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CONSTRAINING THE SNEUTRINO MASS INCHARGINO PRODUCTION AND DECAYWITH POLARIZED BEAMS� ��G. Moortgat-Pik and H. FraasInstitut für Theoret. Physik, Universität WürzburgAm Hubland, D-97074 Würzburg, Germany(Reeived Marh 9, 1999)Prodution and deay of gaugino-like harginos are ruially determinedby sneutrino exhange. Therefore we study the pair prodution of harginose+e� ! ~�+1 ~��1 with polarized beams and the subsequent deay ~��1 !~�01e���e, inluding the omplete spin orrelations between prodution anddeay. The spin orrelations have strong in�uene on the deay angulardistribution and on the orresponding forward�bakward asymmetry. Weshow for two representative senarios for ps = 270 GeV and for ps =500 GeV that forward�bakward asymmetries for polarized beams are animportant tool for onstraining the sneutrino mass m~�e .PACS numbers: 12.60.Jv, 14.80.Ly, 13.88.+e, 13.10.+q1. IntrodutionThe searh for supersymmetry (SUSY) is one of the main goals of thepresent and future olliders. In partiular an e+e� linear ollider will bean exellent disovery mahine for SUSY partiles [1℄. Among them theharginos � mixtures of W -inos and harged higgsinos � are of partiularinterest. They belong to the lightest SUSY partiles and are produed withlarge ross setions if kinematially aessible. Their properties depend onthe SU(2) gaugino mass M , the higgsino mass parameter � and the ratiotan � = v2=v1 of the vauum expetation values of the two neutral Higgs�elds.� Presented by G. Moortgat-Pik at the Craow Epiphany Conferene on Eletron�Positron Colliders, Craow, Poland, January 5�10, 1999.�� Work supported by the German Federal Ministry for Researh and Tehnology(BMBF) under ontrat number 05 7WZ91P (0).(1999)



2000 G. Moortgat-Pik, H. FraasA number of studies addressed the determination of these fundamentalSUSY parameters from hargino prodution at e+e� olliders [2�4℄. Re-ently a proedure was proposed to determine the parameters M , � andtan � independently from the deay dynamis [5℄. For this, however, onehas to assume that the seletron sneutrino mass m~�e is already known, e.g.from sneutrino pair prodution.Sine for gaugino-like harginos the ross setion sensitively depends onthe sneutrino mass the possibility to measure m~�e in hargino pair produ-tion at an e+e� ollider has also been disussed [2, 4℄.In this paper we study the prospets for onstraining m~�e with suitablypolarized beams by ombining information from the ross setion�e� = �(e+e� ! ~�+1 ~��1 )�BR(~��1 ! ~�01e���e) (1)and the forward�bakward asymmetry (FB�asymmetry)AFB = �e�(os�� > 0)� �e�(os�� < 0)�e�(os�� > 0) + �e�(os�� < 0) (2)of the deay lepton e� from the deay ~��1 ! ~�01e���e. In Eq. (2) �� isthe angle between the inoming eletron beam and the outgoing e� in thelaboratory system. For onstraining m~�e the simultaneous polarization ofboth beams turns out to be very useful [6℄.In Setion 2 the general formalism is presented and in Setion 3 thenumerial results are disussed.2. General formalismThe prodution proess e+e� ! ~�+1 ~��1 ontains ontributions from ,Z0 and ~�e exhange and the deay proess, ~��1 ! ~�01`���e (~�+1 ! ~�01`+�e)ontains ontributions from W , ~̀L and ~�e exhange. These proesses havebeen studied in [7℄ properly taking into aount the spin orrelations betweenhargino prodution and deay.In the following the amplitude for the prodution (deay) of ~��1 withheliity �1 is denoted by P �1 (D�1). All other heliity indies are suppressed.Then the amplitude of the ombined proess isT = �~��1 X�1 P �1D�1 : (3)In Eq. (3)�~��1 = 1=[p2~��1 �m2~��1 +im~��1 �~��1 ℄�1, p2~��1 ,m~��1 and �~��1 denotethe propagator, the four�momentum squared, the mass and the width of ~��1 .For this propagator we use the narrow width approximation.



Constraining the Sneutrino Mass in Chargino Prodution and ... 2001The amplitude squared jT j2 = j�~��1 j2P�1�01 ��1�01P �D�01�1 is thus omposedof the unnormalized spin density matrix ��1�01P = P �1P �01� of ~��1 and thedeay matrix �D�01�1 = D�1D��01 . Interferene terms between various heliityamplitudes prelude fatorization into a prodution fatorP�1 jP �1 j2 timesa deay fator P�1 jD�1 j2. For the general ase e+e� ! ~�+i ~��j (i; j =1; 2), ~�+i ! ~�0k`+�`, ~��j ! ~�0l `���` (k; l = 1; : : : ; 4) the omplete analytialformulae for polarized beams with full spin orrelations between produtionand deay are given in [7℄.3. Numerial resultsOur study is embedded in the Minimal Supersymmetri Standard Model(MSSM) for two representative senarios with pratially the same massof the lighter hargino and the lightest neutralino ~�01, respetively. Thetwo senarios di�er, however, signi�antly in the mixing harater of thehargino.The hargino mass eigenstates ~�i = ��+i��i � are de�ned by �+i = Vi1w+ +Vi2h+ and ��i = Ui1w� + Ui2h�. Here w� and h� are the two-omponentspinor �elds of the W-ino and the harged higgsinos, respetively. Further-more Uij and Vij are the elements of the 2 � 2 matries whih diagonalizethe hargino mass matrix.Below we give theW -ino and higgsino omponents of the two-omponentspinor �eld ��1 . Similarly we give the omponents of the neutralino ~�01 inthe B-ino�W -ino basis ( ~Bj ~W j ~H0a j ~H0b ). For details see [8, 9℄.Senario A : M = 152 GeV;M 0 = 78:7 GeV; � = 316 GeV; tan� = 3:Here we have used the GUT relation M 0 = 53M tan2�W . This set of pa-rameters is inspired by the low tan� mSUGRA referene senario spei�edin [10℄. The eigenstates and the masses of the lighter hargino and of theLSP ~�01 are��1 = (�0:91j + 0:42) and m~��1 = 128 GeV;~�01 = (�0:97j + 0:15j � 0:15j � 0:15) and m~�01 = 71 GeV:Senario B : M = 400 GeV;M 0 = 95 GeV; � = 145 GeV; tan � = 3:Here the parameters are hosen thus that the hargino is higgsino-like withonly a small gaugino omponent. To obtain nearly the same masses as inSenario A and an as large as possible higgsino omponent for ~�01 we take



2002 G. Moortgat-Pik, H. FraasM and M 0 as independent parameters and do not use the GUT relationbetween them. The eigenstates and masses are��1 = (�0:19j + 0:98) and m~��1 = 129 GeV;~�01 = (�0:82j + 0:11j � 0:45j � 0:33) and m~�01 = 71 GeV:In both senarios the LSP ~�01 has a dominating B-ino omponent.We vary the sneutrino mass m~�e between 80 GeV and 1000 GeV. Themass of the left seletron m~eL is determined by the relationm2~eL �m2~�e = �M2W os 2�: (4)This sum rule is independent of any assumption on the gaugino mass pa-rameters and of the assumption of a universal salar mass m0 [11℄.The in�uene of spin orrelations between prodution and deay on thedeay angular distributions is strongest near threshold. Therefore numerialresults are presented for energies near threshold ps = 270 GeV and forps = 500 GeV.We have alulated for longitudinally polarized beams the ross setion�e� , Eq. (1), and the FB�asymmetry AFB, Eq. (2), of the deay eletron.For the polarization of the e� beam we assume P� = �85% and for thepolarization of the e+ beam we take P+ = �60%. Simultaneous polarizationof both beams is not only useful to enlarge �e� but it an also have strongin�uene on AFB aording to the mixing harater of the harginos. Sinethe sneutrino ouples only to left-handed eletrons the polarization P� < 0(P+ > 0) for the e�(e+) beam is favourable for studying its properties.3.1. Cross setionsFor the gaugino-like senario A and ps = 270 GeV the ross setion �e�is shown in Fig. 1.For m~�e between 80 GeV and 400 GeV it is very sensitive on m~�e . Thedeep dip at m~�e � 130 GeV is due to the destrutive interferenes betweengauge boson and slepton exhange [9, 12℄. For m~�e < m~��1 the ross setioninreases owing to the two-body deay ~��1 ! ~�ee�. However, for ps =270 GeV this e�et is suppressed by destrutive interferene e�ets.For higher energy ps = 500 GeV, Fig. 2, the destrutive Z0�~�e interfer-ene in prodution is shifted to higher m~�e and the two-body deay thresholdis more apparent. For values of m~�e > 200 GeV the ross setion �e� forps = 500 GeV is smaller than for ps = 270 GeV.Beam polarization has strong in�uene on the magnitude of �e� . ForP� = �85% and P+ = +60% it inreases by a fator of about 3, nearly
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�e�=fb
m~�e=GeVFig. 1. Cross setion �e� (see Eq. (1)) for ps = 270 GeV in senario A for unpo-larized beams (solid line), with only e� beam polarized P� = +85% (dotted line)and with both beams polarized P� = �85%, P+ = +60% (dash-dotted line).
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�e�=fb
m~�e=GeVFig. 2. Cross setion �e� (see Eq. (1)) for ps = 500 GeV in senario A for unpo-larized beams (solid line), with only e� beam polarized P� = +85% (dotted line)and with both beams polarized P� = �85%, P+ = +60% (dash-dotted line).independent of ps and of m~�e , Fig. 1 and Fig. 2. For the opposite polariza-tion on�guration, P� = +85%; P+ = �60%, it would derease by a fatorof 0.06. If only the eletron beam is polarized �e� inreases for P� = �85%by a fator of 1.85 and for P� = +85% it dereases by a fator of 0.15.In Fig. 3 and Fig. 4 we show �e� for the higgsino-like senario B. Sinethe dominating higgsino omponents do not ouple to sneutrinos, the smallgaugino admixture auses only a weak dependene on m~�e , Fig. 3. Thedestrutive interferene between Z0 and ~�e exhange is suppressed by the
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�e�=fb
m~�e=GeVFig. 3. Cross setion �e� (see Eq. (1)) for ps = 270 GeV in senario B for unpo-larized beams (solid line), with only e� beam polarized P� = +85% (dotted line)and with both beams polarized P� = �85%, P+ = +60% (dash-dotted line).
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�e�=fb
m~�e=GeVFig. 4. Cross setion �e� (see Eq. (1)) for ps = 500 GeV in senario B for unpo-larized beams (solid line), with only e� beam polarized P� = +85% (dotted line)and with both beams polarized P� = �85%, P+ = +60% (dash-dotted line).dominating higgsino omponent. For m~�e > m~��1 the ross setion is prati-ally independent ofm~�e . Only form~�e < m~��1 it shows a strong dependeneon the sneutrino mass due to the two-body deay ~��1 ! ~�ee�.For higher energy, ps = 500 GeV, Fig. 4, �e� is smaller. The dependeneon m~�e , however, is essentially unhanged.Also for higgsino-like harginos beam polarization has a strong in�ueneon the magnitude of �e� . For P� = �85% and P+ = +60% and for bothvalues of ps, Fig. 3 and Fig. 4, �e� inreases by a fator of about 2.5, whih



Constraining the Sneutrino Mass in Chargino Prodution and ... 2005is somewhat smaller as for the gaugino-like senario A. For the oppositepolarization, P� = +85%; P+ = �60%, �e� dereases by a fator of 0.5.If only the e� beam is polarized with P� = �85%(P� = +85%) the rosssetion inreases(dereases) by a fator of 1.6(0.4).3.2. Forward�bakward asymmetry of the deay leptonIn this setion we study the FB�asymmetry AFB of the deay eletron,Eq. (2), for m~�e between 80 GeV and 1000 GeV. Sine the angular distribu-tion of the hargino deay produts is determined by the polarization of thedeaying hargino, the FB�asymmetry of the deay lepton strongly dependson the spin orrelations between prodution and deay. The dependene ofAFB on m~�e , on the beam polarization and on ps is a result of the omplexinterplay between prodution and deay.In senario A for ps = 270 GeV the dependene of AFB on m~�e is shownin Fig. 5. For high m~�e > 400 GeV it is about 8% and is nearly independentof m~�e . For m~�e < 400 GeV, however, AFB shows a omplex and interestingmass dependene. The destrutive Z0�~�e interferene in the produtionauses large AFB � 30%. Sine this destrutive interferene e�et vanishesat about m~�e � 200 GeV the FB�asymmetry dereases for higher valuesof m~�e . The deep dip at m~�e � 140 GeV is due to destrutive W�~�e (W�~e) interferene in the deay proess ~��1 ! ~�01e���e. For m~�e � m~��1 theFB�asymmetry strongly inreases up to about 35%, owing to the two-bodydeay ~��1 ! ~�ee�.For ps = 500 GeV, Fig. 6, large values of AFB up to 50% an be reahedin senario A. The Z0�~�e interferene e�et in prodution is shifted to higherm~�e so that just for m~�e � 250 GeV AFB dereases from 48% to 10% form~�e = 1000 GeV. For ps = 500 GeV the Z0�~�e interferene in the deayproess is less important beause for higher energies the harateristis ofthe prodution proess is more and more dominating. Therefore at m~�e �140 GeV AFB dereases only to about 43% in ontrast to the deep dip atm~�e � 140 GeV for ps = 270 GeV. Again, for m~�e � m~��1 the two-bodydeay ~��1 ! ~�ee� involves large AFB � 50%.Note that in the gaugino-like senario A AFB is nearly independent ofbeam polarization. This emerges as a onsequene of the fat that in se-nario A the beam polarization hanges the magnitude of �e� by a fatorwhih is nearly independent of m~�e . This fator anels in AFB, Eq. (2).Only for P� > 0 a small polarization e�et an be observed, see Fig. 5 andFig. 6.In the higgsino-like senario B, Fig. 7, the FB�asymmetry for ps =270 GeV is muh smaller than in senario A, AFB � 5% for m~�e � m~��1 .
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m~�e=GeVFig. 5. Eletron forward�bakward asymmetry AFB (see Eq. (2)) in the laboratorysystem for ps = 270 GeV in senario A for unpolarized beams (solid line), withonly e� beam polarized P� = +85% (dotted line) and with both beams polarizedP� = �85%, P+ = +60% (dash-dotted line).
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m~�e=GeVFig. 7. Lepton forward�bakward asymmetry AFB (see Eq. (2)) in the laboratorysystem for ps = 270 GeV in senario B for unpolarized beams (solid line), withonly e� beam polarized P� = +85% (dotted line) and with both beams polarizedP� = �85%, P+ = +60% (dash-dotted line).
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m~�e=GeVFig. 8. Lepton forward�bakward asymmetry AFB (see Eq. (2)) in the laboratorysystem for ps = 500 GeV in senario B for unpolarized beams (solid line), withonly e� beam polarized P� = +85% (dotted line) and with both beams polarizedP� = �85%, P+ = +60% (dash-dotted line).In this higgsino-like senario B the FB�asymmetry sensitively dependson the beam polarization. For P� = �85%; P+ = +60% the FB�asymmetryinreases for m~�e � m~��1 up to 48% for ps = 270 GeV and up to 28% forps = 500 GeV. If only the eletron beam is polarized with P� = +85%,one even obtains for m~�e � m~��1 large negative FB�asymmetries, AFB ��20%(AFB � �12%), for ps = 270 GeV(ps = 500 GeV).



2008 G. Moortgat-Pik, H. Fraas3.3. Constraining m~�eIn this setion we study the prospets to onstrain m~�e by measuring�e� and AFB with di�erent beam polarizations.We assume that tan�, m~��1 and m~�01 are already known and we hooseas an example the gaugino-like senario A and the higgsino-like senario B.One obtains the largest ross setions for polarizations P� < 0, P+ > 0.We therefore assume that �e� has been measured for beam polarizationsP� = �85%, P+ = +60% and for energies ps = 270 GeV and ps =500 GeV with an error of 5%. We study also the orresponding AFB fortwo ombinations of beam polarizations, P� = �85%, P+ = +60% andP� = +85%; P+ = 0%. For the seond ase we use unpolarized positronssine also swithing the e+ polarization gives extremely small rates.3.3.1. Constraining m~�e for ps = 270 GeVWe assume that for ps = 270 GeV and P� = �85%, P+ = +60% a rosssetion of �e� = 180 fb �5% has been measured. As an be seen from Fig. 1for senario A and from Fig. 3 for senario B this ross setion is ompatiblewith two regions for m~�e in either ase.In senario A the ross setion is ompatible with small values of m~�ebetween 85 GeV and 89 GeV and with high m~�e between 240 GeV and255 GeV, Fig. 1. For the ase of low m~�e the FB�asymmetry is between29% and 32% and for high m~�e between 19% and 22%, Fig. 5. AordinglyAFB allows to disriminate between the two regions for m~�e . Changingthe polarization to P� = +85%, P+ = 0%, the FB�asymmetry gives noadditional onstraints for m~�e , Fig. 5.In senario B the ross setion is ompatible with small m~�e between128 GeV and 140 GeV near the two-body deay threshold and with highm~�e > 250 GeV, Fig. 3. For the ase of low m~�e the FB�asymmetry isbetween 11% and 29% and for high m~�e AFB is less than 5%, Fig. 7. AgainAFB allows to disriminate between the two regions for m~�e .In our examples with P� = �85%, P+ = +60% the values of the FB�asymmetry for the low mass region of senario B (11%�29%) overlaps withthat for the low mass region of senario A (29%�32%) as well as with thatof the high mass region of senario A (19%�22%).However measuring AFB for a suitably polarized eletron beam and anunpolarized positron beam allows to disriminate between senario A andsenario B. For P� = +85%, P+ = 0% the FB�asymmetry in the low massregion of senario B is negative between �5% and �16%, whereas for se-nario A the respetive regions for AFB are unhanged, ompare Fig. 5 andFig. 7.



Constraining the Sneutrino Mass in Chargino Prodution and ... 20093.3.2. Constraining m~�e for ps = 500 GeVIn the same manner we study �e� and AFB for ps = 500 GeV. Weassume that for polarized beams with P� = �85%, P+ = +60% the rosssetion �e� = 130 fb �5% has been measured. As an be seen from Fig. 2for senario A and Fig. 4 for senario B this ross setion is again ompatiblewith two regions for m~�e in either ase.In senario A �e� is ompatible with small values ofm~�e between 161GeVand 175 GeV and with high values of m~�e between 420 GeV and 450 GeV,Fig. 2. For small m~�e the FB�asymmetry is about 45% whereas for highm~�e it is between 32% and 35%, learly distinguishable from the ase of lowm~�e , Fig. 6. As ompared to the ase of lower energies, ps = 270 GeV,the values of AFB are higher and restrited to smaller regions. Changingthe beam polarization to P� = +85%, P+ = 0% the FB�asymmetry givespratially no additional onstraints for m~�e , Fig. 6.In senario B �e� is ompatible with small m~�e in the region between122 GeV and 128 GeV near the two-body deay threshold and with highm~�e > 750 GeV, Fig. 4. For low m~�e the FB�asymmetry is between 10%and 28% whereas for high values of m~�e it is rather small, AFB < 3%. Thesetwo regions for m~�e an learly be distinguished by measuring AFB, Fig. 8.Similar as for lower energies, ps = 270 GeV, the regions for AFB for thease of high m~�e in senario A and for the ase of m~�e � m~��1 in senario Bare not well separated. Again a suitably polarized e� beam and an unpolar-ized e+ beam allow to disriminate between senario A and senario B. ForP� = +85%, P+ = 0% the FB�asymmetry is negative between AFB = �8%and AFB = �12% in senario B, whereas it has large positive values betweenAFB = 31% and AFB = 34% in senario A, ompare Fig. 6 and Fig. 8.4. Summary and onlusionsFor the determination of the MSSM parameters M , � and tan � fromhargino prodution, the sneutrino mass plays a ruial role. With regard tothe determination of the sneutrino mass we have studied hargino pair pro-dution e+e� ! ~�+1 ~��1 with polarized beams and the subsequent leptonideay ~��1 ! ~�01e���e taking into aount the omplete spin orrelations be-tween prodution and deay. The spin orrelations are ruial for the deayangular distributions and the forward�bakward asymmetries of the deayleptons.We have presented a method for onstrainingm~�e if tan � and the massesof ~��1 and of ~�01 are known. Aordingly we hoose two representative senar-ios with a dominating gaugino and with a dominating higgsino omponentof ~��1 , respetively. We have studied the prospet to onstrain the sneu-



2010 G. Moortgat-Pik, H. Fraastrino mass by measuring polarized ross setions and FB�asymmetries ofthe deay leptons in the laboratory system.Simultaneous polarization of both beams is not only important for en-larging the ross setion but it an also have rather strong in�uene onthe FB�asymmetry of the deay eletron depending on the mixing har-ater of the harginos. For harginos with dominating gaugino haraterthe FB�asymmetry is pratially inpendent of the beam polarization. Butfor higgsino-like harginos beam polarization an onsiderably in�uene theFB�asymmetry.In our examples �e� measured for the beam polarization P� = �85%,P+ = +60% with an error of 5%, e.g., is ompatible with two regions form~�e . For gaugino-like harginos as well as for higgsino-like ones the orre-sponding FB�asymmetry allows to distinguish between the two regions ofm~�e . Beyond that the two mixing senarios an be distinguished by addi-tional measurement of the FB�asymmetry with a right polarized e� beam.Then the sign of AFB hanges for higgsino-like harginos.We have presented numerial results forps = 270GeV, near the harginoprodution threshold, and for ps = 500 GeV. For gaugino-like harginosm~�e an be onstrained up to a few GeV, for higgsino-like harginos this ispossible if m~�e is in the viinity of the hargino mass. Obviously a ompleteMC study with inlusion of experimental uts would be indispensable forrealisti preditions.G. M.�P. thanks M. Je»abek and the other organizers of the EpiphanyConferene for the extremely hostly and friendly atmosphere during theConferene. We are grateful to V. Latussek for his support in the devel-opment of the numerial program. G.M.�P. was supported by Stiftung fürDeutsh�Polnishe Zusammenarbeit and by Friedrih�Ebert�Stiftung.REFERENCES[1℄ JLC Group, JLC-1, KEK Report No. 92-16 (1992); DESY-Reports, DESY92-123 A,B; DESY 93-123 C; DESY 96-123 D; DESY 97-123 E; Phys. Rep.299, 1 (1998); SLAC-Report 485, submitted to Snowmass 1996.[2℄ J.L. Feng, M.J. Strassler, Phys. Rev. D51, 4661 (1995); J.L. Feng, M.J,Strassler, Phys. Rev. D55, 1326 (1997); J.L Feng, M.E. Peskin, H. Murayama,X. Tata, Phys. Rev. D52, 1418 (1995).[3℄ G. Moultaka, hep-ph/9810214;V. Lafage, T. Ishikawa, T. Kaneko, T. Kon, Y. Kurihara, H. Tanaka, hep-ph/9810504.[4℄ T. Tsukamoto, K. Fujii, H. Murayama, M. Yamaguhi, Y. Okada, Phys. Rev.D51, 3153 (1995).
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