
1A Minimal See-Saw Model for Hierarchical Neutrino Masses with LargeMixingD.P. RoyaaTata Institute of Fundamental Research, Mumbai 400 005, IndiaThe atmospheric and solar neutrino oscillation data suggest hierarchical neutrino masses with at least one largemixing. The simplest see-saw models for reconciling the two features are U(1) extensions of the SM with 
avourdependent gauge charges. I discuss a minimal model of this type containing two heavy right-handed neutrinos,which have normal Dirac couplings to �� and �� but suppressed ones to �e. It can naturally account for the large(small) mixing solutions to the atmospheric (solar) neutrino oscillation data.The recent Superkamiokande data has providedconvincing evidence for atmospheric neutrino os-cillation and con�rmed earlier results of solarneutrino oscillation [1]. The atmospheric neu-trino data seems to imply a large mixing be-tween �� and �� , sin2 2��� > 0:86, along with�M2 = (1:5 � 6) � 10�3 eV2 at 90% CL. Theycorrespond to��� = 45� 11� (1)and�M ' 0:06 eV; (2)the latter representing the central value of �Mfor hierarchical masses and an upper limit on thisquantity for degenerate ones. By far the simplestexplanation of the solar neutrino oscillation datais provided by the small mixing angle MSW solu-tion although one can get equally good descrip-tions in terms of the large mixing angle MSW orvacuum oscillation solutions. The SMA solutioncorresponds to a small mixing of �e with one ofthe above states, sin2 2�e = 10�3 � 10�2, alongwith a small �m2 = (0:5� 1)� 10�5 eV2. Theycorrespond tosin �e = (1� 5)� 10�2 (3)and�m ' 0:003 eV: (4)By itself the atmospheric neutrino oscillationresult of Eqs. (1,2) could be naturally explained

in terms of a nearly degenerate pair of �� and�� . Indeed a pseudo-Dirac mass matrix for thispair would lead to degenerate masses and maxi-mal mixing on diagonalisation, i.e.� 0 MM 0 �! �M 00 �M � ; � = 45�: (5)But explaining the solar neutrino oscillation re-sult of Eqs. (3,4) would then imply an even �nerlevel of degeneracy between �e and one of thispair, which is totally ad-hoc. Therefore it is gen-erally considered more natural to interpret themas hierarchical states, i.e.,m1 ' �M ' 0:06 eV;m2 ' �m ' 0:003 eV;m3 � m2 ' 0; (6)where the �rst two states are large admixturesof �� and �� and the third one is dominantly �e.Indeed much of the recent literature on neutrinophysics is focussed on theoretical models, mainlyin the see-saw frame work, which can naturallyreconcile such hierarchical masses with large mix-ing [2]. Note that the mass of the 3rd state can beexactly zero as far as the atmospheric and solarneutrino oscillation data are concerned. Thus aminimal see-saw model for explaining these oscil-lations requires two right-handed neutrinos withnormal Dirac couplings to �� and �� , but sup-pressed ones to �e.



2 It may be noted here that the standard see-saw model [3] represents a U (1) extension of thestandard model (SM) gauge group intoSU (3)C � SU (2) � U (1)Y � U (1)Y 0 (7)with the gauge charge [4]Y 0 = B � L = B � (Le + L� + L� ): (8)Then the requirement of anomaly cancellationimplies the existence of three right-handed sin-glet neutrinos (Ni) with Y 0 = �1 to match thethree left-handed neutrinos (�e;�;� ) carrying thisgauge charge. Cancellation of the axial parts ofthe Y 0 current between the left and right handedfermions ensures purely vector coupling for Y 0,which in turn ensures that the model is anomalyfree [5]. The 
avour independence of Y 0 implieshowever that the singlet neutrinos have normalDirac couplings to all the left-handed doublets�e;�;� along with the SM Higgs doublet � insteadof preferential couplings to ��;� as suggested bydata. In order to accomplish the latter one hasto invoke a horizontal symmetry with 
avour de-pendent charges [2]. In other words one �rsttakes a 
avour blind step beyond the SM andthen applies correctives via additional symmetrygroups with 
avour dependent charges. Let usconsider instead a one-step process, where thedesired 
avour depence is incorporated into thegauge charge Y 0 of the U (1) extension of SM (Eq.7). While such 
avour dependent U (1) exten-sions of the SM gauge group are hard to embed inthe familiar GUTs they can arise naturally fromstring theories [6].We have studied two such U (1) extensions ofthe SM [7,8], corresponding to the gauge chargesY 0 = B � 3Le (9)andY 0 = B � 32(L� + L� ); (10)in the context of the atmospheric and solar neu-trino oscillations. I shall concentrate on the sim-pler of the two models [8], corresponding to thegauge charge (10). Indeed it seems to represent aminimal see-saw model for explaining these neu-trino oscillation data. In this case the anomaly

cancellation requirement implies the existence oftwo right-handed singlet neutrinos (N1;2) withY 0 = �32 to match the two left-handed neutri-nos (��;� ) carrying this gauge charge.The minimalHiggs sector of this model consistsof��+�0 �Y 0=0 & �0Y 0=�3; (11)i.e. the SM Higgs doublet along with a singletcarrying non-zero Y 0 charge. The Y 0 symmetryis spontaneously broken via the vacuum expec-tation value of �, < � >, at a high mass scale.The coupling of this � to �NC1 N1 and �NC2 N2 givesthem large Majorana masses �< � >. More-over the coupling of � to ���N1;2 and ���N1;2 givesthem Dirac masses �< � >, while there is nosuch coupling to �e. Thus the see-saw mecha-nism would generate two non-zero mass states,which are large admixtures of �� and �� , while �eremains massless.One can generate a small mixing of �e withthe non-zero mass states, as required by the SMAsolution (3) to the solar neutrino oscillation, byexpanding the Higgs sector. For this purpose weadd another doublet and a singlet with� �+�0 �Y 0=�3=2 & �0Y 0=�3=2: (12)The coupling of the doublet � to ��eN1;2 gener-ates Dirac mass terms �< � >. The singlet �0does not couple to fermions; but it is requiredto avoid an unwanted Goldstone boson. The lat-ter comes about because there are 3 global U (1)symmetries, corresponding to rotating the phasesof �, � and �0 independently in the Higgs po-tential, while only 2 local U (1) symmetries arespontaneously broken. The addition of the sin-glet �0 introduces two more terms in the Higgspotential, �+��0 and �0�0�0, so that the phasescan no longer be rotated independently. Whilethe �0 is expected to acquire a large vev at theU (1)Y 0 symmetry breaking scale, the doublet �must have a positive mass squared term in orderto avoid SU (2) breaking at this scale. Nonethe-less it can acquire a small but non-zero vev at theSU (2) symmetry breaking scale, which can be es-



3timated from the relevant part of the potentialm2��y�+�(�y�)(�y�)+�0(�y�)(�y�)���y��:(13)Although we start with a positive m2� term, afterminimization of the potential with respect to �we see that this �eld has acquired a small vev,< � >= � < � >< � > =2M2� ; (14)where M2� = m2� + � < � >2 +�0 < � >2 rep-resents the physical mass of �. The size of thesoft term is bounded by the Y 0 symmetry break-ing scale, i.e. � �< � >. Thus with a choice ofM� � 5 < � >, we get< � > = < � >� 1=50; (15)which will account for the small mixing angle of�e (3).Let us write down the 5 � 5 neutrino mass-matrix in this model. We shall be working in thebasis where the charged lepton mass matrix, aris-ing from their couplings to the SM Higgs boson�, is diagonal. This de�nes the 
avour basis ofthe doublet neutrinos. Since the two singlet neu-trinos do not couple to the charged leptons, theirMajorana mass matrix can be independently di-agonalised in this basis. While the overall size oftheir masses will be at the Y 0 symmetry breakingscale, it is reasonable to assume a modest hierar-chy between them,M1=M2 � 1=20; (16)in analogy with those observed in the quark andthe charged lepton sectors. This will account forthe desired mass ratio for the doublet neutrinos(6). Thus we have the following 5�5 mass matrixM in the basis (�e; ��; �� ; NC1 ; NC2 ):0B@ 0 0 0 f1e < � > f2e < � >0 0 0 f1� < � > f2� < � >0 0 0 f1� < � > f2� < � >f1e < � > f1� < � > f1� < � > M1 0f2e < � > f2� < � > f2� < � > 0 M2 1CA ;(17)where the f1;2e;�� are the Higgs Yukawa couplings.We shall assume these couplings to be of similarorder of magnitude, i.e. the elements of a mass-matrix arising from the same Higgs vev are ex-pected to be of similar size. There is of courseno con
ict between such democratic mass-matrix

elements and the hierarchical mass eigen-valuesassumed above (16). In fact they are closely re-lated - the former implies large cancellation in thedeterminant as required by the latter.The resulting 3�3 mass-matrix for the doubletneutrinos is given by the see-saw formula in thisbasis,mij = D1iD1jM1 + D2iD2jM2 ; (18)where D is the 2�3 Dirac mass matrix at the bot-tom left of (17). One can then calculate the cor-responding mass eigen-values m1;2;3 and mixing-angles by diagonalising this matrix [8]. Alterna-tively we can read o� the approximate magni-tudes of these quantities directly from the massmatrix (17), i.e.tan ��� ' M42=M43 ' f1�=f1� � 1;sin �e ' M51=M52 '< � > = < � >� 150 ;m2=m1 ' M1=M2 � 1=20: (19)They are clearly in good agreement with the cor-responding experimental quantities of Eqs. (1),(3) and (6). Note that in this model the �e mix-ing with the higher mass (m1) eigen-state is alsoexpected to be of similar size as above, i.e.,M41=M42 '< � > = < � >� 1=50: (20)This prediction is well within the present ex-perimental limit on this quantity (� 0:2) fromCHOOZ data [9]; but can be tested by futurelong base line experiments.Finally, the scale of the Y 0 symmetry breakingcan be estimated from the larger Majorana massM2, i.e.M2 � f2 < � >2 =m2 � f21016GeV� 1012�16GeV : (21)The lower limit corresponds to f � 10�2 as inthe case of � Yukawa coupling, while the upperlimit corresponds to f � 1 as in the case of top.Thus the observed scale of neutrino masses (6)can be explained if one assumes the Y 0 symmetrybreaking scale to be in the range of 1012 � 1016GeV.



4 One can get a more exact derivation of themasses and mixing angles via the 3 � 3 mass-matrix of the doublet neutrinos (18), i.e.0@ c21 + c22 c1a1 + c2a2 c1b1 + c2b2c1a1 + c2a2 a21 + a22 a1b1 + a2b2c1b1 + c2b2 a1b1 + a2b2 b21 + b22 1A ; (22)wherea1;2 = f1;2� < � >pM1;2 ;b1;2 = f1;2� < � >pM1;2 ;c1;2 = f1;2e < � >pM1;2 : (23)Note that the assumed hierarchies of (15) and(16) implya1; b1� a2; b2; c1� c2: (24)The determinant of (22) vanishes identically, en-suring that one of the mass eigenvalues is zero.The other two arem1 ' a21 + b21; m2 ' (a1b2 � a2b)2a21 + b21 : (25)The corresponding mixing matrix U between the
avour and the mass eigenstates is0@ �e���� 1A =0BBB@ 1 �c2pa21+b21a1b2�b1a2 c1pa21+b21b1c2�c1b2a1b2�b1a2 b1pa21+b21 a1pa21+b21c1a2�a1c2a1b2�b1a2 �a1pa21+b21 b1pa21+b21 1CCCA0@ �3�2�11A : (26)One can easily check that the Eqs. (23-26) leadto the masses and mixing angles of Eqs. (19-21).REFERENCES1. Y. Fukuda et al., Phys. Rev. Lett. 81 (1998)1158 and 1562; T. Kajita (these proceedings).2. See e.g. G. Altarelli and F. Feruglio, hep-ph/9812475; P. Ramond, hep-ph/9809401;
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