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1SUSY Parameter Analysis at TeV and Plank SalesB. C. Allanaha, G. A. Blairb , A. Freitasd, S. Kramle f , H.-U. Martyng, G. Polesellof , W. Porodh, andP. M. ZerwasbaLAPTH, Anney-le-Vieux, FranebDeutshes Elektronen-Synhrotron DESY, D-22603 Hamburg, GermanyRoyal Holloway University of London, Egham, Surrey. TW20 0EX, UKdFermi National Aelerator Laboratory, P. O. Box 500, Batavia IL 60510, USAeInst. f. Hohenergiephysik, �Osterr. Akademie d. Wissenshaften, A-1050 Vienna, AustriafCERN, Department of Physis, CH-1211 Geneva 23, SwitzerlandgI. Physik. Institut, RWTH Aahen, D-52074 Aahen, GermanyhIFIC - Instituto de F��sia Corpusular, E-46071 Valenia, SpainCoherent analyses at future LHC and LC experiments an be used to explore the breaking mehanism ofsupersymmetry and to reonstrut the fundamental theory at high energies, in partiular at the grand uni�ationsale. This will be exempli�ed for minimal supergravity.1. Physis BaseThe roots of standard partile physis are ex-peted to go as deep as the Plank length of10�33 m where gravity is intimately linked tothe partile system. A stable bridge betweenthe eletroweak energy sale of 100 GeV and thevastly di�erent Plank sale of �PL � 1019 GeV,and the (nearby) grand uni�ation sale �GUT �1016 GeV, is provided by supersymmetry. Meth-ods must therefore be developed whih allow tostudy the supersymmetry breaking mehanismand the physis senario near the GUT/PL sale[1℄.The reonstrution of physial strutures at en-ergies more than fourteen orders above aelera-tor energies is a demanding task. LHC [2℄ anda future e+e� linear ollider (LC) [3℄ are a per-fet tandem for solving suh a problem: Whilethe olored supersymmetri partiles, gluinos andsquarks, an be generated with large rates formasses up to 2 to 3 TeV at the LHC, thestrength of e+e� linear olliders is the om-
prehensive overage of the non-olored partiles,harginos/neutralinos and sleptons. If the anal-yses are performed oherently, the auraies inmeasurements of asade deays at LHC and inthreshold prodution as well as deays of super-symmetri partiles at LC omplement eah othermutually. A omprehensive and preise piture isneeded in order to arry out the evolution of thesupersymmetri parameters to high sales, whihis driven by perturbative loop e�ets involvingthe entire supersymmetri partile spetrum.Minimal supergravity [mSUGRA℄ provides uswith a senario within whih these general ideasan be quanti�ed. Supersymmetry is broken inmSUGRA in a hidden setor and the breaking istransmitted to our eigenworld by gravity [4℄. Themehanism suggests, yet does not enfore [see e.g.Ref.[5℄℄, the universality of the soft SUSY break-ing parameters { gaugino and salar masses, tri-linear ouplings { at a sale that is generally iden-ti�ed with the uni�ation sale. Alternative se-narios have been formulated for left{right sym-metri extensions, superstring e�etive theories,



2
,

,
,

100

200

300

400

500

600

Higgs Gauginos Sleptons Squarks

PSfrag replaements

h0
H0A0 H�

~�01~�02 ~��1

~g
~�03

~�1~�2~eR~eL~�� ~�e
~t1~b1~qR; ~b2 ~qL~t2

~�04; ~��2

Figure 1. Spetrum of Higgs, gaugino/higgsinoand spartile masses in the mSUGRA senarioSPS1a [masses in GeV℄.and for other SUSY breaking mehanisms.2. Minimal SupergravityThe mSUGRA Snowmass referene pointSPS1a is haraterised by the following values [6℄M1=2 = 250 GeV M0 = 100 GeVA0 = �100 GeV sign(�) = +tan � = 10 (1)for the universal gaugino mass M1=2, the salarmass M0, the trilinear oupling A0, the sign ofthe higgsino parameter �, and tan�, the ratio ofthe vauum-expetation values of the two Higgs�elds. As the modulus of the higgsino param-eter is �xed at the eletroweak sale by requir-ing radiative eletroweak symmetry breaking, �is �nally given by � = 357:4 GeV. The form ofthe supersymmetri mass spetrum of SPS1a isshown in Fig. 1. In this senario the squarks andgluinos an be studied very well at the LHC whilethe non-olored gauginos and sleptons an be an-alyzed partly at LHC and in omprehensive format an e+e� linear ollider operating at a total en-ergy up to 1 TeV with high integrated luminositylose to 1 ab�1.At LHC the masses an best be obtainedby analyzing edge e�ets in the asade de-

Mass \LHC" \LC" \LHC+LC"~��1 179.7 0.55 0.55~��2 382.3 { 3.0 3.0~�01 97.2 4.8 0.05 0.05~�02 180.7 4.7 1.2 0.08~�03 364.7 3-5 3-5~�04 381.9 5.1 3-5 2.23~eR 143.9 4.8 0.05 0.05~eL 207.1 5.0 0.2 0.2~qR 547.6 7-12 { 5-11~qL 570.6 8.7 { 4.9~t1 399.5 2.0 2.0~g 604.0 8.0 { 6.5h0 110.8 0.25 0.05 0.05H0 399.8 1.5 1.5A0 399.4 1.5 1.5H� 407.7 { 1.5 1.5Table 1Auraies for representative mass measurementsat \LHC" and \LC", f. Ref. [12℄, and in oher-ent \LHC+LC" analyses for the referene pointSPS1a [masses in GeV℄.ay spetra. The basi starting point is theidenti�ation of a sequene of two-body deays:~qL ! ~�02q! ~̀R`q ! ~�01``q. One an then mea-sure the kinemati edges of the invariant massdistributions among the two leptons and the jetresulting from the above hain, and thus an ap-proximately model-independent determination ofthe masses of the involved spartiles is obtained[7,8℄. The four spartile masses [~qL, ~�02, ~̀R and~�01℄ are used subsequently as input for additionaldeay hains like ~g ! ~b1b! ~�02bb, and the shorterhains ~qR ! q~�01 and ~�04 ! ~̀̀ , whih all requirethe knowledge of the spartile masses downstreamof the asades.At LC very preise mass values an be ex-trated from deay spetra and threshold sans[9,10℄. The exitation urves for hargino pro-dution in S-waves [11℄ rise steeply with the ve-loity of the partiles near the thresholds andthus are very sensitive to their mass values; thesame is true for mixed-hiral seletron pairs in



3Parameter, ideal \LHC+LC" errorsM1 101.66 0.08M2 191.76 0.25M3 584.9 3.9� 357.4 1.3M2L1 3:8191 � 104 82.M2E1 1:8441 � 104 15.M2Q1 29:67 � 104 0:32 � 104M2U1 27:67 � 104 0:86 � 104M2D1 27:45 � 104 0:80 � 104M2H2 �12:78 � 104 0:11 � 104At �497: 9.tan � 10.0 0.4Table 2The extrated SUSY Lagrange mass and Higgs pa-rameters at the eletroweak sale in the referenepoint SPS1a [mass unit GeV℄.e+e� ! ~e+R~e�L and for diagonal pairs in e�e� !~e�R~e�R; ~e�L ~e�L ollisions, see Ref.[10℄ whih inludesalso the e�ets of radiative orretions. Othersalar sfermions, as well as neutralinos, are pro-dued generally in P-waves, with a less steepthreshold behaviour proportional to the thirdpower of the veloity. Additional information, inpartiular on the lightest neutralino ~�01, an beobtained from the very sharp edges of 2-body de-ay spetra, suh as ~e�R ! e� ~�01.Typial mass parameters and the related mea-surement errors are presented in Table 1: \LHC"from LHC analyses and \LC" from LC analyses.The third olumn \LHC+LC" presents the orre-sponding errors if the experimental analyses areperformed oherently, i.e. the light partile spe-trum, studied at LC with very high preision, isused as input set for the LHC analysis.Mixing parameters must be extrated frommeasurements of ross setions and polarizationasymmetries, in partiular from the produtionof hargino pairs and neutralino pairs [11℄, bothin diagonal or mixed form: e+e� ! ~�+i ~��j [i,j= 1,2℄ and ~�0i ~�0j [i,j = 1,: : :,4℄. The produ-tion ross setions for harginos are binomials ofos 2�L;R, the mixing angles rotating urrent to

mass eigenstates. Using polarized eletron andpositron beams, the mixings an be determinedin a model-independent way.The fundamental SUSY parameters an be de-rived to lowest order in analyti form:j�j = MW [� + �[os 2�R + os 2�L℄℄1=2M2 = MW [���(os 2�R + os 2�L)℄1=2jM1j = hPim2~�0i �M22 � �2 � 2M2Zi1=2jM3j = m~gtan � = �1 + �(os 2�R � os 2�L)1��(os 2�R � os 2�L)�1=2 (2)where � = (m2~��2 � m2~��1 )=(4M2W ) and � =(m2~��2 +m2~��1 )=(2M2W ) � 1. The signs of �, M1;3with respet to M2 follow from similar relationsand from ross setions for ~� prodution and ~gproesses. In pratie one-loop orretions to themass relations have been used to improve on theauray.The mass parameters of the sfermions are di-retly related to the physial masses if mixing ef-fets are negligible:m2~fL;R = M2L;R +m2f +DL;R (3)with DL = (T3�ef sin2 �W ) os 2� m2Z and DR =ef sin2 �W os 2� m2Z denoting the D-terms. Thenon-trivial mixing angles in the sfermion setor ofthe third generation follow from the sfermion pro-dution ross setions for longitudinally polarizede+/e� beams, whih are bilinear in os/sin 2� ~f .The mixing angles and the two physial sfermionmasses are related to the tri-linear ouplings Af ,the higgsino mass parameter � and tan �(ot �)for down(up) type sfermions by:Af � � tan �(ot �) = m2~f1 �m2~f22mf sin 2� ~f (4)Af may be determined in the ~f setor if � hasbeen measured in the hargino setor.Auraies expeted for the SUSY Lagrangeparameters at the eletroweak sale for the ref-erene point SPS1a are shown in Table 2. Theyhave been alulated by means of SPheno2.2.0[13℄. Theoretial errors, exempli�ed in Table 3,



4 ~qR � ~�01 ~lL � ~�01 m[~g � [~b1℄SPheno 2.2.0 450.3 110.0 88.9�LHCexp 10.9 1.6 1.8�th 8.1 0.23 6.8Table 3A sample of observable mass di�erenes at LHCfor SPS1a and their experimental (�LHCexp ) andpresent theoretial (�th) unertainties due tovariations of the SUSY sale. [All quantities inGeV℄. See also Ref. [14℄.have been estimated by varying the harateris-ti SUSY sale between 100 GeV and 1 TeV. Notethat these theoretial errors do math the exper-imental LHC errors but they must be redued byan order of magnitude to math the expeted a-uraies at LC.3. Reonstrution of the FundamentalSUSY TheoryThe fundamental mSUGRA parameters [1℄ atthe GUT sale are related to the low-energy pa-rameters at the eletroweak sale by supersym-metri renormalization group transformations(RG) [15,16℄ whih to leading order generate theevolution for:gauge ouplings : �i = Zi �U (5)gaugino masses : Mi = ZiM1=2 (6)salar masses :M2~| = M20 + jM21=2 +P2�=1 0j��M2� (7)trilinear ouplings : Ak = dkA0 + d0kM1=2 (8)The index i runs over the gauge groups i =SU (3), SU (2), U (1). To leading order, the gaugeouplings, and the gaugino and salar mass pa-rameters of soft{supersymmetry breaking dependon the Z transportersZ�1i = 1 + bi�U4� log�MUMZ�2 (9)with b[SU3; SU2; U1℄ = �3; 1; 33=5; the salarmass parameters depend also on the Yukawa ou-plings ht, hb, h� of the top quark, bottom quarkand � lepton. The oeÆients j for the slep-ton and squark doublets/singlets, and for the two

Higgs doublets, are linear ombinations of theevolution oeÆients Z; the oeÆients 0j� areof order unity. The shifts �M2� , depending im-pliitly on all the other parameters, are nearlyzero for the �rst two families of sfermions butthey an be rather large for the third family andfor the Higgs mass parameters. The oeÆientsdk of the trilinear ouplings Ak [k = t; b; � ℄ de-pend on the orresponding Yukawa ouplings andthey are approximately unity for the �rst two gen-erations while being O(10�1) and smaller if theYukawa ouplings are large; the oeÆients d0k,depending on gauge and Yukawa ouplings, are oforder unity. Beyond the approximate solutions,the evolution equations have been solved numer-ially in the present analysis to two{loop order[16℄ and threshold e�ets have been inorporatedat the low sale [17℄. The 2-loop e�ets as given inRef. [18℄ have been inluded for the neutral Higgsbosons and the � parameter.3.1. Gauge Coupling Uni�ationMeasurements of the gauge ouplings at theeletroweak sale support very strongly the uni-�ation of the ouplings at a sale MU ' 2 �1016 GeV [19℄. The preision, at the per{entlevel, is surprisingly high after extrapolations overfourteen orders of magnitude in the energy fromthe eletroweak sale to the grand uni�ationsale MU . Conversely, the eletroweak mixingangle has been predited in this approah at theper{mille level. The evolution of the gauge ou-plings from low energy to the GUT sale MU hasbeen arried out at two{loop auray in the DRsheme. The ouplings are evolved toMU using 2-loop RGEs [16℄. The gauge ouplings do not meetexatly, f. Fig. 2 and Tab. 4. The di�erenes areto be attributed to high-threshold e�ets at theuni�ation sale MU and the quantitative evolu-tion implies important onstraints on the partileontent at MU [20℄.3.2. Gaugino and Salar Mass ParametersIn the bottom-up approah the fundamentalsupersymmetri theory is reonstruted at thehigh sale from the available orpus of experimen-tal data without any theoretial prejudie. Thisapproah exploits the experimental information
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Figure 2. (a) Running of the inverse gauge ouplings from low to high energies. (b) Expansion of thearea around the uni�ation point MU de�ned by the meeting point of �1 with �2. The wide error bandsare based on present data, and the spetrum of supersymmetri partiles from LHC measurements withinmSUGRA. The narrow bands demonstrate the improvement expeted by future GigaZ analyses [21℄ andthe measurement of the omplete spetrum at \LHC+LC".(a) 1=Mi [GeV�1℄
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Q [GeV℄Figure 3. Evolution, from low to high sales, (a) of the gaugino mass parameters for \LHC+LC" analyses;(b) of the �rst/seond generation sfermion mass parameters and the Higgs mass parameter M2H2 .



6 Present/"LHC" GigaZ/"LHC+LC"MU (2:36� 0:06) � 1016GeV (2:360� 0:016) � 1016GeV��1U 24:19� 0:10 24:19� 0:05��13 � ��1U 0:97� 0:45 0:95� 0:12Table 4Expeted errors on MU and �U for the mSUGRA referene point SPS1a, derived for the present levelof experimental auray and ompared with expetations from GigaZ [21℄. Also shown is the di�erenebetween ��13 and ��1U at the uni�ation point MU .to the maximum extent possible and reets anundistorted piture of our understanding of thebasi theory. Suh a program an only be arriedout in oherent \LHC+LC" analyses while theseparate information from either mahine provesinsuÆient. The results for the evolution of themass parameters from the eletroweak sale to theGUT sale MU are shown in Fig. 3.On the left of Fig. 3 the evolution is presentedfor the gaugino parametersM�1i . It learly is un-der exellent ontrol for the model-independentreonstrution of the parameters and the testof universality in the SU (3) � SU (2) � U (1)group spae. In the same way the evolution ofthe salar mass parameters an be studied, pre-sented in Figs. 3b for the �rst/seond generation.While the slepton parameters an be determinedvery aurately, the auray deteriorates for thesquark parameters and the Higgs parameterM2H2 .4. SummaryIn supersymmetri theories stable extrapola-tions an be performed from the eletroweak saleto the grand uni�ation sale, lose to the Planksale. This feature has been demonstrated om-pellingly in the evolution of the three gauge ou-plings and of the soft supersymmetry breakingparameters, whih approah universal values atthe GUT sale in minimal supergravity. The o-herent \LHC+LC" analyses in whih the mea-surements of SUSY partile properties at LHCand LC mutually improve eah other, result ina omprehensive and detailed piture of the su-persymmetri partile system. In partiular, thegaugino setor and the non-olored salar setorare under exellent ontrol.

Parameter, ideal Experimental errorMU 2:36 � 1016 2:2 � 1014��1U 24.19 0.05M 12 250. 0.2M0 100. 0.2A0 -100. 14� 357.4 0.4tan � 10. 0.4Table 5Comparison of the ideal parameters withthe experimental expetations in the ombined\LHC+LC" analyses for the partiular mSUGRAreferene point adopted in this report [units inGeV℄.This point an be highlighted by performing aglobal mSUGRA �t of the universal parameters,.f. Tab. 5. Auraies at the level of per-entto per-mille an be reahed, allowing us to re-onstrut the struture of nature at sales wheregravity is linked with partile physis.Though minimal supergravity has been hosenas a spei� example, the method an equallywell be applied in other senarios, suh as left-right symmetri theories and superstring theories.The analyses o�er the exiting opportunity to de-termine intermediate sales in left-right symmet-ri theories and to measure e�etive string-theoryparameters near the Plank sale.REFERENCES1. G. A. Blair, W. Porod and P. M. Zerwas,Phys. Rev. D63 (2001) 017703 and Eur.
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