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HIGGS PHYSICS AND ELECTROWEAKSYMMETRY BREAKING�Peter M. ZerwasDeutshes Elektronen-Synhrotron DESYD-22603 Hamburg, Germany(Reeived April 1, 1999)Higgs physis at prospetive e+e� linear olliders is reviewed in the on-text of the Standard Model and supersymmetri theories. A brief overviewis also given on strong interations of the eletroweak bosons at TeV ener-gies in alternative senarios.PACS numbers: 12.15.�y, 14.80.Bn, 14.80.Cp1. Introdution1. Revealing the physial mehanism whih breaks the eletroweak symme-tries, is one of the key problems in partile physis. If the standard partiles� leptons, quarks and gauge bosons � remain weakly interating up tovery high energies, the setor in whih the eletroweak symmetries are brokenmust ontain one or more fundamental salar Higgs bosons with light massesof the order of the symmetry breaking sale v = [p2GF℄�1=2 � 246 GeV.The masses of the fundamental partiles are generated by the interationswith the salar bakground Higgs �eld, being non-zero in the ground state[1℄. Alternatively, the symmetry breaking ould be generated dynamiallyby new strong fores haraterized by an interation sale � � 1 TeV [2℄. Ifglobal symmetries of these strong interations are broken spontaneously, theassoiated Goldstone bosons an be absorbed by the gauge �elds, generatingthe longitudinal degrees of freedom and the masses of the gauge partiles.The masses of leptons and quarks an be generated by interations with thefermion ondensate, mediated by extended gauge interations.2. A simple mehanism for the breaking of the eletroweak symmetriesis inorporated in the Standard Model (SM) [3℄. To aommodate all ob-served phenomena, an isodoublet salar �eld is introdued whih, by self-interations, aquires a non-vanishing vauum expetation value, breaking� Presented at the Craow Epiphany Conferene on Eletron�Positron Colliders,Craow, Poland, January 5�10, 1999.(1871)



1872 P.M. Zerwasspontaneously the eletroweak symmetries SU(2)I� U(1)Y symmetry. Theinterations of the gauge bosons and fermions with the bakground �eldgenerate the masses of these partiles. One salar �eld omponent is notabsorbed in this proess, manifesting itself as the physial Higgs partile H.The mass of the Higgs boson is the only unknown parameter in thesymmetry breaking setor of the Standard Model while the ouplings are�xed by the masses of the partiles, a onsequene of the Higgs mehanismsui generis. However, the mass of the Higgs boson is strongly onstrained.Sine the quarti self-oupling of the Higgs �eld grows inde�nitely with risingenergy, an upper limit on the Higgs mass an be derived by demanding theSM partiles to remain weakly interating up to a sale � [4℄. On the otherhand, stringent lower bounds on the Higgs mass follow from requiring theeletroweak vauum to be stable [5℄. If the Standard Model is valid up tosales near the Plank sale, the SM Higgs mass is restrited to a narrowwindow between 130 and 190 GeV. For Higgs masses either above or belowthis window, new interations are expeted to our at a sale � between� 1 TeV and the Plank sale [4, 6℄.The eletroweak observables are a�eted by the Higgs mass through ra-diative orretions [7℄. Despite of the weak logarithmi dependene, thehigh-preision eletroweak data indiate a preferene for light Higgs masseslose to � 100 GeV [8℄. At 95% CL, the data require a value of the Higgsmass less than about 250 GeV. By searhing diretly for the SM Higgs par-tile, the LEP experiments have set a lower limit of about 90 to 95 GeV onthe Higgs mass [9℄. If the Higgs boson will not be found at LEP2, the searhwill ontinue at the Tevatron. The proton ollider LHC an sweep the entireanonial Higgs mass range of the Standard Model. The properties of theHiggs partile an subsequently be analyzed very aurately at e+e� linearolliders [10℄. By measuring the ouplings of the Higgs boson to gauge par-tiles, leptons and quarks, and by reonstruting the self-interation of theHiggs �eld, essential elements of the Higgs mehanism an be establishedexperimentally.3. If the Standard Model is embedded in a Grand Uni�ed Theory (GUT)at high energies, the natural sale of the eletroweak symmetry breakingwould be expeted lose to the uni�ation sale MGUT. Supersymmetry [11℄provides a solution of this hierarhy problem. The quadratially divergentontributions to the radiative orretions of the salar Higgs boson mass areanelled by the destrutive interferene between supersymmetrized bosoniand fermioni loops [12℄. A strong indiation for the realization of thisphysial piture in Nature is the exellent agreement between the value ofthe eletroweak mixing angle sin2 �W predited by the uni�ation of thegauge ouplings, and the measured value. If the gauge ouplings are uni�edin the minimal supersymmetri theory at a sale MGUT = O(1016 GeV), the



Higgs Physis and Eletroweak Symmetry Breaking 1873eletroweak mixing angle is predited to be sin2 �W = 0:2336 � 0:0017 [13℄for a mass spetrum of the supersymmetri partiles of order MZ to 1 TeV.This theoretial predition must be ompared with the experimental resultsin2 �expW = 0:2316�0:0003 [8℄; the di�erene of the two numbers is less than2 per mille.In the Minimal Supersymmetri extension of the Standard Model(MSSM), the Higgs setor is built up by two Higgs doublets [14℄. The dou-bling is neessary to generate masses for up- and down-type fermions in asupersymmetri theory and to render the theory anomaly-free. The Higgspartile spetrum onsists of a quintet of states: two CP-even salar neutral(h;H), one CP-odd pseudosalar neutral (A), and a pair of harged (H�)Higgs bosons [15℄. The masses of the heavy Higgs bosons, H;A;H�, areexpeted to be of order v but may extend up to the TeV range. By ontrast,sine the quarti Higgs self-ouplings are determined by the gauge ouplings,the mass of the lightest Higgs boson h is onstrained very stringently. Attree-level, the mass has been predited to be smaller than the Z mass [15℄.Radiative orretions, inreasing as the fourth power of the top mass, shiftthe upper limit to a value between � 100 GeV and � 130 GeV, dependingon the mixing parameter tan �.A general lower bound of 73 GeV has been established for the Higgspartile h experimentally at LEP [9℄. Continuing this searh, the entire hmass range an be overed for tan� <� 2, one of two areas predited by theuni�ation of the b and � masses at high energies. The searh for h masses inexess of � 100 GeV and the searh for the heavy Higgs bosons will ontinueat the Tevatron, the LHC and e+e� linear olliders. In these mahines themass range up to � 1 TeV an be overed [10℄.4. Elasti sattering amplitudes of longitudinally polarized massive vetorbosons grow inde�nitely with energy if they are alulated as a perturbativeexpansion in the oupling of a non-abelian gauge theory. As a result theyviolate unitarity beyond a ritial energy sale of � 1:2 TeV. This probleman be solved by introduing a light Higgs boson. In alternative senarios,the W bosons may beome strongly interating at TeV energies, thus damp-ing the rise of the elasti sattering amplitudes. Naturally, the strong foresbetween the W bosons may be traed bak to new fundamental intera-tions haraterized by a sale of order 1 TeV [2℄. If the underlying theory isglobally hiral-invariant, the symmetry may be broken spontaneously. TheGoldstone bosons assoiated with the spontaneous symmetry breaking anbe absorbed by the gauge bosons to build up the longitudinal degrees offreedom of the wave funtions and to generate their masses.



1874 P.M. ZerwasSine the longitudinally polarized W bosons are assoiated with theGoldstone modes, the sattering amplitudes of the WL bosons an be pre-dited for high energies by a systemati expansion in the energy. The lead-ing term is parameter-free, a onsequene of the hiral symmetry breakingmehanism per se whih is independent of the partiular dynamial theory.Suh a senario an be studied in WW sattering experiments with Wbosons radiated, as quasi-real partiles [16℄, o� the eletron and positronbeams in TeV linear olliders [10, 17, 18℄.5. This report is divided into three parts. A basi summary of the maintheoretial and experimental results expeted from e+e� linear olliders willbe presented in the next setion on the Higgs setor of the Standard Model.The Higgs spetrum of supersymmetri theories will be disussed in thesubsequent setion. Finally, the main features of strong W interations andtheir analysis in WW sattering experiments will be presented in the lastsetion.Only the basi elements of eletroweak symmetry breaking and the Higgsmehanism an be desribed in this report. Other aspets may be traedbak from Ref. [19℄ and reent review reports olleted in Ref. [20℄.2. The Higgs setor of the Standard Model2.1. The basis of the Higgs mehanismFor high energies, the amplitude for elasti sattering of massive Wbosons, WW ! WW , grows inde�nitely with energy for longitudinallypolarized partiles. Even though the term of the amplitude rising as thefourth power in the energy is anelled by virtue of the non-abelian gaugesymmetry, the amplitude remains quadratially divergent in the energy. Onthe other hand, unitarity requires elasti sattering amplitudes of partialwaves J to be bounded by <eAJ � 1=2. Applied to the asymptoti S-waveamplitude A0 = GFs=8�p2 of the isospin-zero hannel 2W+L W�L + ZLZL,with ps denoting the m energy, the bound on the energy [21℄s � 4�p2=GF � (1:2 TeV)2; (1)an be derived for the validity of a theory of weakly oupled massive gaugebosons.However, the quadrati rise in the energy an be damped by exhanginga salar partile. To ahieve the anellation, the size of the oupling mustbe given by the produt of the gauge oupling with the gauge boson mass.For high energies, the amplitude A00 = �GFs=8�p2 anels exatly thequadrati divergene of the pure gauge boson amplitude A0. Thus, unitarityan be restored by introduing a weakly oupled fundamental Higgs partile.



Higgs Physis and Eletroweak Symmetry Breaking 1875In the same way, the linear divergene of the amplitude A(f �f!WLWL)�gmfps for the annihilation of a fermion�antifermion pair to a pair of longitu-dinally polarized gauge bosons an be damped by adding the Higgs exhangeto the gauge boson exhange. In this ase the Higgs partile must oupleproportional to the mass mf of the fermion f .These observations an be summarized in a theorem: A theory of massivegauge bosons and fermions whih are weakly oupled up to very high energies,requires, by unitarity, the existene of a Higgs partile; the Higgs partile is asalar 0+ partile whih ouples to other partiles proportional to the massesof the partiles.The assumption that the ouplings of the fundamental partiles are weakup to very high energies, is qualitatively supported by the perturbative renor-malization of the eletroweak mixing angle sin2 �W from the symmetry value3/8 at the GUT sale down to � 0:2 whih is lose to the experimentallyobserved value at low energies.These ideas an be ast into an elegant mathematial form by inter-preting the eletroweak interations as a gauge theory with spontaneoussymmetry breaking in the salar setor. Suh a theory onsists of fermion�elds, gauge �elds and a salar �eld oupled by the standard gauge inter-ations and Yukawa interations to the other �elds. Moreover, a quartiself-interation V = �2 �j�j2 � v22 �2 (2)is introdued in the salar setor whih gives rise to a non-zero ground-statevalue v=p2 of the salar �eld. By �xing the phase of the vauum amplitudeto zero, the eletroweak symmetries are spontaneously broken in the salarsetor. Interations of the gauge �elds with the salar bakground �eld andYukawa interations of the fermion �elds with the bakground �eld shift themasses of these �elds from zero to non-zero values:(a) 1q2 ! 1q2 +Xj 1q2 "� gvp2�2 1q2#j = 1q2 �M2 : M2 = g2 v22 ;(b) 16q ! 16q +Xj 16q �gfvp2 16q�j = 16q �mf : mf = gf vp2 : (3)Thus in theories with gauge and Yukawa interations, in whih the salar�eld aquires a non-zero ground-state value, the ouplings are naturallyproportional to the masses. This ensures the unitarity of the theory.In the eletroweak SU2 �U1 Lagrangean the salar isodoublet �eld � isoupled to the gauge �elds by the ovariant derivative iD = i��g~I ~W�g0Y B,



1876 P.M. Zerwasand to the up and down fermion �elds u; d by Yukawa interations:L0 = jD�j2 � �2 �j�j2 � v22 �2 � gd �dL�dR � gu�uL�uR + h.. (4)In the unitary gauge, the isodoublet � is replaed by the physial Higgs �eldH, � ! [0; (v + H)=p2℄, whih desribes the deviation of the I3 = �1=2omponent of the isodoublet �eld from the ground state value v=p2. Thequarti oupling � and the Yukawa ouplings gf an be reexpressed in termsof the physial Higgs mass MH and the fermion masses mf , M2H = �v2 andmf = gfv=p2, respetively.Sine the ouplings of the Higgs partile to gauge partiles, fermions andto itself are given by the gauge ouplings and the masses of the partiles, theonly unknown parameter in the Higgs setor is the Higgs mass. When thismass is �xed, all properties of the Higgs partile an be predited, i.e. thelifetime and deay branhing ratios, as well as the prodution mehanismsand the orresponding ross setions.2.1.1. The SM Higgs massStringent upper and lower bounds on the mass of the Higgs boson anbe derived in the Standard Model, from internal onsisteny onditions andextrapolations of the model to high energies.The Higgs boson has been introdued as a fundamental partile to ren-der 2�2 sattering amplitudes involving longitudinally polarized W bosonsompatible with unitarity. Based on the general priniple of time-energy un-ertainty, partiles must deouple from a physial system if their mass growsinde�nitely. The mass of the Higgs partile must therefore be bound to re-store unitarity in the perturbative regime. From the asymptoti expansionof the elasti WLWL S-wave sattering amplitude inluding W and Higgsexhanges, A(WLWL ! WLWL) ! �GFM2H=4p2�, it follows [21℄ that theHiggs mass must be bound byM2H � 2p2�=GF � (850 GeV)2: (5)Within the anonial formulation of the Standard Model, onsisteny on-ditions therefore require a Higgs mass below 1 TeV.Very restritive bounds on the value of the SM Higgs mass follow fromhypotheses on the energy sale � up to whih the Standard Model an beextended before new strong interations between the fundamental partilesbeome e�etive. The key to these bounds is the evolution of the quartioupling � with the energy (i.e. the �eld strength) due to quantum �u-tuations [4℄. The Higgs loop itself gives rise to an inde�nite inrease of



Higgs Physis and Eletroweak Symmetry Breaking 1877the oupling while the fermioni top-quark loop drives, with inreasing topmass, the oupling to smaller values, eventually even to values below zero.The variation of the quarti Higgs oupling � and of the top-Higgs Yukawaoupling gt with energy, parametrized by t = log �2=v2, may be written as [4℄d�dt = 38�2 ��2 + �g2t � g4t � : �(v2) = M2Hv2 ;dgtdt = 132�2 �92g3t � 8gtg2s� : gt(v2) = p2mfv (6)taking into aount only the leading ontributions from H; t and QCD loops.For moderate top masses, the quarti oupling � rises inde�nitely,_� � +�2, and the oupling beomes strong shortly before reahing theLandau pole at �(�2) = �(v2)h1� 3�(v2)8�2 log �2v2 i :Reexpressing the initial value of � by the Higgs mass, the ondition�(�) <1, an be translated to an upper bound on the Higgs mass:M2H � 8�2v23 log �2v2 : (7)This mass bound is related logarithmially to the energy � up to whih theStandard Model is assumed to be valid. The maximal value of MH for theminimal ut-o� � � 1 TeV is given by � 750 GeV.A lower bound on the Higgs mass an be derived from the requirement ofvauum stability [4, 5℄. Sine top-loop orretions derease � for inreasingtop-Yukawa oupling, � beomes negative if the top mass beomes too large.In this ase, the self-energy potential would beome deep negative and theground state would not be stable any more. To avoid the instability, theHiggs mass must balane the drop by exeeding a minimal value for a giventop mass. This lower bound depends on the ut-o� value �.For any given � the allowed values of (Mt;MH) pairs are shown in Fig. 1.For a entral top massMt = 175 GeV, the Higgs mass values are olleted inTable I for two spei� ut-o� values �. If the Standard Model is assumedto be valid up to the sale of grand uni�ation, the Higgs mass is restritedto a narrow window between 130 and 190 GeV. The observation of a Higgsmass above or below this window would demand a new physis sale belowthe GUT sale.



1878 P.M. Zerwas

Fig. 1. Bounds on the mass of the Higgs boson in the SM. � denotes the energysale at whih the Higgs-boson system of the SM would beome strongly interating(upper bound); the lower bound follows from the requirement of vauum stability.Refs [4, 5℄. TABLE IHiggs mass bounds for two values of the ut-o� �� MH1 TeV 55 GeV <� MH <� 700 GeV1016 GeV 130 GeV <� MH <� 190 GeV2.1.2. Deays of the Higgs partileThe pro�le of the Higgs partile is uniquely determined if the Higgs massis �xed. The strength of the Yukawa ouplings of the Higgs boson to fermionsis set by the fermion masses mf , and the oupling to the eletroweak gaugebosons V =W;Z by their masses MV :gHff = hp2GFi1=2mf ;gHV V = 2 hp2GFi1=2M2V : (8)The total deay width and lifetime, as well as the branhing ratios for spei�deay hannels are determined by these parameters. The measurement of thedeay harateristis an therefore be exploited to establish experimentallythat Higgs ouplings grow with the masses of the partiles.



Higgs Physis and Eletroweak Symmetry Breaking 1879The partial width of Higgs deays to lepton and quark pairs is givenby [22℄ � (H ! f �f) = N GF4p2�m2f (M2H)MH : (9)N = 1 or 3 is the olor fator. Near threshold the partial width is suppressedby an additional fator �3f where �f is the fermion veloity. Asymptotially,the fermioni width grows linearly with the Higgs mass. The bulk of theQCD radiative orretions an be mapped into the sale dependene of thequark mass, evaluated at the Higgs mass. For MH � 100 GeV the relevantparameters are mb(M2H) ' 3 GeV and m(M2H) ' 0:6 GeV. The redutionof the e�etive -quark mass overompensates the olor fator in the ratiobetween harm and � deays of Higgs bosons.Above the WW and ZZ deay thresholds, the partial widths for thesehannels may be written as [23℄� (H ! V V ) = ÆV GF16p2�M3H(1� 4x+ 12x2)�V ; (10)where x = M2V =M2H and ÆV = 2 and 1 for V = W and Z, respetively. Forlarge Higgs masses, the vetor bosons are longitudinally polarized. Sine thewave-funtions of these states are linear in the energy, the widths grow asthe third power of the Higgs mass. Below the threshold for two real bosons,the Higgs partile an deay into V V � pairs, one of the vetor bosons beingvirtual [24℄.In the Standard Model, gluoni Higgs deays are mediated by top- andbottom-quark loops, photoni deays in addition by W loops. Sine thesedeay modes are signi�ant only far below the top and W thresholds, theyan be desribed by the approximate expressions [25, 26℄� (H ! gg) = GF�2s36p2�3M3H �1 +�954 � 7NF6 � �s� � ; (11)� (H ! ) = GF�2128p2�3M3H ����43NCe2t � 7����2 (12)whih are valid in the limit M2H � 4M2W ; 4M2t . The QCD radiative orre-tions whih inlude ggg and gq�q �nal states in (11), are very important; theyinrease the partial width by about 65%. Even though photoni Higgs de-ays are very rare, they nevertheless o�er a simple and attrative signaturefor Higgs partiles by leading just to two stable quanta in the �nal state.By adding up all possible deay hannels, we obtain the total width:Up to masses of 140 GeV, the Higgs partile is very narrow, � (H) � 10MeV. After opening up the real and virtual gauge boson hannels, the state



1880 P.M. Zerwasbeomes rapidly wider, reahing a width of � 1 GeV at the ZZ threshold.The width annot be measured diretly in the intermediate mass region atthe LHC or e+e� olliders; it ould be measured at muon olliders in thelower part of the intermediate range [27℄. Above � 250 GeV, the statebeomes wide enough to be resolved experimentally in general. Sine thewidth grows as the third power of the mass, the Higgs partile beomes verywide, � (H) � 12M3H [TeV℄, for high masses. In fat, for MH � 1 TeV, thewidth reahes � 12 TeV.
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Fig. 2. Branhing ratios of the dominant deay modes of the SM Higgs partile.All relevant higher order orretions are taken into aount.The branhing ratios of the main deay modes are displayed in Fig. 2. Alarge variety of hannels will be aessible for Higgs masses below 140 GeV.The dominant mode are b�b deays, yet �; �+�� and gg still our at a levelof several per ent.  deays our at a level of 1 per mille. Above � 140GeV, the Higgs boson deay into W 's beomes dominant, overwhelming allother hannels if the deay mode into two real W 's is kinematially possible.For Higgs masses far above the thresholds, ZZ and WW deays our at aratio of 1 : 2, slightly modi�ed only just above the t�t threshold.2.2. Eletroweak preision data: Higgs-mass estimateStrong indiret evidene for a light Higgs boson an be derived from thehigh-preision measurements of eletroweak observables at LEP and else-where. Indeed, the fat that the Standard Model is renormalizable onlyafter inluding the top and Higgs partiles in the loop orretions, indiatesthat the eletroweak observables are sensitive to the masses of these parti-les.



Higgs Physis and Eletroweak Symmetry Breaking 1881The Fermi oupling an be rewritten in terms of the weak oupling andthe W mass: GFp2 = 2��sin2 2�WM2Z [1 + �r� +�rt +�rH ℄ : (13)The � terms take aount of the radiative orretions. �r� desribes theshift in the eletromagneti oupling if evaluated at the sale M2Z insteadof zero-momentum. �rt denotes the top (and bottom) quark ontributionto the W mass whih is quadrati in the top mass. Finally, �rH aountsfor the virtual Higgs ontributions to the masses; this term depends onlylogarithmially [7℄ on the Higgs mass at leading order,�rH = GFM2W8p2�2 113 �log M2HM2W � 56� ; (M2H �M2W ) : (14)The sreening e�et re�ets the role of the Higgs �eld as a regulator whihrenders the eletroweak theory renormalizable.Although the sensitivity on the Higgs mass is only logarithmi, the in-reasing preision in the measurement of the eletroweak observables allowus to derive interesting estimates and onstraints on the Higgs mass:MH = 98+77�45 GeV< 240 GeV (95% CL) : (15)It may be onluded from these numbers that a light Higgs boson in theanonial formulation of the Standard Model is niely ompatible with thehigh-preision eletroweak data. However, alternative senarios inludingstrong interations that are not under proper theoretial ontrol, annot beruled out by these indiret analyses.Future e+e� linear olliders are planned to operate at low energies nearthe W+W� threshold and on the Z boson with very high luminosity, gen-erating more than 1 GigaZ events. The auray in sin2 #W and MW mea-surements is expeted to improve by an order of magnitude ompared tothe present errors: Æ sin2 #W � 0:00002 and ÆMW � 6 MeV. Based on thesemeasurements the Higgs mass an be determined within �MH=MH � 10%.Assuming that the Higgs partile will have been disovered at that time,the indiret measurement provides an important theoretial test of the un-derlying �eld theory whih inorporates the spontaneous breaking of theeletroweak gauge symmetries.



1882 P.M. Zerwas2.3. Higgs prodution hannels at e+e� ollidersThe two main prodution mehanisms for Higgs bosons in e+e� ollisionsare the proessesHiggs-strahlung : e+e� ! Z� ! ZH ; (16)WW fusion : e+e� ! ��e�e(WW )! ��e�eH : (17)In Higgs-strahlung [26, 28, 29℄ the Higgs boson is emitted from the Z-bosonline while WW -fusion is a formation proess of Higgs bosons in the ollisionof two quasi-real W bosons radiated o� the eletron and positron beams[30℄.As evident from the subsequent analyses, LEP2 an over the SM Higgsmass range up to about 100 GeV. The high energy e+e� linear ollidersan over the entire Higgs mass range in the seond phase in whih theywill reah a total energy of about 2 TeV [10℄. For an integrated luminos-ity of R L = 1ab�1, more than 105 Higgs boson events are generated, themajority of whih aompanied by harged leptons and neutrinos and littleontaminated by bakgrounds.2.3.1. Higgs-strahlungThe ross setion for Higgs-strahlung an be written in a ompat form,�(e+e� ! ZH) = G2FM4Z96�s �v2e + a2e��1=2 �+ 12M2Z=s�1�M2Z=s�2 ; (18)where ve and ae are the vetor and axial-vetor Z harges of the eletronand � is the usual two-partile phase spae funtion. The ross setion is ofthe size � � �2w=s, i.e. of seond order in the weak oupling, and it sales inthe squared energy.Sine the ross setion vanishes for asymptoti energies, the Higgs-strah-lung proess is most useful for searhing Higgs bosons in the range where theollider energy is of the same order as the Higgs mass, ps >� O(MH). Thesize of the ross setion is illustrated in Fig. 3 for the energies ps = 500 and800 GeV of e+e� linear olliders as a funtion of the Higgs mass. Sine thereoiling Z mass in the two-body reation e+e� ! ZH is mono-energeti,the mass of the Higgs boson an be reonstruted from the energy of the Zboson, M2H = s � 2psEZ +M2Z , without any need of analyzing the deayproduts of the Higgs boson. For leptoni Z deays, missing mass tehniquesprovide a very lear signal as demonstrated in Fig. 4.



Higgs Physis and Eletroweak Symmetry Breaking 1883

Fig. 3. The ross setion for the prodution of SM Higgs bosons in Higgs-strahlunge+e� ! ZH and WW=ZZ fusion e+e� ! ��e�e=e+e�H ; solid urves: ps = 500GeV, dashed urves: ps = 800 GeV.
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60 80 100 120 140 160 180 200Fig. 4. Dilepton reoil mass analysis of Higgs-strahlung e+e� ! ZH ! `+`�+anything in the intermediate Higgs mass range forMH = 140GeV. The .m. energyis ps = 360 GeV and the integrated luminosity R L = 50fb�1. Ref. [31℄.2.3.2. WW fusionAlso the ross setion for the fusion proess (17) an be ast impliitlyinto a ompat form,�(e+e� ! ��e�eH) = G3FM4W4p2�3 1Z�H 1Zx dx dy[1 + (y � x)=�W ℄2 f(x; y) ; (19)



1884 P.M. Zerwasf(x; y) = �2xy3 � 1 + 3xy2 + 2 + xy � 1�� z1 + z � log(1 + z)�+ xy3 z2(1� y)1 + zwith �H =M2H=s, �W =M2W =s and z = y(x� �H)=(�Wx).Sine the fusion proess is a t-hannel exhange proess, the size is setby the W Compton wave length, suppressed however with respet to Higgs-strahlung by the third power of the eletroweak oupling, � � �3w=M2W . As aresult, W fusion beomes the leading prodution proess for Higgs partilesat high energies. At asymptoti energies the ross setion simpli�es to�(e+e� ! ��e�eH)! G3FM4W4p2�3 �log sM2H � 2� : (20)In this limit, W fusion to Higgs bosons an be interpreted as a two-stepproess: The W� bosons are radiated as quasi-real partiles from eletronsand positrons, e� ! (�)�eW�, with the Higgs bosons generated subsequentlyin the olliding W beams: W+W� ! H.The size of the fusion ross setion is ompared with Higgs-strahlung inFig. 3. At ps = 500 GeV the two ross setions are of the same order, yetthe fusion proess beomes inreasingly important with rising energy.2.3.3.  fusionThe prodution of Higgs bosons in  ollisions [32℄ an be exploitedto determine important properties of these partiles, in partiular the two�photon deay width. The H oupling is built up by loops of hargedpartiles. If the mass of the loop partile is generated by the Higgs meha-nism, the deoupling of the heavy partiles is swithed o� and the  widthre�ets the spetrum of these states with masses possibly far above the Higgsmass.The two-photon width is related to the prodution ross setion for po-larized  beams by�( ! H) = 16�2� (H ! )MH � BW ; (21)where BW denotes the Breit�Wigner resonane fator in terms of the energysquared. For narrow Higgs bosons the observed ross setion is found byfolding the parton ross setion with the invariant  �ux dL=d� for Jz =0 at � =M2H=see.



Higgs Physis and Eletroweak Symmetry Breaking 1885The event rate for the prodution of Higgs bosons in  ollisions ofWeizsäker�Williams photons is too small to play a role in pratie. How-ever, the rate is su�iently large if the photon spetra are generated byCompton bak-sattering of laser light. The  invariant energy in suh aCompton ollider [33℄ is of the same size as the parent e+e� energy andthe luminosity is expeted to be suppressed only by one order of magnitudeompared with the luminosity in e+e� ollisions. In the Higgs mass rangebetween 100 and 150 GeV, the �nal state onsists primarily of b�b pairs. Thelarge  ontinuum bakground is suppressed in the Jz = 0 polarizationstate. For Higgs masses above 150 GeV, WW �nal states beome dominant,supplemented in the ratio 1 : 2 by ZZ �nal states above the ZZ deaythreshold. While the ontinuum WW bakground in  ollisions is verylarge, the ZZ bakground appears under ontrol for masses up to order 300GeV [32℄. 2.4. The pro�le of the Higgs partileTo establish the Higgs mehanism experimentally, the nature of the par-tile must be explored by measuring all its harateristis, the mass andlifetime, the external quantum numbers spin-parity, the ouplings to gaugebosons and fermions, and last but not least, the Higgs self-ouplings.2.4.1. MassThe mass of the Higgs partile an be measured by olleting the deayproduts of the partile. In e+e� ollisions Higgs-strahlung an be exploitedto reonstrut the mass very preisely from the Z reoil energy in the two-body proess e+e� ! ZH, as disussed already before. An overall aurayof about ÆMH � 50 MeV an be expeted at high luminosity.2.4.2. Width/lifetimeThe width of the state, i.e. the lifetime of the partile, an be measureddiretly above the ZZ deay threshold where the width grows rapidly. Inthe lower part of the intermediate mass range the width an be measuredindiretly by ombining the branhing ratio for H ! , aessible in thehain e+e� ! ZH ! Z, with the measurement of the partial  width,aessible through  prodution at a Compton ollider: �tot = �i=BRi.In the upper part of the intermediate mass range, the ombination of thebranhing ratios for H ! WW and ZZ deays with the prodution rosssetions for WW fusion and Higgs-strahlung [whih an be expressed bothby the partial Higgs-deay widths to WW and ZZ pairs℄, will allow us toextrat the width of the Higgs partile. Thus, the width of the Higgs partilean be determined throughout the entire mass range.



1886 P.M. Zerwas2.4.3. Spin-parityThe angular distribution of the Z=H bosons in the Higgs-strahlung pro-ess is sensitive to the spin and parity of the Higgs partile [10℄. Sine theprodution amplitude is given by A(0+) � ~"Z� � ~"Z the Z boson is produedin a state of longitudinal polarization at high energies � in aord with theequivalene theorem. As a result, the angular distributiond�d os � � sin2 � + 8M2Z�s (22)approahes the spin-zero sin2 � law asymptotially. This may be ontrastedwith the distribution � 1 + os2 � for negative parity states whih followsfrom the transverse polarization amplitude A(0�) � ~"Z� � ~"Z �~kZ . It is alsoharateristially di�erent from the distribution of the bakground proesse+e� ! ZZ whih, as a result of t=u-hannel eletron exhange, is stronglypeaked in the forward/bakward diretion, Fig. 5.
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Higgs Physis and Eletroweak Symmetry Breaking 1887distributions follows from the di�erent polarizations of the vetor bosons.While they approah longitudinal polarization states for salar Higgs de-ays, they are transversely polarized for pseudosalar partile deays.2.4.4. Higgs ouplingsSine the fundamental partiles aquire masses by the interation withthe Higgs �eld, the strength of the Higgs ouplings to fermions and gaugebosons is set by the masses of these partiles. It will therefore be a veryimportant task to measure these ouplings, whih are uniquely predited bythe very nature of the Higgs mehanism.The Higgs ouplings to massive gauge bosons an be determined fromthe prodution ross setions in Higgs-strahlung and WW;ZZ fusion, withthe auray expeted at the per-ent level. For heavy enough Higgs bosonsthe deay width an be exploited to determine the oupling to eletroweakgauge bosons. For Higgs ouplings to fermions the branhing ratios H !b�b; �; �+�� an be used in the lower part of the intermediate mass range;these observables allow the diret measurement of the Higgs Yukawa ou-plings at the per-ent level. This is exempli�ed for a Higgs mass of 140GeV in Fig. 6, a partiularly interesting predition being the ratio of thebranhing ratios bb=�� = 3M2b (M2H)=M2� � 10.
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1888 P.M. Zerwasularities in the standard piture of eletroweak symmetry breaking througha fundamental Higgs �eld may beome apparent in this oupling �rst. Thusthe Htt Yukawa oupling may eventually provide essential lues to the na-ture of the mehanism breaking the eletroweak symmetries.Top loops mediating the prodution proesses gg ! H and  ! H(and the orresponding deay hannels) give rise to ross setions and par-tial widths whih are proportional to the square of the Higgs-top Yukawaoupling. The Yukawa oupling an be measured diretly, for the lower partof the intermediate mass range, in the bremsstrahlung proess e+e� ! t�tH[37℄. The Higgs boson is radiated predominantly from the heavy top quarks.Even though these experiments are di�ult beause of the small ross se-tions, f. Fig. 7, and the omplex topology of the bbbbWW �nal state,this analysis is an important tool for exploring the mehanism of ele-troweak symmetry breaking. It has been shown in detailed experimentalsimulations [38℄ that the Htt Yukawa oupling an be measured in thebremsstrahlung proess with an auray of about 10%. For large Higgsmasses above the t�t threshold, the deay hannel H ! t�t an be studied;in e+e� ollisions the ross setion of e+e� ! t�tZ inreases through thereation e+e� ! ZH(! t�t) [39℄. 1600 GeV800 GeV500 GeVps =
Mt = 175 GeV
�(e+e� ! t�tH) [fb]

MH [GeV] 2001801601401201008060
105210.5Fig. 7. The ross setion for bremsstrahlung of SM Higgs bosons o� top quarks inthe Yukawa proess e+e� ! t�tH . [The amplitude for radiation o� the intermediateZ-boson line is small℄; Ref. [37℄.2.4.5. Higgs self-ouplingsThe Higgs mehanism, based on a non-zero value of the Higgs �eld in thevauum, must �nally be made manifest experimentally by reonstruting theinteration potential whih generates the non-zero Higgs �eld in the vauum.This program an be arried out by measuring the strength of the trilinear



Higgs Physis and Eletroweak Symmetry Breaking 1889and quarti self-ouplings of the Higgs partiles:gHHH = 3(p2GF) 12M2H ; (23)gHHHH = 3(p2GF)M2H : (24)This is a very di�ult task sine the proesses to be exploited are suppressedby small ouplings and phase spae. Nevertheless, the problem an be solvedat e+e� linear olliders for su�iently high luminosities [40℄. The best suitedreation at e+e� olliders for the measurement of the trilinear oupling forHiggs masses in the theoretially preferred mass range of O(100 GeV), isdouble Higgs-strahlung: e+e� ! ZHH (25)in whih, among other mehanisms, the two-Higgs �nal state is generatedby the exhange of a virtual Higgs partile so that this proess is sensitive tothe trilinear HHH oupling in the Higgs potential, Fig. 8. Sine the rosssetion is only a fration of 1 fb, an integrated luminosity of � 1 ab�1 isneeded to isolate the events at linear olliders. The quarti oupling seemsto be aessible only through loop e�ets in the foreseeable future.
100 120 140 160 180

0

0.2

0.4

0.6

MH[GeV]

SM Double Higgs-strahlung: e+ e- → ZHH

σpol [fb]

500 GeV

1 TeV

1.6 TeVFig. 8. The ross setion for double Higgs-strahlung in e+e� ollisions and thesensitivity to the trilinear Higgs oupling; Ref. [40℄.To sum up, the essential elements of the Higgs mehanism an be estab-lished experimentally at the LHC and TeV e+e� linear olliders.3. Higgs bosons in supersymmetri theoriesArguments rooted deeply in the Higgs setor, play an eminent role inintroduing supersymmetry as a fundamental symmetry of Nature [11℄. Thisis the only symmetry whih orrelates bosoni with fermioni degrees offreedom.(a) The anellation between bosoni and fermioni ontributions to theradiative orretions of the light Higgs masses in supersymmetri theories



1890 P.M. Zerwasprovides a solution of the hierarhy problem in the Standard Model. If theStandard Model is embedded in a grand-uni�ed theory, the large gap be-tween the high grand-uni�ation sale and the low sale of eletroweak sym-metry breaking an be stabilized in a natural way in boson-fermion symmet-ri theories [12, 41℄. The radiative vetor-boson orretion is quadratiallydivergent, ÆM2H(V ) � �[�2 � M2℄ so that for a ut-o� sale � � �GUTextreme �ne-tuning between the intrinsi bare mass and the radiative quan-tum �utuations would be needed to generate a Higgs mass of order MW .However, as a onsequene of Pauli's priniple, the additional fermionigaugino ontributions in supersymmetri theories are just opposite in sign,ÆM2H( ~V ) � ��[�2 � ~M2℄, so that the divergent terms anel in the sum.Sine ÆM2H � �[ ~M2 � M2℄, any �ne-tuning is avoided for supersymmet-ri partile masses ~M <� O(1 TeV). Thus, within this symmetry sheme theHiggs setor is stable in the low-energy rangeMH �MW even in the ontextof high-energy GUT sales.(b) The onept of supersymmetry is strongly supported by the suessfulpredition of the eletroweak mixing angle in the minimal version of thistheory [13℄. The extended partile spetrum of this theory drives the evo-lution of the eletroweak mixing angle from the GUT value 3/8 down tosin2 �W = 0:2336� 0:0017, the error inluding unknown threshold ontribu-tions at the low and the high supersymmetri mass sales. The preditionoinides with the experimentally measured value sin2 �expW = 0:2316�0:0002within the theoretial unertainty of less than 2 per mille.() Coneptually very interesting is the interpretation of the Higgs meh-anism in supersymmetri theories as a quantum e�et [42℄. The breakingof the eletroweak symmetry SU(2)L � U(1)Y an be indued radiativelywhile leaving the eletromagneti gauge symmetry U(1)EM and the olorgauge symmetry SU(3)C unbroken for top-quark masses between 150 and200 GeV. Starting with a set of universal salar masses at the high GUTsale, the squared mass parameter of the Higgs setor evolves to negativevalues at the low eletroweak sale while the squared squark and sleptonmasses remain positive.The Higgs setor of supersymmetri theories di�ers in several aspetsfrom the Standard Model [14℄. To preserve supersymmetry and gauge in-variane, at least two iso-doublet �elds must be introdued, leaving us with aspetrum of �ve or more physial Higgs partiles. In the minimal supersym-metri extension of the Standard Model (MSSM) the Higgs self-interationsare generated by the salar-gauge superation so that the quarti ouplingsare related to the gauge ouplings in this senario. This leads to strongbounds of less than about 130 GeV for the mass of the lightest Higgs boson[15℄. If the system is assumed to remain weakly interating up to sales ofthe order of the GUT or Plank sale, the mass remains small, for reasons



Higgs Physis and Eletroweak Symmetry Breaking 1891quite analogous to the Standard Model, even in more omplex supersym-metri theories involving additional Higgs �elds and Yukawa interations.The masses of the heavy Higgs bosons are expeted to be of the sale ofeletroweak symmetry breaking up to order 1 TeV.3.1. The Higgs setor of the MSSMThe partile spetrum of the MSSM [11℄ onsists of leptons, quarks andtheir salar supersymmetri partners, and of gauge partiles, Higgs partilesand their spin-1/2 superpartners.Deomposing the super�elds into fermioni and bosoni omponents, thefollowing Lagrangeans an be derived, desribing the interations of thegauge, matter and Higgs �elds:LV = �14F��F�� + : : :+ 12D2 ;L� = jD��j2 + : : :+ g2Dj�j2 ;LW = � �����W�� ����2 :The D �eld is an auxiliary �eld whih does not propagate in spae-time andwhih an be eliminated by applying the equations of motion: D = �g2 j�j2.Reinserted into the Lagrangean, the quarti oupling of the salar Higgs�elds turns out to be L[�4℄ = �g28 j�2j2: (26)Thus, the quarti oupling of the Higgs �elds is given, in the minimal super-symmetri theory, by the square of the gauge oupling. Unlike the StandardModel, this oupling is not a free parameter. Moreover, the oupling is weak.Two independent Higgs doublet �elds H1 and H2 must be introduedinto the superpotential,W = ��"ijĤi1Ĥj2 + "ij [f1Ĥi1L̂jR̂+ f2Ĥi1Q̂jD̂ + f 02Ĥj2Q̂iÛ ℄ ; (27)to provide masses to the down-type partiles (H1) and the up-type partiles(H2). Unlike the Standard Model, the seond Higgs �eld annot be identi-�ed with the harge onjugate of the �rst Higgs �eld sine the superpotentialmust be analyti to preserve supersymmetry. Moreover, the Higgsino �eldsassoiated with a single Higgs �eld would generate triangle anomalies; theyanel if the two onjugate doublets are added up, and the lassial gaugeinvariane of the interations is not destroyed at the quantum level. In-tegrating the superpotential over the Grassmann oordinates generates the



1892 P.M. Zerwassupersymmetri Higgs self-energy V0 = j�j2(jH1j2 + jH2j2). The breakingof supersymmetry an be inorporated in the Higgs setor by introduingadditional bilinear mass terms �ijHiHj . Added to the supersymmetri self-energy part H2 and the part H4 generated by the gauge ation, they leadto the following Higgs potential:V = m21H�i1 Hi1 +m22H�i2 Hi2 �m212("ijHi1Hj2 + h::)+18(g2 + g02)[H�i1 Hi1 �H�i2 Hi2℄2 + 12g2jH�i1 H�i2 j2: (28)The Higgs potential inludes three bilinear mass terms while the strengthof the quarti ouplings is set by the SU(2)L and U(1)Y gauge ouplingssquared. The three mass terms are free parameters.Expanding the �elds about the ground state values v1 and v2, the masseigenstates are given by the neutral states h0;H0 and A0, whih are even andodd under CP transformations, and by the two harged states H�. Afterintroduing the three parametersM2Z = 12(g2 + g02)(v21 + v22) ; tan� = v2v1 ;M2A = m212 v21 + v22v1v2 ; (29)the mass matrix an be deomposed into three 2 � 2 bloks whih are easyto diagonalize:harged : M2H� =M2A +M2Wpseudosalar : M2Asalar : M2h;H = 12 hM2A +M2Z �q(M2A +M2Z)2 � 4M2AM2Z os2 2�itg2� = tg2�M2A +M2ZM2A �M2Z with � �2 < � < 0 :From the mass formulae, two important inequalities an readily be derived,Mh � MZ ; MA �MH ; (30)MW � MH� (31)whih, by onstrution, are valid in the tree approximation. As a result, thelightest of the salar Higgs masses is predited to be bound by the Z mass,modulo radiative orretions. These bounds follow from the fat that the



Higgs Physis and Eletroweak Symmetry Breaking 1893quarti oupling of the Higgs �elds is determined in the MSSM by the sizeof the gauge ouplings squared.SUSY radiative orretionsThe tree-level relations between the Higgs masses are strongly modi�ed byradiative orretions involving the supersymmetri partile spetrum of thetop setor [43℄. These e�ets are proportional to the fourth power of thetop mass. Their origin are inomplete anellations between virtual top andstop loops, re�eting the breaking of supersymmetry. Moreover, the massrelations are a�eted by the potentially large mixing between ~tL and ~tR dueto the top Yukawa oupling.To leading order in M4t these radiative orretions an be summarizedin the parameter " = 3GFp2�2 M4tsin2 � log M2sM2t ; (32)where the supersymmetry-breaking sale is identi�ed with a ommon salarquark mass Ms; if stop mixing e�ets are modest, they an be aountedfor by shifting M2s by the amount �M2s = Â2t (1 � Â2t =12M2s ). In thisapproximation the light Higgs mass Mh an be expressed by MA and tg� inthe following ompat form:M2h = 12hM2A +M2Z + "�q(M2A +M2Z + ")2 � 4M2AM2Z os2 2� � 4"(M2A sin2 � +M2Z os2 �)i:(33)The heavy Higgs masses MH and MH� follow from the sum rulesM2H = M2A +M2Z �M2h + " ;M2H� = M2A +M2W : (34)Finally, the mixing parameter � whih diagonalizes the CP-even mass ma-trix, is given by the radiatively improved relation:tg2� = tg2� M2A +M2ZM2A �M2Z + "= os 2� with � �2 < � < 0 : (35)The spetrum of Higgs masses Mh;MH and MH� is displayed as a fun-tion of the pseudosalar mass MA in Fig. 9 for two representative valuestg� = 1:5 and 30. For large A mass, the masses of the heavy Higgs parti-les oinide approximately, MA 'MH 'MH� , while the light Higgs mass



1894 P.M. Zerwasapproahes a small asymptoti value. The spetrum for large values of tg�is highly regular: For small MA, one �nds fMh 'MA;MH ;MH� ' onstg,for large MA the opposite relationship fMh ' onst;MH 'MH� 'MAg.
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Fig. 9. (a) The upper limit on the light salar Higgs pole mass in the MSSM as afuntion of the top quark mass for two values of tg� = 1:5; 30; the ommon squarkmass has been hosen as MS = 1 TeV. The full lines orrespond to the maximalmixing ase [At = p6MS , Ab = � = 0℄ and the dashed lines to vanishing mixing.The pole masses of the other Higgs bosons, H;H�, are shown as a funtion of thepseudosalar mass in (b)�(d) for two values of tg� = 1:5; 30, vanishing mixing andMt = 175 GeV.



Higgs Physis and Eletroweak Symmetry Breaking 1895Upper bounds on the light Higgs mass are shown in Fig. 9(a) for tworepresentative values tg� = 1:5 and 30. The urves either do not inlude ordo inlude mixing e�ets. It turns out thatMh is limited to aboutMh <� 100GeV for moderate values of tg� while the general upper bound is given byMh <� 130 GeV, inluding large values of tg�. The light Higgs setor antherefore be overed for small tg� entirely by the LEP2 experiments.The two ranges of tg� near tg� � 1:7 and tg� � Mt=Mb � 30 to50 are theoretially preferred in the MSSM if the model is embedded in agrand-uni�ed senario [44℄. Given the experimentally observed top quarkmass, universal � and b masses at the uni�ation sale an be evolved downto the experimental mass values at low energies in these two ranges of tg�.Tuning problems in adjusting the �=bmass ratio a�et the large tg� solution.Nevertheless, this solution is attrative as the SO(10) symmetry relationbetween �=b=t masses an be aommodated in this senario.3.2. SUSY Higgs ouplings to SM partilesThe size of MSSM Higgs ouplings to quarks, leptons and gauge bosonsis similar to the Standard Model, yet modi�ed by the mixing angles � and �.Normalized to the SM values, they are listed in Table II. The pseudosalarHiggs boson A does not ouple to gauge bosons at the tree level but theoupling, ompatible with CP symmetry, an be generated by higher-orderloops. The harged Higgs bosons ouple to up and down fermions with theleft- and right-hiral amplitudes g� = � 1p2 [gt(1� 5) + gb(1 � 5)℄, wheregt;b = (p2GF) 12mt;b. TABLE IIHiggs ouplings in the MSSM to fermions and gauge bosons [V = W;Z℄ relative toSM ouplings. � g�u g�d g�VSM H 1 1 1MSSM h os�= sin� � sin�= os� sin(� � �)H sin�= sin� os�= os� os(� � �)A 1=tg� tg� 0The modi�ed ouplings inorporate the renormalization due to SUSYradiative orretions to leading order in Mt if the mixing angle � is related



1896 P.M. Zerwasto � and MA through the orreted formula Eq. (35). The behavior of theouplings as a funtion of mass MA is exempli�ed in Fig. 10. For large MA,in pratie MA >� 200 GeV, the ouplings of the light Higgs boson h to thefermions and gauge bosons approah asymptotially the SM values. Thisis the essene of the deoupling theorem: Partiles with large masses mustdeouple from the light partile system as a onsequene of the quantum-mehanial unertainty priniple.
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Higgs Physis and Eletroweak Symmetry Breaking 18973.3. Deays of Higgs partilesThe light neutral Higgs boson h will deay mainly into fermion pairs sineits mass is smaller than � 130 GeV, Fig. 11(a) (f. Ref. [45℄ for a ompre-hensive summary). This is in general also the dominant deay mode of thepseudosalar boson A. For values of tg� larger than one and for massesless than � 140 GeV, the main deay modes of the neutral Higgs bosons aredeays into bb and �� pairs; the branhing ratios are of order � 90% and 8%,respetively. The deays into  pairs and gluons are suppressed espeiallyfor large tg�. For large masses, the top deay hannels H;A ! t�t openup; yet for large tg� this mode remains suppressed and the neutral Higgsbosons deay almost exlusively into bb and �� pairs. If the mass is largeenough, the heavy CP-even Higgs boson H an in priniple deay into weakgauge bosons, H ! WW;ZZ. Sine the partial widths are proportional toos2(���), they are strongly suppressed in general, and the gold-plated ZZsignal of the heavy Higgs boson in the Standard Model is lost in the super-symmetri extension. As a result, the total widths of the Higgs bosons rise
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1898 P.M. Zerwasonly linearly with the masses and they are muh smaller in supersymmetritheories than in the Standard Model.
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Higgs Physis and Eletroweak Symmetry Breaking 18993.4. The prodution of SUSY Higgs partiles in e+e� ollisionsThe searh for the neutral SUSY Higgs bosons at e+e� linear olliderswill be a straightforward extension of the experiments presently performedat LEP2, whih are expeted to over the mass range up to >� 100 GeV forneutral Higgs bosons, depending on tg�. Higher energies, ps in exess of250 GeV, are required to sweep the entire parameter spae of the MSSM.The main prodution mehanisms of neutral Higgs bosons at e+e� ol-liders [15, 47, 49℄ are the Higgs-strahlung proess and assoiated pair pro-dution, as well as the fusion proess:(a) Higgs� strahlung : e+e� Z�! Z + h=H ;(b) pair prodution : e+e� Z�! A+ h=H ;() fusion proess : e+e� WW�! �e �e + h=H :The CP�odd Higgs boson A annot be produed in fusion proesses to lead-ing order. The ross setions for the four Higgs-strahlung and pair produ-tion proesses an be written as�(e+e� ! Z + h=H) = sin2 = os2(� � �) �SM;�(e+e� ! A+ h=H) = os2 = sin2(� � �) �� �SM; (36)where �SM is the SM ross setion for Higgs-strahlung and the oe�ient �� ��3=2Aj =�1=2Zj aounts for the suppression of the P�wave Ah=H ross setionsnear the threshold.The ross setions for Higgs-strahlung and for pair prodution, likewisethe ross setions for the prodution of the light and the heavy neutral Higgsbosons h and H, are mutually omplementary to eah other, oming eitherwith oe�ients sin2(� � �) or os2(� � �). As a result, sine �SM is large,at least the lightest CP-even Higgs boson must be deteted.Representative examples of the ross setions for the prodution meh-anisms of the neutral Higgs bosons are shown as a funtion of the Higgsmasses in Fig. 13 for tg� = 1:5 and 30. The ross setion for hZ is large forMh near the maximum value allowed for tg�; it is of order 50 fb, orrespond-ing to � 50,000 events for an integrated luminosity of 1 ab�1. By ontrast,the ross setion for HZ is large if Mh is su�iently below the maximumvalue [implying small MH ℄. For h and for light H, the signals onsist of aZ boson aompanied by a bb or �� pair. These signals are easy to separatefrom the bakground whih omes mainly from ZZ prodution if the Higgsmass is lose to MZ . For the assoiated hannels e+e� ! Ah and AH, thesituation is opposite to the previous ase: The ross setion for Ah is largefor light h whereas AH pair prodution is the dominant mehanism in theomplementary region for heavy H and A bosons. The sum of the two ross
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Fig. 13. Prodution ross setions of MSSM Higgs bosons at ps = 500 GeV:Higgs-strahlung and pair prodution; upper part: neutral Higgs bosons, lower part:harged Higgs bosons. Ref. [45℄.setions dereases from � 50 to 10 fb if MA inreases from � 50 to 200 GeVat ps = 500 GeV. In major parts of the parameter spae, the signals onsistof four b quarks in the �nal state, requiring e�ient b quark tagging. Massonstraints will help to eliminate the bakgrounds from QCD jets and ZZ�nal states. For the WW fusion mehanism, the ross setions are largerthan for Higgs-strahlung if the Higgs mass is moderately small, i.e. less than160 GeV at ps = 500 GeV. However, sine the �nal state annot be fullyreonstruted, the signal is more di�ult to extrat. As in the ase of Higgs-strahlung , the prodution of light h and heavy H Higgs bosons omplementeah other in WW fusion, too.The harged Higgs bosons, if lighter than the top quark, an be produedin top deays, t! b+H+, with a branhing ratio varying between 2% and20% in the kinematially allowed region. Sine the ross setion for top-pairprodution is of order 0.5 pb at ps = 500 GeV, this orresponds to 20,000



Higgs Physis and Eletroweak Symmetry Breaking 1901to 200,000 harged Higgs bosons at a luminosity of 1 ab�1. Sine for tg�larger than one, the harged Higgs bosons will deay mainly to ��� , resultingin a surplus of � �nal states over e; � �nal states in t deays, an apparentbreaking of lepton universality. For large Higgs masses the dominant deaymode is the top deay H+ ! tb. In this ase the harged Higgs partilesmust be pair produed in e+e� olliders:e+e� ! H+H� :The ross setion depends only on the harged Higgs mass. It is of order 100fb for small Higgs masses at ps = 500 GeV, but it drops very quikly due tothe P�wave suppression � �3 near the threshold. For MH� = 230 GeV, theross setion falls to a level of ' 5 fb, whih for an integrated luminosity of1 ab�1 orresponds to 5,000 events. The ross setion is onsiderably largerfor  ollisions.Experimental Searh StrategiesThe searh strategies have been summarized for neutral Higgs bosonsin Refs [50, 51℄ and for harged Higgs bosons in Ref. [52℄. Visible as wellas invisible deays are under experimental ontrol already for an integratedluminosity of 10 fb�1. The experimental situation an be summarized in thefollowing two points:(i) The light CP-even Higgs partile h an be deteted in the entire range ofthe MSSM parameter spae, either via the Higgs-strahlung proess e+e� !hZ or via pair prodution e+e� ! hA. This onlusion holds true even at a.m. energy of 250 GeV, independently of the squark mass values; it is alsovalid if deays to invisible neutralino and other SUSY partiles are realizedin the Higgs setor.(ii) The area in the parameter spae where all SUSY Higgs bosons an bedisovered at e+e� olliders is haraterized by MH ;MA <� 12ps, indepen-dently of tg�. The h;H Higgs bosons an be produed either via Higgs-strahlung or in Ah;AH assoiated prodution; harged Higgs bosons will beprodued in H+H� pairs.3.5. Measuring the parity of the H;A bosonsOne the Higgs bosons are disovered, the properties of the partilesmust be established. Besides the reonstrution of the supersymmetri Higgspotential [53℄, a very demanding e�ort, the external quantum numbers mustbe established, in partiular the parity of the heavy salar and pseudosalarHiggs partiles H and A [55℄.



1902 P.M. ZerwasFor large H;A masses the deays H;A ! t�t to top �nal states anbe used to disriminate between the di�erent parity assignments [55℄. Forexample, the W+ and W� bosons in the t and �t deays tend to be emittedantiparallel and parallel in the plane perpendiular to the t�t axis,d��d�� / 1� ��4�2 os�� ; (37)for H and A deays, respetively.For light H;A masses,  ollisions appear to provide a viable solution[55℄. The fusion of Higgs partiles in linearly polarized photon beams de-pends on the angle between the polarization vetors. For salar 0+ partilesthe prodution amplitude is non-zero for parallel polarization vetors whilepseudosalar 0� partiles require perpendiular polarization vetors:M(H)+ � ~"1 � ~"2 ;M(A)� � ~"1 � ~"2 : (38)The experimental set-up for Compton bak-sattering of laser light an betuned in suh a way that the linear polarization of the hard-photon beamsapproahes values lose to 100%. Depending on the parity � of the reso-nane produed, the measured asymmetry for photons polarized parallel orperpendiular, A = �k � �?�k + �? (39)is either positive or negative.3.6. The SUSY Higgs potentialThe minimal supersymmetri extension of the Standard Model (MSSM)inludes two iso-doublets of Higgs �elds '1, '2.The general self-interation potential of two Higgs doublets 'i in a CP-onserving theory an be expressed by seven real ouplings �k and three realmass parameters m211, m222 and m212:V ['1; '2℄ = m211'y1'1 +m222'y2'2 � [m212'y1'2 + h::℄+12�1('y1'1)2 + 12�2('y2'2)2 + �3('y1'1)('y2'2) + �4('y1'2)('y2'1)+n12�5('y1'2)2 + [�6('y1'1) + �7('y2'2)℄'y1'2 + h::oIn the MSSM, the � parameters are given at the tree level by�1 = �2 = 14(g2 + g02) ; �3 = 14(g2 � g02) ; �4 = �12g2 ;�5 = �6 = �7 = 0 (40)



Higgs Physis and Eletroweak Symmetry Breaking 1903and the mass parameters bym211 = (M2A +M2Z) sin2 � � 12M2Z ; m212 = 12M2A sin 2�;m222 = (M2A +M2Z) os2 � � 12M2Z : (41)Inluding the radiative orretions in the one-loop leading top/stop ap-proximation, the set of trilinear ouplings between the neutral physial Higgsbosons an be written [53℄ in units of �0 =M2Z=v as�hhh = 3 os 2� sin(� + �) + 3 "M2Z os�sin� os2 � ;�Hhh = 2 sin 2� sin(� + �)� os 2� os(� + �) + 3 "M2Z sin�sin� os2 �(42)et. As expeted, the self-oupling of the light CP-even neutral Higgs bosonh approahes the SM value 3M2H=M2Z in the deoupling limit.
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Fig. 14. Variation of the trilinear ouplings between CP-even Higgs bosons withMA for tan� = 3 and 50 in the MSSM; the region of rapid variations orrespondsto the h=H ross-over region in the neutral CP-even setor.The variation of the trilinear ouplings with MA is shown for two valuestan � = 3 and 50 in Fig. 14. The region in whih the ouplings vary rapidly,orresponds to the h=H ross-over region of the two mass branhes in theneutral CP-even setor, f. Eq. (33).In ontrast to the Standard Model, resonane prodution of the heavyneutral Higgs boson H followed by subsequent deays H ! hh, plays adominant role in part of the parameter spae for moderate values of tan�



1904 P.M. Zerwasand H masses between 200 and 350 GeV, Ref. [45℄. In this range, thebranhing ratio, derived from the partial width� (H ! hh) = p2GFM4Z�h32�MH �2Hhh (43)is neither too small nor too lose to unity to be measured diretly. [Thedeay of either h or H into a pair of pseudosalar states, h=H ! AA, iskinematially not possible in the parameter range whih the present analysisis based upon.℄ If double Higgs prodution is mediated by the resonantprodution of H, the total prodution ross setion of light Higgs pairsinreases by about an order of magnitude [53℄.The trilinear Higgs-boson ouplings are involved in a large set of pro-esses at e+e� linear olliders [53, 40, 54℄:double Higgs-strahlung: e+e� !ZHiHj and ZAA [Hi;j = h;H℄ass. Higgs prodution : e+e� !AHiHj and AAAWW fusion : e+e� ! ��e�eHiHj and ��e�eAA TABLE IIIThe trilinear ouplings between neutral CP-even and CP-odd MSSM Higgs bosonswhih an generially be probed in double Higgs-strahlung and assoiated tripleHiggs-prodution, are marked by a ross. The matrix forWW fusion is isomorphito the matrix for Higgs-strahlung.double Higgs-strahlung triple Higgs-prodution� Zhh ZHh ZHH ZAA Ahh AHh AHH AAAhhh � �Hhh � � � �HHh � � � �HHH � �hAA � � � �HAA � � � �The trilinear ouplings whih enter for various �nal states, are marked by aross in the matrix Table III. While the ombination of ouplings in Higgs-strahlung is isomorphi to WW fusion, it is di�erent for assoiated tripleHiggs prodution. If all the ross setions were large enough, the systemould be solved for the whole set of �0s, up to disrete ambiguities, basedon double Higgs-strahlung, Ahh and triple A prodution [�bottom-up ap-proah�℄. This an easily be inferred from the orrelation matrix Table III.



Higgs Physis and Eletroweak Symmetry Breaking 1905From �(ZAA) and �(AAA) the ouplings �(hAA) and �(HAA) an beextrated. In a seond step, �(Zhh) and �(Ahh) an be used to solvefor �(hhh) and �(Hhh); subsequently, �(ZHh) for �(HHh); and, �nally,�(ZHH) for �(HHH). The remaining triple Higgs ross setions �(AHh)and �(AHH) provide additional redundant information on the trilinear ou-plings.In pratie, not all the ross setions will be large enough to be aessi-ble experimentally, preventing the straightforward solution for the ompleteset of ouplings. In this situation however the reverse diretion an be fol-lowed [�top-down approah�℄. The trilinear Higgs ouplings an stringentlybe tested by omparing the theoretial preditions of the ross setions withthe experimental results for the aessible hannels of double and assoiatedtriple Higgs prodution.The unpolarized ross setion for double Higgs-strahlung, e+e� ! Zhh,is modi�ed [53, 40℄ with regard to the Standard Model by H,A exhangediagrams: d�(e+e� ! Zhh)dx1dx2 = p2G3FM6Z384�3s v2e + a2e(1� �Z)2 Z11 (44)with Z11 = z2f0 + z2 �sin2(� � �)f3y1 + �1Z + os2(� � �)f3y1 + �1A �+ sin4(� � �)4�Z(y1 + �1Z) � f1y1 + �1Z + f2y2 + �1Z �+ os4(� � �)4�Z(y1 + �1A) � f1y1 + �1A + f2y2 + �1A�+ sin2 2(� � �)8�Z(y1 + �1A) � f1y1 + �1Z + f2y2 + �1Z �+(y1 $ y2) (45)and z = ��hhh sin(� � �)y3 � �1Z + �Hhh os(� � �)y3 � �2Z �+2 sin2(� � �)y1 + �1Z + 2 sin2(� � �)y2 + �1Z + 1�Z (46)with �1 =M2h=s and �2 =M2H=s. The oe�ients fi are independent of theHiggs self-ouplings; they are determined by the Higgs-gauge �eld ouplings.The total ross setions are shown in Fig. 15 for the e+e� ollider energyps = 500 GeV. The parameter tan � is hosen to be 3 and 50 and the mixing



1906 P.M. Zerwasparameters A = 1 TeV and � = �1 TeV and 1 TeV, respetively. If tan�and the mass Mh are �xed, the masses of the other heavy Higgs bosonsare predited in the MSSM. Sine the verties are suppressed by sin = osfuntions of the mixing angles � and �, the ontinuum hh ross setionsare suppressed ompared to the Standard Model. However, the size of theross setions inreases for moderate tan � by nearly an order of magnitudeif the hh �nal state an be generated in the hain e+e� ! ZH ! Zhh viaresonant H Higgs-strahlung. If the light Higgs mass approahes the upperlimit for a given value of tan�, the deoupling theorem drives the rosssetion of the supersymmetri Higgs boson h bak to its Standard Modelvalue sine the Higgs partiles A, H, H� beome asymptotially heavy inthis limit. As a result of the deoupling theorem, resonane prodution isnot e�etive for large tan�. If the H mass is large enough to allow deays tohh pairs, the ZZH oupling is already too small to generate a sizable rosssetion.
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Higgs Physis and Eletroweak Symmetry Breaking 1907The results an be summarized in ompat form by onstruting sensitiv-ity areas for the trilinear SUSY Higgs ouplings based on the ross setionsfor double Higgs-strahlung and triple Higgs prodution. WW double-Higgsfusion an provide additional information on the Higgs self-ouplings. Thesensitivity areas will be de�ned in the [MA; tan�℄ plane [40℄. The riteriafor aepting a point in the plane as aessible for the measurement of aspei� trilinear oupling are set as follows:(i) �[�℄ > 0:01 fb(ii) varf�! (1� 12)�g > 2 st:dev:f�g for R L = 2 ab�1 : (47)The �rst riterion demands at least 20 events in a sample olleted foran integrated luminosity of 2 ab�1, orresponding to about the lifetime ofa high-luminosity mahine suh as TESLA. The seond riterion demandsa 50% hange of the signal parameter to exeed a statistial �utuationof 2 standard deviations. Even though the two riteria may look quiteloose, tightening (i) and/or (ii) does not have a large impat on the sizeof the sensitivity areas in the [MA; tan�℄ plane, see Ref. [54℄. For the sakeof simpliity, the e+e� beams are assumed to be unpolarized and mixinge�ets are negleted. Sensitivity areas of the trilinear ouplings for proessesde�ned in the orrelation matrix Table III, are depited in Fig. 16. If atmost one heavy Higgs boson is present in the �nal states, the lower energyps = 500 GeV is most preferable in the ase of double Higgs-strahlung. HH�nal states in double Higgs-strahlung and triple Higgs prodution involvingA give rise to larger sensitivity areas at the high energy ps = 1 TeV. Apartfrom small regions in whih interferene e�ets play a role, the magnitudeof the sensitivity regions in the parameter tan� is readily explained by the
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1908 P.M. Zerwasmagnitude of the parameters � sin(���) and � os(���). For largeMA thesensitivity riteria annot be met any more either as a result of phase spaee�ets or due to the suppression of the H, A, H� propagators for largemasses. While the trilinear oupling of the light neutral CP-even Higgsboson is aessible in nearly the entire MSSM parameter spae, the regionsfor �'s involving heavy Higgs bosons are rather restrited.Sine neither experimental e�ienies nor bakground related uts areonsidered, the areas must be interpreted as maximal envelopes. They areexpeted to shrink when experimental e�ienies are properly taken intoaount; more elaborate uts on signal and bakgrounds, however, may helpredue their impat.3.7. Non-minimal supersymmetri extensionsThe minimal supersymmetri extension of the Standard Model (MSSM)may appear very restritive for supersymmetri theories in general, in par-tiular in the Higgs setor where the quarti ouplings are identi�ed withthe gauge ouplings. However, it turns out that the mass pattern of theMSSM is quite typial if the theory is assumed to be valid up to the GUTsale � the motivation for supersymmetry per se. This general pattern hasbeen studied thoroughly within the next-to-minimal extension: The MSSM,inorporating two Higgs isodoublets, is augmented by introduing an isos-inglet �eld N . This extension leads to a model [56, 57℄ whih is generallyreferred to as the (M+1)SSM.The additional Higgs singlet an solve the so-alled ��problem [i.e. � �order MW ℄ by eliminating the higgsino parameter from the potential and byreplaing this parameter by the vauum expetation value of the N �eld,whih an be naturally related to the usual vauum expetation values ofthe Higgs isodoublet �elds. In this senario the superpotential involves thetwo trilinear ouplings H1H2N and N3. The onsequenes of this extendedHiggs setor will be outlined in the ontext of (s)grand uni�ation inludinguniversal soft breaking terms of the supersymmetry [57℄.The Higgs spetrum of the (M+1)SSM inludes, besides the minimalset of Higgs partiles, one additional salar and pseudosalar Higgs partile.The neutral Higgs partiles are in general mixtures of the iso-salar doublets,whih ouple to W;Z bosons and fermions, and the iso-salar singlet, de-oupled from the non-Higgs setor. The trilinear self-interations ontributeto the masses of the Higgs partiles. For the lightest Higgs boson of eahspeies: M2(h1) � M2Z os2 2� + �2v2 sin2 2� ;M2(A1) � M2(A) ;M2(H�) � M2(W ) +M2(A)� �2v2 ; (48)



Higgs Physis and Eletroweak Symmetry Breaking 1909where M(A) is the pseudosalar mass parameter of the MSSM subsystem.In ontrast to the minimal model, the mass of the harged Higgs partileould be smaller than theWmass. Sine the trilinear ouplings inrease withenergy, upper bounds on the mass of the lightest neutral Higgs boson h1 anbe derived, in analogy to the Standard Model, from the assumption thatthe theory be valid up to the GUT sale: m(h1) <� 140 GeV. Thus despitethe additional interations, the distint pattern of the minimal extensionremains valid also in more omplex supersymmetri senarios [58℄. In fat,the mass bound of 140 GeV for the lightest Higgs partile is realized inalmost all supersymmetri theories. If h1 is (nearly) purely iso-salar, itdeouples from the gauge-boson and fermion system and its role is takenby the next Higgs partile with a large isodoublet omponent, implying thevalidity of the mass bound again.The ouplings Ri of the CP�even neutral Higgs partiles hi to the Zboson, ZZhi, are de�ned relative to the usual SM oupling. If the Higgspartile h1 is primarily isosinglet, the oupling R1 is small and the partileannot be produed by Higgs-strahlung. However, in this ase h2 is generallylight and ouples with su�ient strength to the Z boson; if not, h3 playsthis role. This senario is quanti�ed in Fig. 17 where the ouplings R1 andR2 are shown for the ensemble of allowed Higgs masses m(h1) and m(h2)

Fig. 17. The ouplings ZZh1 and ZZh2 of the two lightest CP�even Higgsbosons in the next-to-minimal supersymmetri extension of the Standard Model,(M + 1)SSM. The solid lines indiate the aessible range at LEP2, the dottedlines for an energy of 205 GeV. The satter plots are solutions for an ensemble ofpossible SUSY parameters de�ned at the sale of grand uni�ation. Ref. [57℄.[adopted from Ref. [59℄; see also Ref. [57, 60℄℄. Two di�erent regions existwithin the GUT (M+1)SSM: A densely populated region with R1 � 1 andm1 > 50 GeV, and a tail with R1 < 1 to � 1 and small m1. Within this



1910 P.M. Zerwastail, the lightest Higgs boson is essentially a gauge-singlet state so that itan esape detetion at LEP [full/solid lines℄. If the lightest Higgs boson isessentially a gauge singlet, the seond lightest Higgs partile annot be heavy.In the tail of diagram 17(a) the mass of the seond Higgs boson h2 variesbetween 80 GeV and, essentially, the general upper limit of � 140 GeV. h2ouples with full strength to Z bosons, R2 � 1. If in the tail of diagram 17(b)this oupling beomes weak, the third Higgs boson will �nally take the roleof the leading light partile.Summa. Experiments at e+e� olliders are in a no-lose situation [60℄ fordeteting the Higgs partiles in general supersymmetri theories, even for.m. energies as low as ps � 300 GeV.4. Strongly interating W bosonsThe Higgs mehanism is based on the theoretial onept of spontaneoussymmetry breaking [1℄. In the anonial formulation, whih is adopted in theStandard Model, a four-omponent fundamental salar �eld is introdued,whih is endowed with a self-interation suh that the �eld aquires a non-zero value in the ground state. The spei� diretion in isospae whihis singled out by the ground-state solution, breaks the isospin invarianeof the interation spontaneously. The interation of the gauge �elds withthe salar �eld in the ground state generates the masses of these �elds. Thelongitudinal degrees of freedom of the gauge �elds are built up by absorptionof the Goldstone modes whih are assoiated with the spontaneous breakingof the eletroweak symmetries in the salar �eld setor. Fermions aquiremasses through Yukawa interations with the ground-state �eld. While threesalar omponents are absorbed by the gauge �elds, one degree of freedommanifests itself as a physial partile, the Higgs boson. The exhange ofthis partile in sattering amplitudes inluding longitudinal gauge �elds andmassive fermion �elds, ensures the unitarity of the theory up to asymptotienergies.In the alternative to this senario the spontaneous symmetry breaking isgenerated dynamially [2℄. A system of new fermions is introdued whih in-terat strongly at a sale of order 1 TeV. In the ground state of suh a systema salar ondensate of fermion-antifermion pairs may form. Suh a proess isquite generally expeted in any non-abelian gauge theory of the new stronginterations. Sine the salar ondensate breaks the hiral symmetry of thefermion system, Goldstone �elds will form whih an be absorbed by theeletroweak gauge �elds to build up the longitudinal omponents and themasses of the gauge �elds. Novel gauge interations must be introduedwhih ouple the leptons and quarks of the Standard Model to the newfermions in order to generate lepton and quark masses through interations



Higgs Physis and Eletroweak Symmetry Breaking 1911with the ground-state fermion-antifermion ondensate. In the low-energysetor of the eletroweak theory the fundamental Higgs-�eld approah andthe dynamial alternative are equivalent. However the two theories are fun-damentally di�erent at high energies. While the unitarity of the eletroweakgauge theory is guaranteed by the exhange of the salar Higgs partile insattering proesses, unitarity is restored in the dynamial theory at highenergies through the non-perturbative strong interations between the par-tiles. Sine the longitudinal gauge �eld omponents are equivalent to theGoldstone �elds in the mirosopi theory, their strong interations at highenergies are transferred to the eletroweak gauge bosons. Sine, by unitarity,the S-wave sattering amplitude of longitudinally polarized W;Z bosons inthe isosalar hannel a00 = p2GFs=16�, is bound by 1/2, the harateristisale of the new strong interations must be lose to 1.2 TeV. Thus near theritial energy of 1 TeV the W;Z bosons interat strongly with eah other.Tehniolor theories provide a possible frame for suh senarios.4.1. Dynamial symmetry breakingPhysial senarios of dynamial symmetry breaking are based on newstrong interation theories, whih extend the onstituent spetrum and theinterations of the Standard Model. If these interations are invariant undertransformations of the hiral SU(2)�SU(2) group, for instane, the hiralinvariane may be broken spontaneously down to the diagonal isospin groupSU(2). This proess is assoiated with the formation of a hiral ondensatein the ground state and the existene of three massless Goldstone bosons.The Goldstone bosons an be absorbed by the gauge �elds, generatinglongitudinal states and non-zero masses. Summing up the geometri seriesof vetor boson�Goldstone boson transitions in the propagator results in ashift of the mass pole:1q2 ! 1q2 + 1q2 q� g2F 2=2q2 q� 1q2 + 1q2 �g2F 22 1q2�2 + � � �! 1q2 �M2 : (49)The oupling between gauge �elds and Goldstone bosons has been de�nedas igF=p2q�. The mass of the gauge �eld is related to this oupling byM2 = 12g2F 2 : (50)The value of the oupling F must oinide numerially with v=p2 = 174 GeV.The remaining ustodial SU(2) symmetry guarantees that the � parameter,the relative strength between NC and CC ouplings, is one.



1912 P.M. ZerwasSine the wave funtions of longitudinally polarized vetor bosons growwith the energy, the longitudinal �eld omponents are the dominant degreesof freedom at high energies. These states however an asymptotially beidenti�ed with the absorbed Goldstone bosons. The dynamis of gaugebosons an therefore be identi�ed at high energies with the dynamis ofsalar Goldstone �elds. An elegant representation of the Goldstone �elds isprovided by the exponentiated formU = exp ��i~!~�v � (51)whih orresponds to an SU(2) matrix �eld.In this senario the Lagrangean of the system onsists of the Yang�Millspart LYM and the interations LG of the Goldstone �elds, L = LYM + LG.The Yang�Mills part is written in the usual form LYM = �14Tr[W��W�� +B��B�� ℄. The interations of the Goldstone �elds an be expanded in hi-ral theories systematially in the derivatives of the �elds, orresponding toexpansions in powers of energy for sattering amplitudes [62℄:LG = L0 + Xdim=4Li + � � � : (52)Denoting the SM ovariant derivative of the Goldstone �elds by D�U =��U � igW�U + ig0B�U the leading term L0 of dimension = 2 is given byL0 = v24 Tr[D�U+D�U ℄ : (53)This term generates the masses of W;Z gauge bosons: M2W = 14g2v2 andM2Z = 14(g2 + g02)v2. The only parameter in this part of the interations isv whih however is �xed uniquely by the experimental value of the W mass;thus the amplitudes predited by the leading term in the hiral expansionan be onsidered parameter-free.The next-to-leading term in the expansion with dimension = 4 onsistsof ten terms. If the ustodial SU(2) symmetry is imposed, only two termsare found whih do not a�et propagators and 3-boson verties but only4-boson verties et. Introduing the vetor �eld V� by V� = U+D�U , thesetwo terms are given by the interation densitiesL4 = �4 [TrV�V� ℄2 ;L5 = �5 [TrV�V�℄2 : (54)The two oe�ients �4; �5 are free parameters whih must be adjusted ex-perimentally from WW sattering data.



Higgs Physis and Eletroweak Symmetry Breaking 1913Higher orders in the hiral expansion give rise to an energy expansionof the sattering amplitudes of the form A = P n(s=v2)n. This serieswill diverge for energies at whih the resonanes of the new strong intera-tion theory an be formed in WW ollisions: 0+ �Higgs-like�, 1� ��-like�resonanes et. The masses of these resonane states are expeted in therange MR � 4�v where hiral loop expansions diverge, i.e. between about 1and 3 TeV. 4.2. WW sattering at high-energy ollidersThe (quasi-)elasti 2�2 WW sattering amplitudes an be expressed athigh energies by a master amplitude A(s; t; u) whih depends on the threeMandelstam variables of these proesses:A(W+W� ! ZZ) = A(s; t; u) ;A(W+W� !W+W�) = A(s; t; u) +A(t; s; u) ;A(ZZ ! ZZ) = A(s; t; u) +A(t; s; u) +A(u; s; t) ;A(W�W� !W�W�) = A(t; s; u) +A(u; s; t) : (55)To lowest order in the hiral expansion, L ! LYM + L0, the masteramplitude is given, in a parameter-free form, by the energy squared s:A(s; t; u)! sv2 : (56)This representation is valid for energies s � M2W but below the new res-onane region, i.e. in pratie at energies ps = O(1 TeV). Denoting thesattering length for the hannel arrying isospin I and angular momentumJ by aIJ , the only non-zero sattering hannels predited by the leadingterm of the hiral expansion, orrespond toa00 = + s16�v2 ; a20 = � s32�v2 ;a11 = + s96�v2 : (57)While the exoti I = 2 hannel is repulsive, the I = J = 0 and I = J = 1hannels are attrative, indiating the formation of non-fundamental Higgs-type and �-type resonanes.Taking into aount the next-to-leading terms in the hiral expansion,the master amplitude turns out to be [17℄A(s; t; u) = sv2 + �4 4(t2 + u2)v4 + �5 8s2v4 + � � � (58)inluding the two parameters �4 and �5.



1914 P.M. ZerwasInreasing the energy in the expansion, the amplitudes will approah theresonane area. In this area, the hiral harater of the theory does notprovide any more the guiding priniple for the onstrution of the satteringamplitudes. Instead, ad-ho hypotheses must be introdued to de�ne thenature of the resonanes; see e.g. Ref. [18℄.e+e� linear olliders are exellent tools to studyWW sattering. At highenergies, equivalentW beams aompany the eletron/positron beams in thefragmentation proesses ee ! ��WW . In the hadroni LHC environmentthe �nal state W bosons an only be observed in leptoni deays. Reso-nane reonstrution is thus not possible for harged W �nal states. How-ever, the lean environment of e+e� olliders will allow the reonstrutionof resonanes from W deays to jet pairs. The results of three experimentalsimulations are displayed in Fig. 18. In Fig. 18(a) the sensitivity to the pa-rameters �4; �5 of the hiral expansion is shown for WW sattering in e+e�olliders [17℄. The results of this analysis an be reinterpreted as sensitiv-ity to the parameter-free predition of the hiral expansion, orrespondingto an error of about 10% in the �rst term of the master amplitude s=v2.These experiments test the basi onept of dynamial symmetry breakingthrough spontaneous symmetry breaking. The prodution of a vetor-bosonresonane of mass MV = 1 TeV is exempli�ed in [18℄ Fig.18(b).A seond powerful method measures elasti W+W� ! W+W� sat-tering in the I = 1; J = 1 hannel. The resattering of W+W� bosonsprodued in e+e� annihilation depends at high energies on the WW sat-tering phase Æ11 [63℄. The prodution amplitude F = FLO �R is the prod-ut of the lowest-order perturbative diagram with the Mushkelishvili-Omnèsresattering amplitude R,R = exp s� Z ds0s0 Æ11(s0)s0 � s� i" (59)whih is determined by the I = J = 1 WW phase shift Æ11. The power ofthis method derives from the fat that the entire energy of the e+e� ollideris transferred to the WW system [while a major fration of the energy islost in the fragmentation of e ! �W when WW sattering is studied inthe proess ee ! ��WW ℄. Detailed simulations [64℄ have shown that thisproess is sensitive to vetor-boson masses up to about MV <� 6 TeV.
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Fig. 18. Upper part: Sensitivity to the expansion parameters in hiral eletroweakmodels of WW ! WW and WW ! ZZ sattering at the strong-interationthreshold; Ref. [17℄. Lower part: The distribution of the WW invariant energy ine+e� ! ��WW for salar and vetor resonane models [MH ;MV = 1 TeV℄, as wellas for non-resonant WW sattering in hiral models near the threshold; Ref. [18℄.



1916 P.M. Zerwas5. SummaryThe mehanism of eletroweak symmetry breaking an be established inthe present and the next generation of e+e� olliders when operated at highluminosities:? It an be proved unambiguously whether a light fundamental Higgsboson does exist;? The pro�le of the partile an be reonstruted, whih reveals thephysial nature of the underlying mehanism of eletroweak symmetrybreaking;? Analyses of strong WW sattering an be performed if the symme-try breaking is of dynamial nature and generated in a novel stronginteration theory.Moreover, depending on the ultimate experimental answer to these ques-tions, the eletroweak setor will provide the platform for extrapolationsinto physial areas beyond the Standard Model: either to a low-energy su-persymmetry setor at a sale less than about 1 TeV or, alternatively, to anew strong interation theory at a harateristi sale of order 1 TeV.First of all, I should like to thank very warmly the organisers for theinvitation to the 1999 Kraków Epiphany Conferene. Moreover, I am verygrateful to M. Mühlleitner and M. Spira for the ollaboration on materialpresented in this report. Thanks go also to S. Günther and M. Maniatis forLaTeXing the manusript. REFERENCES[1℄ P.W. Higgs, Phys. Rev. Lett. 12, 132 (1964); Phys. Rev. 145, 1156 (1966);F. Englert, R. Brout, Phys. Rev. Lett. 13, 321 (1964); G.S. Guralnik, C.R. Ha-gen, T.W. Kibble, Phys. Rev. Lett. 13, 585 (1964).[2℄ S. Weinberg, Phys. Rev. D13, 974 (1979); Phys. Rev. D19, 1277 (1979);L. Susskind, Phys. Rev. D20, 2619 (1979).[3℄ S.L. Glashow, Nul. Phys. 20, 579 (1961); S. Weinberg, Phys. Rev. Lett. 19,1264 (1967); A. Salam, in Elementary Partile Theory, ed. N. Svartholm,Almqvist and Wiksells, Stokholm 1968.[4℄ N. Cabibbo, L. Maiani, G. Parisi, R. Petronzio, Nul. Phys. B158, 295 (1979);R.A. Flores, M. Sher, Phys. Rev. D27, 1679 (1983); M. Lindner, Z. Phys.C31, 295 (1986); M. Sher, Phys. Rep. 179, 273 (1989); J. Casas, J. Espinosa,M. Quiros, Phys. Lett. B342, 171 (1995).
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