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3140 F. del Áquila, J. Gluza, M. Zraªek1. Introdu
tionThe dis
overy of atmospheri
 muon neutrino os
illations by the large Su-perkamiokande dete
tor [1℄ implies that neutrinos are massive parti
les. Thisexperiment has also strengthened the interpretation of the solar neutrinoproblem in terms of os
illation phenomena [2℄. The results of atmospheri
neutrino experiments 
an be explained by �� ! �� os
illations 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 va
uum os
illation (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 a

ommodated if [6℄Æm2LSND � (0:2 � 2) eV2 and ALSND � (0:3 � 4) � 10�2: (5)There is a vast literature exploring models of neutrino os
illations whi
h
an a

ommodate only two (atmospheri
 + solar) or all three (atmospheri
 +solar + LSND) anomalies. Most of them try to understand why atmospheri
and solar neutrino os
illations 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 hierar
hy [7℄. S
enarios 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). Sin
e the Higgs se
tor is nottou
hed, 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 des
riptionof 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-sawme
hanism works. This 
ase, with M greater than 1 GeV or even greaterthan MZ (heavy neutrino singlet), has been dis
ussed in [11�13℄. m4 isthen � M . However, we are not interested in su
h a 
ase sin
e we needmu
h smaller m3;4 masses to be able to explain simultaneously the smallmass squared splittings di
tated by solar and atmospheri
 neutrino data.



3142 F. del Áquila, J. Gluza, M. Zraªek
m1=m2=0
m3

m4

Scheme I

Atmospheric

Solar m1=m2=0

m3

m4

Scheme II

Atmospheric

Solar

Fig. 1. Two possible neutrino mass spe
tra whi
h 
an des
ribe the os
illation datain the RH1 model.Two di�erent s
enarios are possible in this simple model, s
heme I, wherem3 � m4 and s
heme II with m3 ' m4 (Fig.(1)). Sin
e two masses arezero, the absolute s
ale of the neutrino mass spe
trum 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 s
hemes. On
e m1;2;4 are determined, m3 is �xed by Æm2sun(Eqs. (2)�(4)). Hen
e, we are really interested in quite small M (�) val-ues ranging in the miliele
tronvolt s
ale. Let us note that these massesdo not solve the dark matter problem. Two further remarks are ne
es-sary. First, the smallness of the neutrino masses 
ompared to other knownparti
les implies no problem with non-os
illation experiments. For exam-ple,the number of neutrino spe
ies measured by LEP1 is predi
ted by themodel to be N� = 3 (all four neutrinos 
an be produ
ed in Z0 de
ays)[11�13℄. Se
ond, the Heidelberg-Mos
ow limit on the e�e
tive neutrino mass,hm�iee � U2ei mi � 0:2 eV from the non-observation of the neutrinolessdouble beta de
ay [16℄, is automati
ally ful�lled, as hm�iee is equal to theelement (1,1) of M� in Eq. (6), whi
h is equal to zero.3. Os
illation probabilities and study of the modelLet us apply the probability of the �avour 
hanging � ! � neutrinotransition in va
uum, whi
h is a fun
tion of the traveling distan
e 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 spe
tra. 3.1. S
heme IIn this 
ase the os
illation 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 se
ond os
illationterm in Eq. (16) has no time to develop. The os
illation of atmospheri
neutrinos is then des
ribed byP�!� (Latm) ' Æ�� � 4(R41�� +R42�� +R43��) sin2�atm: (17)On the other hand, at the solar distan
e s
ale L = Lsolar � 108 km the�rst os
illation 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 os
illation 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 os
illation 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)Sin
e m4 � m3, sin � � 
os � � 1: (27)The os
illation parts of P�e!�� and P�e!�� for solar neutrinos, Eqs. (23)and (24) respe
tively, 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 thiss
heme. 3.2. S
heme IIIn this 
ase m3 ' m4 andP�!� (Latm) ' Æ�� � 4 �R31�� +R32�� +R41�� +R42��� sin2�atm (28)for atmospheri
 neutrino os
illations, andP�!� (Lsolar) ' Æ�� � 2 �R31�� +R32�� +R41�� +R42���� 4R43�� sin2�sun (29)for solar neutrino os
illations. These probabilities redu
e for the spe
i�
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)Sin
e the non-zero masses are nearly degenerate, the mixing � is almostmaximal sin � ' 
os � � 1p2 : (39)The CHOOZ rea
tor 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 restri
tions are satis�ed if 
os' � 0 and sin2� � 1. However, in this
ase the solar neutrinos do not os
illate (Eq. (38)). This means that bi-maximal mixing for solar and atmospheri
 neutrinos is not possible in theRH1 model. Although re
ent Superkamiokande data favour va
uum long-wavelength os
illation 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 des
ribed by the SMA MSW transition (Eq. (3))and all present observations (without LSND data) 
an be then a

ommo-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)whi
h 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)



3146 F. del Áquila, J. Gluza, M. Zraªekand Eqs. (1) and (3) are ful�lled by the neutrino massesm3 = 0:05477 eV; m4 = 0:05482 eV: (45)These eigenve
tors and eigenvalues are obtained from theM� entries (Eq. (6))a = 0:013376 eV; b = 0:02953 eV; 
 = 0:04418 eV;M = 5 � 10�5 eV: (46)In this model, 
ontrary to what happens in the popular see-saw me
hanism,the right-handed Majorana mass term M is mu
h smaller than the Dira
masses a; b; 
. 4. Con
lusionsThe RH1 model seems to be too simple to explain the observed neutrinoanomalies. The popular bi-maximal solution for the atmospheri
 and solaranomalies 
an not be realized in this model, neither the dark matter problem
an be solved. Although not favoured, only the small mixing angle MSWtransition for solar neutrinos and the maximal neutrino mixing os
illationsolution for atmospheri
 neutrinos 
an be a

ommodated. The model whi
his the simplest SM extension, will be de�nitively ex
luded if the favoured`just so' me
hanism for solar neutrinos persists.REFERENCES[1℄ Super-Kamiokande Collaboration, Y. Fukuda et al., Phys. Rev. Lett. 81 (1998)1562; Y. Fukuda et al. [Super-Kamiokande Collaboration℄, Phys. Lett. B436,33 (1998); Super-Kamiokande Collaboration, Y. Fukuda et al., Phys. Lett.B433, 9 (1998).[2℄ See e.g. the 
olle
tion of talks in: S.M. Bilenky et al., �Summary of theNOW'98 Phenomenology Working Group�, hep-ph/9906251.[3℄ See [1℄; T. Kajita, talk given at the International Conferen
e Neutrino '98,Takayama, Japan, June 1998; K. S
holberg, [SuperKamiokande Collabora-tion℄, hep-ex/9905016.[4℄ M.B. Smy, hep-ex/9903034; J.N. Bah
all, P.I. Krastev, A. Yu. Smirnov, Phys.Rev. D58, 096016 (1998).[5℄ L. Wolfenstein, Phys. Rev. D17, 2369 (1978); Phys. Rev. D20, 2634 (1979);S.P. Mikheyev, A. Y. Smirnov, Sov. J. Nu
l. Phys. 42, 913 (1986); NuovoCimento 9C, 17 (1986).[6℄ C. Athanassopoulos et al., Phys. Rev. Lett. 77, 3082(1996); Phys. Rev. C54,268 (1996); Phys. Rev. C58, 2489 (1998); Phys. Rev. Lett. 81, 1774 (1998);S.J. Yellin, hep-ex/9902012.



The Minimal Extension of the SM and the... 3147[7℄ N. Hata, P. Langa
ker, Phys. Rev. D56, 6107 (1997); J.N. Bah
all,P.I. Krastev, A.Y. Smirnov in [4℄; G.L. Fogli, E. Lisi, D. Montanino, As-tropart. Phys. 9, 119 (1998); V. Castellani et al., Phys. Rep. 281, 309 (1997);S.M. Bilenky, C.Giunti, hep-ph/9802201; H. Minakata, O. Yasuda, Nu
l. Phys.B523, 597 (1998); Phys. Rev. D56, 1692 (1997); F. Vissani, hep-ph/9708483;G.L. Fogli et al., Phys. Lett. B425, 341 (1998); Phys. Rev. D55, 4385 (1997);R. Foot, R.R. Volkas, O. Yasuda, Phys. Lett. B433, 82 (1998); Phys. Lett.B421, 245 (1998); O. Yasuda, Phys. Rev. D58, 091301 (1998); G.L. Fogli,E. Lisi, A. Marrone, Phys. Rev. D57, 5839 (1998); C. Giunti, C.W. Kim,M. Monteno, Nu
l. Phys. B521, 3 (1998); Y. Oyama, Phys. Rev. D57, 6594(1998); V. Barger, T.J. Weiler, K. Whisnant, Phys. Lett. B440, 1 (1998).[8℄ D.O. Caldwell, R.N. Mohapatra, Phys. Rev. D48, 3259 (1993); Phys. Rev.D50, 3477 (1994); J.T. Peltoniemi, J.W.F. Valle, Nu
l. Phys. B406, 409(1993); J.T. Peltoniemi, D. Tommasini, J.W.F. Valle, Phys. Lett. B298, 383(1993); Z.G. Berezhiani, R.B. Mohapatra, Phys. Rev. D52, 6607 (1995); E.Ma, P. Roy, Phys. Rev. D52, 4780 (1995); E. Chun, A.S. Joshipura, A.Yu.Smirnov, Phys. Lett. B357, 608 (1995); Phys. Rev. D54, 4654 (1996); G.M.Fuller, J.R. Prima
k, Y.Z. Qian, Phys. Rev. D52 1288 (1995) ; D. Suematsu,Phys. Lett. B392, 413 (1997); A.Y. Smirnov, M. Tanimoto, Phys. Rev. D55,1665 (1997); H. Minakata, Phys. Rev. D52, 6630 (1995); J.J. Gomez-Cadenas,G.M. Gonzalez-Gar
ia, Z. Phys. C71, 443(1996); V. Barger, T.J. Weiler, K.Whisnant, Phys. Lett. B427, 97 (1998); S.M. Bilenky, C. Giunti, W. Grimus,Phys. Rev. D58, 033001 (1998); Eur. Phys. J. C1, 247 (1998); Phys. Rev.D57, 1920 (1998); S.M. Bilenky, C. Giunti, W. Grimus, T. S
hwetz, Astropart.Phys. 11, 413 (1999); N. Okada, O. Yasuda, Int. J. Mod. Phys. A12, 3669(1997); J.M. Gelb, S.P. Rosen, hep-ph/9909293.[9℄ F. del Aguila, J. Gluza, M. Zraªek, in preparation.[10℄ F. del Aguila, M. Zraªek, Nu
l. Phys. B447, 211 (1995); A
ta Phys. Pol. B27,971 (1996).[11℄ C. Jarlskog, Phys. Lett. B241, 579 (1990); Nu
l. Phys. A518, 129 (1990).[12℄ L.N. Chang, D. Ng, N. Ng, Phys. Rev. D50, 4589 (1994).[13℄ C.O. Es
obar et al., Phys. Rev. D47, R1747 (1993).[14℄ V. Barger, T.J. Weiler, K. Whisnant, Phys. Lett. B442, 255 (1998).[15℄ M. Czakon, J. Gluza, M. Zraªek, hep-ph/9906381.[16℄ H.V. Klapdor-Kleingrothaus, J. Hellmig, M. Hirs
h, J. Phys.G24, 484 (1998);J. Hellmig, H.V. Klapdor-Kleingrothaus, Z. Phys. A359, 351 (1997); H.V.Klapdor-Kleingrothaus, M. Hirs
h, Z. Phys. A359, 361 (1997); C.E. Aalsethet al., Nu
l. Phys. (Pro
. Suppl.) 70, 236 (1999); X. Sarazin (NEMO Coll.)Nu
l. Phys. (Pro
. Suppl.) 70, 239 (1999); V.D. Ashitkov et al. Nu
l. Phys.(Pro
. Suppl.) 70, 233 (1999); E. Fiorini, Phys. Rep. 307, 309 (1998).[17℄ CHOOZ Collaboration, M. Apollonio et al., Phys. Lett. B420, 397 (1998).


