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Implications of 4 texture zeros mass matrices for neutrino anomalies
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Phenomenological 4 texture zeros mass matrices, successful in accommodating the CKM phenomenology,
are used to simultaneously explain the three neutrino anomalies: the solar neutrino pi®NBnthe atmo-
spheric neutrino problerANP), and the LSND anomaly. When the SNP is resolved through vacuum oscil-
lations, we obtain a solution implying large mixing. In case the SNP is resolved through the MSW mechanism,
the neutrino masses follow a “natural” hierarchy.
[S0556-282(198)01007-9

PACS numbes): 12.15.Ff, 14.60.Pq, 96.60.Jw

Neutrino physics at present has three anomalies usuallyf the electron neutrinoi) received on the earth’s surface.
referred to as the solar neutrino probléd8NP [1-6], the In Table |, we have presented the solar neutrino data from
atmospheric neutrlno probletANP) [7—10] and the “oscil-  four experiments, with the predictions for these from the two

lations” v,— v, supposedly observed at the Liquid Scintil- Standard solar models: Bahcall and Pinsonne¢gi) [5]
lator Neutrino Detectofthe LSND anomaly[11,19. Even and Turck-Chieze and LopedCL) [6]. In the table, the
in the absence of direct evidence, neutrino flavor mixing is gleviation of the values dR,, from unity is the solar neutrino
widely recognized explanation for the above mentionedProblem (SNP. Invoking neutrino oscillations to resolve
anomalies. To generate flavor mixing, the neutrinos have t&NP, the data is usually parametrized in terms of two flavors.
be massive which would have cosmological implicationsThe second flavor into whick, oscillates is muon neutrino
[13] as well. This motivates one to consider a specific form(»,) and the survival probability is given as
of neutrino mass matrices. In this context, texture specific
mass matrices have been considered with a fair degree of Pee=1-P
succes$14].

Our purpose in this paper is to examine the implicationsyherep
of a particular kind of 4 texture zeros phenomenological

en @

eu the transition probability, is given by

mass matricegl5] which have shown a good deal of success 1.267Am2L

in accommodating the Cabibbo-Kobayashi-Mask#@KM ) Pe, = SiP26sin? T) ©)
phenomenology16]. In particular, quark mass matrices of

the form

with @ representing the mixing anglé(=ct) the distance
from the sun to the earth in metetsm?=mZ—m3 in eV?

0 A0 andE is the neutrino energy in MeV.
M= Ai Di B . [i=ud] 1) The above equation describes an oscillation with ampli-
0 B C tude equal to s#26 and the oscillation length is given by
E
not only accommodaten, =175+ 15 GeV[17] but are also )\:2.48(—2 . 4
able to fit the datd18], for example|V | = 0.040+0.003, Am

Rub=|Vub/Vep =0.08+0.02 and|V,4 =0.0064-0.0124.
Further, it has also been shown that such mass matricdsneeds to be mentioned that if oscillation lengths much
could be generated from grand unified theori@&UT9 shorter than the size of the neutrino source or that of the

[19,2Q as well as that these are “natural” in the sense ofdetector(or both the periodic term in Eq(3) averages to 1/2

Peccei and Wan{21]. Therefore it becomes interesting to and the oscillation probability becomes

examine their implications for the three neutrino anomalies

discussed above. TABLE |. Results for solar neutrino flux in SNU (1 SNU

Before we go into our attempts to study the implications=10"3¢ capture/atom/sgc

of the 4 texture zeros mass matrices for the three neutrino

anomalies, we would like to present data in a manner whiclExperiment Data BPSSM TCLSSM_ _ Data

would facilitate discussion as well as comparison with our. ¢~ BPSSM

predictions. In the case of SNP, what is observed is the fluxomestakd1] 2.55+2.0 8.0:1.0 6.4 0.27:0.03
Kamiokandeg[2] 2.89+0.42 5.7-2.4 44 0.44-0.06
Gallex[3] 79+12 132t21 123 0.56:0.06

*Permanent address: Sri Guru Gobind Singh College, Chandisage[4] 79+19 132+21 123 0.560.09
garh, India.
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TABLE II. Atmospheric neutrino data showing double ratio of neutrino problem.” The experiment might have observed the
fluxes forv, andve. neutrino oscillationss,— v, with two flavor parameters:

Experiment Energy _ Yl€)ops Am;,=03 eV (13
d(ule)uc
and
KAM Il [7] sub-GeV 0.66:0.08
KAM Il [7] multi-GeV 0.570.11 sSif29=103-4x10"2. (14)
IMB [8] sub-GeV 0.54:0.09

The result may be marginally compatible with the earlier

ggﬁgi,[\i]z [10] zuggg g'zig'gg E776 experimenf26] at BNL and KARMEN experiment
u ) ) [27] at Rutherford Appleton Lab.
Ihe LSND conclusions for the candidate eventsigf
1 — v, oscillation when combined with other experiments
PeM=§sm22 6. (5)  [26-28, translatg29] the constraint$13) and (14) to
2
The data, presented in Table I, can be fitted with the follow- 0.3 eV<=Amigp=2.3 eV, (15
ing range of parameters:
g range ot p Am?=0.2-100 e\? (16)
Am?=6.0x10" 11 e\? (6)
and
and
Sinf26=10"3-4x10 2. (17)
sinf26=0.96. 7)

A few observations of the resolution of three neutrino
The above values actually correspond to the range anomalies in terms of two flavor oscillations are in order. To
provide a simultaneous solution to these we need at least

—11 o\ 2 2 —10 A\,2
SX107 eVi<AmM'<107™ eV ®) three independent mass differen¢@9,30, which requires
and the introduction of the fourth neutrino. The fourth neutrino in
the present scenario must be stelfi®U(2) singlef. The
0.7<sirf26<1.0 (9)  other observation is regarding the fact that data has been
analyzed keeping in mind oscillations between two flavors
as emphasized by Bahcall and Krastev recef2Rj. whereas if we have to invoke mixing between three flavors
A more popular and natural solution is the Mikhayev- simultaneously the data should also be analyzed accordingly.
Smirnov-Wolfenstein(MSW) oscillation mechanisn{23] Several attempts have been made in the three flavor oscil-

based onv,— v, conversion in the solar interior. The re- |ation scenario to reconcile the data pertaining to the neutrino
quired range oAm? and sirf2¢ corresponds to the two so- anomalieg22,31,32. It is hoped that the three flavors would
lutions [22,24] be richer in phenomenology due to the fact that deficit or
2 5 o i , absence of a particular species could be due to the oscillation
Amg~107° eV?,  sirf26~10"%  (small angle, of that to the other two flavors. In this context, Cardall and
Fuller [32] have observed that a solution to three anomalies
could be obtained wherein one mass scale dominance
(OMSD) [33] is presumed. Apart from the solution men-

The second neutrino anomaly is concerning cosmic ray nedioned with OMSD, solutions within three flavor mixing are
trinos originating from the pion and subsequent muon deP0SSible when we have degenerate neutr[34§ or there is
cays. The depletion of,, flux relative tov, flux has been @" inverted hierarch35]. ,

observed in several experimefits-10]. The results of these AN important point in the case of three neutrinos to be
experiments are summarized in Table I1. In the third columr0ted pertains to the possibility that if oscillations become
of Table II, we preserRp, , the ratio of the ratios of observed [ast orAm°L/E becomes large for the case of solar neutri-
to Monte Carlo predictions o, and v, fluxes. The devia- nos, two flavor oscnlathns predi®,. to be 1/2 whereas in
tion of R from the expected value of 1 is the atmosphericth€ three flavor case this number can be pushed t438B
neutrino problem(ANP). The data(presented in Table )i which could be in agreement with data from all experiments

clearly shows the depletion of atmospherig flavor by a exceptho_mes_tz;l]ke. der | _ hich
factor of~2. This can be summarized in terms of two flavor 10 P€gin with, we consider lepton mass matrices whic

Am3~10"° eV?, sirf20~1 (large anglg. (11)

mixing [25] as are written in analogy with the quark mass matrices as given
by Eq. (1). At present we do not bother about the origin of

AmiXN 1072 eV?, sir122¢9#x~1, (12 such mass matrices. In fact these could represent the left-

handed Dirac neutrinos with right-handed neutrinos being

wherex can bee or 7. SU(2) singlets or there could be an ansatz for neutrino mass

The LSND experiment at Los Alamos National Lab hasmatrices in the sense of Babu and SHafi]. Further unlike
brought the first direct though controversial evidence for thequark mass matrices where the CKM mixing matrix requires
nonzero neutrino masses and mixing angles and is the “thirthe elements of any of the mass matrices to satisfy the hier-
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archy, |A|<|B|~D<C, no such restriction is imposed on To find the survival(disappearangeprobabilities from the

the neutrino mass matrices. Therefd, is written as mixing matrix, first we sketch the details pertaining to sur-
vival (disappearangeprobabilities in terms of three flavors
0 A O as well as the corresponding oscillations.
M=|A, D, B, (18 The time evoluation of a massive neutrino with momen-
0 B C tum p produced in a state,, at time 0 is given by
where A,=|A,e'* and B,=|B,|e'’. The mass matrix\, L3
can be expressed as Va(t):e'p'rizl Vai¥i, (27)
M,=P,M,P], (19
where E;=(p?+m?)Y2. If neutrinos are nondegenerate the
whereI\WV is the real mass matrix three terms in Eq(27) get out of phase, i.e., a staig,
acquires a componem; (8+ a). The general transition and
0 |A,] O survival probabilitiesP;; for 3 generation$38] are
I\Wy: |AV| DV |BV| (20) 3 5 3A2
S5AZL
0 |BV| C Pij:kzl (Viijk)2+2|Vi1Vi2V]-1V]-2|CO{T)
and
N 25321
P,=diagle '® e (@th), (22) +2|Vi1VisVj1Vjs|co —E
The real matrixl\WV can be diagonalized exactly by the or- 2.53A§2L
thogonal transformations, for example, +2|Vi3VipVj3Vjslco —E | (28

M,=0'M%3%0 22 , _ , , ,

vy Ty 22 where E(in MeV) is the energy, L(in m) is the distance
diag_ - - between sun and earth afdn?=m?—m? (in eV?). The

where M} **=(my,—m,,mgz), m; being the neutrino mass / N . ij = My —m; :

eigenstates. In a similar manner, replacingy | we can get ~ Survival probability ofv, in solar neutrino fluxpPee, is ap-

the diagonalizing transformation for the charged lepton secProximately equal to the rati®p whereasP,,, is measured

tor. The detailed form of the diagonalizing transformation isin the experiments as the double ratio,

given in the Appendix.

The mixing matrixV, in the leptonic sector is defined as v

_*

ve)obs_PW+ P,o/R

Ve Ver Ver Ve V1 — —

D v Peet RP, ' (29
V| =| Vi1 Va2 Vs va |, (23 ¢< _“) ee ep
vV, VTl V7'2 VT3 V3 Ve MC

whereve, v, , v, are the three flavor eigenstates whereas  where R=2.45 is the ratio of the number of,’s to v,,’s in

v,, v3 are the three mass eigenstates. The matyiis given  the atmosphere.

by The oscillatory functions in Eq(28) get averaged out
when arguments of these, e.g., mEszL, are large. In par-
ticular, for the case solar neutrinos propagating in vacuum,
the survival probabilityP ., whenAmﬁ-L is large, becomes

v,=0'P, 0, (24)

where O, are the diagonalizing transformations and the
phase matrix®,,=P!P,. ,

In the absence of any observation®©P violation in the 4 5 5 5 5 5 5
leptonic sector as well as for the sake of simplicity, we ig- Pee= gl Vel "+ Verl | Veal “+ [ Ver|*| Vs + [Veal [ Veal*,
nore the phase iW,, so that (30)

AT
Vi=0,0. (25) whereas, fow, ,

The parametrization of/, in terms of CKM like angles is

presented for the sake of ready reference, for exafi@g 3 A 5 ) 5 5
PMM:kZl |V,uk| +|V,u1| |VM2| +|V}Ll| |V/.L3|
C12C13 S12C13 S13
V,=| 8120237 C12823513  C12C237~ 512523513  SpaCi3 | . V2l AVl (31

$12S237 C12023813  —C125237 $12023813  Coslis _
The transition probability ofve— v, in the LSND experi-
(260  ment from Eq.(28) becomes
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TABLE lll. Solutions for degenerate neutrinos forz;=2.5 eV.

D L D, m m P Py, Pe, X102
13 m3 v3 m,s
ev) (ev)
0.2 0.46 1.30 03 043 051 0.34
0.44 1.31 04 041 050 0.33
0.26 1.33 03 043 056 0.54
0.17 136 0.3 049 0.60 0.53
0.10 139 03 054 053 0.15
0.4 0.41 1.30 04 035 048 0.29
0.35 1.33 03 052 052 0.53
0.25 135 04 042 052 0.54
0.10 1.35 03 056 0.59 0.55
0.6 0.35 130 03 042 044 0.54
0.30 1.30 0.3 046 0.49 0.52
0.20 135 04 049 046 0.17
0.12 1.35 03 056 0.50 0.15
0.10 1.36 03 058 0.50 0.54
0.8 0.34 1.30 03 048 0.40 0.52
0.31 1.32 03 049 040 0.53

Pe,(LSND)= 2, [Ved?V,uil?
AmZL
+2|VeVeaV 1V 5l cO 253—F—

Ami,L
+2|VelV63V/.LlV,u3|CO ZSST

AmL
+2|VepVeaV, .2V 3l 004 2.53—=— .

(32

P. S. GILL AND MANMOHAN GUPTA 57

Pe,=(0.15-0.55x 1072, (35)

required to resolve the SNP and ANP as well as accommo-
date the LSND experiment. As is evident from the table,
these ranges can be accommodated for almost degenerate
neutrino masses in the eV ran@f]. The mixing implied by
these masses is quite large, which is in agreement with the
recent analysis by Pakvasa and AcK8B]. It is perhaps
desirable to mention that we have been able to obtain an
overall agreement with the data except for the Homestake
experiment, where our solution just touches the higher end of
the data. However, if we take into account the consequences
of a recent measurement of the reactipi ®B— 'Be+p,
which suggests lowering of the cross section for the inverse
reaction ‘Be+p—2B+ y at energies relevant to the solar
core, a better agreement with our calculations even for the
Homestake data can be obtair[&8,39.

If we invoke the MSW 23] solutions to the solar neutrino
problem, then the comparison with data is not that straight-
forward. A detailed analysis in this regard without assuming
a specific mass matrix in the three neutrino oscillations sce-
nario has been carried out by several authags24,29—-32
For our purpose we make use of the analysis of by Cardall
and Fuller[32]. These authors have shown that SNP, ANP,
and LSND data can be simultaneously fitted provided

AmZ,=7x107% eV?, Ami;~Am3,~0.3 e\?

Sirf#3~1072,  sirff,3~0.5.

(36)

Sin2012~2>< 1073,

To realize a Cardall and Fuller scenario invoking the MSW
effect for the solar neutrino problem, we have tried to repro-
duce the above angles through natural hierarchy for neutrino
masses. In Table IV we have presented some such solutions
which approximately reproduce the values given by B§).

A typical solution is of the form

Using Eq.(28), we have reproduced required probabilities,,—05 ev, m,=9.6x1072 eV, m;=5.1x10"° eV,
for different ranges of neutrino masses. In Table IIl, we have (37)
presented the results of our calculations when SNP is re-

solved through vacuum oscillations. The solution has been
obtained through “rapid” oscillations; therefore the mass
scale required is quite different from the usual vacuum os-
cillation solution. A typical solution with corresponding mix-

ing matrix is given as follows:
m;=2.5 eV, my=13 eV, m=0.3 eV (33
and

074 065 0.1
059 0.75 0.31 . (34)
034 012 0.9

V:

14

Sinf0,,=(6.3)x10 3, (39
SirfA;5=(1.2)x 102, (39
SinP6,3=0.53. (40)

A few comments are in order. The two solutions were ob-
tained for SNP, ANP, and LSND with the particular set of
mass matrices wherein an important role is played by the 22
elementd; . Similar elements for quark mass matrices also
play a crucial role in accommodating the CKM phenomena
[16]. This clearly brings out the crucial role of the 4 texture
zeros mass matrices considered here. It is perhaps desirable
to mention that attempts have already been made to generate

In Table Ill, we have considered some of those solutionsuch mass matriced9,20. Also, it may be of interest to

which are able to reproduce the ranges of probabilities,
Pee=0.18-0.77, P,,=0.4-0.8,

and

mention that we have explored the case when a vacuum so-
lution for SNP is reproduced with mass scalen; ~10*°

eV2. In this situation it becomes extremely difficult to obtain

a fit to ANP and LSND data even with full variation of the
parameterD ,; however, a solution can be obtained if we



57 IMPLICATIONS OF 4 TEXTURE ZEROS MASS ...

TABLE IV. Solutions with hierarchical neutrino masseR;
=D,/my, mg is in units of eV,m, in 1072 eV, m; in 10°° eV,
S2,=S5ir26,,X 1073, S2,=sirP260,5X 10" 2, and S3,=sir26,;.

R.s Ri3 ms m; my Siz Sis S§3
0.8 0.05 0.5 9.1 9.1 6.2 0.94 0.53
9.6 6.3 0.99 0.53
9.6 3.6 5.9 0.82 0.53
4.1 6.0 0.93 0.53
4.6 6.2 1.04 0.53
5.1 6.3 1.15 0.53
5.6 6.4 1.26 0.53
6.1 6.6 1.38 0.52
6.6 6.7 1.49 0.52
0.10 0.5 9.1 9.1 6.8 0.89 0.46
9.6 6.9 0.95 0.46
9.6 4.1 6.6 0.88 0.46
4.6 6.8 0.98 0.46
5.1 6.9 1.09 0.46
5.6 7.1 1.19 0.46
6.1 7.3 1.30 0.46
6.6 7.5 1.40 0.45
0.85 0.10 0.5 6.6 9.1 6.9 0.91 0.51
9.6 7.0 0.96 0.51
7.1 4.1 6.6 0.89 0.51
4.6 6.8 1.00 0.51
51 7.0 1.10 0.51
5.6 7.2 1.21 0.51
6.1 7.4 1.31 0.51
6.6 7.6 1.42 0.51
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leptonic sector. In particular, we find when SNP is resolved
through vaccum oscillations we obtain a solution suggesting
large neutrino mixing and almost degenerate neutrino
masses; whereas for the MSW solution we find a solution
with natural hierarchy of neutrino masses.
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APPENDIX

The diagonalizing matrixQ, used in the text is given
below:

0 :\/m2m3(m3—m2—D,,)
N CL(mg—my)(my+my)’

O e \/ mymg(mz+m;—D,)
e C,(mz+my)(mzg—my)’

o _\/mlms(mz_m1+DV)
3N C(mg+my)(mz—my)’

o :\/ml(m3_m2_Dv)
val (mg—my)(my+my)’

o _\/mz(m3+m1—D,,)
Y227 N (mg+my) (my+my)’

resort to fine tuning. The two solutions obtained here involve

neutrino mass of eV range, also making these relevant for the

relation[40]

3
> |m,|=~7 eV, (41)
k=1

implied by the requirement that neutrinos provide the hot

dark matter of the universe.

In conclusion, we would like to emphasize that phenom-
enological 4 texture zeros mass matrices not only accommo-

date the CKM phenomenology in the quark sedtts], but

also are able to reconcile the three neutrino anomalies in the

o _\/ms(mz_m1+DV)
23 N (mg+my) (mg—my)’

O e \/ml(m3+ml_Dv)(m2_ml+Dv)
e C,(mg—my)(my+my)

o :_\/mz(mg—mz—DV)(mz—m1+DV)
v3z C,(mg+my)(my+my)

o :\/ms(m3—m2—Dy)(m3+ml—DV)
v38 C,(mg+m—2)(mz—my)
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