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As an alternative for popular see—saw mechanism, the option of three
pseudo-Dirac neutrinos is discussed, where & (m™) +m®) < m(P) for their
Majorana and Dirac masses. The actual neutrino mass matrix is assumed

L

)\(1) )\(1R) , where M) is a
neutrino family mass matrix (M1 = M®)) and AR = pR) /(D)
with m™, m®) and m™) being taken as universal for three neutrino fam-
ilies. It is shown that three neutrino effects (deficits of solar v.’s and at-
mospheric v,,’s as well as the possible LSND excess of v,’s in accelerator v,
beam) can be nicely described by the corresponding neutrino oscillations,
though the LSND effect may, alternatively, be eliminated (by a parameter
choice). Atmospheric v,’s oscillate dominantly into v;’s, while solar v.’s
— into (existing here automatically) Majorana sterile counterparts of v,’s.
A phenomenological texture for neutrinos, compatible with the proposed
description, is briefly presented.

in the form of tensor product M®) ® <

PACS numbers: 12.15.Ff, 14.60.Pq, 12.15.Hh

As is well known, in the popular see—saw mechanism [1] righthanded neu-
trinos get (by assumption) large Majorana-type masses and become prac-
tically decoupled from lefthanded neutrinos that are allowed to carry only
small Majorana-type masses. On the other hand, in such a case, oscilla-
tions of three neutrinos can hardly explain all three neutrino effects (deficits
of solar v.’s and atmospheric v,’s as well as the possible LSND excess of
ve's in accelerator v, beam). This may suggest the existence of, at least,
one extra neutrino called sterile (i.e., passive to all Standard Model gauge
interactions), mixing with three active neutrinos [2].

The option of three pseudo-Dirac neutrinos [3], where the Dirac mass

m(P) dominates over two Majorana masses m™ and m®) (within their
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Majorana-type masses), is orthogonal to the see—saw mechanism with m®)

dominating over m™) and m™) and mP) over m(). Thus, in contrast to the
see—saw, this option cannot guarantee automatically small Majorana-type
masses for lefthanded neutrinos (their smallness must be here directly as-
sumed). However, as will be shown in this note, oscillations of three pseudo-
Dirac neutrinos are sufficient to explain all three neutrino effects without
introducing any extra sterile neutrinos. This is due to the automatic exis-
tence of three conventional Majorana sterile neutrinos 1/&5) = Vor + (Var)"
which, in the pseudo-Dirac case, are not decoupled from three conventional
Majorana active neutrinos l/éa) = Vs, + (Var)¢ (=¢, pu, 7).

Thus, let us consider three flavor neutrinos v, v,, v; and , approxi-
mately, assume for them the mass matrix in the form of tensor product of

the neutrino family 3 X 3 mass matrix (M(%)) (a, 8 = e, i, 7) and the
Majorana 2 X 2 mass matrix

) (D)
<mD) ™ B ) ) (1)

the latter divided by m(P) (with m(P) included into M(%)) Then, the neu-
trino mass term in the Lagrangian gets the form

1 g(ll) E(S) ( ) )\(L) 1 14
—_ = — v 5
Lrass = 9 E <l/o¢ y Va ) Maﬂ < 1 )\(R) ) o(s)
ap

-3 (G ) 2 () () ne

where

° o o c o o c
vV, EVaL+(VaL) y Va EV&R+(”&R) (3)

and ALR) = yq(LR) /(D) Here, lc/)((la) and ;S) are the conventional Majorana
active and sterile neutrinos of three families as they appear in the Lagrangian
before diagonalization of neutrino and charged-lepton family mass matrices.
Due to the relation vgrg = %l/a, the neutrino family mass matrix M) =

MW, when standing at the position of A and A(®) in Eq. (2), reduces
to its symmetric part %(M(”) + MWT) equal to its real part %(M(”) +
MW *) = Re M. We will simply assume that (at least approximately)
MW = MWT = M) * and hence for neutrino family diagonalizing matrix
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U = g+ = (U(”)*l)T. Then, CP violation for neutrinos does not
appear if, in addition, for charged-lepton diagonalizing matrix Ule =yl
Further on, we will always assume that 0 < %(A(L) + A®)) (= M) «
1 (the pseudo-Dirac option, in contrast to the see-saw mechanism, where
A« 1 < AR,

Then, diagonalizing the neutrino mass matrix, we obtain from Eq. (2)

1 1 Ao vl
_EmaSS = 5 Z (Vg ) V?) ml/i < 0 )\H ) < I/Z-iLI ) ’ (4)
where

(U(U) T)'La MD(CI;) Ufguj) = muﬁzg 3 ALH = :Fl + A(M) = :Fl (5)

(i, j = 1,2,3) and
v 1 o(a) o($) 1 a s
Y (00), (7= 5) =Yl (W) @

with V; o = (U(” ) ‘L)Z. 5 UéZ) describing the lepton counterpart of the Cabibbo—
Kobayashi-Maskawa matrix. Here,

l/é‘m) EVaL,R+(VaL,R)c:Z (U(e”) i Iigl’s): Z (VT>

B

(v +4')
(7)

(v0), MGUS = mebos ©

Sl

ai

and

where (Mé?) (o, B = e, u, 7) is the mass matrix for three charged lep-

tons e”, u~, 77, giving their masses m., m,, m, after its diagonalization is
carried out. Now, y(ga) and I/&S) are the conventional Majorana active and
sterile flavor neutrinos of three families, while VZI and I/ZH are Majorana mas-
sive neutrinos carrying masses m,, Al and My, AT (phenomenologically, they
get nearly degenerate masses |m,, Al| and |m,, Al|).
If CP violation for neutrinos does not appear or can be neglected, the
(a) (a) (a) (s)

probabilities for oscillations vg ' — Vg and vy — vy are given by the
following formulae (in the pseudo-Dirac case):

P (14 = vf) =[P PE ) = Gga Do VigfViafsin (e} o)

N ZVJB j o zﬂVm[San (ac;—ac ) + sin? (I;-I—m?)
Jj>i

+ sin? (x?—x ) + sin® (x§ x?)] 9)
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and

P (1 = v§) = [l p0) 2= 37 Vi g Vil sin? (2] —2l)

— ZV]g j*aV;*ﬁVia [sin2 (x§ — xi) + sin? (:1c§I — x?)
7>

— sin? (x;I — z}) — sin’ (x}—x?)] , (10)

LI

where Plupt) = pi o) pptt = V/EZ = (my, M2 o B — (my, A1) /2B

and
(mgl )\LH)?L
E
with m,,, L and E expressed in eV, km and GeV, respectively (L is the

experimental baseline). Here, due to Egs. (11),

oy =1.27 , P2 =1 52200 ~q (11)

4m2 XML,
ol — gl = 1.27”2T (12)
and for j >4
2 2
m;,. —m;. )L
R S s N R 1.Q7M (13)

E

Then, the bracket [ | in Eq. (9) and (10) is reduced to 4sin®[1.27

(m,%j —m2,)L/E] and 0, respectively. The probability sum rule

Z [P (V((la) — V[(;a)) +P (V((la) — Vés)ﬂ =1
B

follows readily from Egs. (9) and (10).
Notice that in the case of lepton Cabibbo-Kobayashi-Maskawa matrix
being nearly unit, (V;4) =~ (d;4), the oscillations v - l/éa) and v — l/és)

are essentially described by the formulae

P (V&a) — l/éa)) ~ 0o — P (yéa) — 1//(;)) ;
4m?2 AMT,
a) (S) ~ 22 Vo
P(ya — vy ) &~ Jgq sin (1.277E (14)

(a)

corresponding to three maximal mixings of vg ’ with u,(f) (a =e, p, 7). Of
course, for a further discussion of the oscillation formulae (9) and (10), in
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(a)

particular those for appearance modes vy’ — V[ga) (a # ), a detailed
knowledge of (V;,) is necessary.
Further on, we will concentrate on the attractive mass hierarchy

2 2 2
m,, <K my,, ~m,, (15)
that may enable us to interpret the LSND scale AmLSND as m2 myl, while
both smaller scales, the solar scale Am?2; and atmospherlc scale Am2,. may

be equal to (m,, )\H) — (my, A2 ~ 4ml,1)\( ) and m2, — m?,, respectively.

Vo
In fact, due to Egs. (12), (13) and (15), and the unitarity of (V;,), the
oscillation formulae (9) imply

E

AmZ M),
— (IVaal* + [Vaa*) sin? (1.27%

4 M),
P (Ve = va) =~ 1— [Via|*sin? (1.27%>

E
Am2, L
— AVial? (1 = [Via[?) sin? <1 27 ";21 )
Am3,L
— 4| Voo [*|Vaa|” sin® <1 27 "22 ) (16)

for « = e,y and

Am2 ) XM,
P (v, — vp) =~ — |Vig|*|Vi,|? sin? (1.27m1T)

i Am2 M) T,
— (IVagl’|Vaul” + Va]?|V3p|?) sin® (1-272T)

Am2 L
+4|V15|2|V1u|231n <1 27 WEI )

S Am2, L
4 (|Vag | Vaul® + Vig Vi, Vo Vou) sin® <1 27 E32 )
(17)

for p = e, 7. Here, m; = m,, and Am = m? —m? (Eq. (15) shows that

Am?2, ~m2 and Am3, ~m3). Note that yég = v,1, and V&E = (Var)"
We intend to relate Egs. (16) with @ = e and @ = p to the experimen-
tal results concerning the deficits of solar v,’s [4] and atmospheric v,’s [5],
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respectively, and Eq. (17) with 8 = e to the possible LSND excess of v,’s in
accelerator v, beam [6].
To this end let us make the numerical conjecture that

Am2 XM, Am2, Laim
1.973mMIA Vsl _ O(1), 1.27210827atm _ 9y
Esol Eatm
Am2 L
1.27% = 0(1), (18)
LSND
and )
(4m3A™)” <« (Am,)* (19)

(while not necessarily 4mZA\M) <« Am2,). Then, we get from Eqgs. (16) and
(17) the following oscillation formulae:

Am3AM L
P(ve = ve) ~1— |Vi,|*sin? (1.27M

Esol

1
—5 [Vael "+ [Vael ' +4IViel* (1= |Vie[*) +4[Vael* | Vael*] . (20)

Am2, L
Py, —vy) =1 4|Va,|*[V3,|* sin? 1.972MM32 atm
Eatm
=2/Viul* (1= [Viul) (21)
and
Am2, L
P (v = ve) = 4Vie*|Viy[? sin® <1.27w> (22)
LSND
Am2, L
Py ve) = 4 ([Var PVaul? + Vi Vi Vi, Vo) sin? (”7%)
atm
+2|Vir [P Vi
Am2, L
~ 4| Vo |?|Va,|? sin? <1.27%) , (23)
atm

the last step being valid for the estimate |Vi,| ~ 0 (compare Eqgs. (27),
where |Vi,| ~ 0.07; if the LSND effect does not exist, |Vj,| ought to be
distinctly smaller). From Egs. (21) and (23) with the estimates (25) we can
see that atmospheric v,’s oscillate dominantly into v;’s. Similarly, Egs. (20)
and (24) imply that yéa)’s oscillate dominantly into yés)’s.

When comparing Eqgs. (20), (21) and (22) with experimental estimates,

we obtain for solar v,’s (taking the global vacuum solution) [4]
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|V18|4 +> sin? 20501 ~ 1, 4m%>\(M) o Amgol ~ 10~10 eV2,

[Vael* + [Vael* + 4|Viel* (1= [Viel* ) + 4|Vae | Vae|?]

DN | =

1
= 5 [(1+3[Viel”) (1= Vael?) + 2|Vae *[Vael’] ~ 0, (24)
for atmospheric v,’s [5]

A Vo, |2 |Vaul? 5 sin? 20aim ~ 1, Am3y > AmZ,, ~ 3 x 102 eV?

atm

Viu? (1= Vil?) ~ 0 (25)
and for LSND v,’s [6]
AVie2|Viu)? » sin® 20 68D ~ 0.02, Am3, > Amigyp ~ 0.5 eV, (26)
Hence,
Viel? ~ 1, [Vi[? ~ 0.005 = 0, 4|Vac|*[Vae|* ~ 0, 4|Va,[?|Vau> ~ 1 (27)
and

4m%)\(M) ~1070eV?2, mg —m3~3x1073eV? m? <« mi ~ mg ~ 0.5eV2.
(28)
Thus, Eq. (19) requires

2
AM)2 « <%> x 1076 . (29)

On the other hand, AM) ~ (1/4m?) x 10710 V2 > 2 x 10710

Note that for the Chooz experiment [7] on possible deficit of reactor
Ue’s our oscillation formula (16) (with v, replaced by 7.) and numerical
conjecture (18) + (19) lead to

2
A7”32 Lchoor

P(T, — T,) ~ 1—4|Vae || V3e|? sin? <1.27 )—2|V16|2 (1-Wie?)

(30)
since Lchooz/Echooz =~ Latm/Fatm roughly. Thus, its negative result
P, — U,) ~ 1 implies |Voe|?|V3e|?> ~ 0 and |Vie|? ~ 1, consistently with
the estimates (27) following from solar experiments.

Concluding, with the conditions (27), (28) and (29) satisified, oscillations
of three pseudo-Dirac neutrinos can nicely describe all three neutrino exper-
imental effects, without introducing any extra sterile neutrinos. If the LSND

Echoor
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effect does not exist, the value |V;,|? ~ 0 ought to be distinctly smaller than
0.005.

The experimental estimates (27) are compatible with the following form
[8] of neutrino family mixing matrix:

c S 0
Vi=| —s/vV2 ¢/V2 -1/V2 (31)
—s/ﬂ c/\/§ 1/\/5

(with ¢ = cosf, s = sinf and all phases neglected), corresponding to the
maximal mixing of v, and v, within ug AT Yoa VmV,IJjH, where y(Il’H ~ (1/,(1“) F

yfj))/\/i (e =e,pu, 7, 1=1,2,3). In fact, all experimental conditions
(27) are then satisfied if ¢ ~ 0.99 ~ 1 and s ~ 0.01 or

c~V099~1, s~0.1. (32)
In this case,
1/ 0.99 0.1 0
Vie | —01/v2 V099/vV2 -1/v2 | . (33)

-0.1/v2 V0.99/vV2  1/V2

If here Uéeﬂ) ~ 044, then Ué’;) ~ (VH = V.
Such a neutrino family diagonalizing matrix U®) ~ V1 is related to

the neutrino family mass matrix M) expressed through its eigenvalues m;
(i =1,2,3) by the formula [see Egs. (5)]:

e = (S ougm)

myc2+mos? (ma—mq)es/V/2 (ma—mq)cs/V/2
~[ (mo—mi)es/V2 (m1s®+mac®+m3)/2 (mis®+mac®—m3)/2
(ma—my)es/V2  (m1s?+mac®—m3)/2 (mys®+mac?+m3)/2
(34)
In the case of mass hierarchy (15) realized as m1 < mo =~ mg with my ~ 0,

(ma +m3)/2 ~ /0.5 eV and m3 — my ~ 3v/0.5 x 1073 eV, Egs. (34) and
(32) give

0.0l  /0.005 +/0.005
M® eV ~ 05 +0.005 0995 —0.0065 | , (35)
v0.005 —0.0065  0.995
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since ¢s/v/2 ~ /0.005 , (1 —¢%)/2 ~ 0.005 and (1 + ¢2)/2 ~ 0.995. If
the LSND effect does not appear, the value |V;,|?> = s?/2 ~ 0 should be
distinctly smaller than 0.005 (or s distinctly smaller than 0.1). In this case,

0 0 0
MW /eV ~ 05| 0 1 —0.0015 | , (36)
0 —0.0015 1

leading to m? ~ 0 and m%,3 ~ 0.5(1 F 0.003) eV? ~ 0.5 eV? [of course, they
are such by construction, both for Egs. (35) and for (36)].

However, if there is really no LSND effect (and atmospheric v,’s still
oscillate dominantly into v,’s), then, perhaps, not the three pseudo-Dirac
neutrinos and mass hierarchy (15) are the most natural option, but rather
the three see—saw neutrinos and popular mass hierarchy

mgl = m32 << m12/3 ? (37)

where now m2, —m?2 < AmZ and m2, —m?, < AmZ (see e.g., Ref. [8]).

Concluding our comments on the phenomenological texture expressed by
Egs. (33) and (35), we would like to point out that it differs from the texture
model described in two last Refs [3]. There, the LSND scale Am?qyp (if

it exists) and the atmospheric scale Am?2,  are interpreted as m3 — m3

and a number < 4m%)\(M) (but < m2 — m32), respectively. In contrast,
their present interpretation is m2 — m? and m2 — m3, respectively. In both

textures the hierarchy (15) holds.
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