Sfermion searches at LEP 2Sylvie BraibantIndiana University¥Introduction¥Stop and sbottom ¥Selectron, smuon and stau¥R-Parity Violating (RPV) decays ¥Long-lived heavy charged particles¥ConclusionsBeyond the Standard Model VBalholm-NorwayApril 29 - May 4 Chargino/Neutralino searches at LEP2:see B. Orejudos’s talk on Thursday.

Sfermion searches at LEP 2 - S. Braibant - IUIntroduction: LEP 2 Data¥Highest energy available at an e+e- collider¥Good opportunity to extend to a new frontier a lot of Searches¥Aim for 1997: �s = 184 GeV- Factor ~5-10 in integrated luminosity¥1998 and beyond: 300-400 pb-1 at �s = 192 GeV2

Sfermion searches at LEP 2 - S. Braibant - IU3Introduction: Hermetic Detectors¥Event topologies that could originate from SUSY signals:¥Isolated Leptons (particle identification)¥Acoplanar Jets (tracking, calorimetry)¥Missing Energy (hermeticity)Good efficiency and resolution for the hadronic system... and for g ’s and leptons: hermeticity for missing energy __

Sfermion searches at LEP 2 - S. Braibant - IUIntroduction: Background for Searches4Now Sizeable s (e+e- fi W+W-) ~ 3-15 pb s (e+e- fi ZZ) ~ 1 pb ¥Four fermion processes, small cross section but difficult to eliminate¥Two photon processes gg fi qq, ll large cross-section (s ~ 40 nb) but can be greatly reduced--s (e+e- fi qqg) ~ 300 pbGreat reduction compared to LEP 1-s (e+e- fi llg) ~ 90 pb-

Sfermion searches at LEP 2 - S. Braibant - IUIntroduction: SUSY5In SUSY models all "normal" particles are accompanied by their supersymmetric partners, whose spin differs by 1/2.

Subject of this talk sfermions gauginos

Sfermion searches at LEP 2 - S. Braibant - IU6Introduction: MSSM¥MSSM : Minimal Supersymmetric Standard Model¥ Masses, s and BR from MSSM parameters:¥M2: SU(2) gaugino mass at electroweak scales ¥tan b: ratio of VEV of Higgs doublets <V2>/<V1>¥m: superpotential Higgsino mass¥m0: common mass of squarks and sleptons at the GUT scale (universal scalar mass)¥A0: trilinear scalar Yukawa-like coupling ¥R-Parity Conservation:¥A new multiplicative quantum number, Rp, is generally assumed to be conserved: Rp = (-1) 2S+3B+L¥fi SUSY particles must be produced in pairs ¥fi a sparticle decays down to the LSP ¥fi the LSP is stable fi Missing energy. ¥ Usually:LSP = c01~

Sfermion searches at LEP 2 - S. Braibant - IU7Introduction: MSSM ¥R-Parity Violation: ¥fi Single sparticles can be produced ¥fi LSP can decay¥fi Lightest sfermion can be the LSP ¥45 extra l couplings from explicit breaking of Rp interactions parametrized in superpotential as:W = lijk LiL LjL EkR + l’ijk LiL QjL DkR (+ l"ijk UiR DjR DkR )LiL and QiL are the SU(2)-doublet lepton and quark superfields and EiR , UiR and DiR are the singlet superfields

Sfermion searches at LEP 2 - S. Braibant - IU8Introduction: MSSM Sfermion Sector( , ) fi ( , )fL~fR~f1~f2~Weak eigenstates fi Mass eigenstates (D-term)L,R = (I3L,R - Qf sin2 qW) cos 2 b m2Z m2 = M2 + mf2 + (D-term)Lm2 = M2 + mf2 + (D-term)RfR~fL~FR~FL~

Soft Susy-breaking massesQuarks and leptons have scalar partners: one for each chirality state: ( , ) m2 af mf M 2 = af mf m2 fR~fL~f~fL~fR~

af = Af - m tan b ... f =e, d Af - m cot b ... f =u

Sfermion searches at LEP 2 - S. Braibant - IUFor the first two generations, and are mass eigenstates (Yukawa-coupling effects can be neglected) fL~fR~Important for 3 rd generation: Large t, b quark and t masses fi respective right and left sfermions mixfi Large Yukawa coupling Yf and large mixing can make one mass ( ) eigenstate light!f1~9+_m2 = 1/2 ( m2 + m2 ) 1/2 � ( m2 - m2 )2 + 4 a2f m2ff1,2~fL~fR~fL~fR~

Introduction: MSSM Sfermion Sectorf1~fL~fR~= cos qmix + sin qmix qmix = f (mf , SUSY parameters)

Sfermion searches at LEP 2 - S. Braibant - IU1 0 Stop Quark can be the lightest charged SUSY particle~t11) Sizable Radiative correction to m :~t

~tL~tLtR~H02

Yt~tR~tRtL (bL)~H02~(H+2)Yt = mt / (�2 mW sin b)Correction are always <0 and proportional to Yt2Because mt ~ 180 GeV fi Large Yt is expected 2) L « R mixing term contributes to off-diagonal components of the mass matrix: large mass split (proportional to mt )+_m2 = 1/2 ( m2 + m2 ) 1/2 � ( m2 - m2 )2 + 4 a2f m2ft1,2~tL~tR~tL~tR~

Sfermion searches at LEP 2 - S. Braibant - IU1 1 Stop Quark Production �s = 172 GeV~t1Because is L-R mixing state, -coupling to Z0 depends on qmix~t1

1.57 rad = 90 o~t1~tR=~t1~tL=

~t1If qmix = 0.98 rad (= 56 0), decouples from Z0Incl. 1st order QCD correctiont1 = tL cos qmix + tR sin qmix~~~

Sfermion searches at LEP 2 - S. Braibant - IUStop Quark Decays1 2 t1 = tL cos qmix + tR sin qmix~~~t1 could be the lightest charged SUSY particle~(If chargino is heavy: fi b is forbidden )c–1~~t1Two -body flavor changing decay:G=O (10 eV)c–1~Three-body decay:G=O (10 keV)If kinematically accessible: dominant mode. Larger than two-dody decay if m < 200 GeV Four-body decay:G=O (0.01 eV)Kinematically suppressed fi NEGLECTED

Sfermion searches at LEP 2 - S. Braibant - IUStop Quark Topology1 3

Topology for 2-body decay Two acoplanar sharp jets and missing energy Two acoplanar sharp jets, acoplanar lepton pair and missing energy

Topology for 3-body decay Because G << L QCD: -quark makes -hadron before it decays. Since fragmentation of , c, b is hard and -hadron is strongly boosted: the jets are expected to be sharp. ~t1~t1~t1~t1~t1

Sfermion searches at LEP 2 - S. Braibant - IU 14Stop Quark Results ~t1fi c c01~D0LEP 1

Sfermion searches at LEP 2 - S. Braibant - IUStop Quark Results1 5 ~t1fi c c01~

m > 52 GeV~t1For qmix = 56o and Dm = 5 GeV:m > 56.7 GeV~t1For qmix = 56o andDm > 5 GeV:

Sfermion searches at LEP 2 - S. Braibant - IU1 6 Stop Quark Results ~t1fi b l+~n

Sfermion searches at LEP 2 - S. Braibant - IU1 7 Stop Quark Results l +~t1fi b ~n

m > 55.8 GeV~t1For qmix = 56o and Dm > 10 GeV: m > 70 GeV~t1For qmix = 56o and m = 55 GeV:~n~nM > 37.1 GeV (PDG)

Sfermion searches at LEP 2 - S. Braibant - IU1) Yb = mb / (�2 mW sin b) is also sizeable fi Sizable Radiative correction to m Sbottom Quark 1 8 b~2) L « R mixing term contributes to off-diagonal components of the mass matrix. +_b1,2~bL~bR~bL~bR~m2 = 1/2 ( m2 + m2 ) 1/2 � ( m2 - m2 )2 + 4 a2f m2f

Large mass split if large a « large tan b can be light if tan b ~ 40b1~

Sfermion searches at LEP 2 - S. Braibant - IU1 9 Sbottom Quark Production ~b1Because is L-R mixing state, -coupling to Z0 depends on qmix~b1

1.57 rad = 90 o~b1~bR=~b1~bL=

~b1If qmix-b = 1.17 rad (= 67 0 ), decouples from Z0b1 = bL cos qmix-b +bR sin qmix-b~~~

�s = 172 GeV

Sfermion searches at LEP 2 - S. Braibant - IU2 0 Sbottom Quark DecayTwo -body decay:G=O (50 MeV)

Topology Two acoplanar sharp jets and missing energy SIMILAR TO ~t1fi c c01~Because G << L QCD: - quark makes -hadron before it decays. Since fragmentation of , c, b is hard and -hadron is strongly boosted: the jets are expected to be sharp. ~b1~b1~b1~b1~b1

Sfermion searches at LEP 2 - S. Braibant - IUSbottom Quark Results2 1 Preliminary

Sfermion searches at LEP 2 - S. Braibant - IU2 2 Sbottom Quark Results

Sfermion searches at LEP 2 - S. Braibant - IUSlepton Production and Decay2 3

ProductionTwo acoplanar leptons of the same family and missing energy

Topology

DecaysIf R-parity is conserved : pair production Assume that is the LSP.If R-parity is conserved: does not decay c1o~c1o~e+e- fi l- ~l+~At 172 GeV, the expected the cross-section are:s (e+e- fi e+e-) ~ 0.4 - 4 pbs (e+e- fi m+m-) ~ 0.1 - 0.5 pbs (e+e- fi t+t-) ~ 0.1 - 0.5 pb~~~~~~

Sfermion searches at LEP 2 - S. Braibant - IU 2 4 Slepton Pair Production Cross-Sections �s = 172 GeVSelectron s higher due to t-channel ( m = -200 GeV and tan b =1.5 ) �s = 172 GeVSmuon s smaller due to s-channel only For Stau: non-negligible Yukawa coupling; the lighter state t1 is a mixing state of tL and tR.But cross-section dependence is not strong.~~~1.57rad = 90 o

If qmix-t = 0.822 rad (= 47 0), decouples from Z0~t1t1 = tL cos qmix-t+ tR sin qmix-t~~~

~tR~t1=~tL~t1=

Sfermion searches at LEP 2 - S. Braibant - IUSelectron Results2 5 LEP1.5 tan b = 2.0m = 1 TeVm = -200 MeV

s (e+e- fi eR+eR-) only~~

Obtained summing eReR, eLeL and eLeR cross-sections~~~~~~

Common mo at the GUT scale

NO common mo at the GUT: mass degeneracy

Sfermion searches at LEP 2 - S. Braibant - IUSmuons Results2 6 MSSM BR

BR=100%

s (e+e- fi mR+mR-) only~~

Obtained summing mRmR and mLmL cross-sections~~~~

Common mo at the GUT scale

NO common mo at the GUT: mass Degeneracy

Sfermion searches at LEP 2 - S. Braibant - IUStau Results2 7

~tRMass limit for

~t1Mass limit for a mixed state decoupling from the Z0

Sfermion searches at LEP 2 - S. Braibant - IU RPV Searches28Charged slepton RPV DecaysPair produced e+e- fi l R+l R-~~ Direct decayOne dominant LLE couplingFinal states:2 leptons + 2 neutrinosMulti-lepton Final state:Lower e , Higher backgroundHigher e , Lower backgroundConservative approach: Use Br(direct) = 100 % and most unfavourable case (to be independent of the generation indices)

m > 62.7 GeV ~eR In the gaugino region:s excl ( eR+eR-) <1.49 pb~~s excl ( mR+mR-) <1.53pb~~s excl ( tR+tR-) <1.53pb~~

Sfermion searches at LEP 2 - S. Braibant - IU2 9 RPV Searches Sneutrino RPV DecaysPair produced e+e- fi n n One dominant LLE couplingFinal states:4 leptons Final state:4 leptons + 2 Neutrinos~ Direct decay~_(No t in the final state)Direct decaysIndirect decaysValid for any sneutrino type since the cross-section for nt pair production has been used. The cross -section for pair produced ne is higher due to positive interference from the t-channel ~~

Sfermion searches at LEP 2 - S. Braibant - IU3 0 Stop RPV decaysRPV SearchesStop decay with violation of R-parity can be induced by terms of the form LQD with the coupling constant l’ in the superpotential.~t1 fi e d Give rise to decays:

Sfermion searches at LEP 2 - S. Braibant - IURPV Searches 3 1 Limits based on measured s (e+e- fi hadrons)

Sfermion searches at LEP 2 - S. Braibant - IU3 2 RPV Searches e q q coupling ~l ’ = l ’ 1 j k

e = first family q family ~q family

Sfermion searches at LEP 2 - S. Braibant - IUMost SUSY searches assume the LSP is neutral and w e a k l y i n t e r a c t i n g a n d t h a t a l l S U S Y p a r t i c l e s ultimately decay with a very short lifetime into the LSP plus standard particles. H O W E V E R t h e p o s s i b i l i t y o f S U S Y l o n g - l i v e d charged particles is favoured by some models. F o r i n s t a n c e , i n g a u g e - m e d i a t e d S U S Y m o d e l s , i f the slepton is the next-to-lightest supersymmetric particle (NLSP), it can decay into a standard lepton and a gravitino which is assumed to be the LSP:w i t h a l i f e t i m e d e p e n d e n t o n t h e S U S Y - b r e a k i n g energy scale �F : ct = (130 mm) ( 100 GeV/ml )5 ( �F /100 TeV)4~l –fi l – G~~Long-lived heavy charged particles33If �F >> a few thousands TeV, a 70 GeV slepton has a decay length greater than 10 meters, which corresponds to the typical size of a LEP experiment detector.Long-lived charged SUSY particles also exists in the context of SUSY models if there is a high mass degeneracy with the LSP and also in RPV SUSY models if the couplings are small.The selection is based on the specific ionization loss measurements (dE/dx) . DELPHI also uses the particle ID provided by the RICH detectors.

Sfermion searches at LEP 2 - S. Braibant - IULong-lived heavy charged particles3 4 Combined LEP SUSY working groupModel independent 95% confidence level upper limit on the production cross-section of 0.1-0.4 pb for masses between 45 and 86 GeV

Assuming MSSM: m > 73 GeV m > 74.5 GeV mR–, tR–~~ mL–, tL–~~

Sfermion searches at LEP 2 - S. Braibant - IUConclusions3 5 The four LEP collaborations have searched f o r s f e r m i o n s a t L E P 2 e n e r g i e s . S o m e candidates were selected by the analyses but their number is compatible with the expected background from Standard Model processes.N o e x p e r i m e n t a l e v i d e n c e o f s f e r m i o n production yet fi exclusion limits have been greatly improved compared to LEP1 results. W i t h t h e n e x t r u n a t � s = 1 8 4 G e V t h i s s u m m e r , a l l t h e s e s e a r c h e s w i l l b e s i g n i f i c a n t l y i m p r o v e d i n a f e w w e e k s o f running time.Many thanks to my OPAL colleagues (especially S. Asai), W. de Boer , A. Lipniacka and L. Pape (DELPHI), B. Orejudos, M. Schmitt, P. Vangemmeren and V. Buescher (ALEPH) , M. Pieri and S. Rosier (L3)