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I. INTRODUCTIONSupersymmetry (SUSY) is one of the most interesting possibilities o�ered by quantum�eld theory whose relevane to nature has not yet been established [1℄. In addition torelating fermions to bosons, stabilizing the mass sale of the weak interations and (if R-parity is onserved) providing a plausible andidate for osmologial dark matter (DM),supersymmetry also provides a framework for the uni�ation of partile physis and gravity.The latter is governed by the Plank sale, MP ≃ 1019 GeV, whih is lose to the energywhere the gravitational interations may beome omparable in magnitude to the gaugeinterations.If supersymmetry is to be ombined with gravity, it must be a loal 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,aquires a mass m eG by absorbing the goldstino fermion of spontaneously-broken supersym-metry via a super-Higgs mehanism [6, 7℄. The gravitino is a very plausible andidate for theDM, sine the presene of a massive gravitino is an inevitable predition of SUGRA. More-over, in models of gauge-mediated SUSY breaking [8℄ the gravitino is neessarily the LSP.Furthermore, there are also generi regions of the parameter spae of minimal supergravity(mSUGRA) models where the gravitino is the LSP.In mSUGRA the soft supersymmetry-breaking parameters take a partiularly simple format the Plank sale [5℄, in whih the soft supersymmetry-breaking salar masses-squared m2
0,gaugino masses m1/2 and trilinear parameters A0 are eah �avour diagonal and universal [9℄.Renormalization-group evolution (RGE) is then used to derive the e�etive values of thesupersymmetri parameters at the low-energy (eletroweak) sale. Five parameters �xed atthe gauge oupling uni�ation sale, m0, the gaugino mass m1/2, A0, tan β and the sign of

(µ) are then related to the mass parameters at the sale of eletroweak symmetry breakingby the RGE. Moreover, mSUGRA requires that the gravitino mass m eG = m0 at the Planksale, 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 spae o�ers both neutralino dark matter and gravitino dark matter asgeneri possibilities.In general, it would be di�ult to detet gravitino DM diretly, sine the gravitino's ou-2



plings are suppressed by inverse powers of the Plank sale. However, evidene for gravitinoDM may be obtained indiretly in ollider experiments, sine in suh a ase the next-to-lightest spartile (NLSP) has a long lifetime, as it deays into the gravitino through veryweak interations suppressed by the Plank sale. One of the most plausible andidates forthe NLSP is the lighter salar 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�ets and mixing between the spartners of theleft- and right-handed sleptons ause the τ̃1 to beome the NLSP.If R-parity is onserved, spartiles must be pair-produed at olliders with su�ientlyhigh energies, and heavier spartiles will deay into other spartiles, until the deay as-ade terminates with the NLSP, whih is metastable in gravitino DM senarios based onmSUGRA and deays only long after being produed. Collider experiments o�er possibilitiesto detet and measure metastable NLSPs suh as the staus in mSUGRA, and to use theirdeays to study indiretly the properties of gravitinos, whih annot be observed diretly inastrophysial experiments.There are several experimental onstraints on the mSUGRA parameter spae: the LSPmust be eletrially and olour-neutral, and one must satisfy the limit from LEP 2 on thestau mass: meτ > 85.2 GeV obtained from the pair prodution of staus, as well as limits onother spartiles, the mass of the lightest Higgs salar, the DM density, the branhing ratio forradiative B deay and the muon anomalous magneti moment. An up-to-date ompilation ofthese experimental and phenomenologial onstraints on the mSUGRA model an be foundin [10, 11℄.Astrophysis and osmology also onstrain the properties of metastable partiles suh asthe staus in gravitino DM senarios, in partiular via the omparison between the alu-lated and observed abundanes of light elements, assuming the osmologial baryon densityderived from observations of the osmi mirowave bakground (CMB). In addition to thehadroni and eletromagneti e�ets due to seondary partiles produed in the showersindued by stau deay, one must also onsider the atalysis e�ets of stau bound states [12℄.In ertain regions of mSUGRA parameter spae, these may even bring the alulations ofBig-Bang nuleosynthesis (BBN) into better agreement with the observed abundanes of
6,7Li [13℄. A number of benhmark senarios in whih the stau deay showers do not destroythe suessful results of BBN were proposed in [14℄. These did not take bound-state e�ets3



into aount, but these may be inluded in related models, as we disuss later.The phenomenology of stau NLSPs in both proton-proton and e+e− olliders has beenonsidered in a number of previous papers. In partiular, it has been shown that the staumass ould be measured quite aurately by the ATLAS and CMS experiments at theLHC, using their traking systems and time-of-�ight (ToF) information from Resistive PlateChamber (RPCs). There have also been some phenomenologial investigations of long-livedstaus at the ILC [10, 15, 16, 17℄.In this work, we study the pair prodution 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 benhmark senarios proposed earlier,we also propose a new benhmark senario hosen to improve the agreement of Big-Bangnuleosynthesis alulations with the observed 6,7Li abundanes after bound-state atalysise�ets are inluded. This point has a relatively heavy stau that ould only be observed atCLIC. Following a general disussion of the signatures and detetion of staus in the linear-ollider environment, we explore the possible measurements of model parameters suh 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 respet.We also disuss the hoie of the entre-of-mass energy that would maximize the ross setionfor produing slow-moving staus with βγ < 0.4, that would be trapped in a typial linear-ollider detetor. The subsequent stau deays would be optimal for some measurementsof gravitino parameters. We show that most suh slow-moving staus are produed in theasade deays of heavier spartiles, so that the optimal entre-of-mass energies for trappingstaus are typially onsiderably higher than the stau pair-prodution 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 allsalars (inluding the Higgs �elds), m1/2 is the universal SUSY-breaking gaugino mass, and
A0 is the universal SUSY-breaking fator in the soft trilinear salar interations. In addition,there is a bilinear soft SUSY-breaking parameter B0, whih appears in the e�etive Higgspotential, and is related by mSUGRA to the trilinear parameter: B0 = A0 − m0. All these4



soft SUSY-breaking parameters are de�ned at the sale of grand uni�ation. In generalstudies of the MSSM, tan β, the ratio of the vauum expetation values (vevs) of the twoHiggs doublets at the weak sale, is taken as a free parameter. However, in mSUGRA itis determined dynamially one the relation between A0 and B0 is imposed. This param-eter set also determines the gravitino mass, sine m eG = m0 in mSUGRA, as well as theother spartile masses. For alulations of spartile mass spetra and other properties inthe models we study here, we use the updated ISASUGRA programme, whih is part of theISAJET pakage [20℄. This programme is onvenient for event generation with PYTHIA [21℄for various olliders.A seletion of benhmark mSUGRA points onsistent with present data from partilephysis and BBN onstraints on the deays of metastable NLSPs was proposed in [13℄. Weuse a subset of these benhmark senarios to study mSUGRA phenomenology at e+e− ol-liders, namely the points denoted (ǫ, ζ, η), in whih 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 partiles, in a generi ollider detetor.However, it might be possible to observe the deays into gravitinos of any slow-moving τ̃1sthat lose su�ient energy to stop in the detetor.The mSUGRA benhmark senarios 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 spae may be displayedin the (m1/2, m0) plane, as shown in the left panel of Fig. 1 for the Polonyi value of A0. Thetheoretial and phenomenologial onstraints are displayed, together with the astrophysialonstraints on NLSP deays. The ombined e�et of these onstraints is to allow a wedge inthe (m1/2, m0) plane at relatively low values of m0. The benhmark point ǫ was hosen nearthe apex of this wedge, whereas the points η and ζ were hosen at larger values of m1/2,and hene more hallenging for the LHC and other olliders [14℄. The mSUGRA parametersspeifying these models and some of the orresponding spartile masses are shown in Table I,as alulated using ISAJET 7.74 1 .Reently, bound-state e�ets on light-element abundanes in models with metastable stauNLSPs have been studied in several variants of the MSSM [13℄, inluding mSUGRA and some[1℄ In addition, we note that the ẽR − τ̃1 mass di�erene for point θ is just 70 MeV.5



Table I: The four benhmark points with gravitino DM and a τ̃1 NLSP that are onsidered in thispaper. The quoted slepton, squark, gluino and the neutralino mass spetra (in GeV) have beenalulated 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

6
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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 astrophysial onstraints on staudeays [14℄ shaded light (yellow). The values of tan β are �xed by the vauum onditions with thevalues indiated along the solid blak ontours, and the three benhmark points ǫ, η and ζ are shownby red + signs. The right (seond) panel shows the (m0,m1/2) plane in the CMSSM, assuming �xed
tan β = 10, with the regions allowed in the presene of osmologial bound-state e�ets and staudeays if m eG = 0.2m0 shaded light (yellow). In the darker (pink) shaded region, bound-state e�etsyield 6,7Li abundanes in the ranges favoured by astrophysial observations. The new benhmarkpoint θ is loated in this 6,7Li-friendly region [13℄.other models in whih 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�ets restrit greatly the allowedregions of parameter spae, 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 preditions for the 6,7Li abundanes ould be brought into betteragreement with astrophysial observations. We propose and study here a new benhmarkpoint in this 6,7Li-friendly region, denoted by θ, with the parameter hoies shown in thelast olumn of Table I. Also shown in this olumn are some spartile masses: like the rest ofthe 6,7Li-friendly region, benhmark θ features relatively heavy spartiles beyond the reah7



of either the LHC or the ILC, but within the kinemati reah of CLIC.In this onnetion we note that for benhmark θ the diret stau pair prodution rosssetion 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 reah 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�ets depend sensitively on the stau lifetime, being muh more im-portant for longer lifetimes. This is why they would be unaeptable for the the stau inbenhmark senarios ǫ, η and ζ , if it had the lifetime predited by mSUGRA. However,as disussed in the following Setion, the stau lifetime depends sensitively on the mass as-sumed for the gravitino. Hene, a CMSSM variant with similar masses for the masses ofthe spartners of the Standard Model partiles but a smaller gravitino mass would not beexluded a priori on the basis of bound-state e�ets. For this reason, and sine the previousbenhmarks ǫ, η and ζ represent to a great extent the range of possibilities open to theILC (limits on metastable partiles exlude a stau muh lighter than at benhmark ǫ, andspartiles would be inaessible to the LHC or ILC if they weighed muh more than at points
η and ζ), we ontinue to inlude all these points in the subsequent disussion, though ourprimary interest will be in the new 6,7Li-friendly point θ.III. THE τ̃1 NLSP DECAY AND LIFETIMESine we assume the onservation of R-parity, the gravitino must be produed at theend of any deay hain initiated by the deay of a heavy unstable supersymmetri partile.As already remarked, in models with universal salar soft supersymmetry-breaking masses,the lightest slepton is generially the lighter stau mass eigenstate, the τ̃1, as a result ofrenormalization-group e�ets and left-right sfermion mixing. In large regions of mSUGRAparameter spae, the τ̃1 is the NLSP, and is the penultimate spartile in (essentially) everydeay hain.The τ̃1 is in general a linear ombination of τ̃L and τ̃R, whih are the superpartners of theleft- and right-handed τ leptons τL and τR, respetively. 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, whih 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 interations of the stau states τ̃L,R with the gravitino G̃ and tau lepton τ are desribedby 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 redued Plank mass, with the Newton onstant GN = 6.707×10−39GeV−2.The stau deay rate is dominated by the two-body deay into tau and gravitino (τ̃1 → τG̃),and the deay 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 benhmarkpoint ǫ), we �nd a lifetime of Γ−1

eτ1
= 7762 s (25.9 years) for a gravitino mass of m eG = 1GeV (100 GeV), respetively. The lifetime and deay width of the stau as funtions of thegravitino mass for various stau mass values are presented in Fig. 2.Negleting the tau lepton mass, the mean stau deay length, obtained from the relation

L = βγtτ̃ , is shown in Fig. 3. For instane, taking βγ = 1 and m eG = 1 MeV would imply amean deay length of L = 2.33×106 m (L = 109.6 m) for mτ̃1 = 150 GeV (mτ̃1 = 1100 GeV),respetively. Only for m eG < 1 KeV might a typial stau with βγ = O(1) deay within ageneri ollider detetor. In this ase the light gravitino would onstitute either warm or evenhot dark matter, whih is disfavoured by the modelling of osmologial struture formation.9
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However, some fration of the staus may be produed with veloities su�iently lowthat strong ionization energy loss auses them to stop within the detetor. In suh a ase,interesting information may be extrated from the stau deays. For example, the mass of thegravitino produed in the deay ould in priniple be inferred kinematially from the relation
m2

eG
= m2

τ̃1
+ m2

τ − 2mτEτ , unless it is very small. Also, we note that the polarization of thetau produed in the stau deay must oinide with the ombination of τ̃L,R ontained in the
τ̃1, o�ering in priniple the possibility of determining the stau mixing angle θτ̃ by examiningthe kinematial distributions in the subsequent tau deays, as well as in the polarizationdependene of stau pair prodution. We disuss later the prospets for measuring θτ̃ usingthe stau pair-prodution ross setion 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 benhmark 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 benhmark 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 benhmark point θ introdued here with a muh 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, respetively. Thus,eah of these senarios predits that the τ̃1 should be mainly right-handed. We expet thisfeature to be quite general, and more marked for heavier staus. Correspondingly, the tauprodued in stau deay should also be mainly right-handed.IV. PRODUCTION OF STAU PAIRS IN e+e− ANNIHILATIONThe reation e+e− → τ̃+

1 τ̃−
1 proeeds via diret-hannel γ and Z exhange as shownin Fig. 4. The tree-level vertex fators an be parametrized as given in Table I for thestau-photon-stau (τ̃+

1 γτ̃−
1 ) and stau-Z-stau (τ̃+

1 Zτ̃−
1 ) interations.The ross setion for the proess 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 benhmark points would be redued for smallergravitino masses, as might be preferred by the observed light-element abundanes.11
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Figure 4: The tree-level Feynman diagrams for the reation e+e− → τ̃+
1
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1
.Table II: The verties for τ̃1τG̃, τ̃+

1
τ̃−
1

γ and τ̃+
1

τ̃−
1

Z interations 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 sale.
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 setion for τ̃1 pair prodution with unpolarized eletron and positron beams inthe four benhmark senarios, shown in Fig. 5, exhibits a typial β3 threshold suppression,where β ≡
√

1 − 4m2
τ̃/s. Illustrative values of the ross setions for produing τ̃1 pairs in thebenhmark senarios 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 dependenes of the tree-level ross setions for τ̃1 pair prodution on the linear-olliderentre-of-mass energy, as alulated using PYTHIA and ISASUGRA. We also show the ross setionsfor produing slow staus with βγ < 0.4 in the various benhmark senarios, also as funtionsof 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-prodution ross setions appear.the benhmark points ǫ, ζ and η would produe 2441, 923 and 1075 τ̃1 pairs, respetively.In general, the peak ross setions are found at entre-of-mass energies √s ≃ 3mτ̃1 , namely
√

s ≃ 500, 1000 and 4000 GeV for benhmarks ǫ, η and ζ , and θ, respetively. These wouldbe good energies for high-statistis studies of stau properties.The unpolarized ross setions shown in Fig. 6 have non-trivial dependenes on the staumixing angle θτ̃ . We see that the ross setions exhibit minima as funtions of θτ̃ when
cos θτ̃ ∼ 0.6, due to the interferene of γ and Z exhange. One might hope to use thisdependene to extrat the stau mixing angle. Unfortunately, the dependenes of the unpo-larized ross setions on θτ̃ are minimized when cos θτ̃ ∼ 0, whih orresponds to a mainlyright-handed stau and is the region expeted theoretially, as disussed in the previoussetion. 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 setion in pb alulated using PYTHIA with the full ISASUGRA spetrum,inluding both initial- and �nal-state radiation.Benhmark 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 referene point ǫ, and assuming cos θτ̃ = 0.60,for whih the ross setion exhibits a minimum and hene no left/right ambiguity, withoutradiation e�ets we �nd unpolarized ross setions of 48.3 ± 0.7 pb and 21.3 ± 0.5 pb for
√

s = 500 GeV and √
s = 1000 GeV, respetively, where the errors are those provided by theMC simulation. As seen in Fig. 6, these errors on the unpolarized ross-setion measurementwould not provide an aurate determination of cos θτ̃ or of the stau handedness.One way of determining the handedness of the τ̃1 ould be via a τ deay 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 muh greater auray. Inpartiular, as seen in Fig. 7, even a simple measurement of the ratio of the ross setionwith left- and right-polarized e− beams would remove the ambiguity between the left- andright-handed stau solutions for the total unpolarized ross setion measurement that wasnoted above. Indeed, measurements of the ross setions with e−L/R beams ould determineboth cos θτ̃ and mτ̃1 with interesting auray. We display in Fig. 8 the error bands in the

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

1 τ̃−
1 at

√
s = 500, 1000, 3000 GeV. The ombined experimental auraies 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, respetively. 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, respetively. It might be possibleto redue further the error in mτ̃1 by using traking and time-of-�ight measurements, as has14
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Figure 6: The ross setion for e+e− → τ̃+
1

τ̃−
1

in fb at √s = 500, 1000, 3000 and 5000 GeV as afuntion of the stau mixing angle θτ̃ for four of the benhmark senarios. The expeted statistialerrors in the ross setion measurement are shown for di�erent benhmark 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 .
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Figure 7: The ross setion of e+e− → τ̃+
1

τ̃−
1

in fb at √
s = 500, 1000, 1000 and 3000 GeV asa funtion 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 benhmark points.The statistial experimental errors would be similar to those shown in Fig. 6.V. DETECTION OF STAU DECAYSMeasuring stau deays and thereby, possibly, the mass of the gravitino and the deay taupolarization requires optimizing the number of staus stopped and then deaying inside theollider detetor. We assume a future linear-ollider detetor with the struture proposedin [23℄. The amount of absorber material in the detetor, integrated along the radial diretionat di�erent longitudinal angles, an be alulated as 835 to 1250 g/m2 for the hadronialorimeter (HCAL) and 1810 to 2750 g/m2 for the magnet return yoke, respetively [17℄.The range R of a heavy, non-strongly-interating harged partile of mass m is onvenientlyexpressed in terms of R/m, whih an be parametrized as a funtion of the saled 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 whih a heavy stau an be stopped in the hadron alorimeter or instrumented ironyoke depend on the angle of prodution. The orresponding values of βγ for staus stoppingin di�erent detetor parts for the benhmark points are shown in Table IV. Motivated by16
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Figure 8: The error bands for cos θτ̃ as a funtion of the stau mass, as obtained from measurementsof the ross setions 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 prodution of slow-moving staus with βγ < 0.4, thatmight plausibly be stopped with a linear-ollider detetor, so that their deays ould beobserved.In the absene of photon radiation, the veloity of the outgoing staus in the diret pair-prodution reation e+e− → τ̃+

1 τ̃−
1 is simply β =

√
1 − 4m2

τ̃/s. However, the values of thestau veloities are altered when initial-state radiation and a realisti luminosity spetrumare taken into aount. Fig. 9 shows the distributions of βγ expeted for the τ̃1s pair-produed in the various gravitino DM senarios 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 whih heavy staus would be stopped in di�erent detetorparts.
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 diret stau pair-prodution 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, respetively.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 muh larger in the right-hand panel. Here, we have used the CALYPSO library [25℄ to inlude the luminosity spetrum intothe event generator PYTHIA.orrespond to alternative luminosity spetra 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, partiularlyin 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-olliderdetetor, for the di�erent benhmark points at di�erent entre-of-mass energies. In the fourtholumn, the energies are optimized for the diret pair-prodution of slow-moving staus, whereasin the last olumn all spartile pair-prodution ross setions are inluded.
√

s(GeV) 500 1000 3000 Optimal for Maximal inludingpair prod'n other prod'n proesses
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 setions the prodution of staus with βγ < 0.4 via diret pair-prodution e+e− → τ̃+

1 τ̃−
1 aompanied by initial- and �nal-state radiation, whih opensup the possibility of produing slow-moving staus. We see that the optimal entre-of-massenergies for produing slow-moving staus via diret pair-prodution are 330, 730, 700 and2500 GeV for benhmarks ǫ, ζ, η and θ, respetively. We note that the entre-of-mass energydependenes of these ross setions for slow-moving staus are ompletely di�erent from thetotal ross setions shown in Fig. 5, re�eting the inreasing di�ulty of radiating su�ientlyto produe a slow-moving stau as the entre-of-mass energy inreases.Table V gives estimates of the numbers of staus with βγ < 0.4, as produed diretlyvia e+e− → τ̃+

1 τ̃−
1 aompanied by initial- and �nal-state radiation at seleted nominalentre-of-mass energies. These staus might stop in a typial linear-ollider detetor, wheretheir deays ould then be observed. We note that the numbers of stopped staus obtainedat the optimal entre-of-mass energies for benhmark 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-prodution rosssetions, namely 500, 1000, 1000 and 3000 GeV, respetively.

19



VI. INDIRECT STAU PRODUCTIONIn addition to diret stau pair-prodution e+e− → τ̃+

1 τ̃−
1 , staus an be produed via theasade deays of heavier spartiles, e.g. sleptons, ẽR → τ̃1τe, or neutralinos, χ̃0

1 → τ̃1τ .Eah heavier spartile eventually yields one stau among its asade deay produts, whihlater deays into a gravitino. For example, for the nominal ILC entre-of-mass energyof √s = 500 GeV, the most important ontributions to stau-pair prodution at point ǫin fat ome from the proesses e+e− → χ̃0
1χ̃

0
1 and e+e− → ẽ+

Rẽ−R/L with ross setions of
1.26×10−1 pb and 7.44×10−2/6.76×10−2 pb, respetively. On the other hand, for the point
θ at √s = 3000 GeV, the main ontribution omes from the pair prodution of right-handedseletrons, smuons and neutralinos with the ross setions 8.49×10−4 pb, 7.31×10−4 pb and
9.66× 10−4 pb, respetively. We display in Fig. 10 the dominant ross setions for spartilepair-prodution in unpolarized e+e− ollisions in benhmarks ǫ, η, ζ and θ, as funtions ofthe entre-of-mass energy.The pair-prodution of these heavier spartiles would be interesting in its own right,providing new opportunities to study spartile spetrosopy with high preision, and tomeasure many spartile deay modes. Some prominent deay modes of seletrons, smuons,neutralinos, harginos and heavier staus are shown in Table VI 3: measuring these would givemuh information about spartile masses and ouplings, and hene the underlying patternof supersymmetry breaking.However, our interest here is in the ontributions of these heavier spartiles to the totalyields of slow-moving staus with βγ < 0.4, whih are also shown in Fig. 10. Comparingthese yields with those produed by diret pair-prodution alone, shown in Fig. 5, we seethat they are greatly enhaned. It is also apparent that the optimal entre-of-mass energiesare substantially higher, re�eting the higher thresholds for pair-produing heavier spartiles.Spei�ally, we �nd optimal entre-of-mass energies of 430, 1200, 1150 and 2800 GeV forthe benhmark points ǫ, ζ, η and θ, respetively. The last olumn of Table V displays themaximal number of slow-moving and hene stoppable staus that might be obtainable atthese optimal entre-of-mass energies in the four benhmark senarios. These numbersprovide greatly improved prospets for observing stau deays into gravitinos. This would[3℄ In the ase of point θ, the small ẽR − τ̃1 mass di�erene implies that the only three-body deays allowedkinematially are ẽR → τ̃1ν̄ν, and similarly for µ̃R.20
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ẽLẽR

µ̃Lµ̃L

µ̃Rµ̃R

τ̃1τ̃1

ν̃lν̃l

χ̃1
0χ̃1

0

χ̃1
+χ̃1

−

All(βγ<0.4)

10−4

10−3

10−2

10−1

 500  1000  1500  2000  2500  3000  3500

σx
B

R
 (

pb
)

√s (GeV)

Point η
All
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Figure 10: The ross setions for pair-prodution of supersymmetri partiles in the benhmarksenarios ǫ, ζ, η and θ, as funtions of the e+e− entre-of-mass energy. Also shown are the yieldsof slow-moving staus with βγ < 0.4.yield diret insight into the mehanism of supersymmetry breaking, via a measurement ofthe stau lifetime, and possibly of the gravitino mass, via the kinematis of stau deays.VII. CONCLUSIONWe have disussed in this paper how the study of a metastable stau NLSP ould beoptimized at a linear ollider suh as the ILC or CLIC. The stau prodution rate, partiularlyusing 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 diret andindiret prodution of slow-moving staus that would stop in the detetor. Their deays ouldprovide valuable information, not only on the stau lifetime and on the mass of the gravitino,21



Table VI: Signi�ant deay modes and branhing ratios of seletrons, smuons, neutralinos, harginosand heavy staus for the hosen benhmark points ǫ,ζ,η and θ. Here, the harged lepton l− may beeither e− or µ−, and the branhing ratios add up to ∼ 100 % when these and harge-onjugatemodes are added. Spartile Signi�ant deay 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 deay produts. The following are possible senarios for studyingmetastable stau senarios at the LHC and a subsequent linear ollider.If there is a metastable stau weighing up to ∼ 300 GeV, as in benhmarks η and ζ , the22



LHC has been shown able to produe and detet them, and also to analyze the mSUGRAmodels in whih they appear [26℄. Spei�ally, it should be possible to measure the staumass with an auray of ∼ 1 %. However, most of the LHC staus would be produed with
βγ ∼ 1, and would deay outside the detetor if they have lifetimes > 10−7 s. We reallthat there are no signi�ant osmologial onstraints on suh 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 LHCdetetors would be relatively modest: perhaps just a handful in benhmarks η and ζ , andsomewhat more in benhmark ǫ. The LHC would detet no staus in the ase of benhmark
θ. If the stau is indeed found by the LHC, in these senarios one would know the optimalenergy for produing the optimal number of stopping staus via the reation e+e− → τ̃+

1 τ̃−
1 .As we have emphasized in this paper, there would in general be many additional stausoming from the deays of heavier spartiles produed by reations suh as e+e− → ẽRẽL,

e+e− → χχ, et.. The masses of these heavier spartiles ould also be measured at the LHCin models resembling benhmarks ǫ, η and ζ , and hene the orresponding e+e− thresholdsould be estimated. These prodution mehanisms would also yield slow staus that shouldbe inluded in the hoie 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 produed at the LHC, as in benhmarksenario θ whih, we reall, has the added merit of being 6,7Li-friendly. In suh 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 spartiles, whihould be determined either diretly or by invoking some model.The signature for a stopped stau would be its deay τ̃1 → G̃τ out of oinidene with aollision in the entral detetor. The τ deay modes observable in the ollider detetor wouldbe the leptoni 3-body deays τ → ντµνµ (17.4%) and τ → ντeνe (17.8%), and the hadronideays τ → ντπ (11.1%), τ → ντρ → ντπ
±π0 (25.4%) and τ → ντ3π → ντπ

±π+π− +

ντπ
±π0π0 (19.4%). In the benhmark senarios onsidered here, the deaying τs wouldbe very energeti, sine mG̃(= 20, 100, 20, 330 GeV) << mτ̃1(= 154, 346, 327, 1140 GeV),respetively. These τ deays are therefore likely to produe an isolated, high-energy, above-23



threshold hadroni or eletromagneti luster in the HCAL (Eh,em > 10 GeV), a hadronishower in the yoke (Eh > 10 GeV), or an energeti µ originating in the HCAL or yoke(Eµ > 10 GeV). The main bakground would ome from osmi rays, and ould be rejetedby exluding deay verties in the outermost detetor layers or signals initiated by muonsfrom outside. Further exellent bakground disrimination would be provided by requiringthe deay vertex to be onsistent with the estimated stopping point of a τ̃1 deteted andmeasured previously. The τ reoil energy Eτ = mτ̃

(
1 − m2

G̃
/m2

τ̃

)
/2 would have sensitivityto the gravitino mass, and the tau deay spetra measurable in eah of the above deayhannels would be sensitive to the tau polarization and hene the handedness of the parentstau.This analysis demonstrates one again the omplementarity of the LHC and a lineareletron-positron ollider of su�iently high energy. Information from the LHC may notonly establish the threshold for new physis, but also provide an estimate of the optimalenergy for studying it. At least for ertain studies, suh as the deays of stopped stausonsidered here, this optimal energy may be signi�antly higher than the e+e− produtionthreshold.AknowledgementsWe would like to thank Albert De Roek, Filip Moortgart and Daniel Shulte for valu-able disussions and omments on the subjet. The work of O.C., I.T.C and Z.K. wassupported in part by the Turkish Atomi Energy Authority (TAEK) under the grants noVII-B.04.DPT.1.05 and Turkish State Planning Organization (DPT) under the grants noDPT-2006K-120470.
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