gravitino
massmG̃.

The requirements on the detector performance and opera-
tion will be discussed in the following.
The detector is taken from the TESLA TDR [18];

a cross section through one quadrant is displayed in Fig. 1.
This concept serves as a baseline for a future LDC detec-
tor [19]. In particular the calorimeter layout and depthmay
be taken as representative for various detector designs dis-
cussed in the ILC community. The main characteristics of
the detector, relevant to the present study, are:

– A time projection chamber (TPC) with excellent track-
ing performance, i.e. a momentum resolution δ(1/pt)<
2×10−4GeV−1 and dE/dx resolution < 5%.
– A highly segmented hadronic calorimeter (HCAL), 40
samplings with 3× 3 cm2 lateral readout cells, lead-
ing to energy resolutions of δEhad/E = 0.5/

√
E/GeV ⊕

0.04 for hadrons and δEem/E = 0.2/
√
E/GeV ⊕ 0.02

for electromagnetic showers.
– An instrumented iron flux return yoke equipped with
several layers for muon detection as well as for calori-
metric measurements of hadron showers.

The amount of absorber material integrated along the ra-
dial and longitudinal directions, R [g/cm2], can be read
off the detector Fig. 1. The range of a heavy, non-strongly
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Table 2. Acceptance ranges of maximal
βγ at which heavy τ̃ ′s can be absorbed in
the HCAL or instrumented iron yoke of the
ILC detector

mτ̃ βγ (HCAL) βγ (Yoke)

125 GeV 0.41–0.46 0.52–0.59
250 GeV 0.33–0.37 0.42–0.48
375 GeV 0.29–0.33 0.37–0.41

interacting charged particle of mass m, is conveniently ex-
pressed byR/m[g cm−2GeV−1] and can be parametrised as
a function of the scaled momentum p/m= βγ

log10(R/m) = c1+ c2 log10(p/m) , (5)

with c1 = 2.087 and c2 = 3.227 for steel [20]. Values of
βγ below which a heavy τ̃ can be stopped in the hadron
calorimeter or instrumented iron yoke depend on the lo-
cation and angle of incidence. Typical ranges covering the
τ̃ masses investigated in the present study are listed in
Table 2.

4 Event generation

Events are generated with the program PYTHIA 6.3 [21]
which includes initial and final state QED radiation as well
as beamstrahlung [22]. The detector simulation is based on
the detector proposed in the TESLA TDR [18] and imple-
mented in the Monte Carlo program SIMDET 4.02 [23].
The analysis of SUSY scenarios with a gravitino LSP is

quite different from conventional supersymmetric models.
The metastable τ̃ NLSP will be detected before it leaves or
will be absorbed in the detector. Thus, there is a very clean
signature without missing particles (except neutrinos from
decays): the observed particle momenta are balanced but
their moduli don’t sum up to the cms energy∣∣∣∣∣

∑
i

pi

∣∣∣∣∣� 0 and
∑
i

pi <
√
s .

These features are very distinct from standardmodel back-
ground which can be efficiently rejected. They also allow
the sparticle production and decay chains to be recon-
structed from the complete event kinematics. Each SUSY
event contains two τ̃ ′s which can be readily identified
as highly ionising tracks in the TPC and their passage
through the detector can be accurately followed. The loca-
tion of stopping τ̃ ′s may be determined within a volume of
a few cm3.
The decay τ̃ → τG̃ is triggered by an isolated, high

energy hadronic or electromagnetic cluster in the HCAL
(threshold Eh,em > 10 GeV), by a hadronic shower in the
yoke (Eh > 10 GeV) or by an energetic µ originating in the
HCAL or yoke (Eµ > 10 GeV), occurring at any time not
correlated to beam collisions. The main background is ex-
pected to come from cosmic rays and can be rejected by

excluding decay vertices in the outermost detector layers
or signals being initiated by muons from outside. Fur-
ther excellent background discrimination is provided by
requiring the decay vertex to coincide with a previously
recorded τ̃ stopping point. The τ decay modes contribut-
ing to the analysis are the leptonic 3-body decays τ →
µνµντ (17.4%) and τ → eνeντ (17.8%), and the hadronic
decays τ → πντ (11.1%), τ → ρντ → π±π0ντ (25.4%) and
τ → 3πντ → π±π+π−ντ +π±π0π0ντ (19.4%).
The τ recoil energy gives access to the gravitino mass

Eτ =
mτ̃

2

(
1−
m2
G̃
−m2τ
m2τ̃

)
. (6)

The sensitivity to low gravitino masses decreases rapidly,
e.g. formG̃ = 0.1mτ̃ andmτ̃ assumed precisely known the
energy Eτ has to be measured with a precision well below
one percent. Notice that Eτ is also the maximum energy of
the observable τ decay products.
The τ decay spectra are calculated with the program

TAUOLA [24]. Any polarisation is neglected, because the
Pτ dependence is very weak for the ρ and 3π spectra, being
most useful for the recoil energy measurement. In princi-
ple the τ polarisation can be easily included. It is related
to the τ̃ mixing τ̃1 = τ̃L cos θτ + τ̃R sin θτ , where the mix-
ing parameter cos θτ can be determined from a τ̃1τ̃1 cross
section measurement [25].

5 Experimental analyses – case studies

A big advantage of the ILC is that the centre of mass en-
ergy can be adjusted in order to control the sparticle pro-
duction and the number of staus trapped in the detector.
A range-out in the calorimeter is preferred for measuring
the kinematics of τ̃ decays and thus the gravitino mass,
while all staus stopped somewhere in the detector can be
used for determining the lifetime. Lowmomentum τ̃ ′swith
a suitable βγ factor can be produced either directly or
via cascade decays from light sleptons, e.g. ẽR→ eτ τ̃1, or
neutralinos, χ̃01→ τ τ̃1. However, all these processes – τ̃1τ̃1,
ẽRẽR, µ̃Rµ̃R and χ̃

0
1χ̃
0
1 – rise only slowly above kinematic

threshold with cross sections σ ∝ β3, thus providing rela-
tively low rates. Obviously, choosing τ̃1τ̃1 pair production
as the only source is not optimal. A more efficient reaction,
if kinematically accessible, is the associated selectron pro-
duction e+e−→ ẽRẽL→ eτ τ̃1 eχ̃01, which increases much
faster as σ ∝ β near threshold [26]. Note, such a threshold
behaviour also applies to e−e−→ ẽRẽR production [27].
For the present studies the collider energies are not al-

ways optimised. Instead, the often proposed ‘standard’ en-
ergies of 500GeV (models 2, 3, 7) and 800GeV (models
4, 5) are assumed, as well as some special settings around
420GeV (models 1, 6). The integrated luminosities are
moderate and chosen such as to enable a reasonable mea-
surement of the τ̃ decay spectra. The results obtained may
be easily scaled to apply to different running conditions,
event statistics and detector efficiencies.
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The experimental analysis and techniques will be dis-
cussed representatively in some detail for the GDM ε sce-
nario. For the other benchmark models the main features
and results will be presented in a more compact form. All
results are summarised in Table 3.

5.1 mSUGRA scenario GDM ε

The case study of the GDM ε scenario is based on the
observables mτ̃ = 157.6GeV, tτ̃ = 2.6×10

6
s and mG̃ =

20GeV, together with the assumptions on the experimen-
tal conditions of

√
s= 500GeV centre of mass energy and

L = 100 fb−1 integrated luminosity. The inclusive τ̃ pro-
duction cross section amounts to σSUSY = 300 fb.
The scaled momentum distribution βγ of τ̃ ′s produced

in various reactions is shown in Fig. 2a.Themajority of par-
ticles, coming from diagonal slepton and neutralino pairs
and peaking aroundβγ � 1, will leave the detector. One ob-
serves, however, a second peak at low βγ � 0.5 which stem
from cascade decays of ẽRẽL production andwhich are slow
enough to be absorbed inside the detector, see βγ ranges
in Table 2. One expectsNhcalτ̃ = 4100 andNyokeτ̃ = 1850 τ̃ ′s
trapped in the calorimeter and yoke, respectively.
The stau mass measurement is based on the kinemat-

ics of prolific pair production e+e−→ τ̃1τ̃1, see magenta
curve in Fig. 2a, to be identified as a pair of collinear, non-
interacting particles with momenta pτ̃ <

√
s/2 = Eτ̃ , i.e.

well below the beam energy. Determining the mean value
of the τ̃ momentum with an accuracy of 〈pτ̃ 〉 = 192.4±
0.2 GeV leads to a precise τ̃ mass of

mτ̃ = 157.6±0.2GeV .

The stau lifetime measurement is based on the decays
of τ̃ ′s which have been stopped in the detector. Requiring
an isolated energetic cluster above a threshold of 10 GeV
or a muon above 10 GeV originating somewhere inside the
sensitive fiducial volume of the calorimeter or yoke, results
in the decay time distribution shown in Fig. 2c. A fit to the
spectrum gives a τ̃ lifetime of

tτ̃ = (2.6±0.05)× 10
6 s ,

Table 3. Expected accuracies on the determination of τ̃ and G̃ properties for various SUSY scenarios: stau massmτ̃ , stau lifetime
tτ̃ , gravitino mass m

Eτ
G̃
from τ recoil energy spectra and gravitino mass mtτ̃

G̃
deduced from τ̃ lifetime. Experimental conditions in

the last columns: centre of mass energy
√
s, inclusive τ̃ production cross section στ̃ τ̃X , integrated luminosity L, number of trapped

τ̃ ′s in hadron calorimeter Nhcalτ̃ and instrumented yoke Nyokeτ̃

mτ̃ tτ̃ mEτ
G̃

mtτ̃
G̃

√
s στ̃ τ̃X L Nhcalτ̃ N

yoke
τ̃

[GeV] [s] [GeV] [GeV] [GeV] [fb] [fb−1]

1 SPS 7 124.3±0.1 209.3±2.4 < 9 0.1±0.001 410 420 100 10000 4900

2 FS 600 219.3±0.2 (3.6±0.1) 106 50±9 50±0.7 500 20 250 2100 4200

3 GDM ε 157.6±0.2 (2.6±0.05) 106 20±4 20±0.2 500 300 100 4100 1850

4 GDM ζ 340.2±0.2 (1.8±0.06) 106 100±10 100±2 800 5 1000 1350 800

5 GDM η 322.1±0.2 (6.9±0.3) 104 20±25 20±0.4 800 9 1000 1050 1850

6 χ̃MSB P1 185.2±0.1 (9.1±0.2) 106 50±3 50±0.6 420 27 200 3700 4100

7 χ̃MSB P3 102.5±0.2 (4.2±0.1) 107 25±1.5 25±0.3 500 470 100 3900 3700

corresponding to roughly one month. The relation between
stau lifetime and gravitino mass as a function of stau mass
is graphically presented in Fig. 2d. For the present condi-
tion the lifetime increases as tτ̃ ∼m2G̃ and rises significantly
faster for mG̃ � 0.25mτ̃ , reaching 108 s for a 75 GeV grav-
itino. Comparing with other physics scenarios one also ob-
serves that the lifetime can get very long for light τ̃ ′s and
small mass differences and, for a fixed gravitino mass, be-
comes shorter the heavier the stau.
A direct gravitino mass measurement can be performed

by exploiting the τ recoil of the decay τ̃ → τG̃, see (6)
and discussion in Sect. 4. The upper endpoints of the en-
ergy spectra which coincide with the primary τ energy
Eτ = 77.5GeV, are directly related to the masses involved.
The leptonic 3-body decay τ → eνν is not very useful due
to the soft spectrum peaking at low values. The hadronic
2-body decay τ → πν produces a flat spectrum, where the
upper edge is, however, strongly diluted due to resolution
effects and limited statistics. Well defined upper edges are
provided by the hadronic decays to heavier final states
τ → ρν and τ → πππν. The energy distribution of both
decay modes, defined as ‘τ jets’, is shown in Fig. 2b. In
order to illustrate the sensitivity to the gravitino mass sim-
ulations assuming the nominal value of mG̃ = 20GeV and
values shifted by ±10GeV are shown as well. A fit to the
‘jet’ energy spectrum, using either an analytical formula
for the endpoint or a complete simulation, yields a grav-
itino mass

mG̃ = 20±4GeV . (7)

Taking all results together one can test the gravita-
tional coupling of the stau to the gravitino and access the
Planck scale, respectively Newton’s constant. Inserting the
expected values and accuracies onmτ̃ , tτ̃ andmG̃ in (3) one
finds for the supergravity Planck scale

MP = (2.4±0.5)×10
18GeV ,

where the error is dominated by the precision on the grav-
itino mass measurement.
The gravitino mass can be deduced more precisely from

the τ̃ mass and lifetime, if the gravitational coupling is
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Fig. 2. a Scaled momentum spectrum p/m= βγ of τ̃ production with contributions from τ̃1τ̃1 (magenta), ẽRẽR,L (cyan), µ̃Rµ̃R
(yellow) and χ̃01χ̃

0
1 (green); b τ recoil spectrum of the decay τ̃1→ τG̃ with Ejet of τ → ρντ +3πντ compared with simulations

assuming mG̃ = 20GeV (red histogram), 10 GeV (blue) and 30 GeV (magenta); c τ̃ lifetime distribution; d τ̃ lifetime versus G̃
mass for various SUSY scenarios representing different τ̃ masses. Statistics correspond to GDM ε scenario, L = 100 fb−1 at√
s= 500 GeV

assumed and the macroscopic value of MP is used in the
decay-width of (2). The resulting gravitino mass is mG̃ =
20±0.2GeV, where the error is dominated by the lifetime
measurement.
It is a unique feature of gravitino LSP scenarios that

the Planck scale can be directly measured in microscopic
particle experiments by studying the properties of the
NLSP and its decay. A further interesting test to re-
veal the nature of the gravitino as the supersymmet-
ric partner of the graviton would be to determine the
spin. This is in principle possible by studying correla-
tions in the radiative decay τ̃ → τγG̃ [3], see also Sect. 6.
Experimentally this is quite challenging, because it re-
quires to distinguish single photons from π0 decays, and
in addition the expected rates are lower by two orders of
magnitude.

5.2 mSUGRA scenario GDM ζ

Due to the heavy sleptons in model GDM ζ a higher cen-
tre of mass energy of

√
s = 800GeV and an integrated lu-

minosity of L= 1000 fb−1 is chosen. The βγ distribution of
the produced τ̃ ′s (inclusive cross section σSUSY = 5 fb) is
shown in Fig. 3a. It exhibits the typical behaviour of slep-
ton production close to threshold: a pronounced peak at
βγ � 0.6 from τ̃1τ̃1 pairs and another enhancement around
0.3 from ẽR and µ̃R cascade decays, resulting in 1350 (850)
trapped τ̃ ′s in the hadron calorimeter (yoke). The analyses
of themomentumspectrumyields a τ̃mass ofmτ̃1 = 340.2±
0.2GeV. From the decay time distribution one gets the life-
time tτ̃ = (1.8±0.06)× 106 s. The τ jet energy spectrum of
the τ̃ decay, shown inFig. 3b, extends over awide range.The
edge of the endpoint energy, being less pronounced than in
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Fig. 3. a Scaled momentum spectrum p/m= βγ of τ̃ production with contributions from τ̃1τ̃1 (magenta), ẽRẽR (cyan) and µ̃Rµ̃R
(yellow); b τ recoil spectrum of the decay τ̃1→ τG̃ with Ejet of τ → ρντ +3πντ compared with simulations usingmG̃ = 100 GeV
(red histogram), 80 GeV (blue) and 120 GeV (magenta). GDM ζ scenario, L= 1000 fb−1 at

√
s= 800 GeV

the previous example, can be used to get a direct gravitino
mass measurement ofmG̃ = 100±10GeV. This value may
be comparedwith the gravitinomassmG̃= 100±2GeVcal-
culated from the staumass and lifetime.
Note: If higher energies were accessible at the ILC, then

data taking at
√
s= 900GeV, i.e. just above χ̃01χ̃

0
1 thresh-

old, increases the number of trapped τ̃ ′s by a factor of 1.5
in the GDM ζ scenario.
The GDM η scenario has an almost identical sparticle

spectrum and differs essentially only by the lower gravitino
mass ofmG̃ = 20GeV. This causes a much shorter lifetime,
but, more importantly, the τ recoil energy spectrum is not
really sensitive to the gravitino mass (mG̃/mτ̃ = 0.06) and
can only be used to set an upper limit.

5.3 mSUGRA scenario FS 600

The model FS 600 is investigated at a cms energy
√
s =

500GeV, close to threshold pair production of the moder-
ately heavy sleptons and neutralinos. A larger integrated
luminosity is needed in order to achieve similar accuracies
as for the other mSUGRA benchmarks. The results of the
analysis are given in Table 3. It is worth noting that operat-
ing the ILC at a slightly higher energy of 520 GeV leads to
higher cross sections and a significant increase by a factor
of 1.5 for the rate of trapped τ̃ ′s.

5.4 Gauge mediated symmetry
breaking scenario SPS 7

The SPS 7 scenario has a relatively light sparticle spec-
trum and is investigated assuming

√
s= 410GeV and L =

100 fb−1, with a large cross section of σSUSY = 420 fb for in-
clusive τ̃ production. As can be seen in the βγ distribution
of Fig. 4a, most τ̃ ′s leave the detector. There is, however,

a large signal at βγ � 0.4 from ẽRẽL production just above
threshold, which contributes to the sample of 10 000 (4900)
trapped τ̃ ′s in the calorimeter (yoke). The analysis of the
τ̃ momentum spectrum yields mτ̃1 = 124.3± 0.1GeV and
from a fit to the decay time distribution one obtains tτ̃ =
209.3±2.4 s. These values can be used to derive a very accu-
rate gravitino mass ofmG̃ = 100±1MeV assuming a grav-
itational coupling, see Fig. 2d. The τ recoil energy spec-
trum, shown in Fig. 4b, is not sensitive to such low gravitino
masses and can only serve to give an upper limit on a direct
measurement ofmG̃ < 9 GeV at 95% confidence level.
In the present case one does not profit from the calori-

metric information to assess the gravitino mass directly
and relies entirely on the stau properties. One may afford
to run at higher energy, thereby shifting the βγ spectrum
of Fig. 4a to larger values. For example, running the ILC at
the ‘canonical’ energy

√
s= 500GeV reduces the τ̃1τ̃1 rate

by 10% and the sample of trapped τ̃ ′s by a factor of two,
degrading the precision on the τ̃ lifetime to 2%.
Note: The relative precision on the τ̃ lifetime measure-

ment does not depend on the gravitino mass, should it be
much lighter as often assumed in gauge mediated super-
symmetry models. Technically, there may be a limitation
to measure very short lifetimes below a millisecond. In the
present method the τ̃ decay is required to occur uncorre-
lated to any beam collision, which essentially means out-
side a time interval of ∆t = 1ms for a whole bunch train,
repeating at a rate of 5 Hz. As an illustration, in the SPS 7
scenario a τ̃ lifetime of 5 ms corresponds to a gravitino
mass of 0.5MeV.

5.5 Gaugino mediated symmetry
breaking scenarios P3

The model P3 is investigated at
√
s= 500GeV and assum-

ing L= 100 fb−1. The inclusive τ̃ cross section of σSUSY =
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Fig. 4. a Scaled momentum spectrum p/m= βγ of τ̃ production with contributions from τ̃1τ̃1 (magenta), ẽRẽR,L (cyan), µ̃Rµ̃R
(yellow) and χ̃01χ̃

0
1 (green); b τ recoil spectrum of the decay τ̃1→ τG̃with Ejet of τ→ ρντ +3πντ compared with simulations using

mG̃ = 0GeV (red histogram) and 10 GeV (blue). SPS 7 scenario, L= 100 fb
−1 at

√
s= 410 GeV

470 fb provides large rates, as can be seen in the βγ spec-
trum of Fig. 5a. The main contributions to the sample of
stopped τ̃ ′s come from χ̃01χ̃

0
1 and ẽRẽL production, one ex-

pects about 3900 and 3700 particles in the calorimeter and
yoke, respectively. From the kinematics of τ̃1τ̃1 production
one gets a τ̃ mass of mτ̃1 = 102.5±0.2GeV. A fit to the τ̃
lifetime distribution yields tτ̃ = (4.2±0.1) 107 s. A direct
measurement of the gravitino mass using the τ recoil en-
ergy spectrum of τ̃ → τG̃, as displayed in Fig. 5b, provides
a value of mG̃ = 25± 1.5GeV. Alternatively, one derives
a gravitino mass of mG̃ = 25±0.3GeV from the τ̃ lifetime
measurement.

Fig. 5. a Scaled momentum spectrum p/m= βγ of τ̃ production with contributions from τ̃1τ̃1 (magenta), ẽRẽR,L (cyan), µ̃Rµ̃R
(yellow) and χ̃01χ̃

0
1 (green); b τ recoil spectra of the decay τ̃1→ τG̃ with Ejet of τ → ρντ +3πντ compared with simulations

assumingmG̃ = 25GeV (red histogram), 20 GeV (blue) and 30 GeV (magenta). χ̃MSB P3 scenario, L= 100 fb
−1 at

√
s= 500 GeV

Note: The number of trapped τ̃ ′s in the calorimeter can
be increased by a factor of 1.8 when running at a slightly
lower cms energy

√
s= 480GeV.

The scenario P3 yields a lifetime of about 1.3 years.
Taking instead a larger gravitino mass ofmG̃ = 50GeV, as
proposed by the authors of [14], the lifetime increases by
almost an order of magnitude, and it may be difficult to
observe all accumulated τ̃ ′s during the operation of an ex-
periment. Assuming a measurement period of three years
will provide a lifetime of tτ̃ = (3.9±0.7) 108 s, correspond-
ing to 12.4 years. The relative error grows faster than ex-
pected from the reduced statistics (factor 4 less decays)
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when observing only a fraction of the lifetime. Of course,
this has also consequences for the measurement of the de-
cay spectra.
The χ̃MSB P1 scenario is characterised by somewhat

heavier sparticles and is investigated at
√
s= 420GeV, just

above threshold production of sleptons and the lightest
neutralino. Again, the event statistics allow measurements
to be performed at the per mille to per cent level, see
Table 3.

6 Discussion of results

If kinematically accessible, metastable staus are copiously
produced at the ILC. They are easy to detect and their
properties, like mass and lifetime, and the decays into grav-
itinos can be studied in great detail. The results of the var-
ious case studies of the supersymmetry models and the as-
sumed experimental conditions are summarised in Table 3.
The common features of all spectra concerning the achiev-
able accuracies of the basic measurements are: (i) the τ̃
mass can be measured at the per mille level by exploiting
the 2-body kinematics of τ̃1τ̃1 pair production in the track-
ing detector; (ii) the τ̃ lifetime can be determined within
a few per cent by observing the decays τ̃ → τG̃ triggered in
the calorimeter and/or iron yoke; and (iii) the G̃ mass can
be accessed directly with a precision of order 10% (degrad-
ing rapidly for mG̃/mτ̃ � 0.1) by measuring the τ recoil
spectra of the τ̃ decays in the calorimeter.
These expectations are based on moderate integrated

luminosities, the event rates to be accumulated during
one to three years of data taking at the ILC under nom-
inal conditions. Although the τ̃ decays are treated in
a parametrised form the results should be reliable within
a factor of two. A detailed detector simulation may lead
to a reduction of the data samples due to acceptance
cuts, quality criteria and resolution effects. However, the
losses may be compensated and the event statistics can
be considerably increased by optimising the beam ener-
gies (see Sect. 5) andmaking use of the beam polarisations.
For instance, the production cross sections for light slep-
tons, τ̃1τ̃1, ẽRẽR and µ̃Rµ̃R, are enhanced by a factor (1+
Pe−)(1−Pe+) � 2.9 when using right-handed polarised
electrons of degree Pe− = +0.8 and left-handed polarised
positrons of Pe+ =−0.6.
Concerning the expected ILC detector performance

with respect to detecting metastable τ̃ ′s there is, how-
ever, a caveat. At present, it is envisaged to operate the
LDC calorimeters in a pulsed mode [19]. In order to cope
with the heat production of the electronics, it is foreseen
that the amplifiers and read out channels of the detector
parts will be switched on and read out just during one
bunch train for 2 ms, and then be switched off to wait for
the next bunch train occurring 200ms later; i.e. the de-
tector is inactive for most of the time. Such an operation
is designed for usual, beam correlated physics scenarios,
but clearly has to be revised if one wants to observe the
decays of metastable particles. For the iron yoke instru-
mentation it does not really seem to be necessary to apply

a power pulsing. A quasi-continuous read-out of all chan-
nels above a certain threshold over the so far ‘idle’ time gap
of 198ms appears possible, replacing the τ̃ decay trigger
by software analysis [28]. Thus a lifetime measurement will
be feasible in any case, may be at the expense of a lower
event rate restricted to τ̃ ′s trapped in the yoke. The goal
to also increase the duty cycle of the hadron calorimeter
substantially has to be pursued in future R&D detector de-
velopments. Since a direct measurement of the gravitino
mass is extremely important, it will be assumed in the
following discussion that the technical problems will be
solved and the calorimeter will be permanently sensitive
with essentially no dead-time.
An independent measurement of the gravitino mass

is of prime importance. Applying (3) one can determine
the supergravity Planck scale from the NLSP decay with
an accuracy of order 10%. A value consistent with the
macroscopic scale of gravity, i.e. Newton’s constant GN =
6.7×10−39GeV−2, would be a decisive test that the grav-
itino is indeed the superpartner of the graviton.At the same
time the measurement of the gravitino mass can be used to
yield the supersymmetry breaking scale F =

√
3MPm3/2,

see (1), which is an important parameter to unravel the na-
ture of the supersymmetry breakingmechanism.
From the τ̃ mass and lifetime measurements one can

compute the gravitino mass assuming that the τ̃ decay
occurs with gravitational coupling according to (2). The
expected accuracy is again of order percent. This interpre-
tation may be plausible, however, it can only be justified,
if there is additional information which confirms the grav-
itino LSP assignment.
For too light gravitinos a direct mass measurement may

not be possible, leaving the nature of the LSP open. An
alternative option may be a spin 1/2 axino ã as lightest
supersymmetric particle [29]. In such a scenario the τ̃ life-
time is not related to the axino mass and, depending on the
parameters, may vary between some 0.01 s and 10 h, com-
parable to the expectations of gauge mediated and gravity
mediated SUSY breaking models. A method to differenti-
ate between these two scenarios is to study the radiative
three-body decays τ̃ → τγG̃ and τ̃ → τγã. The branching
ratios are suppressed by two orders of magnitude and ex-
pected to be slightly larger for the axino LSP, the exact
values depend on the selected phase space to identify an
isolated photon. More promising is to investigate γ− τ cor-
relations of the decay topology. In the case of gravitino LSP
the photons are preferentially emitted collinear with the
τ and have a soft, Bremsstrahlung like energy spectrum.
A similar configuration also occurs for the axino LSP, how-
ever, there is in addition a substantial rate of energetic
photons, Eγ →mτ̃/2, emitted opposite, back-to-back to
the τ direction. Such a signature would clearly allow to dis-
tinguish between the interpretations as axino LSP or as
gravitino LSP. Experimentally the analysis of radiative τ̃
decays is quite ambitious because one has to discriminate
a single photon against the photons from π0 decays as well
as against the hadrons in hadronic τ decays. The expected
low event rates will be further reduced by efficient selection
criteria. Hence, large statistics data samples are required,
which may be provided by the ILC.
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7 Conclusions

It has been shown in detailed analyses that future ILC ex-
periments have a rich potential to study SUSY scenarios
where the gravitino G̃ is the lightest supersymmetric par-
ticle and a charged stau τ̃ is the long-lived, metastable
next-to-lightest supersymmetric particle. Precise determi-
nations of the τ̃ mass and lifetime and of the G̃mass appear
feasible, provided the proposed detectors will operate at
a reasonable duty cycle. A calorimetric measurement of
the gravitino mass from the τ recoil spectra of the decay
τ̃ → τG̃ gives access to the gravitational coupling, i.e. to
the Planck scaleMP, in a particle collider experiment and
thus provides a unique test of supergravity. Furthermore
these observations will put stringent constraints on an in-
terpretation of the gravitino as dark matter candidate, be-
ing undetectable in astrophysical search experiments, and
will allow its relic density to be computed reliably.
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