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OPTION OF THREE PSEUDO-DIRAC NEUTRINOS�Wojieh KrólikowskiInstitute of Theoretial Physis, Warsaw UniversityHo»a 69, 00�681 Warszawa, Poland(Reeived Otober 10, 1999)As an alternative for popular see�saw mehanism, the option of threepseudo-Dira neutrinos is disussed, where 12 (m(L)+m(R))� m(D) for theirMajorana and Dira masses. The atual neutrino mass matrix is assumedin the form of tensor produt M (�) 
 � �(L) 11 �(R) �, where M (�) is aneutrino family mass matrix (M (�) y = M (�)) and �(L;R) � m(L;R)=m(D)with m(L), m(R) and m(D) being taken as universal for three neutrino fam-ilies. It is shown that three neutrino e�ets (de�its of solar �e's and at-mospheri ��'s as well as the possible LSND exess of �e's in aelerator ��beam) an be niely desribed by the orresponding neutrino osillations,though the LSND e�et may, alternatively, be eliminated (by a parameterhoie). Atmospheri ��'s osillate dominantly into �� 's, while solar �e's� into (existing here automatially) Majorana sterile ounterparts of �e's.A phenomenologial texture for neutrinos, ompatible with the proposeddesription, is brie�y presented.PACS numbers: 12.15.Ff, 14.60.Pq, 12.15.HhAs is well known, in the popular see�saw mehanism [1℄ righthanded neu-trinos get (by assumption) large Majorana-type masses and beome pra-tially deoupled from lefthanded neutrinos that are allowed to arry onlysmall Majorana-type masses. On the other hand, in suh a ase, osilla-tions of three neutrinos an hardly explain all three neutrino e�ets (de�itsof solar �e's and atmospheri ��'s as well as the possible LSND exess of�e's in aelerator �� beam). This may suggest the existene of, at least,one extra neutrino alled sterile (i.e., passive to all Standard Model gaugeinterations), mixing with three ative neutrinos [2℄.The option of three pseudo-Dira neutrinos [3℄, where the Dira massm(D) dominates over two Majorana masses m(L) and m(R) (within their� Supported in part by the Polish KBN�Grant 2 P03B 052 16 (1999�2000).(663)



664 W. KrólikowskiMajorana-type masses), is orthogonal to the see�saw mehanism with m(R)dominating overm(L) andm(D), andm(D) overm(L). Thus, in ontrast to thesee�saw, this option annot guarantee automatially small Majorana-typemasses for lefthanded neutrinos (their smallness must be here diretly as-sumed). However, as will be shown in this note, osillations of three pseudo-Dira neutrinos are su�ient to explain all three neutrino e�ets withoutintroduing any extra sterile neutrinos. This is due to the automati exis-tene of three onventional Majorana sterile neutrinos �(s)� � ��R + (��R)whih, in the pseudo-Dira ase, are not deoupled from three onventionalMajorana ative neutrinos �(a)� � ��L + (��L) (� = e ; � ; �).Thus, let us onsider three �avor neutrinos �e, ��, �� and , approxi-mately, assume for them the mass matrix in the form of tensor produt ofthe neutrino family 3 � 3 mass matrix �M (�)�� � (�; � = e; �; �) and theMajorana 2� 2 mass matrix� m(L) m(D)m(D) m(R) � ; (1)the latter divided by m(D) (with m(D) inluded into M (�)�� ). Then, the neu-trino mass term in the Lagrangian gets the form�Lmass = 12X�� � Æ�(a)� ; Æ�(s)� �M (�)�� � �(L) 11 �(R) �0� Æ�(a)�Æ�(s)� 1A= 12X�� �� Æ��L�; Æ��R�M (�)�� � �(L) 11 �(R) � Æ��L�Æ��R� !+ h:: ;(2)where Æ�(a)� � Æ��L +� Æ��L� ; Æ�(s)� � Æ��R +� Æ��R� (3)and �(L;R) � m(L;R)=m(D). Here, Æ�(a)� and Æ�(s)� are the onventional Majoranaative and sterile neutrinos of three families as they appear in the Lagrangianbefore diagonalization of neutrino and harged-lepton family mass matries.Due to the relation ���� = ����, the neutrino family mass matrix M (�) =M (�) y, when standing at the position of �(L) and �(R) in Eq. (2), reduesto its symmetri part 12(M (�) + M (�) T ) equal to its real part 12(M (�) +M (�) �) = ReM (�). We will simply assume that (at least approximately)M (�) = M (�)T = M (�) �, and hene for neutrino family diagonalizing matrix



Option of Three pseudo-Dira Neutrinos 665U (�) = U (�) � = �U (�)�1�T . Then, CP violation for neutrinos does notappear if, in addition, for harged-lepton diagonalizing matrix U (e) = U (e) �.Further on, we will always assume that 0 < 12(�(L) + �(R)) (� �(M)) �1 (the pseudo-Dira option, in ontrast to the see�saw mehanism, where�(L) � 1� �(R)).Then, diagonalizing the neutrino mass matrix, we obtain from Eq. (2)�Lmass = 12Xi ��Ii ; �IIi � m�i � �I 00 �II � � �Ii�IIi � ; (4)where �U (�) y�i �M (�)�� U (�)� j = m�iÆij ; �I;II ' �1 + �(M) ' �1 (5)(i; j = 1; 2; 3) and�I;IIi 'Xi �U (�) y�i � 1p2 �Æ�(a)� � Æ�(s)� � =Xi Vi � 1p2 ��(a)� � �(s)� � (6)with Vi � = �U (�) y�i � U (e)�� desribing the lepton ounterpart of the Cabibbo�Kobayashi�Maskawa matrix. Here,�(a;s)� ���L;R+(��L;R)=X� �U (e) y��� Æ�(a;s)� 'Xi �V y�� i 1p2 ���Ii + �IIi �(7)and �U (e) y�� M (e)Æ U (e)Æ� = me�Æ�� ; (8)where �M (e)�� � (�; � = e; �; �) is the mass matrix for three harged lep-tons e�; ��; ��, giving their masses me; m�; m� after its diagonalization isarried out. Now, �(a)� and �(s)� are the onventional Majorana ative andsterile �avor neutrinos of three families, while �Ii and �IIi are Majorana mas-sive neutrinos arrying masses m�i�I and m�i�II (phenomenologially, theyget nearly degenerate masses jm�i�Ij and jm�i�IIj).If CP violation for neutrinos does not appear or an be negleted, theprobabilities for osillations �(a)� ! �(a)� and �(a)� ! �(s)� are given by thefollowing formulae (in the pseudo-Dira ase):P ��(a)� ! �(a)� �= jh�(a)� jeiPLj�(a)� ij2 = Æ���Xi jVi � j2jVi �j2 sin2 �xIIi �xIi��Xj>i Vj �V �j �V �i �Vi ��sin2 �xIj�xIi�+ sin2 �xIIj �xIIi �+sin2 �xIIj �xIi�+ sin2 �xIj�xIIi �� (9)



666 W. Królikowskiand P ��(a)� ! �(s)� �= jh�(s)� jeiPLj�(a)� ij2=Xi jVi �j2jVi �j2 sin2 �xIIi �xIi��Xj>iVj �V �j �V �i �Vi � �sin2 �xIj � xIi�+ sin2 �xIIj � xIIi �� sin2 �xIIj � xIi�� sin2 �xIj�xIIi �� ; (10)where P j�I;IIi i = pI;IIi j�I;IIi i , pI;IIi =pE2 � (m�i�I;II)2 ' E � (m�i�I;II)2=2Eand xI;IIi = 1:27(m2�i�I;II)2LE ; (�I;II)2 = 1� 2�(M) ' 1 (11)with m�i , L and E expressed in eV, km and GeV, respetively (L is theexperimental baseline). Here, due to Eqs. (11),xIIi � xIi = 1:274m2�i�(M)LE (12)and for j > ixIj � xIi ' xIIj � xIIi ' xIIj � xIi ' xIj � xIIi ' 1:27(m2�j �m2�i)LE : (13)Then, the braket [ ℄ in Eq. (9) and (10) is redued to 4 sin2[1:27(m2�j �m2�i)L=E℄ and 0, respetively. The probability sum ruleX� hP ��(a)� ! �(a)� �+ P ��(a)� ! �(s)� �i = 1follows readily from Eqs. (9) and (10).Notie that in the ase of lepton Cabibbo�Kobayashi�Maskawa matrixbeing nearly unit, (Vi �) ' (Æi �), the osillations �(a)� ! �(a)� and �(a)� ! �(s)�are essentially desribed by the formulaeP ��(a)� ! �(a)� � ' Æ�� � P ��(a)� ! �(s)� � ;P ��(a)� ! �(s)� � ' Æ�� sin2 1:274m2���(M)LE ! (14)orresponding to three maximal mixings of �(a)� with �(s)� (� = e; �; �). Ofourse, for a further disussion of the osillation formulae (9) and (10), in



Option of Three pseudo-Dira Neutrinos 667partiular those for appearane modes �(a)� ! �(a)� (� 6= �), a detailedknowledge of (Vi �) is neessary.Further on, we will onentrate on the attrative mass hierarhym2�1 � m2�2 ' m2�3 (15)that may enable us to interpret the LSND sale �m2LSND asm2�2�m2�1 , whileboth smaller sales, the solar sale �m2sol and atmospheri sale �m2atm maybe equal to (m�1�II)2 � (m�1�I)2 ' 4m2�1�(M) and m2�3 �m2�2 , respetively.In fat, due to Eqs. (12), (13) and (15), and the unitarity of (Vi �), theosillation formulae (9) implyP (�� ! ��) ' 1� jV1�j4 sin2 1:274m21�(M)LE !� �jV2�j4 + jV3�j4� sin2 1:274m22�(M)LE !� 4jV1�j2 �1� jV1�j2� sin2�1:27�m221LE �� 4jV2�j2jV3�j2 sin2�1:27�m232LE � (16)for � = e; � andP (�� ! ��) '� jV1� j2jV1�j2 sin2 1:274m21�(M)LE !� �jV2� j2jV2�j2 + jV3� j2jV3�j2� sin2 1:274m22�(M)LE !+ 4jV1� j2jV1�j2 sin2�1:27�m221LE �+ 4 �jV2� j2jV2�j2 + V1�V �1�V �2�V2�� sin2�1:27�m232LE �(17)for � = e; � . Here, mi � m�i and �m2ji � m2j �m2i (Eq. (15) shows that�m221 ' m22 and �m231 ' m23). Note that �(a)�L � ��L and �(s)�L � (��R).We intend to relate Eqs. (16) with � = e and � = � to the experimen-tal results onerning the de�its of solar �e's [4℄ and atmospheri ��'s [5℄,



668 W. Królikowskirespetively, and Eq. (17) with � = e to the possible LSND exess of �e's inaelerator �� beam [6℄.To this end let us make the numerial onjeture that1:274m21�(M)LsolEsol = O(1); 1:27�m232LatmEatm = O(1) ;1:27�m221LLSNDELSND = O(1) ; (18)and �4m22�(M)�2 � ��m232�2 (19)(while not neessarily 4m22�(M) � �m232). Then, we get from Eqs. (16) and(17) the following osillation formulae:P (�e ! �e) ' 1� jV1ej4 sin2 1:274m21�(M)LsolEsol !�12 �jV2ej4+jV3ej4+4jV1ej2 �1�jV1ej2�+4jV2ej2jV3ej2� ;(20)P (�� ! ��) ' 1� 4jV2�j2jV3�j2 sin2�1:27�m232LatmEatm ��2jV1�j2 �1� jV1�j2� (21)andP (�� ! �e) ' 4jV1ej2jV1�j2 sin2�1:27�m221LLSNDELSND � ; (22)P (�� ! �� ) ' 4 �jV2� j2jV2�j2 + V1�V �1�V �2�V2�� sin2�1:27�m232LatmEatm �+2jV1� j2jV1�j2� 4jV2� j2jV2�j2 sin2�1:27�m232LatmEatm � ; (23)the last step being valid for the estimate jV1�j � 0 (ompare Eqs. (27),where jV1�j � 0:07; if the LSND e�et does not exist, jV1�j ought to bedistintly smaller). From Eqs. (21) and (23) with the estimates (25) we ansee that atmospheri ��'s osillate dominantly into �� 's. Similarly, Eqs. (20)and (24) imply that �(a)e 's osillate dominantly into �(s)e 's.When omparing Eqs. (20), (21) and (22) with experimental estimates,we obtain for solar �e's (taking the global vauum solution) [4℄



Option of Three pseudo-Dira Neutrinos 669jV1ej4 $ sin2 2�sol � 1 ; 4m21�(M) $ �m2sol � 10�10 eV2 ;12 �jV2ej4 + jV3ej4 + 4jV1ej2 (1� jV1ej2 ) + 4jV2ej2jV3ej2�� 12 ��1 + 3jV1ej2� �1� jV1ej2� + 2jV2ej2jV3ej2� � 0 ; (24)for atmospheri ��'s [5℄4jV2�j2jV3�j2 $ sin2 2�atm � 1 ; �m232 $ �m2atm � 3� 10�3 eV2 ;jV1�j2 (1�jV1�j2� � 0 (25)and for LSND ��'s [6℄4jV1ej2jV1�j2 $ sin2 2�LSND � 0:02 ; �m221 $ �m2LSND � 0:5 eV2 : (26)Hene,jV1ej2 � 1 ; jV1�j2 � 0:005 ' 0 ; 4jV2ej2jV3ej2 � 0 ; 4jV2�j2jV3�j2 � 1 (27)and4m21�(M) � 10�10eV2; m23 �m22 � 3� 10�3 eV2; m21 � m22 ' m23 � 0:5eV2 :(28)Thus, Eq. (19) requires �(M) 2 � �32�2 � 10�6 : (29)On the other hand, �(M) � (1=4m21)� 10�10 eV2 � 12 � 10�10.Note that for the Chooz experiment [7℄ on possible de�it of reator�e's our osillation formula (16) (with �e replaed by �e) and numerialonjeture (18) + (19) lead toP (�e ! �e) ' 1�4jV2ej2jV3ej2 sin2�1:27�m232LChoozEChooz ��2jV1ej2 �1�jV1ej2� ;(30)sine LChooz=EChooz ' Latm=Eatm roughly. Thus, its negative resultP (�e ! �e) � 1 implies jV2ej2jV3ej2 � 0 and jV1ej2 � 1, onsistently withthe estimates (27) following from solar experiments.Conluding, with the onditions (27), (28) and (29) satisi�ed, osillationsof three pseudo-Dira neutrinos an niely desribe all three neutrino exper-imental e�ets, without introduing any extra sterile neutrinos. If the LSND



670 W. Królikowskie�et does not exist, the value jV1�j2 � 0 ought to be distintly smaller than0.005.The experimental estimates (27) are ompatible with the following form[8℄ of neutrino family mixing matrix:V y = 0�  s 0�s=p2 =p2 �1=p2�s=p2 =p2 1=p2 1A (31)(with  = os �, s = sin � and all phases negleted), orresponding to themaximal mixing of �� and �� within �I;IIi =P� Vi��I;II� , where �I; II� ' (�(a)� ��(s)� )=p2 (� = e ; � ; � ; i = 1; 2; 3). In fat, all experimental onditions(27) are then satis�ed if 2 � 0:99 ' 1 and s2 � 0:01 or � p0:99 ' 1 ; s � 0:1 : (32)In this ase, V y � 0� p0:99 0:1 0�0:1=p2 p0:99=p2 �1=p2�0:1=p2 p0:99=p2 1=p2 1A : (33)If here U (e)�� ' Æ�� , then U (�)�i ' (V y)�i = V �i�.Suh a neutrino family diagonalizing matrix U (�) ' V y is related tothe neutrino family mass matrix M (�) expressed through its eigenvalues mi(i = 1; 2; 3) by the formula [see Eqs. (5)℄:M (�) =  Xi U (�)�i U (�)��i mi!'0� m12+m2s2 (m2�m1)s=p2 (m2�m1)s=p2(m2�m1)s=p2 (m1s2+m22+m3)=2 (m1s2+m22�m3)=2(m2�m1)s=p2 (m1s2+m22�m3)=2 (m1s2+m22+m3)=21A :(34)In the ase of mass hierarhy (15) realized as m1 � m2 ' m3 with m1 � 0,(m2 +m3)=2 � p0:5 eV and m3 �m2 � 3p0:5 � 10�3 eV, Eqs. (34) and(32) give M (�)=eV � p0:50� 0:01 p0:005 p0:005p0:005 0:995 �0:0065p0:005 �0:0065 0:995 1A ; (35)



Option of Three pseudo-Dira Neutrinos 671sine s=p2 � p0:005 ; (1 � 2)=2 � 0:005 and (1 + 2)=2 � 0:995. Ifthe LSND e�et does not appear, the value jV1�j2 = s2=2 � 0 should bedistintly smaller than 0.005 (or s distintly smaller than 0.1). In this ase,M (�)=eV � p0:50� 0 0 00 1 �0:00150 �0:0015 1 1A ; (36)leading to m21 � 0 and m22;3 � 0:5(1 � 0:003) eV2 ' 0:5 eV2 [of ourse, theyare suh by onstrution, both for Eqs. (35) and for (36)℄.However, if there is really no LSND e�et (and atmospheri ��'s stillosillate dominantly into �� 's), then, perhaps, not the three pseudo-Diraneutrinos and mass hierarhy (15) are the most natural option, but ratherthe three see�saw neutrinos and popular mass hierarhym2�1 ' m2�2 � m2�3 ; (37)where now m2�2�m2�1 $ �m2sol and m2�3�m2�2 $ �m2atm (see e.g., Ref. [8℄).Conluding our omments on the phenomenologial texture expressed byEqs. (33) and (35), we would like to point out that it di�ers from the texturemodel desribed in two last Refs [3℄. There, the LSND sale �m2LSND (ifit exists) and the atmospheri sale �m2atm are interpreted as m23 � m22and a number >� 4m22�(M) (but � m23 � m22), respetively. In ontrast,their present interpretation is m22 �m21 and m23 �m22, respetively. In bothtextures the hierarhy (15) holds.REFERENCES[1℄ M. Gell-Mann, P. Ramond, R. Slansky, in Supergravity , ed. P. van Nieuwen-huizen and D.Z. Freedman, North-Holland, Amsterdam 1979; T. Yanagida, inPro. of the Workshop on the Uni�ed Theory of the Baryon Number in theUniverse, ed. O. Sawada and A. Sugamoto, KEK report No. 79-18, Tsukuba,Japan, 1979; see also R. Mohapatra and G. Senjanovi, Phys. Rev. Lett. 44,912 (1980).[2℄ For a reent disussion see C. Giunti, hep-ph/9908513; hep-ph/9910336; andreferenes therein.[3℄ N. Okada, Phys. Lett. B388, 106 (1996); D.W. Siama, astro-ph/9811172;and referenes therein; A. Geiser, CERN-EP/98-56, hep-ph/9901433; W.Królikowski, Ata Phys. Pol. B30, 2631 (1999), Appendix; hep-ph/9904489,Nuovo Cimento A, to appear.[4℄ See e.g., J.N. Bahall, P.I. Krastev, A.Y. Smirnov, hep-ph/9807216v2.[5℄ Y. Fukuda et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 81, 1562(1998); and referenes therein.
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