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NEUTRINO OSCILLATIONSAND SUPERSYMMETRY�Amand FaesslerUniversity of Tuebingen, Institut fuer Theoretishe PhysikD-72076 Tuebingen, Germany(Reeived January 13, 1999)The Super-Kamiokande experiment measured the atmospheri muonand eletron neutrinos. The standard model predits a ratio of 2, whileSuper-Kamiokande and others measure a muh smaller value (1:30�0:02 forSuper-Kamiokande). But Super-Kamiokande an also measure roughly thediretion and the energy of the neutrinos. The zenith angle dependene forthe muon neutrinos suggest that the muon neutrinos osillate into a thirdneutrino speies either into the � neutrino or a sterile neutrino. This �ndingis investigated within the supersymmetri model. The neutrinos mix withthe neutralinos, this means the wino, the bino and the two higgsinos. The7� 7 mass matrix is alulated on the tree level. One �nds that the massmatrix has three linearly dependent rows whih means, that two masses arezero. They are identi�ed with the two lightest neutrino masses. The �t ofthe Super-Kamiokande data to osillations between three neutrinos yieldstogether with the result of supersymmetry that the third neutrino masslies between 2 � 10�2 and 10�1 [eV℄. The two lightest neutrino masses arein supersymmetry on the tree level zero. The averaged eletron neutrinomass whih is the essential parameter in the neutrinoless double beta deayhm�ei ' m�3 � P3e � 0:8 � 10�2 [eV℄ (95 % on�dene limit). It is derivedfrom the Super-Kamiokande data in this supersymmetri model to be twoorders smaller than the best value (1[eV℄) from the neutrinoless double betadeay.PACS numbers: 12.60.Jv, 11.30.Er, 11.30.Fs, 23.40.Bw
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406 A. Faessler1. IntrodutionEvery ivilisation dreamt of understanding our world in simple terms,starting from one single priniple. The Greeks were the �rst ones to try arational approah to this question:550 before Christ, Empedokles from Agragas in Siily (today Agrigento)invented the four elements: the earth, the water, the air and the �re. Inaddition he had two fores, an attrative fore ������ (friendship) and arepulsive fore �"~��o& (hate). Two hundred years later Aristoteles supple-mented the four elements by a �fth one, the ether, whih aording to him�lls the spheres beyond the moon. Aording to his understanding thereould be no vauum and thus he needed a �quinta essentia�. Qualitativelythis piture explained many things and gave a rational uni�ed view of ourworld, although we would say today that this hypothesis was not orret.A deisive step forwards was done by Newton in 1687 in his prinipia.He was the �rst one to assume that the fores in heaven are the same asthose on earth. The famous story with the moon and the apple illustratesthis fat. Even if it might not be true, it is well invented: When an applewas falling down in the garden of Newton he had the idea that the samefore whih keeps the moon in the orbit around the earth, is also responsiblethat the apple is falling from the tree.Maxwell uni�ed the eletri and magneti fores into a single fore. Heshowed that it depends only on the referene frame if we all something aneletri or a magneti �eld. A harge at rest has only an eletri �eld, whilethe same harge in an other referene frame, in whih it is moving, has alsoa magneti �eld. Sine Maxwell we speak of eletromagneti fores.In 1968 Glashow, Salam and Weinberg uni�ed the eletromagneti foresof Maxwell and the weak interation of Fermi into the eletroweak fores.Sine the 70thies one formulates Grand Uni�ed theories whih treat theeletroweak and the strong fores of Quantum Chromodynamis (QCD) asa single fore. There exists a large variety of Grand Uni�ed theories, whihdesribe the known data. High preision experiments at low energies likethe double beta deay or extremely high energy experiments, are needed todistinguish between the di�erent theories.The last fore, gravitation, might be also inluded into a uni�ationin supersymmetri models. At least there are steps in this diretion. Ageneralization of supersymmetri models from a global Gauge theory into aloal Gauge theory is alled supergravity. This might be a way to quantisegeneral relativity and inlude all fores.The neutrino plays an important role in testing Grand Uni�ed theoriesand supersymmetri models. Indeed the neutrino was always an interestingpartile, sine it was proposed by Wolfgang Pauli in a famous letter from



Neutrino Osillations and Supersymmetry 407Deember fourth, 1930 whih he wrote from Zürih to a onferene of theGerman Physial Soiety on radioativity to Tübingen. This well-knownletter starts with: �Sehr geehrte radioaktiven Damen und Herren�. In thisletter Pauli proposes the existene of a �Neutron� to onserve energy andangular momentum in beta deay.2. Neutrino masses and neutrino osillationsIf the neutrino are massive, the mass eigenstates must not be identialwith the �weak eigenstates�, in whih the di�erent neutrinos are reated. Inthe standard model we have for eah of the three families a neutrino: �e; ��and �� . The mass eigenstates �1; �2 and �3 are onneted with the weakeigenstates �e; ���� by a unitary transformation.0� �1�2�3 1A = 0� U1e U1� U1�U2e U2� U2�U3e U3� U3� 1A0� �e���� 1A : (1)The neutrinos are reated in a weak �eigenstate� �e; �� or �� , but they propa-gate in the mass eigenstates. If we onsider for a moment only two neutrinosand invert Eq. (1) using unitarity, we obtain:� ���� � = � os# � sin#sin# os# �� �2�3 � ;��(t) = os#j�̂2ieipr�iE2t� sin#j�̂3eipr�iE3t ;E2 = qp2 +m2�2 � p+ m2�22p ;E3 = qp2 +m2�3 � p+ m2�32p : (2)The probability to �nd after the distane L a � neutrino, if a � neutrinois reated, is given by the overlap of the � neutrino wave funtion at timet = 0 and the � neutrino wave funtion at t = L=.P�!� (t = L=) = jh�� (t = 0)j��(t = L=)ij2= sin2(2#) sin2 �1:27�m2[eV℄L[km℄E� [GeV℄ �with : �m232 = m23 �m22 : (3)



408 A. Faessler3. Atmospheri neutrinos and the Super-KamiokandeexperimentCosmi rays bombard the atmosphere of the earth with protons andnulei with energies up to 1020 eV. These partiles interat strongly andprodue spei�ally very many pions in the atmosphere.� �! �+ �� ;� ! e+ �� + �e ;N��N�e = 2 : (4)The standard model predits therefore for the ratio of muon to eletronneutrinos a value of 2. Experimentally this ratio is found to be muh lower.The best value with 1:30 � 0:02 has the Super-Kamiokande experiment [1℄.But Super-Kamiokande annot only measure the ratio of � to e neutrinos,but it an also determine roughly the diretion and the energy of the di�erentneutrinos. The detetor onsists out of a ylindrial avity in a mine with60 000 tons of very pure water, 35 meters high and 35 meters in diameter.An inner ylinder with 25 000 tons of water is used as the real detetor. Theinside of this inner ylinder is lined with more than 11 000 photomultiplyertubes (PMT's), eah 50 m in diameter. The outside of this inner ylindar isoptially separated and is used to eliminate bakground produed by a betadeay of neutrons, emitted from nulei in the wall of the avity by high energymuons from the osmi radiation, whih penetrate through the mountain.The detetion of the eletron and muon neutrinos and antineutrinos is donewith the Cherenkov radiation of the relativisti eletrons, positrons andmuons from the inverse beta deay.��e + p �! n+ e+ ;�e + n �! p+ e� ;��� + p �! n+ �+ ;�� + n �! p+ �� : (5)Eletrons and muons an be distinguished by the � and the eletron Cheren-kov rings. The diretion of the eletrons and muons is within 10 to 20 degreesidential with the diretion of the neutrinos. The size of the rings andthe total light output allow to determine the energy of the neutrinos. Theresults are shown in �gure 1 as a funtion of the zenith angle �, where � = 0orresponds to neutrinos from above and � = �180 degrees to neutrinos frombelow, whih are formed somewhere over the South Atlanti and travelledthrough the earth to Japan. Figure 1 shows for the eletrons pratially no
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Fig. 1. Zenith angle distribution of � and e-neutrino events for sub-GeV and multi-GeV data sets. The zenith angle is given as os �. os � = 1 means neutrinosfrom above with a short path from about 10 to 20 km reated in the atmosphereabove Kamiokande neutrinos produed by osmi radiation over the South Atlanti,whih travel through the earth to Japan, have os � = �1. The sub-GeV eventsare divided in the ones below 400 MeV/ and above 400 MeV/. The eletronneutrinos for multi-GeV events are divided in the one below and the one above2.5 GeV/. All muon neutrino like events fully ontained in the inner ounter areshown on the third position in the lower row. The last �gure in the lower row showsmuon-like events (�� neutrinos�) whih are not fully ontained in the inner ountervolume. The hathed region shows the Monte Carlo expetation for no osillationswith statistial errors. The bold line is the best-�t for � neutrino to � neutrinoosillations with an overall �ux normalisation �tted as a free parameter.deviation from a Monte Carlo simulation without neutrino osillations. Forthe muon neutrinos (��-like� events), one sees already below 0.4 GeV/ adepleation, whih may indiate that at this low energy muon neutrinos fromall diretions osillate to � neutrinos (or to a sterile neutrino). Between 0.4and 1.0 GeV/ one sees learly, that there are more � neutrino events fromabove than from below. Espeially if one ompares with the Monte Carloexpetations. The same is true for the fully ontained events above 1 GeV/and also for the partially ontained � neutrino events. This behavior is madelear in �gure 2. A two-neutrino �t to the data as indiated in Eqs (2) and(3) yields the following results:sin2 2# � 0:82 ;5 � 10�4 < �m2 = m2�3 �m2�2 < 6 � 10�3[eV2℄ : (6)
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Fig. 2. Shemati drawing of the earth with the Super-Kamiokande detetor inthe upper part about 2 700 m of water equivalent below the mountains in a mine.The ounter is a ylinder with 60 000 tons of purest water, 35 meters high and35 meters in diameter. An inner zylindar with 25 000 tons of water is optiallyseparated from an outer area. This inner ylinder is lined with more than 11 000photomultiplyer tubes (PMT's) with a diameter of 50 m. The PMT's measure theCherenkov radiation from the relativisti eletrons and muons. The light outputand the opening angle of the Cherenkov one gives the energy. The Cherenkov ringdetermines the diretion. Cherenkov rings from muons are more learly de�ned,while the ones from eletrons are more smeared out. Due to the long �ight path ofthe neutrinos transversing the earth, the muon neutrino an osillate away. Sinethey do not appear as eletron neutrinos, they must either osillate in � neutrinos,or in a sterile neutrino.The results are graphially shown in �gure 3. Barger, Weiler and Wish-nant did a three neutrino analysis of the Super-Kamiokande data [2℄. Theunitarity of the transformation matrix (1) requests:P3� = jU3ej2; P3� = jU3�j2;P3� = jU3� j2 ;P3� + P3� + P3� = 1 : (7)Here P3� signi�es the probability that the third mass eigenstate is a � neu-trino. The analysis of Ref. [2℄ is shown in �gure 4. The 95 % on�denelimit indiated in �gure 5 an also be given as numbers:0:5x10�3 � Æm232 � 10x10�3[eV2℄ ;0 � P3e � 0:08 ;0:25 � P3� � 0:75 ;0:25 � P3� � 0:75 ;(95% on�dene limit) : (8)
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(a) (b) (c)Fig. 4. Three osillation �t [2℄ to the Super-Kamiokande data. The plot showsthe 95 % on�dene limit for the probability that the third mass eigenstates isan eletron neutrino P3e, that the third mass eigenstate is a muon neutrino P3�,of the overall �ux normalisation �0 = 1:16 and the di�erene of masses squaredÆm232 = (m23 � m22)[eV2℄. The dashed area shows additional exlusions by theCHOOZ neutrino osillation experiment [3℄.



412 A. Faessler TABLE IProperties of Bosons and Fermions, whih supersymmetry puts into one multiplet.Sine the properties of this two objets are so di�erent, it took a long time to �ndout that there exist generators of groups whih allow to put Bosons and Fermionsinto one multiplet.Bosons jBi Fermions jF iInteger spin Hal�nteger spintensor spinorommutator anti-ommutatorB1B2 �B2B1 = Æ(1; 2) F1F2 + F2F1 = Æ(1; 2)Bose statistis Pauli Priniplearrier of fores Matter Partileshave lassial limit Quantum ObjetQ+jBi�jF i Q�jF i�jBiThe probability that the third neutrino mass eigenstate m�3 is the ele-tron neutrino is most probably zero with an upper limit of 0.08. Due to theunitarity (7) P3� must be 0.75 if P3� is 0.25. In general the sum of all threeprobabilities must be unity.4. SupersymmetrySupersymmetry was invented to redue the divergene of the mass ofsalar Bosons from a quadrati dependene on the ut-o� mass to a logarith-mi dependene. It also helps to solve the hierarhy problem: It �lls the gapbetween the eletroweak mass sale of about 100 GeV and the Plank massof 1019 GeV. Supersymmetry puts Bosons and Fermions into one multiplet.About supersymmetry exist several books [4, 7℄ and review artiles [5, 6℄.In the minimal supersymmetri model eah partile of the standardmodel has its SUSY-partner. For example the weak doublet of the ele-tron neutrino and the eletron in the �rst lepton family, gets as partners asneutrino or (s-neutrino) and a seletron (s-eletron). For salar partileslike the Higgs-doublet (h0d; h�d ) one an get the antipartiles by Hermitianonjugation. For the supersymmetri multiplet inluding higgsinos, this isnot possible, sine the higgsinos are Fermions. Thus we have a seond mul-tiplet whih both are extended to supermultiplets (10).L1 = 0BB� �ee�~�e~e� 1CCA ; L2 = 0BB� ����~��~�� 1CCA ; L3 = 0BB� ����~��~�� 1CCA ;



Neutrino Osillations and Supersymmetry 413Q1 = 0BB� ud~u~d 1CCA ; Q2 = 0BB� s~~s 1CCA ; Q3 = 0BB� tb~t~b 1CCA : (9)
Hu = � H+uH0u � = 0BB� h+uh0u~h+u~h0u 1CCA ; Hd = � H0dH�d � = 0BB� h0dh�d~h0d~h�d 1CCA : (10)In addition to the lepton and quark doublets, whih are extended to quartetsuper�elds for the leptons Li(i = 1; 2; 3) and for quarks qi(i = 1; 2; 3) onehas also singlets whih in ase of massless �elds would be right handed. Inthe ase of the minimal supersymmetri model (MSSM) they ontain onlye�; ��; �� and the quarks d; s and bE1s = � e�~e� �s ; E2s = � ��~�� �s ; E3s = � ��~�� �s (11)and orresponding super�elds for the d, s, b quarks, whih we write as DiS .The S indiates that it is a singulet with respet to partiles and with respetto SUSY partiles separatley. SUSY partiles are in the above super�eldsalways indiated by a tilde. The super�elds are written as apital letters.The potential part of the miminal supersymmetri Lagrange densitymust ontain always two super�elds and a standard model �eld, so thatthe R-parity is onserved. (The R-parity is given as +1 for an even numberof SUSY partiles or as �1 for an odd number of SUSY partiles.)WMSSM = heijLiHd �Ejs + hdijQiHdDjs + huijQiHu �Ujs + �Hd �Hu (12)The bar indiates the onjugate super�elds and the indies i; j run overthe three families, while S indiates the singlet. The two Higgs super�eldsHu and Hd are de�ned in Eq. (10). The gauge bosons and their SUSY-partners are ontained in the kineti energy in the ovariant derivative. TheSUSY-partners of the gauge bosons are alled: photinos (~), zinos ( ~Z0),winos ( ~W+=�; ~W 0) and binos ( ~B0). The terms are onstruted so that theLorentz struture is guaranteed and that hyperharge is onserved. Thelepton super�elds Li have for example hyperharge Y = �1 while the singletsEjS have hyperharge Y = �2. The onjugate �elds have naturally oppositehyperharge. The quark super�elds Qi have hyperharge Y = 1=3 and thesinglet quark �elds DjS have Y = �2=3. The hyperharge of the Higgssuper�eld Hu is Y = 1 and for Hd it is Y = �1. R-parity onservation



414 A. Faesslerin equation (12) guarantees that the number of SUSY partiles stays eitheralways even or odd.R-parity violating terms violate supersymmetry. One divides that inthe R-parity violating potential part of the Lagrange density in those termswhih ontain one SUSY �eld only W6R and in those, whih ontain threeSUSY �elds V 6R. The upper index  at SUSY �elds indiate the onjugate�eld. W 6RP = 12�ijkLiLj �Eks + �0ijkLiQj �Dks+12�00ijk �Uis �Djs �Dks + xiLi �Hu ;V6RP = �ijk ~Li ~Lj ~Eks+�0ijk ~Li ~Qj ~Dks + �00ijk ~U is ~Djs ~Dk+�2uj ~LjHu + �2dj ~LjH+d : (13)The standard model Higgs �eld hd has a �nite vauum expetation value,by whih the vetor bosons of the weak interation get a mass (Higgs meh-anism). In supersymmetry we have now two Higgs doublets with �nitevauum expetation values whih might be di�erent.hhui = � h+uh0u � = � 0 � ;hhdi = � h0dh�d � = � b0 � : (14)The parameter of the Lagrange density (12) and (13) an now be so that this�nite expetation value of a Higgs �eld leads to a �nite vauum expetationvalue of the sneutrino �elds.V~� = �d~� + f ~�2 ;hV~�i � �dh~�i+ fh~�i2 : (15)This �nite sneutrino expetation value allows now that all neutral partileswith spin 1/2 are mixing with eah other. These partiles are the threeneutrinos and the neutralinos (wino, bino and the two higgsinos ~h0u, ~h0d).(�e; ��; �� ; ~W 0; ~B0; ~h0d; ~h0u) (16)Figure 5 shows the tree diagrams for this mixing. The loop with the �nitevauum expetation value of the sneutrino h~�i is ounted as a tree diagram,sine the sneutrino �nite expetation value ats like an outside potential.
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416 A. Faesslerbino, down-higgsino, up-higgsino) = ( ~W 0; ~B0; ~h0d; ~h0u). The quantities inthe mass matrix are the Z0 mass Mz and the higgsino masses Md;Md,the Weinberg angle #W and the angle � de�ned as tan of the ratio of the�nite vauum expetation values of the neutral up- and neutral down-Higgspartile.In our work [8℄ we realized that the mass matrix M0 has three linearlydependent rows and therefore two mass eigenvalues are zero. Independentof the details of the parameters apart of using a �nite vauum sneutrinoexpetation value h~�ei and an expansion in the quantities whih are assumedto be small in equation (17). The oupling onstants �i and � are de�nedin equations (12) and (13). The linear dependene of three rows of the massmatrix yields two masses to be identially zero. We identify these masseswith the two lowest mass eigenstates of the neutrinos. So on the tree levelwe have the masses: m�1 = 0; m�2 = 0; m�3 6= 0 : (18)Natural the zero masses for the �rst two neutrinos are modi�ed if the looporretions are inluded.If we now use the result of the Super-Kamiokande-Collaboration (8),we an immediately extrat from Æm232 the limits for the mass of the thirdneutrino. One an now also derive the parameter for the �averaged� eletronneutrino mass, whih is the quantity relevant for the zero neutrino doublebeta deay. 2 � 10�2[eV℄ � m�3 � 10�1[eV℄ ; (19)hm�ei = 3Xi=1 m�i�jUiej2 : (20)The sum runs over the three neutrino families. If one has a left-right-symmetri model from Grand Uni�ation, the sum goes over three lightand three heavy right-handed neutrinos. Here we assume that the mixingoe�ients between the light and the heavy neutrinos are so small that theyan be negleted or that we have only left-handed neutrinos. The quantity �iis the CP (C = Charge onjugation; P = Parity) relative phase. If only onemass of a neutrino is di�erent from zero, this relative phase an be hosen tobe �3 = 1. Thus we get from equation (20) an expression for the �averaged�eletron neutrino mass.hm�ei = m�3jU3ej2 = m�3P3e� 0:8 � 10�2[eV℄95% on�dene limit : (21)



Neutrino Osillations and Supersymmetry 417This limit is by two orders of magnitudes more stringent than the limitderived from zero neutrino double beta deay whih is presently at around1 [eV℄. 0���deay : hm�ei � 1[eV℄ (22)It is interesting to see in equation (21) that the averaged eletron neutrinomass is essentially determined by the mass of the third mass neutrino eigen-state. It is only so small due to the fat that the probability of the thirdmass eigenstate being an eletron neutrino is less than 0.08 aording to theSuper-Kamiokande data (8). 5. SummaryWe started out by disussing the atmospheri neutrinos produed by theosmi radiation. They are reated by the deay of pions from the interationof the osmi rays with the atmosphere. The pions deay in about 10�8 sein a muon and a � neutrino and the muon again into an eletron, a � neutrinoand an e neutrino, where the partile or antipartile harater depends, ifone starts with a positive or a negative pion. The ratio of � neutrinos to eneutrinos should be 2. But experiments show that the ratio lies somewherebetween 1 and 1.4. Super-Kamiokande �nds a ratio N��=N�e = 1:30� 0:02.But Super-Kamiokande an also measure the energy and the rough angle ofthe diretion of the neutrinos. One �nds that the muon to eletron neutrinoratio is larger for neutrinos oming from above (zenith angle = 0) than theratio for neutrinos oming through the earth from below. This is explainedby the fat that due to the long path of the neutrinos oming from belowthe � neutrinos with L � 13000km an osillate away into � neutrinos (orinto a sterile neutrino). The �t to the Super-Kamiokande data allowingosillations between two neutrino speies yields the result (8). The thirdneutrino mass state has pratially no overlap with the eletron neutrino,but large overlaps of about 50 % eah with � and � neutrinos.Supersymmetry allows to mix the three neutrino states with the neu-tralinos (wino, bino , down-higgsino, up-higgsino). This 7 � 7 mass matrixhas three linearly dependent rows and yields therefore two neutrinos withmasses zero. Only the third mass eigenstate of the neutrinos is on the treelevel di�erent from zero. The third mass eigenstate lies between 2 � 10�2[eV℄ and 10�1 [eV℄. The �averaged� eletron neutrino mass (20) whih playsa deisive role in the neutrinoless double beta deay, is less than 0:8 � 10�2[eV℄ (see equation (21)). The limit from the neutrinoless double beta deayis today around 1 [eV℄ whih is two orders of magnitudes less stringent.One ould ask if the Super-Kamiokande result is not e�eted by theMikeyev�Smirnov�Wolfenstein e�et of neutrino osillations in matter. Firstthe density of the earth is muh less than in the sun. The smaller density



418 A. Faesslerwould probably not be able to make the eletron neutrino mass degeneratewith the � neutrino mass. But seondly the MSW e�et does not apply: The� neutrino and the � neutrino mass whih are here important, are shifted inthe same way due to the universality of the weak interation. (The sun orthe earth does not ontain muons or tauons. It ontains only eletrons. Inthis way only the mass of the eletron neutrino is shifted di�erently, whilethe � and the � neutrinos experiene the same shift and thus the mixingbetween � and � neutrios is not modi�ed by the MSW e�et.)One should stress, that the neutrino masses are also e�eted by loop di-agrams whih are not alulated here and whih are assumed to be smaller.The solar neutrino problem is attributed to the mass di�erene (Æm212). Os-illations between the eletron and the � eigenstates would be allowed dueto loop orretions, but the mass di�erenes would be smaller and one wouldthen need a larger path L to see the osillations.I would like to thank Prof. Sergey Kovalenko and Dr. Vadim Bednyakov,who during a stay in Tübingen worked with me on this problem.REFERENCES[1℄ Y. Fukuda et al.,The Super-Kamiokande Collaboration, hep-ex/9807003, July3, 1998.[2℄ V. Barger, T.J. Weiler, K. Whisnant, hep-ph/9807319, July 3, 1998.[3℄ M. Apolonio et al., CHOOZ ollaboration, hep-ex/9711002, November 2, 1997.[4℄ H. Kalka, G. So� Supersymmetrie, ed. B.G. Teubner, Teubner Studienbüher,Stuttgart 1997.[5℄ H.P. Nilles Phys. Rep. 110, 1 (1984).[6℄ M. Drees, An Introdution to Supersymmetry, APCTP-5 KEK-TH-501;November 1996.[7℄ J. Wess, J. Bagger, Supersymmetry and Supergravity, Prineton UniversityPress, Prineton 1992.[8℄ V. Bednyakov, A. Faessler, S. Kovalenko, Super-Kamiokande ontraints onR-parity violating supersymmetry, Phys. Lett. B442,203 (1998).


