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Deutsches Elektronen Synchrotron DESY, D-22603 Hamburg, GermanySupersymmetry predits the identity of Yukawa and gauge ouplings in the QCD setor: q~q~g = ~q~qg = qqg. We examinewhether the q~q~g Yukawa oupling an be determined, by methods omplementary to LHC, by analyzing squark-gluino�nal states at a TeV e+e� ollider.

1. IntroductionWhile in QCD non-Abelian gauge invariane leads to equal ouplings for quarks and squarks to gluons, supersymmetryguarantees the identity of the Yukawa oupling between squarks, quarks and gluinos with the gauge oupling, f.[1, 2, 3℄: ĝs(q~q~g) = gs(~q~qg) = gs(qqg) : (1)This identity is preserved if supersymmetry is broken by soft terms, i.e. gaugino/salar masses, and bi/tri-linearouplings between salar �elds. The relation is ruial for the natural extension of the theory from the eletroweaksale to the Plank-sale without introduing quadrati divergenes, whih are generated in the squark propagator,for instane, by the bosoni squark/gluon loops and whih are aneled by the fermioni quark/gluino loop.Several methods an be exploited to test the identity (1) by measuring the magnitude of the Yukawa oupling q~q~g.At the LHC the prodution of squark pairs in quark-quark ollisions whih is mediated solely by the interhange ofgluinos, provides a lassial instrument for the measurement of the Yukawa oupling in SUSY-QCD [4℄. In pratie,however, an ensemble of auxiliary measurements of deay branhing ratios is neessary, presumably requiring LCsupplements, if the oupling should be determined in an [almost℄ model-independent way.A potential omplement to this method is gluino emission in assoiation with quark-squark �nal states in e+e�ollisions, f. Refs. [5, 6℄: e+e� ! q~q~g (2)�Present address: Genedata AG, CH-4016 Basel, Switzerland
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1 INTRODUCTION
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Figure 1: Generi Born diagrams orresponding to the proesses (2) and (3),(4) whih are proportional to the Yukawa ouplingĝs [box℄ and to the gauge oupling gs [dot℄, respetively.whih requires a non-zero Yukawa oupling. This proess is related by supersymmetry diretly to the gauge proessesof gluon radiation o� squarks, e+e� ! ~q~qg ; (3)and standard gluon radiation o� quarks, e+e� ! qqg : (4)Generi diagrams are displayed in Fig. 1. [Note that the abbreviations qq ::, used for notational larity, shouldanywhere be interpreted as the inoherent sum of partile-antipartile plus antipartile-partile states of allavors and L;R indies.℄ It an be antiipated without analyzing details that the proess (2) will be usefulin pratie only if the squarks and gluinos are moderately light; the range, however, is quite ompatible witheletroweak preision analyses, f. Ref. [7℄. The proess is suppressed by the [small℄ Yukawa oupling squared,the propagator transporting high (virtual) masses, and the 3-body phase-spae involving two heavy partiles; thesuppression remains e�etive even signi�antly above the threshold.1 Nonetheless, the prodution ross setionsare in general expeted still to be onsiderably larger than loop-mediated gluino-pair prodution in e+e� ollisions [9℄.Sine any method for measuring the SUSY-QCD Yukawa oupling is onneted with anillary problems, it is worthstudying to what extent the proess (2) ould be exploited to approah a solution of this experimental hallenge.Sine the identity of Yukawa and gauge ouplings is a entral onept of supersymmetri theories, it is mandatory tostudy all opportunities whih ould shed light on this aspet. To reah solid onlusions, the theoretial analysis hasbeen performed inluding SUSY-QCD orretions at next-to-leading order [NLO℄ whih inrease the omplexity ofthe theoretial work enormously. In turn, this allows us to study the sensitivity of SUSY-QCD orretions in ~q~q, qq�nal states to the Yukawa oupling. Preliminary results had been ontributed to onferene proeedings [10℄.1These diÆulties ontrast with measurements of the Yukawa ouplings in the eletroweak SU(2)�U(1) setor in whih hargino,neutralino and seletron pair-prodution in polarized e+e� and e�e� proesses allow the determination of the eletron-related Yukawaouplings at the per-ent down to the per-mill level [8℄. 2



2 SQUARKS AND GLUINOS IN e+e� COLLISIONSEnergy window Final states with strong gauge / Yukawa ouplings�s �̂s �̂2s2m~q � ps � m~q +m~g ~q~q(2j +E=) ~q~qg(3j +E=)m~q < m~g m~q +m~g � ps � 2m~g ~q~q(2j +E=) ~q~qg(3j +E=) q~q~g(4j +E=)2m~g � ps ~q~q(2j +E=) ~q~qg(3j +E=) q~q~g(4j +E=) qq~g~g(6j +E=)2m~g � ps � m~q +m~g qq~g~g(6j +E=)m~q > m~g m~q +m~g � ps � 2m~q q~q~g(6j +E=) hqq~g~g(6j +E=)i2m~q � ps ~q~q(6j +E=) ~q~qg(7j +E=) hq~q~g(6j +E=)i hqq~g~g(6j +E=)iTable I: Kinematially aessible proesses involving squarks and gluinos at di�erent .m. energies for m~q < m~g and m~q > m~g.Proesses are identi�ed by the jet topology of the �nal states. The orresponding gauge and Yukawa ouplings are denoted by�s = g2s=4� and �̂s = ĝ2s=4�, respetively. [Final states in h:::i brakets in the seond part of the table are generated primarilyby squark deays to gluinos to whih the power ounting of the ouplings does not apply.℄
2. Squarks and gluinos in e+e� collisionsBefore disussing the dependene of individual proesses on the SUSY-QCD Yukawa oupling, an overview shouldbe given on the size of ross setions whih an naturally be expeted for experimental analyses. In addition,the key points of the ruial tehniques used in the higher-order alulations are summarized. For the reader'sonveniene, we inlude some earlier material from the literature as to provide a oherent presentation of the problems.The topology of the �nal states after the deays of the supersymmetri partiles down to the LSP [assumed to bethe lightest neutralino ~�01 in the present R-parity onserving set-up℄ depends strongly on whether squarks are lighteror heavier than gluinos. In the �rst senario, squarks deay preferentially to harginos/neutralinos, while gluinosdeay to squark-quark pairs, followed by the subsequent squark deays,m~q < m~g : ~q ! q + ~�! j +E=, et~g ! ~q + q ! q + q + ~�! jj +E=, et : (5)In the seond senario squarks deay to gluinos whih subsequently deay, mediated by virtual squarks, toharginos/neutralinos, m~q > m~g : ~q ! ~g + q ! ~qvirt + q + q ! q + q + q + ~�! jjj +E=, et~g ! ~qvirt + q ! q + q + ~�! jj +E=, et : (6)In ontrast to QCD jets, the jets in heavy squark/gluino deays are well separated in phase spae, and lustering willour only at random. A large fration of the harginos/neutralinos ~� is in general light and, if not the LSP, they de-ay to leptons [with taus generating only slim jets with up to three hadrons whih we keep separate in the jet ounting.℄A survey of all squark and gluino prodution proesses relevant for investigating the strong gauge and Yukawaouplings is given in Tab. I whih indiates the threshold energies and the jet topologies for the individual ontinuumproesses in whih ~q or ~g are not mutual deay produts [QCD oupling �s = g2s=4�; Yukawa oupling �̂s = ĝ2s=4�℄.At the time when the measurement of the Yukawa oupling an be performed, the masses of the supersymmetripartiles will be determined very preisely, f. Ref. [11℄, and it will be evident whih part of the table is relevant.It may be noted that �nal states of events generated by the deay of on-shell squarks to quarks and the lightestneutralino as LSP, ~q ! q + ~�01, an be reonstruted up to a two-fold ambiguity, an important identi�ationtool when the squark and neutralino masses are known, .f. Ref. [12℄. As the ~q~q .m. frame [denoted by �℄3



2 SQUARKS AND GLUINOS IN e+e� COLLISIONSoinides with the laboratory frame, or, an be reonstruted after gluon emission, the ~q~q axis in that frame isgiven by one of the two intersetions of the ones entered at the quark axes with opening angles determinedfrom m2~� = m2~q � 2E�qE�~q (1 � ��~q os ��~q ). The false solutions for the axes give rise to essentially at bakgroundangular-orrelations.
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Figure 2: Relevant tree level ross setions for the prodution of squarks and gluinos. In Fig.(a) the gluino is assumed to beheavier than the squarks, aording to the SPS1a senario, and in Fig.(b) the reversed mass senario is onsidered, where thegluino is lighter (m~g = 530 GeV) than the squarks (degenerate squark masses m~q = 600 GeV).Leaving out rare proesses of seond order in the Yukawa oupling, the ross setions for squarks lighter thanthe gluino are displayed in Fig. 2(a), summed over �ve avors. For lear identi�ation a minimal energy utEX > 100 GeV is applied to the gluon jet (details are given in the following subsetions). In Fig. 2(a) produ-tion ross setions are shown for squark and gluino masses adopted from the standard SPS1a senario [13℄, i.e.m~g = 600 GeV and a ommon squark mass of m~q = 530 GeV, [whih is ompatible with the mass limits allowedby the searhes for supersymmetri partiles at the Tevatron [14℄℄. The dominant ross setion of the ~q~q �nal staterises steeply above the threshold proportional to the third power of the veloity of the squarks. Sine the gluino isheavier than all squarks in the SPS1a senario, the prodution threshold for the q~q~g �nal state is higher than the~q~q threshold. The jet topologies in the �nal states are harateristi for the individual proesses and jet ountingan be used as a powerful disriminant. [Of ourse, this Born approah must be re�ned by properly ontrolling QCDshowers in experimental analyses.℄The relevant ross setions for the senario in whih the squarks are heavier than the gluinos, are shownin Fig. 2(b). In a merely ad ho proedure, as any details beyond SUSY-QCD are irrelevant for the presentdisussion, the mass values of squarks and gluino in SPS1a are just reversed. [Suh a senario is atually loseto SPS4.℄ Note that above the .m. energy of twie the squark mass the proess q~q~g proeeds primarily throughsquark pair prodution with subsequent deay of a squark into a gluino. The energy window for q~q~g prodution suigeneris is narrow and the ross setion of the proess, due to phase spae suppression near the threshold, is rather small.However, an additional opportunity for measuring the Yukawa oupling in the seond senario is provided by thesquark deays to gluinos, Ref. [15℄. The threshold behavior of the squark-exitation ross setion in e+e� ollisionsdepends sensitively on the total deay width �(~q)tot. This method of measuring the total width was disussed inRef. [8℄ for slepton prodution but it an be transferred to squarks in the same way; in fat, the impat of the totalwidth on the prodution ross setion for squarks is signi�antly bigger as a result of the inreased size of the width.On the other hand, the eletroweak ontinuum ross setion for squark-pair prodution with squarks deaying togluinos is proportional to the branhing ratio BR(~q ! q~g) squared. By ombining the two threshold and ontinuum4



2 SQUARKS AND GLUINOS IN e+e� COLLISIONSmeasurements of total width and branhing ratio, respetively,�(~q ! q~g) = BR(~q ! q~g)� �(~q)tot = ĝ2s6�m~q  1� m2~gm2~q!2 ; (7)the SUSY-QCD Yukawa oupling an be determined from the partial width.Sine in the analysis of the individual hannels higher-order SUSY-QCD orretions will be inluded, the tehnialset-up should be summarized globally. To take advantage of our extensive infra-struture, the dimensional regulariza-tion has been arried out in the DREG sheme. To omply with the SUSY-QCD Ward identities, whih are violatedby the mismath of fermioni and bosoni degrees of freedom in this sheme, ounter terms must be added whihhowever an be mapped onto a modi�ed relation between gauge and Yukawa ouplings [15, 16℄:ĝs = gs �1 + �s4� �23CA � 12CF�� = gs h1 + �s3� i : (8)The masses of the heavy partiles, squarks and gluinos, are introdued as pole masses. For the renormalization ofthe ouplings the MS sheme is adopted. The \experimental" QCD gauge oupling �(5)s (Q2) is introdued for �vemassless quarks and all heavy partiles are deoupled. From this oupling, onventionally �xed at the energy Q =MZ ,Ref. [17℄, the appropriate QCD gauge oupling for the SUSY system, �s(Q2), above the heavy partile thresholds anbe derived as �s(Q2) = �(5)s (Q2)�1 + �(5)s (Q2)2�  13 ln m2tQ2 + Nf6 ln m2~qQ2 + NC3 ln m2~gQ2!��1 (9)with the number of avors Nf = 6 and olors NC = 3. This proedure guarantees that the oupling �s(Q2) smoothlyapproahes the asymptoti form when Q2 �M2 for all masses M of the supersymmetri theory. In the alulationspresented here we identify the renormalization sale with the .m. energy.After this introdutory disussion of the individual hannels and their dependene on the SUSY-QCD Yukawaoupling, detailed evaluations are presented in the following subsetions.
2.1. Final-state supersymmetric particles

2.1.1. Squark pairs ~q~qIt has been shown in Figs. 2 that the ross setion for squark-pair produtione+e� ! ~q~q� (10)is maximal in the group of hannels suited for the measurement of the SUSY-QCD Yukawa oupling. The rosssetion, in Born approximation, �LO(e+e� ! ~qL=R ~q�L=R) = ��2s CL=R �3; (11)rises as the third power of the ~q veloity � = (1� 4m2~q=s)1=2 above the threshold as demanded for P -wave prodution[12℄. The L=R ouplings, CL=R = Q2q + (eV 2 + eA2)(qV � qA)2�2Z � 2QqeV (qV � qA)�Z (12)are given by the eletri and isospin harges of the squarks, fV = (If3 � 2Qfs2W )=s2W and fA = If3 =s2W , wheres2W = sin2�W is the eletroweak mixing parameter, s2W = sin 2�W , and �Z = s=(s�m2Z) the saled Z-propagator.5



2.1 Final-state supersymmetri partiles 2 SQUARKS AND GLUINOS IN e+e� COLLISIONS
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Figure 3: Examples for diagrams of SUSY-QCD orretions to the prodution of squark pairs as de�ned in (13); left: gluonvertex orretion, mid: gluon bremsstrahlung; right: gluino vertex orretion.The prodution ross setion for squark pairs in next-to-leading order (NLO) inludes the gluon vertex orretionand gluon bremsstrahlung, as well as the gluino vertex orretion, as depited in Fig. 3. [Final states q~q~g are assumedto be separated expliitly.℄ The size of these orretions,�NLO(e+e� ! ~q~q� + ~q~q�g) = �(e+e� ! ~q~q�)��Born �1 + 43 �s� �vert+realgluon + 43 �̂s� �vertgluino� ; (13)depends on the masses of the squarks and gluinos, f. Ref. [18℄. The two parts ontributing to the orretionsare displayed, for the set of SPS1a parameters de�ned earlier, in Fig. 4. The gluon vertex ontribution is formallydivergent at the threshold, i.e. linearly in the inverse veloity of the squarks, but this Coulomb singularity isregularized by the non-zero squark width [19℄. [In toto, the Born threshold suppression � �3 is redued to � �2.℄Compared to the Born ross setion, O(50 fb), the orretions, in partiular the gluino orretions involving theYukawa oupling, are of order femtobarn. With an integrated luminosity � 1 ab�1, these orretions an learlymanifest themselves beyond statistial utuations.
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2.1.2. Squark-pair plus gluon final state ~q~qgA subset of �nal states in 2.1.1 is generated by the proesse+e� ! ~q~q�g (14)in whih the gluon jet is isolated expliitly. This proess measures the QCD oupling of gluons to squarks. Thedi�erential ross setion in the saled Dalitz variables x~q = 2E~q=ps, et, was alulated already some time ago [20℄:d�(e+e� ! ~qL=R ~q�L=R g)dx~q dx~q� = �2�s4s CL=R�16� 163 �2~qy2~q(1� x~q)2 � 163 �2~q�y2~q�(1� x~q�)2 � 83 (2�2~q � 1)(y2~q + y2~q� � y2g)(1� x~q)(1� x~q�) � : (15)6



2.1 Final-state supersymmetri partiles 2 SQUARKS AND GLUINOS IN e+e� COLLISIONSTo simplify the notation, the abbreviations y~q = 2jp~qj=ps; �~q = m~q=ps, et, have been introdued. If the squarksare lighter than the gluinos, as realized in SPS1a, the �nal state onsists of three well-separated jets and a pair ofneutralinos/harginos.In the numerial example, Fig. 6, we assume a minimal energy to be arried by the jet(s) emitted in addition tothe squark pair. The minimal energy EX > 100 GeV required for X in the �nal state ~q~qX uts out the infrareddivergene in the gluon energy for X = g in Born approximation. The dashed line in Fig. 6 orresponds to the Bornapproximation. The solid line adds the omplete set of SUSY-QCD radiative orretions. These orretions inludevertex and box diagrams as well as additional gluon-pair and light quark-antiquark �nal states. For these �nal states,X = gg and q�q, the same ut-o� in the energy (EX > 100 GeV) is applied as before. Example diagrams for theradiative orretions are shown in Fig. 5. The semi-inlusive de�nition integrates out both the infrared and ollinearsingularities in the NLO orreted ross setion.In Born approximation the ross setion depends strongly on the renormalization sale introdued solely by the
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e+Figure 5: Example diagrams for SUSY-QCD orretions to squark pair plus gluon prodution, left: gluino vertex orretion,mid: box diagram; right: double gluon bremsstrahlung.gauge oupling. The dependene is signi�antly redued if the higher order orretions are inluded. For example,varying the renormalization sale � between 15ps � � � 5ps around a .m. energy of ps = 3 TeV, the ross setionvaries by ��=� ' 14% in Born approximation, while the variation is damped to 4% in NLO approximation.In the peak region we �nd a sizeable ross setion of several femtobarn. The radiative orretions enhane the rosssetion at a level of 20%.
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2.1 Final-state supersymmetri partiles 2 SQUARKS AND GLUINOS IN e+e� COLLISIONS
2.2. The golden channel: Squark-gluino final states q~q~gThe golden hannel for measuring the SUSY-QCD q~q~g Yukawa oupling ĝs diretly is the proesse+e� ! q~q�~g + :: (16)As evident from Fig. 1, the size of the ross setion is governed by the quadrati dependene on the Yukawa ouplingĝ2 = 4��̂s: d2�dxq dx~q� =2�2�̂s3s CL=R� 1(1� x~q�)2 y2~q�(1� x~q� � �2~g + �2~q�)+ 1(1� xq)2 �3(1� xq)(1� x~g) + 3�2~g � 3�2~q� � x2q(�2~g � �2~q�)� 12(1� xq)(y2q � y2~g + y2~q�)�+ 1(1� xq)(1� x~q�) �xqy2~q� � 12(x~q� + 2�2~g � 2�2~q�)(y2q � y2~g + y2~q�)��; (17)in the standard notation introdued before.The Born ross setions for both the ases m~q < m~g and m~q > m~g are presented in Figs. 2. The proesses give riseto 4, respetively 6 jets in the �nal state [at Born level℄, with the 4-jet �nal state harateristi for q~q~g prodution inthe mass range m~q < m~g .Examples of NLO diagrams ontributing to the SUSY-QCD orretions to q~q~g �nal states are depited in Fig. 7.
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e+Figure 7: Example diagrams for SUSY-QCD orretions to squark gluino prodution, left: gluon vertex orretion, mid: boxdiagram; right: real gluino emission.Vertex and box diagrams are built up by gluinos, gluons, squarks and quarks. To order �s, 4-parton �nal statesare generated only by the emission of an additional gluon. Sine the radiatively orreted ross setion is de�nedinlusively, infrared and ollinear singularities are integrated out.The orreted ross setions are displayed in Figs. 8 for squarks lighter and heavier than gluinos [SPS1a andSPS1a reversed℄, respetively. Again, the strong dependene on the renormalization sale in Born approximationis damped one the higher order orretions are inluded properly: If the renormalization sale � varies between15ps � � � 5ps, for ps = 3 TeV the ross setion for m~q < m~g varies by ��=� ' 14% in Born approximation, whilethe variation is damped to 4% in NLO approximation.The ross setions for m~q < m~g are enhaned by the radiative orretions to a size of order 2 fb whih an beonsidered suÆient for experimental analysis if integrated luminosities � 1 ab�1 an be ahieved. In the mass rangem~q > m~g the size of the ross setion is rather small, however.8



2.2 Squark-gluino �nal states q~q~g 2 SQUARKS AND GLUINOS IN e+e� COLLISIONS
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Figure 8: (a) Total ross setion for squark-gluino prodution at LO and NLO for SPS1a mass parameters, i.e. m~q < m~g;(b) for reversed SPS1a mass parameters, i.e. m~q > m~g. [Above a .m. energy of twie the squark mass, squark-pair produtionfollowed by squark deays to quarks and gluinos, is by far dominant.℄
2.3. Final states without supersymmetric particles

2.3.1. Quark pairs qqThe basi quark-pair prodution proess, de�ned in the absene of any supersymmetri partile in the �nal state,e+e� ! q�q (18)sales asymptotially with the energy squared:�(e+e� ! q�q)��Born = 4��2s hQ2q + (eV 2 + eA2)(qV 2 + qA2)�2Z � 2QqeV qV �Zi : (19)
q

q

q

q

γ, Z0γ, Z0

g

q

q

γ, Z0

e+ e+ e+

e− e− e−

Figure 9: Examples for diagrams of QCD and SUSY-QCD orretions to the prodution of quark pairs; left: gluon vertexorretion, mid: gluon bremsstrahlung; right: squark/gluino vertex orretion.The Born ross setion is modi�ed, to NLO, by gluon exhanges in the vertex and by gluon bremsstrahlung, as wellas squark/gluino orretions to the vertex, Fig. 9,�NLO(e+e� ! q�q) = �(e+e� ! q�q)��Born �1 + 43 �s� �vert+realgluon + 43 �̂s� �vertsqu/gluino� : (20)The gluon orretion to NLO is well known, �vert+realgluon = 3=4, while the genuine triangular squark/gluino orretionis more involved [21℄. For the set of SPS1a and reversed SPS1a mass parameters introdued before, the pure QCDorretions are in general leading, exept for very high energies. The individual gluon and SUSY orretions arepresented in Fig. 10. [The two ontributions are separately gauge invariant.℄ The Born ross setion drops from 2:2 pbdown to 61 fb in the range of .m. energies between 0:5 and 3 TeV. The genuine SUSY-QCD orretions involvingthe Yukawa oupling of squarks to quarks and gluinos are moderately large and of half the size of the standard QCDorretions. In the peak region the radiative SUSY orretions are of the order of 1:5%; the orretions ip sign at9
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Figure 10: NLO QCD, (4�s=3�)�vert+realgluon , as well as NLO SUSY-QCD, (4�̂s=3�)�vertsqu/gluino, orretions of the total rosssetion for quark pair prodution in the referene points SPS1a and reversed SPS1a.an energy of � 3 TeV for the two referene sets of SUSY masses. For m~q = m~g � ~M the orretion an be ast inthe ompat form �vertsqu/gluino = 34 + �4 ln�1� �1 + ��+ 116(1� �2) �ln2�1� �1 + ��� �2� ; (21)where � = (1� 4 ~M2=s)1=2. The SUSY orretion approahes�vertsqu/gluino = �1=4 ln(s= ~M2) (22)for asymptoti energies. The logarithmi behavior in the energy is onsistent with the Lee-Nauenberg theorem sinegluino radiation is not inluded in the �nal state; in fat, adding gluino radiation anels the logarithm in theasymptoti region.
2.3.2. Quark Pairs and Gluons qqgIf additional gluon jets are isolated in the �nal state,e+e� ! q�qg ; (23)the analysis beomes muh more omplex. Starting from the Dalitz plot density for gluon radiation [22℄,d2�(e+e� ! q�qg)dxqdx�q ����Born = �(e+e� ! q�q)��Born 2�s3� x2q + x2�q(1� xq)(1� x�q) ; (24)with the saled energies xq = 2Eq=ps et, the jet events are de�ned for a ut in the invariant masses of the partonpairs yij = (pi + pj)2=s > 0:05. The radiative orretions may be deomposed in the form�NLO(e+e� ! q�qg) = �(e+e� ! �qqg)��Born �1 + �s� �vert+realgluon + �̂s� �vertsqu/gluino� : (25)As generally antiipated for orretions to jet ross-setions, the gluon orretions, .f. Ref. [23℄,�s� �vert+realgluon ' �s� B2A (26)are by far dominant with B=2A ' 10 for yij = 0.05, i.e. �s� �vert+realgluon ' 0:3. The genuine SUSY-QCD orretions arede�ned as any orretions involving propagators of supersymmetri partiles, some examples are shown in Fig. 11.Suh diagrams ome with two powers of the quark-squark-gluino Yukawa oupling at next-to-leading order. Thegenuine SUSY ontribution �̂s� �vertsqu/gluino is displayed in Fig. 12. The two mass hierarhies m~q < m~g and m~q > m~gare adopted again from the referene point SPS1a and the reversed SPS1a point. In the respetive peak regions SUSYorretions of about 1:5% are predited, signi�antly smaller than the standard QCD orretions, as antiipated.10
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qFigure 11: Examples for diagrams of SUSY-QCD orretions to the prodution of quark pairs aompanied by a gluon; left:squark/gluino vertex orretion, mid and right: squark/gluino box orretion.
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Figure 12: NLO SUSY-QCD orretions, (�̂s=�)�vertsqu/gluino, to the total ross setion for q�qg prodution for the mass hierarhiesof SPS1a, solid line, and SPS1a reversed, dashed line.
3. AssessmentIn the preeding setion the theoretial base has been studied for future measurements of the Yukawa ouplingbetween quarks, squarks and gluinos in high-energy e+e� ollisions. Supersymmetry predits this oupling to beidential with the standard QCD gauge oupling between quarks and gluons, and squarks and gluons. Varioushannels have been investigated whih an be explored to test this fundamental identity between the ouplings,either indiretly through virtual orretions to quark and squark pair prodution in e+e� ollisions, or diretly inomparing the ross setion for the golden hannel q~q~g with the standard gluon radiation proesses qqg and ~q~qg.While the golden hannel measures the q~q~g Yukawa oupling ĝs, the radiation proesses ~q~qg and qqg determine theQCD gauge oupling gs in the squark setor and the standard quark setor for omparison.The entral results are summarized in Tab. II and Figs. 13. In the table the SUSY parameters are adopted fromthe referene point SPS1a with squark and gluino masses of 530 GeV and 600 GeV, respetively. Sine by the timeof measurements of the ouplings the squark and gluino masses will be determined aurately, speial values of thee+e� .m. energy an be hosen suh as to maximize the sensitivity for the measurements of the Yukawa and gaugeouplings. A standard value RL = 1 ab�1 is taken for the integrated luminosity. The errors quoted in the table arepurely statistial, reeting the minimal errors that an be expeted in any future experimental analysis.The left-most �gure in the panel Figs. 13 displays the ontours of the statistial 1-sigma errors ��̂s=�̂s for thestandard qq hannel in the [m~q ;m~g℄ mass plane for ILC, irrespetive of any spei� model exept SUSY-QCD. Foreah ~q; ~g mass pair the ollider energy is hosen suh as to provide maximal sensitivity to the measurement of �̂s.The Yukawa oupling �̂s an be determined in this hannel only indiretly through virtual SUSY orretions. Suhanalyses may provide a �rst glimpse of the Yukawa oupling.11



3 ASSESSMENTBorn oupling psfmaxg[GeV℄ �Born [fb℄ �NLO [fb℄ 43 �s� �QCD 43 �̂s� �SUSY ��̂s=�̂s~q~q 3; 000 25:1 26:0 0:126 �0:09 7:0%qq 1; 300 328 342 0:0277 0:0159 11%q~q~g �̂s 2; 850 1:66 2:01 0:661 �0:448 2:5%�s� �QCD �̂s� �SUSY ��s=�s~q~qg �s 2; 800 7:21 8:59 0:276 �0:0836 1:2%qqg �s 2; 800 10:5 13:1 0:257 0:0039 1:0%Table II: 1-sigma statistial errors of the Yukawa �̂s and gauge �s ouplings determined from quark-squark-gluino �nal statesand SUSY radiative orretions in various hannels based on SPS1a SUSY parameters. The upper part of the table with the�nal states ~q~q, qq and q~q~g desribes the measurement of �̂s, and the lower part, with ~q~qg and qqg, the measurement of �s.The .m. energy psfmaxg is hosen, below 3 TeV, suh that the sensitivity to the measurement of the ouplings is maximized,exept for the gauge oupling in qqg where the sale is adjusted to ~q~qg.e+e� ! qq, ps < 1 TeV e+e� ! q~q~g, ps < 1 TeV e+e� ! q~q~g, ps < 3 TeV
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��̂s=�̂sFigure 13: Contours of the statistial 1-sigma errors of the Yukawa oupling ��̂s=�̂s in the [m~q;m~g℄ mass plane, Left: forthe indiret hannel e+e� ! qq at ILC energies; Mid, Right: for the diret golden hannel e+e� ! q~q~g, orresponding to amaximal ILC .m. energy of 1 TeV, and to 3 TeV for CLIC, respetively. The blind wedge an be overed by analyzing thepartial widths.The �gures in the middle and on the right of the panel summarize statistial analyses of the golden q~q~g hannelon the same basis. In this hannel the Yukawa oupling an be measured diretly sine the Born ross setion isproportional to �̂s. The results are presented for ILC .m. energies up to a maximum of 1 TeV, and for CLIC upto 3 TeV. As before, the energies are hosen at the point of maximal sensitivity for the Yukawa oupling for anymass pair [m~q ;m~g℄. For m~g < m~q the ollider energy is restrited to the range below the ~q~q threshold as to avoidontamination of the q~q~g hannel due to on-shell ~q ! q~g deays. This restrition generates a blind wedge near thethreshold whih however an be overed in analyses of the partial widths as disussed before.The estimate of the statistial error �ĝs=ĝs ' 1% for the measurement of the Yukawa oupling in this report isonly a �rst step. The step is promising, nevertheless, as the expeted error is suÆiently small. Even if an order ofmagnitude of events is lost due to experimental uts and eÆienies in ontrolling, for example, the hargino andneutralino modes of squark deays [and asading gluinos℄, the resulting �nal error is still at a level of 5 to 10%. Thissize ompares reasonably well with expetations for LHC experimental analyses in Ref. [4℄ in whih squark/gluinodeays are inluded expliitly. Thus, LHC and a TeV lepton ollider are omplementary instruments for the involvedmeasurements of the SUSY-QCD Yukawa and gauge ouplings. In partiular, sine the relevant ross setions drop12



3 ASSESSMENTwith rising squark and gluino masses quadratially and faster2, mutual omplementarity of the two methods raisesprospets of testing the identity of Yukawa and gauge ouplings in super-QCD onsiderably.
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