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3140 F. del Áquila, J. Gluza, M. Zraªek1. IntrodutionThe disovery of atmospheri muon neutrino osillations by the large Su-perkamiokande detetor [1℄ implies that neutrinos are massive partiles. Thisexperiment has also strengthened the interpretation of the solar neutrinoproblem in terms of osillation phenomena [2℄. The results of atmospherineutrino experiments an be explained by �� ! �� osillations with [3℄Æm2atm � (1:5� 6) � 10�3 eV2 and Aatm � 0:82� 1:0; (1)whereas solar neutrino experiments an be interpreted as a result of the�e ! �x (x = �; �) transition [4℄ withÆm2sun � (0:5� 0:8) � 10�10 eV2; Asun � (0:72 � 0:95) (2)in the ase of vauum osillation (VO),Æm2sun � (0:5� 1) � 10�5 eV2; Asun � (2� 10) � 10�3 (3)in the ase of small mixing angle (SMA) MSW transition [5℄, andÆm2sun � (0:16 � 4) � 10�4 eV2; Asun � (0:65 � 1:0) (4)in the ase of large mixing angle (LMA) MSW transition. Finally, let usalso mention that the LSND data an be aommodated if [6℄Æm2LSND � (0:2 � 2) eV2 and ALSND � (0:3 � 4) � 10�2: (5)There is a vast literature exploring models of neutrino osillations whihan aommodate only two (atmospheri + solar) or all three (atmospheri +solar + LSND) anomalies. Most of them try to understand why atmospheriand solar neutrino osillations require near maximal mixing (Eqs. (1) and(2)). Both are possible in the ontext of three nearly�degenerate neutrinosor in see-saw models with a neutrino mass hierarhy [7℄. Senarios withadditional sterile neutrino(s) where all three anomalies an be explainedhave been also investigated [8℄.Here we study the simplest extension of the Standard Model (SM) witha single right-handed neutrino (RH1 model). Sine the Higgs setor is nottouhed, the neutrino mass matrix has four parameters. This simple matrixhas two zero eigenvalues and we are not able to explain all three anomalies.Four di�erent masses are needed to do that. So, we put the permanentlyunsettled LSND result aside and investigate within this model in full detailsolar and atmospheri anomalies. The diagonalization and mixing matrixobtained here an be used as a �rst step for diagonalizing two (RH2) andthree (RH3) right-handed neutrino SM extensions, where a full desriptionof the neutrino data will be possible [9℄.



The Minimal Extension of the SM and the... 31412. Model with one right-handed neutrino singletIn the SM with one Higgs doublet and one extra right-handed neutrinosinglet �1R the neutrino mass matrix has the formM� = 0BB� 0 0 0 a0 0 0 b0 0 0 a b  M 1CCA (6)in the basis (�eL; ��L; ��L; �1L). In this ase CP is onserved [10℄ and allparameters an be assumed to be real and positive (a; b; ;M � 0). Thematrix M� is diagonalizedUTM�U = diag (0; 0;m3;m4) (7)by the unitary transformationU = 2664 s;  os �; i sin � os �;  sin � sin ��; s os �; is sin � os �; s sin � sin �0; � sin �; i os � os �; os � sin �0; 0; �i sin �; os � 3775 ; (8)where m3;4 = 12M 24s1 + 4� �M�2 � 135 ; (9)sin � = ��; os � = �; (10)s � sin' = b�;  � os' = a�; (11)sin � = r m3m3 +m4 ; os � =r m4m3 +m4 ; (12)� = pa2 + b2; � =pa2 + b2 + 2: (13)The two massive neutrinos have opposite CP parities and the non-zeromasses depend only on M and �=M . If � � M , the traditional see-sawmehanism works. This ase, with M greater than 1 GeV or even greaterthan MZ (heavy neutrino singlet), has been disussed in [11�13℄. m4 isthen � M . However, we are not interested in suh a ase sine we needmuh smaller m3;4 masses to be able to explain simultaneously the smallmass squared splittings ditated by solar and atmospheri neutrino data.
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Fig. 1. Two possible neutrino mass spetra whih an desribe the osillation datain the RH1 model.Two di�erent senarios are possible in this simple model, sheme I, wherem3 � m4 and sheme II with m3 ' m4 (Fig.(1)). Sine two masses arezero, the absolute sale of the neutrino mass spetrum is onstrained andm3;4 �xed, in ontrast with the general ase where all neutrinos an bemassive [14, 15℄. Eq. (1) requires0:038 eV � m4 � 0:078 eV (14)in both shemes. One m1;2;4 are determined, m3 is �xed by Æm2sun(Eqs. (2)�(4)). Hene, we are really interested in quite small M (�) val-ues ranging in the milieletronvolt sale. Let us note that these massesdo not solve the dark matter problem. Two further remarks are nees-sary. First, the smallness of the neutrino masses ompared to other knownpartiles implies no problem with non-osillation experiments. For exam-ple,the number of neutrino speies measured by LEP1 is predited by themodel to be N� = 3 (all four neutrinos an be produed in Z0 deays)[11�13℄. Seond, the Heidelberg-Mosow limit on the e�etive neutrino mass,hm�iee � U2ei mi � 0:2 eV from the non-observation of the neutrinolessdouble beta deay [16℄, is automatially ful�lled, as hm�iee is equal to theelement (1,1) of M� in Eq. (6), whih is equal to zero.3. Osillation probabilities and study of the modelLet us apply the probability of the �avour hanging � ! � neutrinotransition in vauum, whih is a funtion of the traveling distane L,P�!�(L) = Æ�� �Xa>b �4Rab�� sin2�ab � 2Iab�� sin 2�ab� ; (15)where Rab�� = Re �U�aU�bU��bU��a� ; Iab�� = Im �U�aU�bU��bU��a� ;



The Minimal Extension of the SM and the... 3143and �ab = 1:27Æm2ab �eV2� L (km)E (GeV) ;to both mass spetra. 3.1. Sheme IIn this ase the osillation probability readsP�!� ' Æ�� � �4(R41�� +R42�� +R43��) sin2�atm + 4(R31�� +R32��) sin2�sun� ;(16)where �atm ' �43 ' �41 = �42 and �sun ' �31 = �32:For L = Latm = �20� 104� km, �atm � �sun and the seond osillationterm in Eq. (16) has no time to develop. The osillation of atmospherineutrinos is then desribed byP�!� (Latm) ' Æ�� � 4(R41�� +R42�� +R43��) sin2�atm: (17)On the other hand, at the solar distane sale L = Lsolar � 108 km the�rst osillation term is averaged, sin2�atm ! 12 , and the �avour hangingprobability isP�!� (Lsolar) ' Æ�� � 2(R41�� +R42�� +R43��)� 4(R31�� +R32��) sin2�sun: (18)Now, it is straightforward to �nd the relevant osillation probabilities. Foratmospheri neutrinos we have:P��!�e (Latm) ' sin2 2' sin4 � sin4 � sin2�atm; (19)P��!�� (Latm) ' sin2 ' sin4 � sin2 2� sin2�atm; (20)P��!�s (Latm) ' sin2 ' sin2 2� sin2 � sin2�atm; (21)and P��!�� (Latm) ' 1� 4 sin2 ' sin2 � sin2 �� �os2 ' sin2 � sin2 � + sin2 � os2 � + os2 �� sin2�atm : (22)Whereas for solar neutrinos the osillation probabilities are:P�e!�� (Lsolar) ' sin2 2' sin4 ��12 sin4 � + os2 � sin2�sun� ; (23)P�e!�� (Lsolar) ' os2 ' sin2 2��12 sin4 � + os2 � sin2�sun� ; (24)P�e!�s (Lsolar) ' 12 os2 ' sin2 2� sin2 �; (25)



3144 F. del Áquila, J. Gluza, M. ZraªekandP�e!�e (Lsolar) ' 1� 2 os2 ' sin2 ��sin2 � �sin2 ' sin2 � sin2 � + sin2 � os2 � + os2 ��+ 2 os2 � �sin2 ' sin2 � + os2 �� sin2�sun� : (26)Sine m4 � m3, sin � � os � � 1: (27)The osillation parts of P�e!�� and P�e!�� for solar neutrinos, Eqs. (23)and (24) respetively, are proportional to os2� . Depending on the angles' and �, the mixing an be large or small, so any solution (Eq. (2), (3) or(4)) is possible. Unfortunately, the probabilities for atmospheri neutrinos(Eqs. (19�22)) are proportional to sin2 � and thus very small. As a result, itis impossible to explain the observed atmospheri neutrino anomaly in thissheme. 3.2. Sheme IIIn this ase m3 ' m4 andP�!� (Latm) ' Æ�� � 4 �R31�� +R32�� +R41�� +R42��� sin2�atm (28)for atmospheri neutrino osillations, andP�!� (Lsolar) ' Æ�� � 2 �R31�� +R32�� +R41�� +R42���� 4R43�� sin2�sun (29)for solar neutrino osillations. These probabilities redue for the spei�transitions toP��!�e (Latm) ' sin2 2' sin4 � sin2�atm; (30)P��!�� (Latm) ' sin2 ' sin2 2� sin2�atm; (31)P��!�s (Latm) ' 0; (32)P�e!�� (Lsolar) ' 12 sin2 2' sin4 ��1� 12 sin2 2� sin2�sun� ; (33)P�e!�� (Lsolar) ' 12 os2 ' sin2 2��1� 12 sin2 2� sin2�sun� ; (34)P�e!�s (Lsolar) ' os2 ' sin2 2� sin2 � sin2�sun (35)and P��!�� (Latm) ' 1� �sin2 2' sin4 � + sin2 ' sin2 2�� sin2�atm; (36)



The Minimal Extension of the SM and the... 3145P�e!�e �Latm (CHOOZ)� ' 1� �os2 ' sin2 2� + sin2 2' sin4 �� sin2�atm;(37)P�e!�e (Lsolar) ' 1� 12(sin2 2' sin4 � + os2 ' sin2 2�)� os4 ' sin2 2� sin4 � sin2�sun: (38)Sine the non-zero masses are nearly degenerate, the mixing � is almostmaximal sin � ' os � � 1p2 : (39)The CHOOZ reator experiment [17℄ onstrains P�e!�e (Eq. (37)),os2 ' sin2 2� + sin2 2' sin4 � � 0:18 for Æm2 > 0:9 � 10�3 eV2; (40)and the Superkamiokande experiment onstrains P��!�� (Eq. (36)),0:82 � sin2 2' sin4 � + sin2 ' sin2 2� � 1: (41)Both restritions are satis�ed if os' � 0 and sin2� � 1. However, in thisase the solar neutrinos do not osillate (Eq. (38)). This means that bi-maximal mixing for solar and atmospheri neutrinos is not possible in theRH1 model. Although reent Superkamiokande data favour vauum long-wavelength osillation of solar neutrinos, this an not be explained withonly one extra right-handed neutrino singlet. However, the de�it of so-lar neutrinos an be also desribed by the SMA MSW transition (Eq. (3))and all present observations (without LSND data) an be then aommo-dated in this minimal SM extension. Indeed the CHOOZ (Eq. (40)) andSuperkamiokande (Eq. (41)) onstraints are also ful�lled if os' � 0 andsin2� � 1. In this ase (see Eq. (38))Asun ' os4 ' sin4 � (42)satis�es Eq. (3). For example, os2 ' = 0:17 and sin2� = 0:35 ful�ll Eqs.(40) and (41), implying Asun = 0:0035 (43)whih lies within the SMA MSW limits. The mixing angles determine themixing matrix in Eq.(8)�e = +0:91�1 + 0:33�2 + i0:17�3 + 0:17�4;�� = �0:41�1 + 0:73�2 + i0:38�3 + 0:38�4;�� = �0:59�2 + i0:57�3 + 0:57�4;�s = �i0:71�3 + 0:71�4; (44)
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