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Abstract
We examined the minimal seesaw mechanism gf 3 Dirac matrix by starting our analysis with the masses
of light neutrinos with tri/bi-maximal mixing in the basis where the charged-lepton Yukawa matrix and heavy
Majorana neutrino mass matrix are diagonal. We found all possible Dirac mass textures which contain one zero
entry or two in the matrix.
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I. INTRODUCTION neutrino mixing is based on the idea that there are both
bi-maximal (0, 1, 1}{/2 as well as tri-maximal (1, 1, 1)/3

The recent neutrino oscillation experiments have providedmx'ngs in the lepton sector.
us with robust evidence that neutrinos have tiny masses and
their flavor mixing involves two large angles and one small
angle [x]. A global analysis of current neutrino oscillation
data yields7.2 x 107°V2 < Am?, < 89 x 107°5V?
and 1.7 x 1073V2 < Am?2,, < 3.3 x 1073V? for
the squared mass differences of solar and atmospher
neutrinos and0° < A5 < 382, 36° < 63 < 54° and
0° < 6135 < 10° for the flavor mixing angles at th#9% con-
fidence level (the best-fit values aten? ; = 8.0 x 107°V?2,
Amztm = 25 X 10_3V2, 10 = 34°, 053 = 45° and
615 = 0°[y]l. Where we defineAm?, = m3 — m? and
Am?,,. = |m}—mj| with the neutrino mass eigenvalues

The results of the LEP experiments on the measurement of
the invisible width of the Z boson imply that only three flavor
neutrinos exist in nature (see Ref.[4]). The simplest one to
give 3 x 3 mass matrixn,, is both Dirac mass matrixp, and
m’ghtjhanded massive Majorana mass matfvix, are3 x 3
matrices.

Il.  THE MINIMAL SEESAW MODEL

atm

m1, mo andms. The on-going and forthcoming neutrino
oscillation experiments will shed light on the sign Af;,,
and the magnitude df; 3 and even the CP-violating phase.

The most economical seesaw model which compatible with
solar and atmospheric neutrinos is satisfied by two right-
handed neutrinos. The leptonic part of the Yukawa interac-
tions in presence of three left-handed and two right-handed

. . . heutrinos can be written as
The seesaw mechanism is arguably the most attractive

way to explain the smallnes of neutrino masses. In its ~L = Yr; (Yy);; ®Nrj + ¥ri (Yo),; der;

conventional form, the seesaw invokes three heavy singlet 1 * / ”

right-handed neutrinosg [1]. However, the number three is +=Ng, (Mg),; Ngj + h.c. Q)
B . . . 2 g 3

not sacret. The two non-zero light neutrino mass difference

required by experiment could be explained with just twowhere N denote the right-handed neutrino fields which are
heavy right-handed neutrinos [2]. The seesaw mechanisfinglet under the standard model gauge gropips SU(2)
with two right-handed neutrinos predicts one of the physicahiggs doublet withp = igo¢*, 11; is the lepton doublet of
light neutrino mass to be exactly zero; which is permissibléflavor i, andE; are the right-handed charged leton singlet.
within the current knowledge of neutrino masses and mixingsthe Yukawa coupling constants, andY; are comlex-valued
matrices. After the electroweak symmetry breaking one gets
On the other hand, the observed neutrino mixing matrix ighe charged mass matrnix, = vY, and the Dirac mass matrix
compatible with the so called tri-bimaximal form, introduced for the neutrino asnp = vY, wherev is the vacuum ex-
by Harrison, Perkins and Scott [3]. This tri-bimaximal ectation value of the neutral component of the higgs doublet
¢. The Majorana mass matri¥/y is 2 x 2 comlex symmet-
ric matrix. The mass matrix for the neutral fermions can be
written as
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The light neutrino mass matrixn, after the seesaw zero
diagonalization is given by the seesaw formula

detm, =0 (6)
L Since
m, = —mpMz'm 3
PR D ®) a; az as d 0 0

This master formula (3) is valid when the eigenvaluedbj Ul by b b3 |V=1| 0dy O (7)

are much larger than the elementsmef, and in such a case 1 2 c3 0 0 ds

the eigenvalues ofn, come out very small with respect to

those ofm . it gives at least one of the eigenvaluesnef is exactly zero;
i.e, eitherm; = 0 for normal neutrino mass hierarchy (

In general the Majorana mass mati% is non-diagonal M1 < ma < mg) or mz = 0 for inverted neutrino mass
form in the basis where the charged current is flavor diagonahierarchy {n, > ma > m3).
In this form one can make a basis rotation so that the right-
handed Majorana mass matrix becomes diagonal by the uni-
tary matrix. All possible heavy Majorana mass matridés,

their inverse and their diagonal form are given in the Table I,  !ll.  TRI-BIMAXIMAL MIXING AND DIRAC MASS
with the values TEXTURE
Ao — My + /AMF + M3 (4) It is an experimental fact that within measurement errors
* 2 the observed neutrino mixing matrix is compatible with the
and so called tri-bimaximal form, introduced by Harrison, Perkins

and Scott (HPS). The matrix is given by

My + M £ /M2 +A4MZ — 2M M5 + M?

D 5
+ 5 (5) \/g%o
— 1 1 1
U ©
Ve V32

TABLE I: The Heavy Majorana Mass Matrices

One purpose of this paper is just to find the Dirac neutrino

Mg (Mg),, Mot mass matrix for either m1 = 0 or m3 = 0. Looking back to
diag " Egs. (1), we hav8 x 2 matrixmp = vY,,, we can write it in
the form
(8 ]\2 ) (8 ]\9[ ) singular T1 N
1 1
mp = | 22 Y2 9)
0 M, —M; O 0 h}l T3 Y3
M; 0 0 M ﬁl 0 . . . 1 ;
Using the diagonal inverse matri¥ ,~ we obtain
(o) (o) (83
1
0 M- 0 M 0 vy 1 Y1 ]\/1[ 0 T, To T3
my, = T2 Y2 01 1 Y1 Yo Y3
( 0 M1> (d, o) —i T3 Y3 M
Ml M2 0 d+ %41 0 %‘i‘% w1w2+y]\1/[:y22 wj/[wlg_’_%

2
- T1x2 Yiy2 Lo Ys T2T3 Y2ys3
M, *MQ) o v, vt T, t Ma (10)

(25 (5 0,0, ) L

T1x3 + Yiys x2Z3 + Y2Ys3
0  My+M MZ—M? Moo Ma My

x3 Y3
Mo M, + Mo

Then applying the HPS matrix to diagonalize the neutrino

M —Ms, mass matrixmn
Ml M2 D_ 0 7M2 M1 ) v
M; Ms 0 Dy My M3 — M2

VTm,,V = mij (11)

In this form the Dirac mass matrix must Bex 2 form. It
implies the the determinant of light massive neutrino matrix iswe have
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(497 + v3 + v3 — 41 (2 + ys) + 2y2y3) My + (427 + 23 + 23 — day (22 + x3) + 22033) M)

= 6M, M,
— (203 — 3 — v3 +y1 (Y2 + y3) — 2y2ys) My + (223 — 23 — 23 + 21 (w2 + x3) — 2x923) My
- 3v2M, Mo
e — (2y1 — y2 — y3) (Y2 — y3) My + (221 — 22 — 3) (22 — 23) M>
13 —
2v/3M, M,
(y1 +y2 +y3) (Y2 — y3) M1 + (v1 + @2 + 23) (T2 — 73) M>
mos = (12)
VM1 M,
S (y1 + Y2 +y3)° My + (1 + 22 + 23)° My
22 3M, Mo
— (y2 — y3)> My + (22 — 23)° My
33 M, M,
(inverted neutrino mass hierarchy, IH) has no conflict with the
Vim,V = 1, = d;0;5 (13)  present neutrino oscillation measurements. In both cases, the
non-vanishing neutrino masses can be determined in terms of
miol anadmitm:

The lightest neutrino is allowed to be massless; i.e., either
my = 0 (normal neutrino mass hierarchy, NH) or; = 0

J

me = \/m?2,, ~ 8.97 x 1073V,
m = 0= (14)

ms = \/m2,, + m?,, ~ 5.08 x 10~ 2eV.
my = \/m2,, —m?,; ~ 4.92 x 107 %€V,

ma = \/m2,,, ~5.00 x 10~2eV.
[

(15)

myz = 0=

These light neutrinos give heavy masses; for normal hierarright-handed neutrino fermionic lines do not have any pre-
chy ferred arrow

M; = 8.98 x 102GeV ~ 1013GeV Ng — (+H
M, = 1.07 x 10"GeV ~ 10" GeV (16) Nr — {+H (18)

The interference between the tree-level decay amplitude and

for normal hierarchy, and .
the absorptive part of the one-loop vertex leads to a lepton

M, = 9.12 x 1012GeV ~ 1013GeV asymmetry
My = 9.07x 10%°GeV ~ 104GV (17) s Lot TN )
€= =
for inverse hierarchy. e ¥ (N; = (H*)+T (N; — (H)

We assume a hierarchical mass pattern of the heavy neutrinos
M; << Ms. in this case, the interactions af; can be in
IV. LEPTON ASYMMETRY thermal equilibrium whetV, decay is washed-out by the lep-
ton number violating processes with Thus only the decays
When the Majorana right-handed neutrinos decay into lepef N; are relevant for generation of the final lepton asymme-
tons and Higgs scalars, they violate the lepton number sincy ¢ ~ ¢;. in this case, the CP asymmetry paarameter in the
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TABLE II: Texture Dirac mass matrices and their light neutrino mass

matrices
mp my Notes
(diag)
0 0 0
T x T 342 302
(y y y) 0 VS + My 0 two zeros
0 0 0
6y°2 z2
(—22: x x> Aib+?»71 00 )
0 00 WO Zeros
—2
yyy 0 00
0 00 0
(Oz_z) 00 20 , two zeros
- 2 2x
00 1%424—]\71
0 0 0
— 2
(O T x) % 0 NH
vy 'y 0 0 922
My
6x
Tz z M 382 ’ IH
0y —y 0 55 0
0 0
622
= 0
M
“rowow 0 32 H
y vy Mz
0 0 0
6y
r T x My 382 IH
2y y y 0 37 0
0 0 0
y(y—=2) 0 0
M
(0 33 LE) 02 y(y+22) 0 |H,.’IL‘*>
Yy z z M3
0 0 0
t(t—x) 0 0
t rx My
(t+2z) *k)
(0 y y) 0 =520 H,y
0 0 0
(y2+yZ72z2)]Wl
) = 205
t2 4tz —2x2 ) M.
*k)y = (Pto—202) My SN, )Mo
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minimal seesaw model is given by

€ =
8mv? (T )
mhm

DR )

(20)

p 3 {(mLmD)Z] ; (Mg)

M7

where

1+ 1

This asymmetry is valid in the basis where the right handed
neutrino is diagonalf(z) ~ 3/+/x for x >> 1. Sphaleron
processes will convert this lepton asymmetry into baryon
asymmetry, as a result, the baryon asymmetry is approxi-
mately described as

np =0.96 x 1072 (=€) K (22)

wherex is the efficiency factor, that parameterizes dilution
effects for generated lepton asymmetry through washing-out
processes.

V. CONCLUSION

In this paper we analyze the texture zeros in the neutrino
Yukawa Coupling matrixmp and the heavy Majorana
neutrino mass matrix\/r in the context of the minimal
seesaw model including 2 heavy right-handed neutrinos.
We illustrate which textures are compatible with the present
neutrino oscillation data and discuss their implications for the
future neutrino experiments. We do not make the assumption
that My is diagonal. We examined the minimal seesaw
mechanism o8 x 2 Dirac matrix by starting our analysis with
the masses of light neutrinos with tri/bi-maximal mixing in
the basis where the charged-lepton Yukawa matrix and heavy
Majorana neutrino mass matrix are diagonal. We found all
possible Dirac mass textures which contain one zero entry or
two in the matrix.
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