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PRODUCTION OF EXCITED ELECTRONSAT TESLA AND CLIC BASED e COLLIDERSZ. K�raOsmangazi University, Faulty of Arts and SienesDepartment of Physis, 26480, Meselik, Eskisehir, TurkeyO. Çak�rAnkara University, Faulty of SienesDepartment of Physis, 06100, Tandogan, Ankara, Turkeyand Z.Z. Ayd�nAnkara University, Faulty of EngineeringDepartment of Engineering Physis, 06100, Tandogan, Ankara, Turkey(Reeived Marh 7, 2003)We analyze the potential of TESLA and CLIC based eletron�photonolliders to searh for exited spin-1/2 eletrons. The prodution of exitedeletrons in the resonane hannel through the eletron�photon ollisionand their subsequent deays to leptons and eletroweak gauge bosons areinvestigated. We study in detail the three signal hannels of exited ele-trons and the orresponding bakgrounds through the reations e ! e,e ! eZ and e ! �W . Exited eletrons with masses up to about90% of the available ollider energy an be probed down to the ouplingf = f 0 = 0:05(0:1) at TESLA(CLIC) based e olliders.PACS numbers: 12.60.�i, 13.85.Rm, 14.80.�j1. IntrodutionIn order to explain the fundamental aspets of the standard model (SM)suh as the number of fermion generations and fermion mass spetrum om-positeness models are expeted to be a good andidate. The repliation ofthree fermioni generations of known quarks and leptons implies ompos-ite strutures made up of more fundamental onstituents. The existene ofsuh quark and lepton substruture leads one to expet a rih spetrum ofnew partiles with unusual quantum numbers. A possible signal of exited(4079)



4080 Z. K�ra, O. Çak�r, Z.Z. Ayd�nstates of quarks and leptons as predited by omposite models [1, 2℄ wouldsupply onvining evidene for a new substruture of matter. All ompositemodels of fermions have an underlying substruture whih is haraterizedby a sale �. In suh models, the known light fermions would be the groundstate spetrum of the exited fermions.In order to have an agreement between the preise measurements ofeletron and muon g� 2 and theoretial preditions for hiral ouplings, theompositeness sale � is expeted to be less than 10 TeV [3℄. The abseneof eletron and muon eletri dipole moments implies the hiral propertiesof the exited leptons. A right-handed exited lepton should ouple to onlyleft-handed omponents of the orresponding lepton. Exited leptons maybe lassi�ed by SU(2)�U(1) quantum numbers and they are assumed to beboth left- and right-handed weak isodoublets.Experimental lower limits for the exited eletron mass are given asm? >200 GeV in [4℄, and m? > 306 GeV in [5℄. The higher limits are derived fromindiret e�ets due to e? exhange in the t-hannel and depend on transitionmagneti oupling between e and e?. Relatively small limits (m�?;�? >94:2 GeV) for exited muon (�?) and exited tau (�?) are given by the LEPL3 experiment [6℄.Exited leptons have been studied at  and e olliders [7℄, e+e� ol-liders [8, 9℄, and hadron olliders [10℄.In this work, resonant prodution of exited eletron in the s-hannel andits subsequent deay modes e? ! e, e? ! �W , e? ! eZ are onsidered. Inaddition, we inlude the ontributions oming from the exited eletron inthe t-hannel. In order to probe exited eletrons, we examine the potentialof TESLA and CLIC based e olliders with the main parameters given inTable I. The prodution ross setion and deays of exited eletrons arealulated using an e�etive Lagrangian whih depends on a ompsitenesssale � and on free parameters f and f 0. TABLE IMain parameters of TESLA and CLIC e+e� olliders and e olliders basedon them. psee (GeV) pse (GeV) Le(1034m�2sn�1)TESLA 1000 911 0.94CLIC 1000 911 0.35CLIC 3000 2733 0.90



Prodution of Exited Eletrons at TESLA and CLIC : : : 40812. E�etive LagrangianThe Lagrangian desribing the transition between ordinary and exitedleptons should respet the hiral symmetry in order to protet the lightleptons from aquiring radiatively a large anomalous magneti moment. Theexited leptons (l?) an ouple to leptons (l) and eletroweak gauge bosonsthrough the SU(2) �U(1) invariant e�etive interation Lagrangian [2℄L = 12� l?��� �gf �2 W�� + g0f 0Y2 B��� lL +H.. ; (1)where the W�� and B�� represent the �eld strength tensors of SU(2) andU(1) gauge �elds. The � and Y are the orresponding gauge group gen-erators; g and g0 are gauge oupling onstants. The parameters f and f 0assoiated to the gauge groups SU(2) and U(1) depend on ompositenessdynamis and they desribe the e�etive hanges from the SM oupling on-stants g and g0. In the physial basis the Lagrangian (1) an be rewrittenin more expliit formL = ge2�"(f � f 0)N�� Xl=e;� l?��� lL + f Xl;l0=e;�� l?;l�� l?��� l0L#+H.. ; (2)where the �rst term in the parenthesis is a purely diagonal U(1) term andvanishes for the oupling f = f 0: It ontains only triple verties withN�� = ��A� � tan �W��Z� : (3)The seond term in (2) is a non-Abelian part whih involves triple as wellas quarti terms with��?;��� = 1os �W sin �W ��Z� � i gesin2 �W W+� W�� ; (4)�e?;e�� = ��2��A� + os2 �W � sin2 �Wos �W sin �W ��Z� � i gesin2 �W W+� W�� � ; (5)��?;e�� = p2sin �W ���W+� � igeW+� (A� + ot �WZ�)� ; (6)�e?;��� = p2sin �W ���W�� + igeW�� (A� + ot �WZ�)� : (7)From Eq. (2), the vertex fator for exited lepton (l?) interating withlepton (l) and gauge bosons (V = ; Z;W ) an be obtained as follows�V l?l� = ge2�q����(1� 5)fV ; (8)



4082 Z. K�ra, O. Çak�r, Z.Z. Ayd�nwhere q is the gauge boson momentum. The ouplings fV are de�ned byf = Qff 0 + I3L(f � f 0) ; (9)fW = fp2 sin �W ; (10)fZ = �Qf sin2 �Wf 0 + I3L(os2 �Wf + sin2 �W f 0)os �W sin �W ; (11)where Qf and I3L are the harge of exited lepton and the weak isospin,respetively; and �W is the weak mixing angle.3. Deay widthsDeay widths of exited eletrons in the individual hannels e? ! e,e? ! eZ, and e? ! �W are given by� (e? ! e) = �4 m3?�2 f2 ; (12)� (e? ! eZ) = �4 m3?�2 f2Z �1� m2Zm2? �2�1 + m2Z2m2?� ; (13)� (e? ! �W ) = �4 m3?�2 f2W �1� m2Wm2? �2�1 + m2W2m2?� : (14)For m? � mZ;W , total deay width of exited eletron is given by�tot ' �4 m3?�2 �f2 + f2W + f2Z� : (15)The branhing ratios for the exited eletron deay hannels are desribedas follows BR = � (e? ! lV )PV � (e? ! lV ) ; (16)where l is eletron or neutrino. We hoose the parameters either f = f 0 orf = �f 0 in our alulations in order to redue the number of free parameters.For the ase f = f 0 (f = �f 0) the oupling of the photon to exited neutrinos(eletrons) vanishes. We display the deay widths and branhing ratios forexited eletrons in Fig. 1. The deay widths of exited eletrons, for theaessible mass range, ould be omparable with the detetor resolutionat TESLA and CLIC based e olliders. As an be seen from Fig. 1 anexited eletron deays into a W boson and a neutrino dominantly, andthe branhing ratios are insensitive to higher exited eletron mass when



Prodution of Exited Eletrons at TESLA and CLIC : : : 4083ompared to mW or mZ . We obtain the limiting values for the branhingratios at large m? as 0.28, 0.60 and 0.11 for the oupling f = f 0 = 1 atphoton, W and Z hannel, respetively. In the ase f = �f 0 = �1, thebranhing ratio for W hannel does not hange while it inreases to thevalue 0:39 for Z hannel.
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Fig. 1. The branhing ratios (a) and the total deay width (b) for exited eletronsas a funtion of its mass with � = m? and the oupling f = f 0 = 1.4. Cross setionsExited eletrons an be produed diretly via the subproess e !e? ! lV (V = ; Z;W ) and indiretly via t-hannel exhange diagram. TheFeynman diagrams for e ! e(eZ) and e ! �W proesses in eletron�photon ollisions are shown in Figs. 2 and 3.
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(d)Fig. 3. Diagrams for the proess e ! �eW�.for the narrow deay widths where �i and �f are the initial and �nal statedeay widths, respetively. Here, x = ŝ=s where pŝ being the enter of massenergy of the subproess. In order to obtain the total ross setions for thesignal and bakground, without the narrow width approximation, we usethe following formula � = 0:83Zxmin dxf(x)b�(bs) ; (18)where b�(bs) is obtained from the well-known matrix element alulation fromthe Feynman diagrams given in Figs. 2 and 3. Here, xmin = m2?=s. The highenergy photon spetrum f(x) obtained from the Compton baksatteringis given byf(x) = ( 1N h1� x+ 11�x h1� 4xx0 �1� xx0(1�x)�ii ; 0 < x < xmax ,0; x > xmax , (19)where x0 = 4:82, xmax = x0=(1 + x0) and N=1.84 [11℄. The prodution rosssetion of exited eletron in three modes, taking f = f 0 = 1 and �=m?,are given in Fig. 4 and 5 for TESLA and CLIC based e olliders at theenter of mass energies of ps = 911 GeV and ps = 2733 GeV, respetively.From Fig. 4 and Fig. 5, we get the following information; the �W hannelgives higher ross setion than the others however there is an ambiguitywith the neutrino in this hannel. Therefore, the photon hannel gives amore promising result beause of its simple kinematis. Exited eletronsan be produed opiously at TESLA and CLIC based e olliders. Theross setions and the numbers of signal events are shown in Table II andIII. For the signal and bakground proesses we apply a ut pe;T > 10 GeVfor experimental identi�ation of �nal state partiles. The bakgrounds to



Prodution of Exited Eletrons at TESLA and CLIC : : : 4085theW and Z deay hannels in the hadroni �nal states are fairly large. Thebakgrounds to the photoni �nal states are relatively small in omparisonwith the W hannels.
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Fig. 4. The prodution ross setions of exited eletron depending on its massin three di�erent hannels at TESLA and CLIC based e olliders with ps =911 GeV.
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4086 Z. K�ra, O. Çak�r, Z.Z. Ayd�n TABLE IICross setions and number of events for signal at pse = 911 GeV. Here thenumbers N1 and N2 are for TESLA and CLIC based e olliders, respetively.e ! e e ! �W e ! eZm� � N1(102) N2(102) � N1(102) N2(102 ) � N1(102) N2(102)(GeV) (pb) (pb) ( pb)200 27.80 26132 9730 38.82 36491 13587 10.57 9936 3699300 14.22 13367 4977 26.11 24543 9139 5.32 5000 1862400 11.50 10810 4025 23.40 21996 8190 4.46 4192 1561500 9.87 9278 3455 20.85 19599 7298 3.92 3685 1372600 9.22 8667 3227 19.80 18612 6930 3.71 3487 1299700 9.26 8704 3241 20.06 18856 7021 3.76 3535 1316800 11.07 10406 3875 24.13 22682 8446 4.52 4249 1582900 20.74 19496 7259 45.34 42620 15869 8.49 7981 2972TABLE IIICross setions and number of events for signal at CLIC based e ollider withps = 2733 GeV and integrated luminosity L = 9� 104pb�1.e ! e e ! �W e ! eZm� � N(102) � N(102) � N(102)(GeV) (pb) (pb) (pb)200 197.10 177400 223.50 201200 81.74 73570400 12.53 11280 15.52 13970 5.19 4671600 3.07 2763 4.64 4176 1.27 1143800 1.73 1557 3.21 2889 0.71 6391000 1.41 1269 2.89 2601 0.58 5221200 1.23 1107 2.63 2367 0.51 4591400 1.11 999 2.41 2169 0.46 4141600 1.04 936 2.28 2052 0.43 3871800 1.01 907 2.22 1998 0.41 3692000 1.00 903 2.21 1989 0.41 3692200 1.05 945 2.31 2079 0.43 3872400 1.22 1098 2.70 2430 0.50 4502600 1.80 1620 3.98 3582 0.75 675



Prodution of Exited Eletrons at TESLA and CLIC : : : 4087In order to get one partile inlusive ross setions for the prodution ofa partile of transverse momentum pT and rapidity y, we use the followingstandard proedure. The di�erential ross setion for the proess e ! eZwith respet to the transverse momentum pT of outgoing eletron is givenby d�dpT = 2pT y+Zy� dy f=e(x) xsj s� 2pTEae�y j db�dbt (20)with x = 2pTEbey +m2Zs� 2pTEae�yand y� = log240:83s �m2Z4pTEb �s�0:83s�m2Z4pTEb �2 � 0:83EaEb 35 ;where Ea and Eb are the inoming partile energies. ŝ and t̂ are the Lorentzinvariant Mandelstam variables.The pT distribution of W boson in e ollision at rapidity y for theproess e ! �W is given byd�dpT = 2pT y+Zy� dy f(x) xsj s� 2mTEae�y j db�dbt (21)with x = 2mTEbey �m2Ws� 2mTEae�yand y� = log240:83s+m2W4mTEb �s�0:83s+m2W4mTEb �2 � 0:83EaEb 35 ;where mT = qm2W + p2T is the de�nition for the transverse mass of Wboson.The prodution of a photon in e ollision at rapidity y and transversemomentum pT for the proess e ! e an be found by replaing mW = 0in (21).



4088 Z. K�ra, O. Çak�r, Z.Z. Ayd�nIn the Eqs. (20) and (21), we have alulated the di�erential ross se-tions d�̂=dt̂ for the signal and bakground proesses taking into aount theinterferenes between the SM and exited eletrons ontributions.For both signal and bakground, the behavior of pT spetrum of �nalstate photon, W boson and eletron in three modes are shown in �gures 6�8for various values of parameters f = f 0 at TESLA based e ollider withps = 911 GeV. At CLIC based e ollider with ps = 2733 GeV, we aneasily sale the ross setions aording to Figs. 4 and 5. For signal proesse ! e� ! e, transverse momentum pT distribution of photon or eletron ispeaked around the half of the mass value of exited eletron. For the proesse ! e� ! �W (eZ), pT distribution of W boson (eletron) shows a peakaround m�=2 �m2V =2m�. Here mV denotes W boson (or Z boson) mass.This signal peak moves to a greater (smaller) pT value when the exitedeletron mass inreased (dereased). For the parameters f = f 0 6= 1 one anonlude that the pT distribution hanges simply with f2. The bakgroundsderease smoothly when the transverse momentum of �nal state partilesinrease.
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Fig. 8. Transverse momentum distribution of eletron for e ! eZ proess aord-ing to di�erent ouplings f = f 0 for m� = 500 GeV at TESLA based e olliderwith ps = 911 GeV.a generi detetor. In order to alulate signal signi�ane, we use theintegrated luminosity for TESLA and CLIC based e olliders with L =9:4 � 104 pb�1 and L = 9� 104 pb�1, respetively [12℄.



4090 Z. K�ra, O. Çak�r, Z.Z. Ayd�nIn order to quantify the potential of TESLA and CLIC based e ollidersto searh for exited eletron, we de�ne the statistial signi�ane (SS)SS = j�total � �bakjp�bak pL ; (22)where �total and �bak is the total ross setions for signal+bakground andbakground inside hosen pT window, respetively. We alulate the valueof SS for di�erent ouplings assuming f = f 0 and requiring the onditionSS> 5 for the signal observability. We �nd from the Tables IV�VII that theexited eletrons an be observed down to oupling f ' 0:05 at TESLA andf ' 0:1 at CLIC based e olliders. TABLE IVThe total ross setions of signal and bakgrounds inside the bin hosen and sta-tistial signi�ane (SS) values aording to di�erent f = f 0 for m� = 500 GeV atps = 911 GeV with L = 9:4� 104pb�1.m� = 500 GeVe ! e e ! �W e ! eZf = f 0 �tot(pb) SS �tot(pb) SS �tot(pb) SS1.00 24.80 2100.4 78.00 1711.3 8.50 1758.80.50 11.20 508.5 50.80 422.8 3.20 424.50.10 7.03 19.8 41.90 3.1 1.60 16.60.05 6.87 0.7 1.52 2.9TABLE VThe total ross setions of signal and bakground inside the bin hosen and statis-tial signi�ane (SS) values aording to di�erent f = f 0 for m� = 750 GeV atps = 911 GeV with L = 9:4� 104pb�1.m� = 750 GeVe ! e e ! �W e ! eZf = f 0 �tot(pb) SS �tot(pb) SS �tot(pb) SS1.00 24.70 1834.8 80.10 1812.4 8.90 1847.50.50 11.30 455.3 51.40 452.3 3.40 673.30.10 7.04 18.4 42.13 12.8 1.60 23.60.05 6.87 0.7 41.88 1.1 1.52 3.8



Prodution of Exited Eletrons at TESLA and CLIC : : : 4091TABLE VIThe total ross setions of signal and bakground inside the bin hosen and statis-tial signi�ane (SS) values aording to di�erent f = f 0 for m� = 750 GeV atps = 2733 GeV with L = 9� 104pb�1.m� = 750 GeVe ! e e ! �W e ! eZf = f 0 �tot(pb) SS �tot(pb) SS �tot(pb) SS1.00 4.30 866.8 53.40 190.2 1.51 634.90.50 1.80 165.4 50.00 46.7 0.53 118.10.10 1.20 5.5 48.94 0.6 0.32 3.70.05 1.18 0.7 TABLE VIIThe total ross setions of signal and bakground inside the bin hosen and sta-tistial signi�ane values aording to di�erent f = f 0 for m� = 1500 GeV atps = 2733 GeV with L = 9� 104pb�1.m� = 1500 GeVe ! e e ! �W e ! eZf = f 0 �tot(pb) SS �tot(pb) SS �tot(pb) SS1.00 3.10 537.9 52.90 173.2 1.12 427.70.50 1.60 130.3 49.90 43.7 0.51 102.80.10 1.20 4.3 48.93 0.1 0.32 2.8In the �nal states ontaining W or Z boson we should onsider the sub-sequent deay modes of the weak bosons. For leptoni deay the branhingratios are BR(W ! l�) �= 10:56% and BR(Z ! l+l�) �= 3:37%. How-ever hadroni deay modes have larger branhings as BR(W ! Hadrons) �=68:5% and BR(Z ! Hadrons) �= 69:89% [13℄. We should multiply the rosssetions for 2 ! 2 proesses by the branhing ratios for subsequent deaysof W or Z boson in the weak deay hannels of exited eletron. Here wedo not onsider the invisible deay modes. The diret prodution of exitedeletrons at e ollider will give the signal in the �nal state(a) eletron + photon or(b) lepton + pmissT or() 2jet + pmissT or



4092 Z. K�ra, O. Çak�r, Z.Z. Ayd�n(d) eletron + 2lepton or(e) eletron + pmissT or(f) eletron + 2jet.For the observation of more lear signal we may hoose the leptoni hannels.5. Results and disussionsExited eletrons an be produed diretly with a large ross setion(even in the three deay modes) at high energy TESLA and CLIC basede olliders. For an observation, we require the ondition SS> 5 per yearat e olliders with the integrated luminosity of O(� 105 pb�1). With theouplings f = f 0 = 1 we an reah the exited eletron mass up to thekinematial limits of ollider energies. For smaller values of the parametersf and f 0, the ross setions are lowered simply by f2. If exited eletronswith a lower parameters exist, we will need high resolution detetors.In this study, we have taken into aount that the exited eletrons in-terat with the Standard Model partiles through the e�etive Lagrangian(1). This may be a onservative assumption beause it is possible for ex-ited fermions ouple to ordinary quarks and leptons via ontat interationsoriginating from the strong onstituents dynamis. In this ase, the deaywidths an be enhaned [14℄.In onlusion, we have presented the results of exited eletron produ-tion with subsequent deays into three deay hannels. The exited eletronsan be produed at TESLA and CLIC based e olliders up to kinematiallimit at eah hannel due to the smooth photon energy spetrum. We �ndthat exited eletron with mass 500(750) GeV an be probed down to theoupling f = f 0 ' 0:05 at TESLA based e olliders. At a CLIC based eollider (ps = 2733 GeV), the exited eletron an be probed down to theouplings f = f 0 ' 0:1. REFERENCES[1℄ H. Harari, Phys. Lett. B86, 83 (1979); H. Terazawa, Phys. Rev. D22, 184(1980); L. Abbott, E. Farhi, Nul. Phys. B189, 547 (1981); H. Fritzsh,G. Mandelbaum, Phys. Lett. B102, 319 (1981).[2℄ F.M. Renard, Phys. Lett. B116, 264 (1982); K. Hagiwara, S. Komamiya,D. Zeppenfeld, Z. Phys. C29, 115 (1985); U. Baur, M. Spira, P.M. Zerwas,Phys. Rev. D42, 815 (1990); F. Boudjema, A. Djouadi, J.L. Kneur, Z. Phys.C57, 425 (1993).
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