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EXPLORING SUPERSYMMETRYAT LINEAR COLLIDERS∗ ∗∗Jan KalinowskiInstitute of Theoretial Physis, Warsaw UniversityHo»a 69, 00-681 Warszawa, Poland(Reeived November 6, 2003)At prospetive e±e− linear olliders (LC), supersymmetri partiles anbe produed opiously. Large prodution ross-setions of kinematiallyaessible spartiles and lean signatures will allow for very preise mea-surements of their masses and ouplings and the determination of theirquantum numbers. We disuss some methods and expeted auraies indetermining low-energy parameters of the supersymmetri model from thehigh-preision LC data and from ombined results of LC and LHC. Evolvingthe parameters from the low-energy sale to the high-sale, the fundamen-tal supersymmetry parameters an be reonstruted to reveal the origin ofsupersymmetry breaking.PACS numbers: 11.30.Er, 12.60.Jv, 13.10.+q1. IntrodutionDespite the lak of diret experimental evidene the idea of symmetrybetween bosons and fermions [1℄ is so attrative that the supersymmetri ex-tension of the Standard Model is widely onsidered as one of the most naturalsenarios. Exat supersymmetry (SUSY) does not introdue any new pa-rameters and the Minimal Supersymmetri Standard Model with onserved

R-parity (MSSM) is fully preditive � eah known partile of the StandardModel (SM) has its supersymmetri partner whih di�ers by spin 1/2, andwhih ouples with the strength equal to the orresponding SM oupling.Unfortunately, the preditability of the MSSM is lost beause supersymme-try must be broken and the onstrution of a viable mehanism of SUSYbreaking turns out to be a di�ult issue. Sine a realisti breaking senario
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5444 J. Kalinowskiwith the partile ontent of the MSSM annot be onstruted, a �hidden se-tor� is invoked where SUSY breaking is assumed to take plae. Many mod-els have been proposed along these lines: gravity-mediated, gauge-mediated,anomaly-mediated, gaugino-mediated et. Variants of eah model are har-aterized by a few parameters (usually de�ned at a high sale) leading todi�erent phenomenologial onsequenes.From the phenomenologial point of view the breaking of SUSY an beparameterized by the most general expliit breaking terms in the Lagrangian.Demanding gauge symmetry and stability against radiative orretions fromhigher sales, the soft-breaking terms are limited to [2℄(i) mass terms for the bino B̃, wino W̃ j [j = 1�3℄ and gluino g̃a [i = 1�8℄
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ũũ∗
R
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d̃R + · · · .If the above parameters are omplex, new soures of CP violation are intro-dued. In total, the unonstrained low-energy MSSM has 105 parametersresulting in a rih spetrosopy of states and omplex phenomenology oftheir interations.If the eletroweak sale is not �ne-tuned, the superpartner masses (atleast some of them) need to be in the TeV range, and thus within the reah ofpresent or next generation high-energy olliders. The Large Hadron Collider(LHC) will then ertainly see SUSY. Many di�erent harateristis fromsquark and gluino prodution and their subsequent deays will be exploredand measured. In senarios haraterized by a handful of free parameterssome of the elements of supersymmetry an be reonstruted [3℄.However, to establish supersymmetry experimentally it will be nees-sary to aurately test the validity of supersymmetry relations, i.e. whetherthe quantum numbers and ouplings of the superpartners agree with theorresponding parameters of the Standard Model. On the other hand, thepattern of supersymmetry breaking needs to be explored. Therefore it isimportant to determine the SUSY breaking parameters with high preisionin order to reonstrut the underlying mehanism, whih eventually involvesextrapolations to high energy sales [4℄.For all the above points an e+e− LC, like TESLA [5℄, would be an in-dispensable tool. Thanks to its unique features: lean environment, tunable



Exploring Supersymmetry at Linear Colliders 5445ollision energy, high luminosity, polarized inoming beams, and additional
e−e−, eγ and γγ modes, the LC o�ers preise measurements1 of masses,ouplings, quantum numbers, mixing angles, CP phases et. Therefore, theonurrent running of the LC and LHC (at least partial) is very muh wel-ome [7℄. In this ase the LC would not only provide independent and preiseheks of the LHC �ndings but ould provide additional experimental inputto the LHC analyses as well. Coherent analyses of data from the LHC andLC would allow for a muh better, model independent reonstrution of lowenergy SUSY parameters. We will illustrate this point with one example ofa joint analysis of the hargino/neutralino setors. The interplay betweenLHC and LC is investigated in detail in the LHC/LC Study Group [8℄.2. Reonstrution of low-energy SUSY parametersIn order to math the experimental auray, su�iently preise andreliable theoretial preditions for the masses, oupling, prodution ross-setions, deay rates, asymmetries et., of the superpartners are required.Loop-orretions inevitably bring all SUSY breaking parameters into theanalysis and at the end an overall global �t, like in the SM, to the datawill be neessary. At tree-level, however, di�erent setors of the MSSM (e.g.sleptons, harginos or squarks, eah with limited number of parameters) anbe handled separately and analytially, providing a good starting point forthe �nal �t. Therefore below we will

⋄ start with harginos, whih depend only on M2, µ, tan β,
⋄ add neutralinos, whih depend in addition on M1,
⋄ inlude sleptons, whih bring in ml̃, Al,
⋄ and �nally squarks and gluinos, whih introdue mq̃, Aq and M3,to reonstrut at tree level the basi struture of SUSY Lagrangian.In reality, even negleting radiative orretions, it might be di�ultto separate a spei� setor sine e.g. sleptons enter via t-hannel in thehargino prodution proesses, many prodution hannels an simultane-ously be open, other SUSY proesses onstitute an important bakgroundto SUSY proess under study et.

1 Current experimental status of low-energy supersummetry an be found in e.g. [6℄.



5446 J. Kalinowski2.1. The hargino/neutralino setorThe mass matrix of the wino and harged higgsino, after the gauge sym-metry breaking, is non-diagonal
MC =
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)

. (1)It is diagonalized by two unitary matries ating on left- and right-hiralstates [9℄ parameterized by two mixing angles ΦL,R and three CP phases.The mass eigenstates, alled harginos, are mixtures of wino and higgsinowith the masses and mixing angles given by
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, (4)where M1 = |M1| eiΦ1 , µ = |µ| eiΦµ . The mass eigenstates, neutralinos, areobtained by the 4 × 4 diagonalization matrix N , whih is parameterized by6 angles and 9 phases as [10℄
N = diag

{

e1, eiα1 , eiα2 , eiα3
}

R34 R24 R14 R23 R13 R12 , (5)where Rjk are 4× 4 matries desribing 2-dim omplex rotations in the {jk}plane. CP is onserved in the neutralino setor if Rjk are real and αi = 0(mod2 π/2). The unitarity onstraints on N an onveniently be formulatedin terms of unitarity quadrangles built up by
⋄ the links NikN

∗
jk onneting two rows i and j,

⋄ the links NkiN
∗
kj onneting two olumns i and j.Unlike in the CKM or MNS ases of quark and lepton mixing, the orienta-tion of all quadrangles is physial. In terms of quadrangles, CP is onserved

2 Majorana phases αi = ±π/2 desribe di�erent CP parities of the neutralino states.



Exploring Supersymmetry at Linear Colliders 5447if and only if all quadrangles have null area (ollapse to lines or points)and are oriented along either real or imaginary axis. The imaginary partsof the omplex parameters involved ould most diretly and unambiguouslybe determined by measuring suitable CP violating observables. However,thanks to the Majorana nature of neutralinos, a lear indiation of non-zeroCP violating phases in the hargino/neutralino setor an be provided bystudying the energy behavior of the ross setions for non-diagonal neu-tralino pair prodution near thresholds [11℄, or invariant mass of neutralinodeay produts [12℄.Reently an attempt to reonstrut M1, M2, µ and tan β has been under-taken [13℄ for a partiular SUSY senario, the SPS1a point, one of the CP-onserving Snowmass benhmark points (so-alled `Snowmass Points andSlopes') reommended for detailed SUSY studies [14℄. In this senario onlythe light hargino χ̃±
1 and two lightest neutralinos χ̃0

1 and χ̃0
2 an be exploredat the initial phase of the LC with √

s ≤ 500 GeV. Nevertheless, the entiretree level struture of the gaugino/higgsino setor an be reonstruted inanalytial form as follows [9, 10℄.The SPS1a parameters relevant for harginos and neutralinos
M1=99.13 GeV, M2=192.7 GeV, µ=352.4 GeV, tan β=10are de�ned at the eletroweak sale; the full set of parameters is given in [15℄.The resulting hargino and neutralino masses, together with the sleptonmasses of the �rst generation, are given in Table I. Although the χ̃0

1χ̃
0
3 and

χ̃0
1χ̃

0
4 pairs would in fat be kinematially aessible at √

s = 500 GeV,the prodution rates are small and the heavy states χ̃0
3 and χ̃0

4 deay viaasades to many partiles. Therefore we onstrain our analysis to the lighthargino/neutralino states. TABLE IChargino, neutralino and slepton masses in SPS1a, and the simulated experimentalerrors at the LC (in units of GeV) [16, 17℄ .
χ̃±

1 χ̃±

2 χ̃0
1 χ̃0

2 χ̃0
3 χ̃0

4 ẽR ẽL ν̃e

m 176.03 378.5 96.17 176.6 358.8 377.87 143.0 202.1 186.0
δm 0.55 0.05 1.2 0.05 0.2 0.7Experimentally the masses of supersymmetri partiles an be mea-sured preisely either by threshold sans or in ontinuum above the thresh-old [16,17℄. The results of reent simulations are shown in Table I where ex-peted experimental errors are listed. The hargino mixing angles cos 2ΦL,R



5448 J. Kalinowskian be determined in a model independent way using polarized eletronbeams [9℄. Sine the polarized hargino prodution ross setions σ±
L,R aresimple binomials of cos 2ΦL,R, the ontour lines are of seond order in the{cos 2ΦL,cos 2ΦR} plane. In drawing ontours in Fig. 1, the unertainties
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Fig. 1. Contours of the light hargino prodution ross setions with polarizedeletron beams at √s= 400 and 500 GeV in the plane [cos 2φL, cos 2φR] [13℄.due to the hargino mass error of δmχ̃±

1

= 0.55 GeV, sneutrino mass error of
δmν̃e

= 0.7 GeV, beam polarization error of δP (e±)/P (e±) = 0.5%, and 1σstatistial error at 100 fb−1 have been inluded. We assume P (e+)=0.6 and
P (e−)=0.8. The dominant error omes from δmχ̃±

1
; details of the analysisan be found in [13℄. With the √

s = 500 GeV data alone, two possibleregions in the plane are seleted. One of the regions an be removed withthe help of the σ±
L
measured at √

s = 400 GeV (σ±
R
is small and does notprovide further onstraints) resulting in the limited range

cos 2ΦL = [0.62, 0.72] , cos 2ΦR = [0.87, 0.91] . (6)In the CP onserving ase, like the SPS1a, the onstraint | cos Φµ| = 1allows us to solve Eqs. (2), (3) for M2, µ and tan β in terms of the lighthargino mass mχ̃±

1
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µ =

mW√
2
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, (10)where η = 1 for cos 2ΦR > cos 2ΦL, and η = −1 otherwise. The relativesigns of sin 2ΦL, sin 2ΦR annot be determined from CP-even χ̃+
1 χ̃−

1 rosssetions and both possibilities in Eq. (7) have to be onsidered. Sine tan β isinvariant under simultaneous hange of the signs of p, q, the de�nition M2 >0an be exploited to remove this overall sign ambiguity. The parameters M2,
µ are then uniquely �xed if tan β is hosen properly. However, with theexperimental preision of δmχ̃±

1
= 0.55 GeV and cos 2ΦL and cos 2ΦR inthe ranges as given in Eq. (6), from Eqs. (8)�(10) one �nds that M2 isreonstruted within 10 GeV, µ within 40 GeV, and essentially no limit on

tan β is obtained (only tan β > 6). The main reason for this result is arelatively large error of the light hargino mass measurement.So far we have exploited hargino setor alone. Now we will onsiderthe neutralino setor to improve onstrains on M2, µ and tan β and, at thesame time, to determine M1. As observables we inlude mχ̃0
1
, mχ̃0

2
and rosssetions σ0

L,R{12} and σ0
L,R{22} for prodution of χ̃0

1χ̃
0
2 and χ̃0

2χ̃
0
2 neutralinopairs measured at 400 and 500 GeV with polarized beams3.We perform a simple ∆χ2 test de�ned as
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. (11)The sum over physial observables Oi inludes quantities listed above, Ōistands for the physial observables taken at the input values of all param-eters, and δOi are the orresponding errors. Errors on neutralino massesare given in Table I. For the neutralino prodution ross setions the un-ertainties due to statistis and experimental errors on beam polarizations,
δmχ̃±

1
, δmẽL

and δmẽR
are inluded in the orresponding error δOi; details oferror estimates an be found in [13℄. The ∆χ2 is then a funtion of unknown

M1, cos 2ΦL, cos 2ΦR with cos 2ΦL, cos 2ΦR restrited to the ranges given inEq. (6), as predetermined from the hargino setor.The left panel of Fig. 2 shows the ontour of ∆χ2 = 1 in the {M1,
cos 2ΦL, cos 2ΦR} parameter spae as derived from the LC data. The pro-jetion of the ontour onto the axes determines 1σ errors for eah parameter.Values obtained for M1, cos 2ΦL, cos 2ΦR together with mχ̃±

1

an be inverted
3 The lightest neutralino-pair prodution annot be observed. Alternatively, one antry to exploit photon tagging in the reation e+e− → γχ̃0

1χ̃
0
1 [18℄.
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Fig. 2. The ∆χ2 = 1 ontour in the {M1, cos 2ΦL, cos 2ΦR} parameter spae derivedfrom the LC assuming L = 100 fb−1 (left), and from the LC+LHC data (right) [13℄.to derive M2, µ and tan β. At the same time masses of heavy hargino mχ̃±

2and neutralinos mχ̃0
3
and mχ̃0

4
are predited. As an be seen in Table II, theparameters M1 and M2 are determined at the level of a few per-mil, µ isreonstruted within a few per-ent and the error of ≤20% for tan β.TABLE IISUSY parameters with 1σ errors derived from the analysis of the LC data,and from the LC+LHC data. Shown are also the preditions for the heavierhargino/neutralino masses. Mass parameters are in GeV.SUSY parameters Mass preditionsInput Errors Input ErrorsLC only LC+LHC LC only LC+LHC

M1 = 99.1 0.18 0.13 mχ̃
±

2

= 378.5 7.8 2.0
M2 = 192.7 0.60 0.32 mχ̃0

3
= 358.8 8.6 2.1

µ = 352.4 8.9 2.1 mχ̃0

4
= 377.9 8.1

tan β = 10 1.8 0.8Note that the errors on predited masses of heavy hargino/neutralinos,whih in the SPS1a senario are predominantly higgsinos, are strongly or-related with the error of µ. However, the LHC experiments will be able tomeasure the masses of several spartiles, as desribed in detail in [19℄. Inpartiular, the LHC will provide a �rst measurement of the masses of χ̃0
1,

χ̃0
2 and χ̃0

4. The measurements of χ̃0
2 and χ̃0

4 are ahieved through the study
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χ̃0

i → ℓ̃ℓ → ℓℓχ̃0
1, i = 2, 4 . (12)The invariant mass of the two leptons in the �nal state shows an abrupt edge,whih an be expressed in terms of the masses of the relevant spartiles as

mmax
l+l− = mχ̃0

i

[(

1 −
m2
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m2

χ̃0
i

)(

1 −
m2

χ̃0
1

m2

ℓ̃

)]1/2

. (13)The unertainty on the LHC measurement of mχ̃0
2
and mχ̃0

4
depends notonly on the experimental error on the position of mmax

l+l− , but also on theunertainty on mχ̃0
1
and mℓ̃. If the latter are taken from the LC, Table I, thepreisions on the LHC+LC measurements of mχ̃0

2
and mχ̃0

4
beome: δmχ̃0

2
=

0.08 GeV and δmχ̃0
4

= 2.23 GeV. Therefore, by providing in partiular mχ̃0
4from end-point measurements [19℄, the LHC an onsiderably help to get abetter auray on µ. The impat of inluding mχ̃0

4
into the ∆χ2 is shownin the right panel of Fig. 2, and the errors from the joint LC+LHC analysisare listed in Table II. The errors of µ and tan β from the LC analysis areonsiderably redued one the measured mass mχ̃0

4
at the LHC is taken intoaount, reahing a level where radiative orretions beome relevant andwhih will have to be taken into aount in future �ts [20℄.2.2. The sfermion setorFor the �rst and seond generation sfermions the LR mixing is usuallynegleted. The slepton masses an be measured at a high luminosity LCollider by sanning the pair prodution near threshold. The prodution ofsmuons (and staus) proeeds via s-hannel gauge-boson exhange, so thatthe sleptons are produed in a P -wave with a harateristi rise of the ex-itation urve σ ∝ β3, where β = (1 − 4m2

l̃
/s)1/2 is the slepton veloity.Due to the exhange of Majorana neutralinos in the t-hannel, seletronsan also be produed in S-wave (σ ∝ β), namely for ẽ±

R
ẽ∓
L
pairs in e+e−annihilation and ẽ−

R
ẽ−
R
, ẽ−

L
ẽ−
L
pairs in e−e− sattering. However, sine thenon-zero widths of the sleptons onsiderably a�et the ross-setions nearthreshold, the e�ets beyond leading order in the theoretial preditionsmust be inluded [21℄. This an be ahieved in a gauge-invariant manner byshifting the slepton mass into the omplex plane, m2

l̃
→ m2

f̃
− iml̃Γ̃l, in thefull 2 → 4 matrix element for the prodution of o�-shell sleptons and theirsubsequent deays. Moreover, the Coulomb re-sattering orretion due tophoton exhange between the slowly moving sleptons, beamstrahlung andISR also play an important role.



5452 J. KalinowskiExpetations for the R-seletron ross-setions at both ollider modes areshown in Fig. 3 with the bakground from both the SM and MSSM soures,redued by appropriate uts, inluded [21℄. Using polarized e+e− beams and
L = 50 fb−1 a (highly orrelated) 2-parameter �t gives δmẽR

= 0.20 GeVand δΓẽR
= 0.25 GeV; the resolution deteriorates by a fator of ∼ 2 for

µ̃Rµ̃R prodution. For e−
R
e−
R
→ ẽRẽR the gain in resolution is a fator ∼ 4with only a tenth of the luminosity, ompared to e+e− beams.

e+e− → ẽ+
R
ẽ−
R
→ e+e− + 6E e−e− → ẽ−

R
ẽ−
R
→ e−e− + 6E
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s [GeV]Fig. 3. Threshold exitation urves for ẽR pair prodution. Errors for L = 10 fb−1in e+e− and 1 fb−1 in e−e− per san point [21℄.In ontrast to the �rst two generations, large mixings are expeted be-tween the left- and right-hiral omponents of the third generation sfermionsdue to the large Yukawa oupling. The mixing e�ets are thus sensitive tothe Higgs parameters µ and tan β as well as the trilinear ouplings Af .The τ̃ masses an be determined with the usual tehniques of deayspetra or threshold sans at the per ent level, while the mixing angle

| cos θτ | an be extrated with high auray from ross setion measure-ments with di�erent beam polarizations. A ase study [22℄ at √
s = 500GeV with L = 250 fb−1 shows that the following preision an be ahieved:

mτ̃1 = 155 ± 0.8 GeV, cos 2θτ = −0.987 ± 0.08.If the higgsino omponent of the neutralino is su�iently large, thepolarization of τ 's from the τ̃1 → χ̃0
1τ deay turns out to be a sensitivefuntion of τ̃ mixing, neutralino mixing and tan β for high tan β [22, 23℄.Simulations show that the τ polarization an be measured very aurately,

δPτ = 0.82±0.03, whih in turn allows to determine tan β = 20±2, as shownin the left panel of Fig. 4. Moreover, if Aτ or µ turn out to be omplex, thephase of the o�-diagonal term aτmτ = ( Aτ − µ∗ tan β)mτ = |aτmτ |eiAΦτmodi�es τ̃ properties, e.g. various τ̃ deay branhing ratios depend on theomplex phases, see the right panel of Fig. 4. The �t to the simulated exper-imental data with 2 ab−1 gives an error of order 10% for ℑmAτ and ℜeAτ .
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Fig. 4. Left: tanβ as a funtion of τ polarization. From simulations Pτ = 0.82±0.03leading to tan β = 22 ± 2 [22℄. Right: Branhing ratios of τ̃1 as a funtion of ϕAτfor mν̃ = 233, 238, 243 GeV (from bottom to top) [24℄.Similarly, for the t̃ and b̃ setors, the LR mixing an be important. Bymeasuring the prodution ross setions with polarized beams the squarkmasses and mixing angles an be determined quite preisely, see the leftpanel of Fig. 5. Similarly to the τ̃ , the measurement of top quark polarization
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s = 500GeV, L = 2×500 fb−1 [25℄. Right: tan β as a funtion of top polarization.From simulations Pt = −0.44 ± 0.10 leading to tan β = 17.5 ± 4.5 [22℄.in the squark deay an provide information on tan β. For this purpose thedeay b̃1 → tχ̃±
1 is far more useful than t̃1 → tχ̃0

k sine in the latter the
t polarization depends on 1/ sin β and therefore is only weakly sensitive tolarge tan β. A �t to the angular distribution cos θ∗s , where θ∗s is the anglebetween the s̄ quark and the primary b̃1 in the top rest frame in the deayhain e+e− → ¯̃

b1 + t χ̃−
1 → ¯̃

b1 + bcs̄ χ̃−
1 , yields for the top quark polarization

Pt = −0.44 ± 0.10, onsistent with the input P th
t = −0.38. From suh a



5454 J. Kalinowskimeasurement one an derive tan β = 17.5 ± 4.5, as illustrated in the rightpanel of Fig. 5. After tan β is �xed, measurements of stop masses and mixingallows to determine the trilinear oupling At at the ten-perent level [22℄.3. Extrapolating to high-energy saleWhy do we need high preision measurements of the low-energy SUSYbreaking parameters? The low-energy SUSY partile physis is harater-ized by energy sales of order <∼ 1 TeV. However, the roots for all thephenomena we will observe experimentally in this range may go up to ener-gies near the Plank ΛPL ∼ 1019 GeV or the grand uni�ation [GUT℄ sale
ΛGUT ∼ 1016 GeV. Information on physis near the high sale may beomeavailable from the extrapolation of parameters measured with high preisionat laboratory energies. Although extrapolations exploiting renormalizationgroup tehniques extend over 13 to 16 orders of magnitude, they an bearried out in a stable way in supersymmetri theories [4℄.Suh a proedure, very suessful in providing the base for the grand uni-�ation hypothesis of the three eletroweak and strong gauge ouplings, hasreently been applied [26℄ to the minimal supergravity model (mSUGRA),the gauge mediated supersymmetry breaking model (GMSB) and super-string e�etive �eld theories.As an example, onsider the mSUGRA senario haraterized by theuniversal gaugino mass M1/2 = 250 GeV, salar mass M0 = 200 GeV, tri-linear oupling A0 = −100 GeV, sign(µ) > 0 (the modulus |µ| determinedby radiative symmetry breaking) and tan β = 10. This senario is lose tothe SPS1a [14℄, exept for the M0 whih was taken slightly larger for merelyillustrative purpose. The parameters M1/2, M0 and A0 are de�ned at theGUT sale MU where gauge ouplings unify αi = αU . The RGE are thenused to determine the low-energy SUSY Lagrangian parameters.Based on simulations and estimates of expeted preision, the low-energy`experimental' values listed in Table III are taken as the input for the evolu-tion of the mass parameters in the bottom-up approah to the GUT sale.The results for the evolution of the mass parameters of the �rst two genera-tions to the GUT sale MU is shown in the left panel of Fig. 6. The auraydeteriorates for the squark mass parameters and for the Higgs mass parame-ter M2

H2
. The origin of the di�erenes between the errors for slepton, squarkand Higgs mass parameters an be traed bak to the numerial size ofthe oe�ients. The quality of the test is apparent from seond olumn ofTable III, where it is shown how well the reonstruted mass parameters atthe GUT sale reprodue the input M1/2 = 250 GeV and M0 = 200 GeV.For omparison, the right panel of Fig. 6 shows the evolution of themass parameters of the �rst two generations in the GMSB model SPS8.



Exploring Supersymmetry at Linear Colliders 5455TABLE IIIRepresentative gaugino/salar mass parameters and ouplings as determined at theeletroweak sale and evolved to the GUT sale in the mSUGRA senario basedon LHC and LC simulations; masses in GeV. The errors are 1σ [26℄.Exp. input GUT value
M1 102.31 ± 0.25 250.00± 0.33
M2 192.24 ± 0.48 250.00± 0.52
M3 586 ± 12 250.0± 5.3

µ 358.23 ± 0.28 355.6± 1.2

M2
L1

(6.768 ± 0.005)× 104 (3.99 ± 0.41)× 104

M2
E1

(4.835 ± 0.007)× 104 (4.02 ± 0.82)× 104

M2
Q1

(3.27 ± 0.08) × 105 (3.9 ± 1.5) × 104

M2
U1

(3.05 ± 0.11) × 105 (3.9 ± 1.9) × 104

M2
D1

(3.05 ± 0.11) × 105 (4.0 ± 1.9) × 104

M2
H1

(6.21 ± 0.08) × 104 (4.01 ± 0.54)× 104

M2
H2

(−1.298 ± 0.004)× 105 (4.1 ± 3.2) × 104

At −446± 14 −100 ± 54

tan β 9.9 ± 0.9 �
(a) M2

j [GeV2℄ (b) M2
j [GeV2℄

Q [GeV℄ Q [GeV℄MM

↓Fig. 6. Evolution, from low to high sales, of �rst-generation sfermion mass pa-rameters squared and the Higgs mass parameter M2
H2

for (a) the mSUGRA pointSPS1a, (b) the GMBS point SPS8. Widths of the bands indiate the 1σ CL [26℄.



5456 J. KalinowskiThe running of the salar masses is quite di�erent in both theories. Thebands of the L-slepton M2

L̃
and the Higgs M2

H2
parameters, whih arrythe same moduli of standard-model harges, ross at the sale MM . Therossing, indiated by an arrow in Fig. 6, is a neessary ondition for theGMSB senario. Moreover, at the messenger sale MM the ratios of salarmasses squared in the simplest version of GMSB are determined solely bygroup fators and gauge ouplings, being independent of the spei� GMSBharateristis.This bottom-up approah, formulated by means of the renormalizationgroup, makes use of the low-energy measurements to the maximum extentpossible and it reveals the quality with whih the fundamental theory atthe high sale an be reonstruted in a transparent way. Therefore high-quality experimental data are neessary in this ontext, that should beomeavailable by future lepton olliders to reveal the fundamental theory at thehigh sale. 4. Summary and outlookIf low-energy supersymmetry is realized in nature, the LHC will provideplenty of data. However, their theoretial interpretation will be possiblein spei� models. In this ontext the e+e− linear ollider will be an in-dispensable tool. Even a partial overlap of the LC running with the LHCwould greatly help to perform ritial tests: quantum numbers, masses, ou-plings et. We have seen that from the future high-preision data taken at

e+e− linear olliders, TESLA in partiular, and ombined with results fromLHC, the low-energy parameters of the supersymmetri model an be de-termined. Then the bottom-up approah, by evolving the parameters fromthe low-energy sale to the high sale by means of renormalization grouptehniques, an be exploited to reonstrut the fundamental supersymmetryparameters at the high sale.So far most analyses were based on lowest-order expressions. Withhigher-order orretions now available, one an attempt to re�ne the aboveprogram. In fat this is the goal of a new initiative, the SPA projet [27℄,organized within the new ECFA Study of Physis and Detetors for a Lin-ear Collider [28℄. Many new theoretial alulations and future experimentalanalyses will be neessary. However, the temptation of revealing serets ofthe ultimate uni�ation of all interations should provide a strong stimulusin this diretion.I would like to thank the Organizers of the Conferene for their warmhospitality. I am grateful to K. Desh, G. Moortgat-Pik, U. Martyn,M. Nojiri, G. Polesello and P. Zerwas for many stimulating disussions.
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