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tWe 
onsider s
enarios in whi
h the lightest sparti
le (LSP) is the gravitino and the next-to-lightest sparti
le (NLSP) is a metastable stau. We examine the produ
tion of stau pairs in e+e−annihilation at ILC and CLIC energies. In addition to three minimal supergravity (mSUGRA)ben
hmark s
enarios proposed previously, we 
onsider a new high-mass s
enario in whi
h e�e
ts
atalyzed by stau bound states yield abundan
es of 6,7Li that �t the astrophysi
al data betterthan standard Big-Bang nu
leosynthesis. This s
enario 
ould be probed only at CLIC energies.In ea
h s
enario, we show how the stau mixing angle may be determined from measurements ofthe total stau pair-produ
tion 
ross se
tions with polarized beams, and of the tau polarizationin stau de
ays. Using realisti
 ILC and CLIC luminosity spe
tra, we �nd for ea
h s
enario the
entre-of-mass energy that maximizes the number of staus with βγ < 0.4, that may be trappedin a generi
 dete
tor. The dominant sour
es of su
h slow-moving staus are generi
ally the pairprodu
tion and 
as
ade de
ays of heavier sparti
les with higher thresholds, and the optimal
entre-of-mass energy is typi
ally 
onsiderably beyond 2mτ̃1 .
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I. INTRODUCTIONSupersymmetry (SUSY) is one of the most interesting possibilities o�ered by quantum�eld theory whose relevan
e to nature has not yet been established [1℄. In addition torelating fermions to bosons, stabilizing the mass s
ale of the weak intera
tions and (if R-parity is 
onserved) providing a plausible 
andidate for 
osmologi
al dark matter (DM),supersymmetry also provides a framework for the uni�
ation of parti
le physi
s and gravity.The latter is governed by the Plan
k s
ale, MP ≃ 1019 GeV, whi
h is 
lose to the energywhere the gravitational intera
tions may be
ome 
omparable in magnitude to the gaugeintera
tions.If supersymmetry is to be 
ombined with gravity, it must be a lo
al symmetry, and theresulting theory is 
alled supergravity (SUGRA) [2, 3, 4, 5℄. In models of spontaneously-broken supergravity, the spin-3/2 superpartner of the graviton, namely the gravitino G̃,a
quires a mass m eG by absorbing the goldstino fermion of spontaneously-broken supersym-metry via a super-Higgs me
hanism [6, 7℄. The gravitino is a very plausible 
andidate for theDM, sin
e the presen
e of a massive gravitino is an inevitable predi
tion of SUGRA. More-over, in models of gauge-mediated SUSY breaking [8℄ the gravitino is ne
essarily the LSP.Furthermore, there are also generi
 regions of the parameter spa
e of minimal supergravity(mSUGRA) models where the gravitino is the LSP.In mSUGRA the soft supersymmetry-breaking parameters take a parti
ularly simple format the Plan
k s
ale [5℄, in whi
h the soft supersymmetry-breaking s
alar masses-squared m2
0,gaugino masses m1/2 and trilinear parameters A0 are ea
h �avour diagonal and universal [9℄.Renormalization-group evolution (RGE) is then used to derive the e�e
tive values of thesupersymmetri
 parameters at the low-energy (ele
troweak) s
ale. Five parameters �xed atthe gauge 
oupling uni�
ation s
ale, m0, the gaugino mass m1/2, A0, tan β and the sign of

(µ) are then related to the mass parameters at the s
ale of ele
troweak symmetry breakingby the RGE. Moreover, mSUGRA requires that the gravitino mass m eG = m0 at the Plan
ks
ale, and imposes a relation between trilinear and bilinear soft supersymmetry-breakingparameters that may be used to �x tan β in terms of the other mSUGRA parameters. ThemSUGRA parameter spa
e o�ers both neutralino dark matter and gravitino dark matter asgeneri
 possibilities.In general, it would be di�
ult to dete
t gravitino DM dire
tly, sin
e the gravitino's 
ou-2



plings are suppressed by inverse powers of the Plan
k s
ale. However, eviden
e for gravitinoDM may be obtained indire
tly in 
ollider experiments, sin
e in su
h a 
ase the next-to-lightest sparti
le (NLSP) has a long lifetime, as it de
ays into the gravitino through veryweak intera
tions suppressed by the Plan
k s
ale. One of the most plausible 
andidates forthe NLSP is the lighter s
alar superpartner of the tau lepton, 
alled the stau, τ̃1 . If universalsupersymmetry-breaking soft supersymmetry-breaking masses for squarks and sleptons areassumed, as in mSUGRA, renormalization e�e
ts and mixing between the spartners of theleft- and right-handed sleptons 
ause the τ̃1 to be
ome the NLSP.If R-parity is 
onserved, sparti
les must be pair-produ
ed at 
olliders with su�
ientlyhigh energies, and heavier sparti
les will de
ay into other sparti
les, until the de
ay 
as-
ade terminates with the NLSP, whi
h is metastable in gravitino DM s
enarios based onmSUGRA and de
ays only long after being produ
ed. Collider experiments o�er possibilitiesto dete
t and measure metastable NLSPs su
h as the staus in mSUGRA, and to use theirde
ays to study indire
tly the properties of gravitinos, whi
h 
annot be observed dire
tly inastrophysi
al experiments.There are several experimental 
onstraints on the mSUGRA parameter spa
e: the LSPmust be ele
tri
ally and 
olour-neutral, and one must satisfy the limit from LEP 2 on thestau mass: meτ > 85.2 GeV obtained from the pair produ
tion of staus, as well as limits onother sparti
les, the mass of the lightest Higgs s
alar, the DM density, the bran
hing ratio forradiative B de
ay and the muon anomalous magneti
 moment. An up-to-date 
ompilation ofthese experimental and phenomenologi
al 
onstraints on the mSUGRA model 
an be foundin [10, 11℄.Astrophysi
s and 
osmology also 
onstrain the properties of metastable parti
les su
h asthe staus in gravitino DM s
enarios, in parti
ular via the 
omparison between the 
al
u-lated and observed abundan
es of light elements, assuming the 
osmologi
al baryon densityderived from observations of the 
osmi
 mi
rowave ba
kground (CMB). In addition to thehadroni
 and ele
tromagneti
 e�e
ts due to se
ondary parti
les produ
ed in the showersindu
ed by stau de
ay, one must also 
onsider the 
atalysis e�e
ts of stau bound states [12℄.In 
ertain regions of mSUGRA parameter spa
e, these may even bring the 
al
ulations ofBig-Bang nu
leosynthesis (BBN) into better agreement with the observed abundan
es of
6,7Li [13℄. A number of ben
hmark s
enarios in whi
h the stau de
ay showers do not destroythe su

essful results of BBN were proposed in [14℄. These did not take bound-state e�e
ts3



into a

ount, but these may be in
luded in related models, as we dis
uss later.The phenomenology of stau NLSPs in both proton-proton and e+e− 
olliders has been
onsidered in a number of previous papers. In parti
ular, it has been shown that the staumass 
ould be measured quite a

urately by the ATLAS and CMS experiments at theLHC, using their tra
king systems and time-of-�ight (ToF) information from Resistive PlateChamber (RPCs). There have also been some phenomenologi
al investigations of long-livedstaus at the ILC [10, 15, 16, 17℄.In this work, we study the pair produ
tion of staus in e+e− annihilation at the futurelinear 
olliders ILC [18℄ and CLIC [19℄, assuming that the LSP is the gravitino and theNLSP is the lighter stau. In addition to the three ben
hmark s
enarios proposed earlier,we also propose a new ben
hmark s
enario 
hosen to improve the agreement of Big-Bangnu
leosynthesis 
al
ulations with the observed 6,7Li abundan
es after bound-state 
atalysise�e
ts are in
luded. This point has a relatively heavy stau that 
ould only be observed atCLIC. Following a general dis
ussion of the signatures and dete
tion of staus in the linear-
ollider environment, we explore the possible measurements of model parameters su
h as thestau mixing angle that 
ould be made at the ILC or CLIC. We show that beam polarizationand/or a measurement of the �nal-state τ polarization would be very useful in this respe
t.We also dis
uss the 
hoi
e of the 
entre-of-mass energy that would maximize the 
ross se
tionfor produ
ing slow-moving staus with βγ < 0.4, that would be trapped in a typi
al linear-
ollider dete
tor. The subsequent stau de
ays would be optimal for some measurementsof gravitino parameters. We show that most su
h slow-moving staus are produ
ed in the
as
ade de
ays of heavier sparti
les, so that the optimal 
entre-of-mass energies for trappingstaus are typi
ally 
onsiderably higher than the stau pair-produ
tion threshold.II. THE MODEL PARAMETERSIn the mSUGRA framework used here, µ is the supersymmetri
 Higgs(ino) mass param-eter, we denote by m0 the universal soft SUSY-breaking 
ontribution to the masses of alls
alars (in
luding the Higgs �elds), m1/2 is the universal SUSY-breaking gaugino mass, and
A0 is the universal SUSY-breaking fa
tor in the soft trilinear s
alar intera
tions. In addition,there is a bilinear soft SUSY-breaking parameter B0, whi
h appears in the e�e
tive Higgspotential, and is related by mSUGRA to the trilinear parameter: B0 = A0 − m0. All these4



soft SUSY-breaking parameters are de�ned at the s
ale of grand uni�
ation. In generalstudies of the MSSM, tan β, the ratio of the va
uum expe
tation values (vevs) of the twoHiggs doublets at the weak s
ale, is taken as a free parameter. However, in mSUGRA itis determined dynami
ally on
e the relation between A0 and B0 is imposed. This param-eter set also determines the gravitino mass, sin
e m eG = m0 in mSUGRA, as well as theother sparti
le masses. For 
al
ulations of sparti
le mass spe
tra and other properties inthe models we study here, we use the updated ISASUGRA programme, whi
h is part of theISAJET pa
kage [20℄. This programme is 
onvenient for event generation with PYTHIA [21℄for various 
olliders.A sele
tion of ben
hmark mSUGRA points 
onsistent with present data from parti
lephysi
s and BBN 
onstraints on the de
ays of metastable NLSPs was proposed in [13℄. Weuse a subset of these ben
hmark s
enarios to study mSUGRA phenomenology at e+e− 
ol-liders, namely the points denoted (ǫ, ζ, η), in whi
h the NLSP is the lighter stau, τ̃1. The
τ̃1 lifetime in these models ranges from ∼ 104 s to ∼ 3 × 106 s, so fast-moving 
harged NL-SPs would be indistinguishable from massive stable parti
les, in a generi
 
ollider dete
tor.However, it might be possible to observe the de
ays into gravitinos of any slow-moving τ̃1sthat lose su�
ient energy to stop in the dete
tor.The mSUGRA ben
hmark s
enarios were formulated assuming the representative value
A0 = (3 −

√
3)m0 found in the simplest Polonyi model of supersymmetry breaking inmSUGRA [6℄. The allowed region of the gravitino DM parameter spa
e may be displayedin the (m1/2, m0) plane, as shown in the left panel of Fig. 1 for the Polonyi value of A0. Thetheoreti
al and phenomenologi
al 
onstraints are displayed, together with the astrophysi
al
onstraints on NLSP de
ays. The 
ombined e�e
t of these 
onstraints is to allow a wedge inthe (m1/2, m0) plane at relatively low values of m0. The ben
hmark point ǫ was 
hosen nearthe apex of this wedge, whereas the points η and ζ were 
hosen at larger values of m1/2,and hen
e more 
hallenging for the LHC and other 
olliders [14℄. The mSUGRA parametersspe
ifying these models and some of the 
orresponding sparti
le masses are shown in Table I,as 
al
ulated using ISAJET 7.74 1 .Re
ently, bound-state e�e
ts on light-element abundan
es in models with metastable stauNLSPs have been studied in several variants of the MSSM [13℄, in
luding mSUGRA and some[1℄ In addition, we note that the ẽR − τ̃1 mass di�eren
e for point θ is just 70 MeV.5



Table I: The four ben
hmark points with gravitino DM and a τ̃1 NLSP that are 
onsidered in thispaper. The quoted slepton, squark, gluino and the neutralino mass spe
tra (in GeV) have been
al
ulated with ISAJET 7.74, using mt = 175 GeV.Model ǫ ζ η θ

m0 20 100 20 330
m1/2 440 1000 1000 3000
A0 -25 -127 -25 0tanβ 15 21.5 23.7 10sign(µ) +1 +1 +1 +1

ẽL, µ̃L 303 676 669 1982
ẽR, µ̃R 168 382 369 1140
ν̃e, ν̃µ 289 666 659 1968

τ̃1 154 346 327 1140
τ̃2 304 666 659 1966
ν̃τ 284 651 643 1944

ũL, c̃L 935 1992 1989 5499
ũR, c̃R 902 1913 1910 5248
d̃L, s̃L 938 1994 1991 5500
d̃R, s̃R 899 1903 1900 5217

t̃1 703 1534 1541 4285
t̃2 908 1857 1855 5130
b̃1 858 1823 1819 5104
b̃2 894 1874 1867 5203
g̃ 1023 2187 2186 6089
χ̃0

1 179 425 424 1336
χ̃0

2 337 802 802 2467
χ̃±

1
338 804 804 2472
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Figure 1: The left (�rst) panel shows the (m0,m1/2) plane for mSUGRA with a gravitino LSP andstau NLSP, assuming A0 = 3 −
√

3, with the regions allowed by astrophysi
al 
onstraints on staude
ays [14℄ shaded light (yellow). The values of tan β are �xed by the va
uum 
onditions with thevalues indi
ated along the solid bla
k 
ontours, and the three ben
hmark points ǫ, η and ζ are shownby red + signs. The right (se
ond) panel shows the (m0,m1/2) plane in the CMSSM, assuming �xed
tan β = 10, with the regions allowed in the presen
e of 
osmologi
al bound-state e�e
ts and staude
ays if m eG = 0.2m0 shaded light (yellow). In the darker (pink) shaded region, bound-state e�e
tsyield 6,7Li abundan
es in the ranges favoured by astrophysi
al observations. The new ben
hmarkpoint θ is lo
ated in this 6,7Li-friendly region [13℄.other models in whi
h its relations between mG̃ and m0 and between A0 and B0 are relaxed,but where universality is maintained for the soft SUSY-breaking parameters, a framework weterm the 
onstrained MSSM (CMSSM). The bound-state e�e
ts restri
t greatly the allowedregions of parameter spa
e, but one example was found within the CMSSM of an (m1/2, m0)plane with mG̃ = 0.2m0 and tanβ = 10, that has a wedge 
ompatible with BBN and also asmall region where the BBN predi
tions for the 6,7Li abundan
es 
ould be brought into betteragreement with astrophysi
al observations. We propose and study here a new ben
hmarkpoint in this 6,7Li-friendly region, denoted by θ, with the parameter 
hoi
es shown in thelast 
olumn of Table I. Also shown in this 
olumn are some sparti
le masses: like the rest ofthe 6,7Li-friendly region, ben
hmark θ features relatively heavy sparti
les beyond the rea
h7



of either the LHC or the ILC, but within the kinemati
 rea
h of CLIC.In this 
onne
tion we note that for ben
hmark θ the dire
t stau pair produ
tion 
rossse
tion is 2.7 × 10−6 pb at the LHC with √
s = 14 TeV and 2.8 × 10−5 pb at the DLHCwith √

s = 28 TeV. The plausible integrated luminosity of 105 pb−1 for the LHC would beinsu�
ient to rea
h this point, and it would be very marginal at the SLHC with 106 pb−1.The only alternative to CLIC would be the DLHC with a very high integrated luminosity.The bound-state e�e
ts depend sensitively on the stau lifetime, being mu
h more im-portant for longer lifetimes. This is why they would be una

eptable for the the stau inben
hmark s
enarios ǫ, η and ζ , if it had the lifetime predi
ted by mSUGRA. However,as dis
ussed in the following Se
tion, the stau lifetime depends sensitively on the mass as-sumed for the gravitino. Hen
e, a CMSSM variant with similar masses for the masses ofthe spartners of the Standard Model parti
les but a smaller gravitino mass would not beex
luded a priori on the basis of bound-state e�e
ts. For this reason, and sin
e the previousben
hmarks ǫ, η and ζ represent to a great extent the range of possibilities open to theILC (limits on metastable parti
les ex
lude a stau mu
h lighter than at ben
hmark ǫ, andsparti
les would be ina

essible to the LHC or ILC if they weighed mu
h more than at points
η and ζ), we 
ontinue to in
lude all these points in the subsequent dis
ussion, though ourprimary interest will be in the new 6,7Li-friendly point θ.III. THE τ̃1 NLSP DECAY AND LIFETIMESin
e we assume the 
onservation of R-parity, the gravitino must be produ
ed at theend of any de
ay 
hain initiated by the de
ay of a heavy unstable supersymmetri
 parti
le.As already remarked, in models with universal s
alar soft supersymmetry-breaking masses,the lightest slepton is generi
ally the lighter stau mass eigenstate, the τ̃1, as a result ofrenormalization-group e�e
ts and left-right sfermion mixing. In large regions of mSUGRAparameter spa
e, the τ̃1 is the NLSP, and is the penultimate sparti
le in (essentially) everyde
ay 
hain.The τ̃1 is in general a linear 
ombination of τ̃L and τ̃R, whi
h are the superpartners of theleft- and right-handed τ leptons τL and τR, respe
tively. In general the stau mass eigenstates

8



are
τ̃1 = τ̃L cos θτ̃ + τ̃R sin θτ̃ , (1)
τ̃2 = −τ̃L sin θτ̃ + τ̃R cos θτ̃ , (2)where θτ̃ is the stau mixing angle, whi
h is given by

cos θτ̃ =
−mτ (Aτ − µ tanβ)√

(m2
τ̃L

− m2
τ̃1

) + m2
τ (Aτ − µ tanβ)2

, (3)where | cos θτ̃ | > 1/
√

2 if meτL
< meτR

and | cos θτ̃ | < 1/
√

2 if meτR
< meτL

.The intera
tions of the stau states τ̃L,R with the gravitino G̃ and tau lepton τ are des
ribedby the Lagrangian [22℄
L

eττG̃ = − 1√
2MP

[
(Dν τ̃L)∗G̃

µ

γνγµPLτ + (Dν τ̃L)τPLγµγ
νG̃µ

+(Dν τ̃R)∗G̃
µ

γνγµPRτ + (Dν τ̃R)τPRγµγ
νG̃µ

]
,where Dν ≡ (∂ν + igeAν), with Aν denoting the gauge boson and MP ≡ (8πGN)−1/2 =

2.436×1018 GeV is the redu
ed Plan
k mass, with the Newton 
onstant GN = 6.707×10−39GeV−2.The stau de
ay rate is dominated by the two-body de
ay into tau and gravitino (τ̃1 → τG̃),and the de
ay width of the τ̃1 is given by
Γ eτ1 =

(m2
eτ1
− m2

eG
− m2

τ )
4

48πM2
pm2

eG
m3

eτ1

(
1 −

4m2
eG
m2

τ

(m2
eτ1
− m2

eG
− m2

τ )
2

)3/2

, (4)where meτ1 , m eG and mτ are the masses of the stau τ̃1, gravitino G̃ and tau lepton τ , respe
-tively. As illustrative examples, if we take meτ1 = 150 GeV (similar to the mass at ben
hmarkpoint ǫ), we �nd a lifetime of Γ−1

eτ1
= 7762 s (25.9 years) for a gravitino mass of m eG = 1GeV (100 GeV), respe
tively. The lifetime and de
ay width of the stau as fun
tions of thegravitino mass for various stau mass values are presented in Fig. 2.Negle
ting the tau lepton mass, the mean stau de
ay length, obtained from the relation

L = βγtτ̃ , is shown in Fig. 3. For instan
e, taking βγ = 1 and m eG = 1 MeV would imply amean de
ay length of L = 2.33×106 m (L = 109.6 m) for mτ̃1 = 150 GeV (mτ̃1 = 1100 GeV),respe
tively. Only for m eG < 1 KeV might a typi
al stau with βγ = O(1) de
ay within ageneri
 
ollider dete
tor. In this 
ase the light gravitino would 
onstitute either warm or evenhot dark matter, whi
h is disfavoured by the modelling of 
osmologi
al stru
ture formation.9
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However, some fra
tion of the staus may be produ
ed with velo
ities su�
iently lowthat strong ionization energy loss 
auses them to stop within the dete
tor. In su
h a 
ase,interesting information may be extra
ted from the stau de
ays. For example, the mass of thegravitino produ
ed in the de
ay 
ould in prin
iple be inferred kinemati
ally from the relation
m2

eG
= m2

τ̃1
+ m2

τ − 2mτEτ , unless it is very small. Also, we note that the polarization of thetau produ
ed in the stau de
ay must 
oin
ide with the 
ombination of τ̃L,R 
ontained in the
τ̃1, o�ering in prin
iple the possibility of determining the stau mixing angle θτ̃ by examiningthe kinemati
al distributions in the subsequent tau de
ays, as well as in the polarizationdependen
e of stau pair produ
tion. We dis
uss later the prospe
ts for measuring θτ̃ usingthe stau pair-produ
tion 
ross se
tion in e+e− 
ollisions.The point ǫ is near the tip of the wedge in Fig. 1, and the stau NLSP τ̃1 has a mass of
mτ̃ = 154 GeV and a lifetime of tτ̃ = 2.9 × 106 s in mSUGRA 2 . The ben
hmark point ζis 
lose to the upper edge of the wedge, with m0 = 100 GeV and tanβ ≃ 21.5, and the τ̃1has a mass of 346 GeV and a lifetime of 1.7 × 106 s in mSUGRA. The ben
hmark point ηis 
lose to the lower edge of the wedge in Fig. 1, with m0 = 20 GeV and tanβ = 23.7. Herethe τ̃1 has a mass of mτ̃ = 327 GeV and a smaller lifetime of 6.4 × 104 s in mSUGRA. Thenew ben
hmark point θ introdu
ed here with a mu
h larger value of m1/2, 
orresponding to
mτ̃ = 1140 GeV and tτ̃ = 1.4 × 103 s. The stau mixing angle θτ̃ takes the following valuesat these points: 77.2o, 82.4o, 81.8o and 89.0o for the points ǫ, ζ , η and θ, respe
tively. Thus,ea
h of these s
enarios predi
ts that the τ̃1 should be mainly right-handed. We expe
t thisfeature to be quite general, and more marked for heavier staus. Correspondingly, the tauprodu
ed in stau de
ay should also be mainly right-handed.IV. PRODUCTION OF STAU PAIRS IN e+e− ANNIHILATIONThe rea
tion e+e− → τ̃+

1 τ̃−
1 pro
eeds via dire
t-
hannel γ and Z ex
hange as shownin Fig. 4. The tree-level vertex fa
tors 
an be parametrized as given in Table I for thestau-photon-stau (τ̃+

1 γτ̃−
1 ) and stau-Z-stau (τ̃+

1 Zτ̃−
1 ) intera
tions.The 
ross se
tion for the pro
ess e+e− → τ̃+

1 τ̃−
1 with a left (L)- or right (R)-polarized e−[2℄ We re-emphasize that the stau lifetimes at the other ben
hmark points would be redu
ed for smallergravitino masses, as might be preferred by the observed light-element abundan
es.11
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Figure 4: The tree-level Feynman diagrams for the rea
tion e+e− → τ̃+
1

τ̃−
1
.Table II: The verti
es for τ̃1τG̃, τ̃+

1
τ̃−
1

γ and τ̃+
1

τ̃−
1

Z intera
tions and the 
orresponding tree-leveldiagrams. The parameters CL,R depend on the stau mixing angle θτ̃ and the 
oe�
ients C1,2 dependalso on the weak mixing angle. F is the supersymmetry breaking s
ale.
τ̃1

G̃

τ 2

4F [CL(6 p2 6 p3+ 6 p3 6 p2)(1 − γ5) − CR(6 p2 6 p3+ 6 p3 6 p2)(1 + γ5)]

γ

τ̃1

¯̃τ1 ige(p3 − p2)µ

Z

τ̃1

¯̃τ1 − ige

sin 2θW
(C1p3µ + C2p2µ)

beam at a 
entre-of-mass energy √
s is given by

σL/R =
πα2β3

3s

[
1 +

(
(v2

e,L/R + a2

e,L/R)v2
τ̃s

8 sin4 θW cos4 θW

+
ve,L/Rae,L/Rvτ̃ (s − m2

Z)

sin2 θW cos2 θW

)
s

(s − m2
Z)2 + m2

ZΓ2
Z

]
,(5)where ve,L/R = (ve ∓ ae)/2, ae,L/R = (ae ∓ ve)/2 with ve = 2 sin2 θW − 1/2 and ae = −1/2.The τ̃+

1 Zτ̃−
1 
oupling is proportional to vτ̃ = 2 sin2 θW − cos2 θτ̃ .The 
ross se
tion for τ̃1 pair produ
tion with unpolarized ele
tron and positron beams inthe four ben
hmark s
enarios, shown in Fig. 5, exhibits a typi
al β3 threshold suppression,where β ≡
√

1 − 4m2
τ̃/s. Illustrative values of the 
ross se
tions for produ
ing τ̃1 pairs in theben
hmark s
enarios ǫ, ζ, η, and θ are shown in Table III, for 
entre-of-mass energies between0.5 and 5 TeV. As an example, with an integrated luminosity Lint = 100 fb−1 at √s = 1 TeV,12
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Figure 5: The dependen
es of the tree-level 
ross se
tions for τ̃1 pair produ
tion on the linear-
ollider
entre-of-mass energy, as 
al
ulated using PYTHIA and ISASUGRA. We also show the 
ross se
tionsfor produ
ing slow staus with βγ < 0.4 in the various ben
hmark s
enarios, also as fun
tionsof the 
entre-of-mass energy of the linear e+e− 
ollider. The optimal energies for obtaining thelargest numbers of these stoppable staus are di�erent from the energies where the maxima of thepair-produ
tion 
ross se
tions appear.the ben
hmark points ǫ, ζ and η would produ
e 2441, 923 and 1075 τ̃1 pairs, respe
tively.In general, the peak 
ross se
tions are found at 
entre-of-mass energies √s ≃ 3mτ̃1 , namely
√

s ≃ 500, 1000 and 4000 GeV for ben
hmarks ǫ, η and ζ , and θ, respe
tively. These wouldbe good energies for high-statisti
s studies of stau properties.The unpolarized 
ross se
tions shown in Fig. 6 have non-trivial dependen
es on the staumixing angle θτ̃ . We see that the 
ross se
tions exhibit minima as fun
tions of θτ̃ when
cos θτ̃ ∼ 0.6, due to the interferen
e of γ and Z ex
hange. One might hope to use thisdependen
e to extra
t the stau mixing angle. Unfortunately, the dependen
es of the unpo-larized 
ross se
tions on θτ̃ are minimized when cos θτ̃ ∼ 0, whi
h 
orresponds to a mainlyright-handed stau and is the region expe
ted theoreti
ally, as dis
ussed in the previousse
tion. Moreover, there is a twofold ambiguity in the determination of θτ̃ , with the alter-native value 
orresponding to the τ̃1 being predominantly left-handed. Considering the 
ase13



Table III: The total 
ross se
tion in pb 
al
ulated using PYTHIA with the full ISASUGRA spe
trum,in
luding both initial- and �nal-state radiation.Ben
hmark points ǫ ζ η θ

mτ̃1(GeV) = 154 346 327 1140500 4.799 × 10−2 − − -
√

s(GeV) 1000 2.441 × 10−2 9.230 × 10−3 1.075 × 10−2 -3000 3.665 × 10−3 3.142 × 10−3 3.197 × 10−3 7.235 × 10−45000 1.432 × 10−3 1.299 × 10−3 1.311 × 10−3 7.889 × 10−4

mτ̃1 = 154.0 GeV, similar to the mass at the referen
e point ǫ, and assuming cos θτ̃ = 0.60,for whi
h the 
ross se
tion exhibits a minimum and hen
e no left/right ambiguity, withoutradiation e�e
ts we �nd unpolarized 
ross se
tions of 48.3 ± 0.7 pb and 21.3 ± 0.5 pb for
√

s = 500 GeV and √
s = 1000 GeV, respe
tively, where the errors are those provided by theMC simulation. As seen in Fig. 6, these errors on the unpolarized 
ross-se
tion measurementwould not provide an a

urate determination of cos θτ̃ or of the stau handedness.One way of determining the handedness of the τ̃1 
ould be via a τ de
ay polarizationmeasurement, as mentioned previously. Another would be to use a polarized e− beam.As we 
an see from Fig. 7, the polarization of the e− beam would o�er the possibilityof measuring the stau mixing angle (and the stau mass) with mu
h greater a

ura
y. Inparti
ular, as seen in Fig. 7, even a simple measurement of the ratio of the 
ross se
tionwith left- and right-polarized e− beams would remove the ambiguity between the left- andright-handed stau solutions for the total unpolarized 
ross se
tion measurement that wasnoted above. Indeed, measurements of the 
ross se
tions with e−L/R beams 
ould determineboth cos θτ̃ and mτ̃1 with interesting a

ura
y. We display in Fig. 8 the error bands in the

(mτ̃1 , cos θτ̃ ) obtained from measurements of the polarized 
ross se
tions for e+e− → τ̃+

1 τ̃−
1 at

√
s = 500, 1000, 3000 GeV. The 
ombined experimental a

ura
ies in the mass and mixingangle of the stau obtained from this Monte Carlo simulation are mτ̃1 = 154.0 ± 1.2 GeVand cos θτ̃ = 0.22 ± 0.02, respe
tively. Similar analyses yield mτ̃1 = 346 ± 4 GeV and

mτ̃1 = 326± 4 GeV using measurements at √s = 1000 GeV and mτ̃1 = 1140± 30 GeV usingmeasurements at√s = 3000 GeV, for the points ζ , η and θ, respe
tively. It might be possibleto redu
e further the error in mτ̃1 by using tra
king and time-of-�ight measurements, as has14
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Figure 6: The 
ross se
tion for e+e− → τ̃+
1

τ̃−
1

in fb at √s = 500, 1000, 3000 and 5000 GeV as afun
tion of the stau mixing angle θτ̃ for four of the ben
hmark s
enarios. The expe
ted statisti
alerrors in the 
ross se
tion measurement are shown for di�erent ben
hmark points.been 
onsidered for the LHC, but we see from Fig. 8 that this would be unlikely to improvesigni�
antly the determination of cos θτ̃ .
15
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Figure 7: The 
ross se
tion of e+e− → τ̃+
1

τ̃−
1

in fb at √
s = 500, 1000, 1000 and 3000 GeV asa fun
tion of the stau mixing angle θτ̃ , for unpolarized (U) as well as left- (L) and right- (R)polarized e− beams, and assuming mτ̃1 = 154, 346, 327 and 1140 GeV for the ben
hmark points.The statisti
al experimental errors would be similar to those shown in Fig. 6.V. DETECTION OF STAU DECAYSMeasuring stau de
ays and thereby, possibly, the mass of the gravitino and the de
ay taupolarization requires optimizing the number of staus stopped and then de
aying inside the
ollider dete
tor. We assume a future linear-
ollider dete
tor with the stru
ture proposedin [23℄. The amount of absorber material in the dete
tor, integrated along the radial dire
tionat di�erent longitudinal angles, 
an be 
al
ulated as 835 to 1250 g/
m2 for the hadroni

alorimeter (HCAL) and 1810 to 2750 g/
m2 for the magnet return yoke, respe
tively [17℄.The range R of a heavy, non-strongly-intera
ting 
harged parti
le of mass m is 
onvenientlyexpressed in terms of R/m, whi
h 
an be parametrized as a fun
tion of the s
aled momentum

p/m = βγ:
log10(p/m) =

[log10(R/m) − c1]

c2

, (6)where the 
onstants take the values c1 = 2.087 and c2 = 3.227 for steel [24℄. The values of
βγ below whi
h a heavy stau 
an be stopped in the hadron 
alorimeter or instrumented ironyoke depend on the angle of produ
tion. The 
orresponding values of βγ for staus stoppingin di�erent dete
tor parts for the ben
hmark points are shown in Table IV. Motivated by16
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Figure 8: The error bands for cos θτ̃ as a fun
tion of the stau mass, as obtained from measurementsof the 
ross se
tions for e+e− → τ̃+

1
τ̃−
1

at √s = 500, 1000, 3000 GeV with left- (L), right- (R) andunpolarized (U) e− beams, assuming for inputs mτ̃1 = 154, 346, 327 and 1140 GeV, as for the point
ǫ, ζ, η, θ, and the value of cos θτ̃ = 0.60.this analysis, we 
onsider below the produ
tion of slow-moving staus with βγ < 0.4, thatmight plausibly be stopped with a linear-
ollider dete
tor, so that their de
ays 
ould beobserved.In the absen
e of photon radiation, the velo
ity of the outgoing staus in the dire
t pair-produ
tion rea
tion e+e− → τ̃+

1 τ̃−
1 is simply β =

√
1 − 4m2

τ̃/s. However, the values of thestau velo
ities are altered when initial-state radiation and a realisti
 luminosity spe
trumare taken into a

ount. Fig. 9 shows the distributions of βγ expe
ted for the τ̃1s pair-produ
ed in the various gravitino DM s
enarios at the 
entre-of-mass energies 500 GeV (thedesign for the ILC), 1 TeV and 3 TeV (the design for CLIC). The two sets of βγ distributions17



Table IV: The maximal values of βγ below whi
h heavy staus would be stopped in di�erent dete
torparts.
mτ̃ (GeV) βγ (HCAL) βγ (Iron Yoke)154 0.38-0.43 0.48-0.55346 0.30-0.34 0.38-0.43327 0.30-0.34 0.38-0.441140 0.21-0.23 0.26-0.30

Figure 9: The βγ distributions for dire
t stau pair-produ
tion e+e− → τ̃+
1

τ̃−
1

at di�erent 
entre-of-mass energies: a) √
s = 500 GeV, b) √

s = 1000 GeV and 
) √
s = 3000 GeV. The solid, dashed,dotted and dashed-dotted lines 
orrespond to the gravitino DM points ǫ, ζ, η and θ, respe
tively.These distributions were obtained from simulations of running 
onditions designed (left) to opti-mize the luminosity 
lose to the nominal 
entre-of-mass energy and (right) to optimize the totalluminosity. The low-energy tails of the βγ distributions are apparent, and mu
h larger in the right-hand panel. Here, we have used the CALYPSO library [25℄ to in
lude the luminosity spe
trum intothe event generator PYTHIA.
orrespond to alternative luminosity spe
tra yielded by beam 
onditions designed to optimizethe luminosity 
lose to the nominal 
entre-of-mass energy (left) and the total luminosity(right). We see that the βγ distributions exhibit substantial low-energy tails, parti
ularlyin the 
ase where the total luminosity is optimized, as shown in the right panel of Fig. 9.18



Table V: The numbers of staus with βγ < 0.4, that may be stopped in a generi
 linear-
olliderdete
tor, for the di�erent ben
hmark points at di�erent 
entre-of-mass energies. In the fourth
olumn, the energies are optimized for the dire
t pair-produ
tion of slow-moving staus, whereasin the last 
olumn all sparti
le pair-produ
tion 
ross se
tions are in
luded.
√

s(GeV) 500 1000 3000 Optimal for Maximal in
ludingpair prod'n other prod'n pro
esses
ǫ 17 2 1 750 850
ζ - 6 1 127 350
η - 5 1 185 300
θ - - 2 14 35We plot in Fig. 5 the 
ross se
tions the produ
tion of staus with βγ < 0.4 via dire
t pair-produ
tion e+e− → τ̃+

1 τ̃−
1 a

ompanied by initial- and �nal-state radiation, whi
h opensup the possibility of produ
ing slow-moving staus. We see that the optimal 
entre-of-massenergies for produ
ing slow-moving staus via dire
t pair-produ
tion are 330, 730, 700 and2500 GeV for ben
hmarks ǫ, ζ, η and θ, respe
tively. We note that the 
entre-of-mass energydependen
es of these 
ross se
tions for slow-moving staus are 
ompletely di�erent from thetotal 
ross se
tions shown in Fig. 5, re�e
ting the in
reasing di�
ulty of radiating su�
ientlyto produ
e a slow-moving stau as the 
entre-of-mass energy in
reases.Table V gives estimates of the numbers of staus with βγ < 0.4, as produ
ed dire
tlyvia e+e− → τ̃+

1 τ̃−
1 a

ompanied by initial- and �nal-state radiation at sele
ted nominal
entre-of-mass energies. These staus might stop in a typi
al linear-
ollider dete
tor, wheretheir de
ays 
ould then be observed. We note that the numbers of stopped staus obtainedat the optimal 
entre-of-mass energies for ben
hmark points are more than an order ofmagnitude larger than the numbers that would be stopped in measurements at 
entre-of-mass energies 
orresponding (approximately) to the peaks of the total pair-produ
tion 
rossse
tions, namely 500, 1000, 1000 and 3000 GeV, respe
tively.

19



VI. INDIRECT STAU PRODUCTIONIn addition to dire
t stau pair-produ
tion e+e− → τ̃+

1 τ̃−
1 , staus 
an be produ
ed via the
as
ade de
ays of heavier sparti
les, e.g. sleptons, ẽR → τ̃1τe, or neutralinos, χ̃0

1 → τ̃1τ .Ea
h heavier sparti
le eventually yields one stau among its 
as
ade de
ay produ
ts, whi
hlater de
ays into a gravitino. For example, for the nominal ILC 
entre-of-mass energyof √s = 500 GeV, the most important 
ontributions to stau-pair produ
tion at point ǫin fa
t 
ome from the pro
esses e+e− → χ̃0
1χ̃

0
1 and e+e− → ẽ+

Rẽ−R/L with 
ross se
tions of
1.26×10−1 pb and 7.44×10−2/6.76×10−2 pb, respe
tively. On the other hand, for the point
θ at √s = 3000 GeV, the main 
ontribution 
omes from the pair produ
tion of right-handedsele
trons, smuons and neutralinos with the 
ross se
tions 8.49×10−4 pb, 7.31×10−4 pb and
9.66× 10−4 pb, respe
tively. We display in Fig. 10 the dominant 
ross se
tions for sparti
lepair-produ
tion in unpolarized e+e− 
ollisions in ben
hmarks ǫ, η, ζ and θ, as fun
tions ofthe 
entre-of-mass energy.The pair-produ
tion of these heavier sparti
les would be interesting in its own right,providing new opportunities to study sparti
le spe
tros
opy with high pre
ision, and tomeasure many sparti
le de
ay modes. Some prominent de
ay modes of sele
trons, smuons,neutralinos, 
harginos and heavier staus are shown in Table VI 3: measuring these would givemu
h information about sparti
le masses and 
ouplings, and hen
e the underlying patternof supersymmetry breaking.However, our interest here is in the 
ontributions of these heavier sparti
les to the totalyields of slow-moving staus with βγ < 0.4, whi
h are also shown in Fig. 10. Comparingthese yields with those produ
ed by dire
t pair-produ
tion alone, shown in Fig. 5, we seethat they are greatly enhan
ed. It is also apparent that the optimal 
entre-of-mass energiesare substantially higher, re�e
ting the higher thresholds for pair-produ
ing heavier sparti
les.Spe
i�
ally, we �nd optimal 
entre-of-mass energies of 430, 1200, 1150 and 2800 GeV forthe ben
hmark points ǫ, ζ, η and θ, respe
tively. The last 
olumn of Table V displays themaximal number of slow-moving and hen
e stoppable staus that might be obtainable atthese optimal 
entre-of-mass energies in the four ben
hmark s
enarios. These numbersprovide greatly improved prospe
ts for observing stau de
ays into gravitinos. This would[3℄ In the 
ase of point θ, the small ẽR − τ̃1 mass di�eren
e implies that the only three-body de
ays allowedkinemati
ally are ẽR → τ̃1ν̄ν, and similarly for µ̃R.20
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ẽLẽL
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Figure 10: The 
ross se
tions for pair-produ
tion of supersymmetri
 parti
les in the ben
hmarks
enarios ǫ, ζ, η and θ, as fun
tions of the e+e− 
entre-of-mass energy. Also shown are the yieldsof slow-moving staus with βγ < 0.4.yield dire
t insight into the me
hanism of supersymmetry breaking, via a measurement ofthe stau lifetime, and possibly of the gravitino mass, via the kinemati
s of stau de
ays.VII. CONCLUSIONWe have dis
ussed in this paper how the study of a metastable stau NLSP 
ould beoptimized at a linear 
ollider su
h as the ILC or CLIC. The stau produ
tion rate, parti
ularlyusing a polarized e− beam, would provide information on the handedness of the stau, as wellas its mass. The 
entre-of-mass energy 
ould then be optimized for the 
ombined dire
t andindire
t produ
tion of slow-moving staus that would stop in the dete
tor. Their de
ays 
ouldprovide valuable information, not only on the stau lifetime and on the mass of the gravitino,21



Table VI: Signi�
ant de
ay modes and bran
hing ratios of sele
trons, smuons, neutralinos, 
harginosand heavy staus for the 
hosen ben
hmark points ǫ,ζ,η and θ. Here, the 
harged lepton l− may beeither e− or µ−, and the bran
hing ratios add up to ∼ 100 % when these and 
harge-
onjugatemodes are added. Sparti
le Signi�
ant de
ay modes BR (%) for ǫ,ζ,η,θ
l̃−L/ν̃l χ̃0

1l
−/χ̃0

1νl 100, 100, 100, 100

l̃−R τ̃−
1

τ+l− 45, 42, 40, 0

τ̃+
1

τ−l− 55, 58, 60, 0

τ̃−
1

ν̄τνl 0, 0, 0, 100

ν̃τ χ̃0
1ντ 55, 21, 17, 64

τ̃−
1

W+ 45, 79, 83, 36

τ̃−
2

χ̃0
1τ

− 50, 20, 17, 56

τ̃−
1

Z0 23, 37, 39, 16

τ̃−
1

H0 27, 43, 44, 28

χ̃0
1 τ̃±

1
τ∓ 35, 30, 29, 17

l̃±Rl∓ 7, 10, 11, 17

χ̃−
1

τ̃−
1

ντ 13, 4, 5, 0

ν̃ll
− 18, 16, 16, 17

l̃−νl 9, 13, 14, 16

ν̃ττ
− 22, 19, 19, 18

τ̃−
2

ντ 8, 15, 15, 17

χ̃0
2 τ̃±

1
τ∓ 7, 2, 2, 0

ν̃τ ν̄τ/˜̄ντντ 10, 10, 10, 9

ν̃lν̄l/˜̄νlνl 9, 8, 8, 8

l̃±l∓ 5, 7, 7, 8

τ̃±
2

τ∓ 4, 8, 8, 8but also supplementary information on the handedness of the stau via a measurement ofthe polarization of the tau de
ay produ
ts. The following are possible s
enarios for studyingmetastable stau s
enarios at the LHC and a subsequent linear 
ollider.If there is a metastable stau weighing up to ∼ 300 GeV, as in ben
hmarks η and ζ , the22



LHC has been shown able to produ
e and dete
t them, and also to analyze the mSUGRAmodels in whi
h they appear [26℄. Spe
i�
ally, it should be possible to measure the staumass with an a

ura
y of ∼ 1 %. However, most of the LHC staus would be produ
ed with
βγ ∼ 1, and would de
ay outside the dete
tor if they have lifetimes > 10−7 s. We re
allthat there are no signi�
ant 
osmologi
al 
onstraints on su
h staus if their lifetimes < 1 s,and that there are only weak 
onstraints on staus with lifetimes < 103 s. Therefore, 
olliderinformation on the stau lifetime would be interesting for 
osmology as well as the theoryof supersymmetry breaking. However, the numbers of slow staus that stop inside the LHCdete
tors would be relatively modest: perhaps just a handful in ben
hmarks η and ζ , andsomewhat more in ben
hmark ǫ. The LHC would dete
t no staus in the 
ase of ben
hmark
θ. If the stau is indeed found by the LHC, in these s
enarios one would know the optimalenergy for produ
ing the optimal number of stopping staus via the rea
tion e+e− → τ̃+

1 τ̃−
1 .As we have emphasized in this paper, there would in general be many additional staus
oming from the de
ays of heavier sparti
les produ
ed by rea
tions su
h as e+e− → ẽRẽL,

e+e− → χχ, et
.. The masses of these heavier sparti
les 
ould also be measured at the LHCin models resembling ben
hmarks ǫ, η and ζ , and hen
e the 
orresponding e+e− thresholds
ould be estimated. These produ
tion me
hanisms would also yield slow staus that shouldbe in
luded in the 
hoi
e of the e+e− 
entre-of-mass energy in order to maximize the numberof stopped staus.Alternatively, the stau might be too heavy to be produ
ed at the LHC, as in ben
hmarks
enario θ whi
h, we re
all, has the added merit of being 6,7Li-friendly. In su
h a 
ase, onewould need to measure the stau mass in e+e− annihilation itself before going to the optimalenergy for stopping staus. This would be depend on the masses of heavier sparti
les, whi
h
ould be determined either dire
tly or by invoking some model.The signature for a stopped stau would be its de
ay τ̃1 → G̃τ out of 
oin
iden
e with a
ollision in the 
entral dete
tor. The τ de
ay modes observable in the 
ollider dete
tor wouldbe the leptoni
 3-body de
ays τ → ντµνµ (17.4%) and τ → ντeνe (17.8%), and the hadroni
de
ays τ → ντπ (11.1%), τ → ντρ → ντπ
±π0 (25.4%) and τ → ντ3π → ντπ

±π+π− +

ντπ
±π0π0 (19.4%). In the ben
hmark s
enarios 
onsidered here, the de
aying τs wouldbe very energeti
, sin
e mG̃(= 20, 100, 20, 330 GeV) << mτ̃1(= 154, 346, 327, 1140 GeV),respe
tively. These τ de
ays are therefore likely to produ
e an isolated, high-energy, above-23



threshold hadroni
 or ele
tromagneti
 
luster in the HCAL (Eh,em > 10 GeV), a hadroni
shower in the yoke (Eh > 10 GeV), or an energeti
 µ originating in the HCAL or yoke(Eµ > 10 GeV). The main ba
kground would 
ome from 
osmi
 rays, and 
ould be reje
tedby ex
luding de
ay verti
es in the outermost dete
tor layers or signals initiated by muonsfrom outside. Further ex
ellent ba
kground dis
rimination would be provided by requiringthe de
ay vertex to be 
onsistent with the estimated stopping point of a τ̃1 dete
ted andmeasured previously. The τ re
oil energy Eτ = mτ̃

(
1 − m2

G̃
/m2

τ̃

)
/2 would have sensitivityto the gravitino mass, and the tau de
ay spe
tra measurable in ea
h of the above de
ay
hannels would be sensitive to the tau polarization and hen
e the handedness of the parentstau.This analysis demonstrates on
e again the 
omplementarity of the LHC and a linearele
tron-positron 
ollider of su�
iently high energy. Information from the LHC may notonly establish the threshold for new physi
s, but also provide an estimate of the optimalenergy for studying it. At least for 
ertain studies, su
h as the de
ays of stopped staus
onsidered here, this optimal energy may be signi�
antly higher than the e+e− produ
tionthreshold.A
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