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The exact solution for the neutrino mass matrix of the Zee-Babu model is derived. Tribi-
maximal mixing imposes conditions on the Yukawa couplings, from which the normal
mass hierarchy is preferred. The derived conditions give a possibility of Majorana max-
imal C'P violation in the neutrino sector. We have shown that nonzero 613 is generated
if Yukawa couplings between leptons almost equal to each other. The model gives some
regions of the parameters where neutrino mixing angles and the normal neutrino mass
hierarchy obtained are consistent with the recent experimental data.
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1. Introduction

Nowadays, particle physicists are attracted by two exciting subjects: Higgs and
neutrino physics. The neutrino mass and mixing are the first evidence of beyond
Standard Model (SM) physics. Many experiments show that neutrinos have tiny
masses and their mixing is sill mysterious."»? Recent data are a clear sign of rather
large value 6;3.3

The tribimaximal (TBM) form for explaining the lepton mixing scheme was
first proposed by Harrison—Perkins—Scott (HPS), which apart from the phase
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redefinitions, is given by*®

- — M)

Unps = | —

Sl- 5l 5l

VB V2

can be considered as a good approximation for the recent neutrino experimental
data, where the large mixing angles are completely different from the quark mixing
ones defined by the Cabibbo—Kobayashi-Maskawa (CKM) matrix.68

The most recent fits suggest that one of the mixing angles is approximately
zero and another has a value that implies a mass eigenstate that is nearly an
equal mixture of v, and v,. The parameters of neutrino oscillations such as the
squared mass differences and mixing angles are now very constrained. The data in
PDG2010? imply

sin?(2612) = 0.87 4 0.03, sin®(2623) > 0.92, sin?(26,3) < 0.15,
(2)
Am2, = (7.5940.20) x 107° eV?,  Am2, = (2.43+£0.13) x 1073 eV?,
where (and hereafter) the best fits are taken into account. Whereas, the new
datal® 19 have been given to be slightly modified from the old fits (2):

sin?(2602) = 0.857 + 0.024,
sin?(2013) = 0.098 + 0.013, sin®(2643) > 0.95, (3)

Am3, = (7.5040.20) x 107° eV?,  AmZ, = (2.327012) x 1073 eV?.

On the other hand, the discovery of the long-awaited Higgs boson at around
125 GeV (Refs. 20 and 21) opened a new chapter in particle physics. It is essential
for us to determine which model the discovered Higgs boson belongs to? For this
aim, the diphoton decay of the Higgs boson plays a very important role. It is
expected that new physics might enter here to modify the SM Higgs property.

For the above-mentioned reasons, the search for an extended model coinciding
with the current data on neutrino and Higgs physics is one of our top priorities.
In our opinion, the model with the simplest particle content is preferred. In the
SM, neutrinos are strictly massless. For neutrino mass, an original model pointed
out by Zee in Ref. 22 in which new scalars are added in the Higgs sector with
neutrino masses induced at the one-loop level. After that a two-loop scenario called
the Zee-Babu model?? was proposed. The Zee-Babu model?? 24 with just two addi-
tional charged Higgs bosons (h™, k™) carrying lepton number 2, is very attractive.?

aIn the recent paper,30 the parameter space of the model under consideration has been reanalyzed,
and the lower bounds for masses of the singly and doubly charged Higgses lie between 1 TeV to
2 TeV.
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In this model, neutrinos get mass from two-loop radiative corrections, which can
fit current neutrino data. Moreover, the singly and doubly charged scalars that are
new in the model can explain the large annihilation cross-section of a dark matter
pair into two photons as hinted at by the recent analysis of the Fermi ~-ray space
telescope data,?® if the new charged scalars are relatively light and have large cou-
plings to a pair of dark matter particles. These new scalars can also enhance the
B(H — ~y), as the recent LHC results may suggest.

The Zee—-Babu model contains the Yukawa couplings which are specific for lepton
number violating processes. There has been much work?273! constraining the
parameter space of the model, however the explicit values of neutrino masses and
mixings have not been considered.

In this paper, starting from the neutrino mass matrix, we get the exact solution,
i.e. the eigenstates and the eigenvalues. As a consequence, the neutrino mixing
matrix follows. With this exact solution, we can fit current data and get constraint
on the couplings. We hope that experiments in the near future will approve or rule
out the model.

2. Neutrino Mass Matrix in the Zee—Babu Model

The Zee-Babu model?? includes two SU(2),, singlet Higgs fields, a singly charged
field A~ and a doubly charged field £~ ~. Moreover, right-handed neutrinos are not
introduced. The addition of these singlets give rise to the Yukawa couplings:

Ly = fab (1/)aL)C’L/)bLh+ + hizb (laR)Clek++ + H.c., (4)

where 11, stands for the left-handed lepton doublet, [ for the right-handed charged
lepton singlet and (a,b = e, 1, 7) being the generation indices, a superscript ¢ indi-
cating charge conjugation. Here ¢ = C9” with C being the charge-conjugation
matrix. The coupling constant fu, is antisymmetric (fop = —fba), Whereas hgp
is symmetric (hqp = hpe). Gauge invariance precludes the singlet Higgs fields from
coupling to the quarks. In terms of the component fields, the interaction Lagrangian
is given by

Ly =2[fep(Viur — vier) + fer Wetn — véer) + fur (Vi — vipr) | R
+ [heeéceR + hMM/JC/LR + h 7 TTR
+ hep€Cpig + her€TR + hyrptr] kT + Hee. (5)

where we have used hqq = hl,,, hay = 2R/, for a # b. Equation (4) conserves lepton

number, therefore, itself cannot be responsible for neutrino mass generation.
The Higgs potential contains the terms:

V(oW k) = p(h™h R TR T (6)

which violate lepton number by two units. They are expected to cause Majorana
neutrino masses.
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Fig. 1. The two-loop diagram in the Zee—Babu model.

In the literature, Majorana neutrino masses are generated at the two-loop level
via the diagram shown in Ref. 24 and again depicted in Fig. 1. The corresponding
mass matrix for Majorana neutrinos is as follows:

Mab = Sﬂfacthmcdecd(f+)db . (7)
The integral I.4 is given by32

; _/ dk / dq 1 1 1
ed = (2m)* ) (2m)* k2 —m2 k? — M7? ¢ —m32
1 1
X . 8
q2—Mﬁ(k—q)2—M]? ()

Note that Eq. (8) can be simplified by neglecting the charged lepton masses m,
and m,.26

To evaluate the integral above, one neglects the charged lepton masses in the
denominator, since these masses are much smaller than the charged scalar masses
Mh and Mk. Then

La~1I ! 1”2f() M (My,, Mp,) (9)
a1 =——5=——1I(r), = max , ,
¢ (1672)2 M2 3 b 2R
which does not depend on lepton masses. Here I(r) is a function of the ratio of the
masses of the charged Higgses r = M7 /M2,

3
. 1+—2(1og2r—1) forr>1,
I(r) = T (10)

1 forr—0,

which is close to 1 for a wide range of scalar masses.
The neutrino mass matrix arising from (7) is symmetric and given by

Ewrr + 2e€'wy,r ewrr + € (wyr —€'wpp — €(wWur
+ € 2wy, — €Wer — €'wey) + €Wer + €'wey)
Ml/ = _I,U“fi-r « Wrr + ¢ 2wee Eelwee — Wur )
— 2€'wer — €Wer + €'wey
* * Wyp + 2€wey, + EWee

(11)
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where we have redefined parameters:

— fCT / fe,u

€= , € . Wab = Mghl,my . 12
fMT fMT ¢ @ab ( )

Let us denote

/ i /12 /
Wi = Wrr + € “Wee — 26 Wer
! — ! !
Wi = Wpr + Wer — € Wey — €€ Wee (13)

A 2
Wy = Wop + 2€wey + € Wee -

Then the neutrino mass matrix can be rewritten in the compact form

2,/ 1o 12,4/ / 1, / i
€e“w, .+ 2ee Wyr T€w,, & tew, —ew,. —€cw,,
— 2 / /
M, = —Iufy, * W, —Wr . (14)
/
* * Wyp

The above matrix has three exact eigenvalues given by

1
my =0, mosz= 3 (—kF + \/k‘2 [F2+4(1+ €+ €2) (w2 — wﬁmw’”)]) , (15)
where we have denoted
_ 2 . 12 / 7,1 2 /
k=plf,., F=Q1+¢")w,, +2ew, +(1+¢e)w,. (16)

The massless eigenstate is given by
1

n=- 2 2 5 (furVe = ferVu + fepvr) - (17)
ep + eT + fp,T
The mass matrix (14) is diagonalized as
UM, U = diag(0, mo, ms3),
where
1 Ay A
1+e2+¢? V1+A?+B? \/1+ A%+ B?
Vit+e+e?2  J1+A2+B2 \/1+A3+ B2
€ B 1 1
V14 e2+¢? V1+ A2+ B2 \/1+ A%+ B?

with the new notations

A —kle(e? - Dy, +2€(1+ )w,,, +€(1+ wl,| £ eVE2F (19)
b2 2k [ee’w;m +(1+ eQ)w;”] ’

k(14 €%, — k(1 + e*)wl, £ VE2F'
BLQ = 3 (20)
2k[ee’w:m +(1+e¢ )w;”]
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and

Fl=F’ 440 +E+HW2 -w ). (21)

pwr ppFrT
The eigenstates v; corresponding to the eigenvalues m; (i = 1,2, 3) are found to be

1

vy = 5 5 5 (fMTVe_fETVu+feuVT)7
\/ eu+ e‘r+f;rr
Ay By 1
Vo = — Ve — l/# — Vr, (22)
1+ A2 + B? 1+ A? + B? 1+ A? + B?
Ay By 1

V3 = Ve + v, + Vr.
’ V1+ A2+ B2 VI+AZ¥BZ " T+ A2+ B2

From the explicit expressions of A1 5 and Bj 2 in (19) and (20), some useful relations
are in order

A1A2+BlBQ—|—1=0,

A1—€B1+6/:07

142—(EB2—|—6I=()7 (23>
(A1 —As)
(B1 — Ba)

One also has

(6/2 - 62)(‘0;7' + 66/((“)‘/r‘r - w,;,u)

2
ec'w,, + (1 +€)w,,

)

(142w, +ewl,

edw, + 1+,

3. Constraints from the Tribimaximal Mixing

The current data on neutrino mass and mixing show that TBM mixing®® as dis-
played in (1) is very specific. Comparing (18) with (1) yields the following conditions

1
e=c=3, (24)
Ay=0, Ay =Bi=-1, By=1. (25)
Equations (24) and (12) lead to
1
fep,:fe-r:§fur' (26)
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Substitution of (24) into expressions of Ay 2, By 2 in (19) and (20) yields

Ao (3w, — 10w, — 5w’ ) £ Vk?Fy (27)
b2 Ak (wt,, + 5w, ’

Sk(wy,, —wr,) £ VE2 Iy

By = 28
b 2k(w),, +5w,,) (28)
with
Fo = 4w}, +5w,,.)* + (W], — w),,) (21w, — 20w, — 25! ). (29)
If w),, =w, =uw we have:

1 k(w' + 5w,

Al,g = —— (1 + ( K ) ) s (30)
2 k2 (w' + 5wy, )?

k(W' + 5w, )

By =+ .
k2 (W' + 5wy, )?

(31)

It can be checked that with the help of (24), all remaining conditions in (25) are
satisfied if

W, =wr, =w (32)

and k(w' + 5w),;) are negative real numbers. This can be equivalently converted
into a relation among the Yukawa couplings

Wop + Wep = Wrr — Wer - (33)

Note that our derived constraints are somewhat different from those given in Ref. 28.
From the conditions (24) and (32) we obtain®

1
my =0, ma3= ~1 k(5w +w,,.) F [k (' + 5w;”)2} . (34)

The complex phases which can arise when diagonalizing the neutrino mass matrix
(14) can be absorbed by the redefinition of the mass matrix eigenvectors, as it
should be given that both mg 3 are physical observables. Hence, in this work we
assume mo and m3 to be real.

Depending on the sign of the function in the square root, we have two cases in
which k(5w + o.);”) being either positive or negative. To fit the experimental data
in Ref. 9 the following condition must be satisfied

k(w4 5w,,,) < 0. (35)

bThe integration in Fig. 1 is linear divergent and has a surface term,33 which give a similar form
of mass matrix.
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The neutrino masses in (15) becomes

3k ,

my =0, me=-——(W+w

5 W)y my =k(=w' +w,). (36)

Taking the central values from the data® as displayed in (2), we have the two
following solutions:

(1) m1 =0, mg =0.008712 eV, mz = —0.050059 eV and then

2
— 0.57735 4.17428 x 10~'7
V6
1
U=|-—= 057735 0707107 |- (37)
V6
1
— —0.57735 0.707107
V6
In this case, w),, and w’ depend only on k due to the following relations:
0.0279335 0.0221255
w:”:—T7 WI:T7 (38)
!
“ur 19625 k(W' +50,) = —0.117542 < 0 (39)
W’ : ’ uT : ’
(2) my =0, me = —0.00871206 €V, ms3 = —0.050059 eV and
2 —17
— 0.57735 —5.93338 x 10
V6
1
U=|-—= 057735 ~0.707107 : (40)
V6
1
—— 0.57735 0.707107
V6
In this case, wj,, and ' depend only on k according to the following relations:
0.0221255 0.0279335
Gr=TT R i “
wl
LT = —0.792076, k(s — 5w),,) = ~0.0826938 < 0. (42)
The expressions (39) and (42) show that w/, ,, w/, and w) are of the same order,

and the normal neutrino mass hierarchy was used.®

“Here, we have assumed a normal neutrino mass hierarchy in which m; = A1 = 0, ma = g,
m3 = A3 where \; (i = 1,2,3) are eigenvalues of M, in (14). A spectrum with inverted ordering
can be obtained by using the notation mf = A1 =0, m}, = A3 = m3 and m| = A2 = ma.

1450072-8
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In terms of the usual neutrino-oscillation parameters, the matrices (37) and (40)
mean that

1
sing, = sing, = 3 sin}; =0, (43)

5
which are in good agreement with the TBM form.® However, with a vanishing 613
now excluded at more than 100 (Ref. 17) the situation has changed somewhat and
the result in (2) should be considered just as a good approximation.

Using the standard parametrization of the neutrino mixing matrix (the PMNS

matrix) in terms of three angles and CP violating phases® 8
1 0 0 Cc13 0 s13 e~
U = 0 Co3  S23 0 1 0
0 —s23 c23 —s13€® 0 13
Cl12  S12 0 1 0 0
X | —s12 c12 O 0 €W/2 0
0 0 1 0 0 1
—i
C12€13 512€13 513€
_ is is
= | —512€23 = €12513523€ C12C23 = 512513523€ C13523
is is
S12523 = €12513C23€ —C12523 = 512513C23€ C13Ca3
1 0 0
X 0 67;7/2 0 ) (44>
0 0 1

where ¢ and «y are the Dirac and Majorana CP phase, respectively, and s;; = sin 0,
cij = cosb;; (ij = 12,23,13). The above Majorana mass matrix is diagonalized by
the PMNS matrix

U MU = Mgiag = diag(mi, ma, m3) .

In the case of the normal mass hierarchy, the four parameters are described as?6-28
523 ; So3 )
€ =tanbis— +tanfiz e, ¢ =tanbio—= — tanbys e, (45)
C13 C13
/ 2
Wyur C13523C23
—_— 2 2 . _
Wi Cl3C53 + Ta/3(S12513C23 € W 4 ¢19893)2e Y
—is s .
7'2/3(312313023 €7 + ¢128923) (812513823 €0 — c1aca3)e” Y (46)
- )

55 — —
C13Cy3 + 7‘2/3(812813023 e~ 4 612823)26 w

2 o2 —id 2 ,—i
_ Ci3S33 +1a/3(S12813823 €70 — Ciaco3) e

2 2 — i~
™ C13Cy3 + 7‘2/3(812813623 e 4 012823)26 vy

&

with ro/3 = ma/ms.
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Table 1. The values of v corresponding to ma, ms.

ma [eV] msz [eV] e ¥ ~ [rad]
0.008712 —0.0500591 1.00002 w/2
0.00871 —0.0500591 1.00001 w/2

We can easily see that with the help of (32), Eq. (46) is automatically satisfied.
On the other hand, from (45) one can find the values of v corresponding to those
of ms and mg as shown in Table 1, in which the values of 7 is approximately equal
to 5. So the condition (32) leads to Majorana maximal C'P violation: sinyop ~ 1,
as mentioned in Ref. 35.

The recent considerations have implied 613 # 0, but small as given in Ref. 10.
A deviation from the TBM form would be achieved with a nonzero value of A5 and
a small difference of € and ¢’ as shown in Sec. 4.

4. Experimental Constraints with Nonzero 643

The realistic neutrino mixing will be slightly deviated from the TBM form. This

will be achieved with a very small value of Ay and ¢’ ~ ¢ ~ % With the help of

(23), the matrix U in (18) becomes

1 e2+e'(e'+A2) Ase
Vite2 42 V(e e 2)[24+(1+e2) AZ+2A0¢/ +¢/2]  /(1+A3)e2+(Az+e')?
U=|_— e c(1-Ase’) As+e’
1+e2+e'2 V(e +e/2)[e2+(1+e2)AZ+2A2¢' +€'2]  \/(1+AZ)e2+(Ax+e')?
e _ Az (1+€®) ¢ €
T+e2+e'? V(e +e'2)[2+(1+e2)AZ+2A2¢' +€'2]  \/(1+AZ)e2+(Ax+e')?
(47)
Combining (47) and (44) we obtain:
U A !
ty = 12 € +€(22+€) (48)
Ui \/52 (14 €2)A2 + 245 + €2
Uz  As+¢€
tog = — = 49
23 Uss . (49)
with tij = taneij (Z] = 12, 237 13)
Since € and €' are close to each other, it can be assumed that
e = ae, (50)

where o is a constant close to 1.
From the expressions (48)—(50), we obtain the following relations:

i a1 +13,) + VT (51)
BT RS (14 e2)t2,’

Sa(l+a?) — aet, + VT
Ay = (2 )2 132 ’ (52)
t15(1 4 €2) — a2e

1450072-10
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or
A —ae3(1+t3,) + VT (53)
BT a2 — (1 e2)td, ’
Sa(l +a?) — aet?y — VT
Ar = (2 ) 2 12 2 (54)
ti(1+€?) — a’e
where
['= e, [1+ (1+a?)e’][(1+a®)e® —13,] . (55)
Substituting As from (52) into (47) yields
Ui Uiz Uss
U= |Uyn Usx Usx|, (56)
Usi Usz Uss
with
1
U =
1+ (1+a?)e?
€
Upi — —
a 1+ (14 a?)e?
ae
Usi = —/————,
V14 (14 a?)e?
o = e[et?, + (1 + a?)e3td, + aVT]
e VEL+ (1 +ad)epPr
o — elatet — (14 )3y + a?2(1 + €2 — t2,) + aeVT|
= VEO+ (A + a2)ePr ’ (57)
Uno — a(l+a?)é® +ae® + (1 + VT
2 Vel + (1+ a?)e2]2T ’
U e[a(l +a?)e® — aet}, + VT
BT e+ At o)l
aed(1+13,) +VT
U23 = - )
Ve[l + (1 +a?)el”
ela?e? — 13,5(1 + €2)]
U33 - )
Ve[l + (1 +a?)elY
where
"= (1 —a?)et?y, + (1 +a?)(a® +13,) +2aVT. (58)

We see that the neutrino mixing matrix in (56) with the elements given in (57)
depends only on three parameters «, e and t12. It is easy to show that the model

1450072-11
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U,
0.41
0.4075
0.405

0.4025

0.98

Fig. 2. Ui, U21, Us1 as functions of « and € with a € (0.98,1.00) and ¢ € (0.50, 0.505).
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. 0.99 0.9
a 0.995 a 0.995
0.5 0.5 R
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Fig. 3. Uiz, U2, Uss as functions of a and € with a € (0.98,1.00) and ¢ € (0.50, 0.505).

can fit the recent experimental constraints on the neutrino mixing angles. Indeed,
by choosing o € (0.98,1.00), e € (0.50,0.505) and taking the new data given in
Ref. 10 with t15 = 0.691, we obtain

Uiy € (0.814=0.818),  Ups € —(0.563 = 0.566), Ups € (0.010 = 0.140),
Usys € —(0.409 = 0.412), Uss € —(0.380 = 0.460), Uss € —(0.790 + 0.830), (59)
Usi € (0.4025 = 0.410), Usy € (0.680 = 0.720),  Uss € —(0.540 = 0.600) ,

or

0814+ 0818  —(0.563+0.566)  0.010 = 0.140
U=|-(0409+0.412) —(0.380+0.460) —(0.790+0.830) [.  (60)
0.4025+0.410  0.680+0.720  —(0.540 =+ 0.600)

It is interesting to note that the model-independent parametrization of non-
TBM structures based on deviations from the reactor, solar and atmospheric
angles®® and on small perturbations of the TBM mixing eigenvectors3” is simi-
lar to our approach here. Our set €, «, t12 is equivalent to the set €12, €23, €13 in
Ref. 37.

Figures 2(a)-2(c), Figs. 3(a)-3(c) and Figs. 4(a)—4(c) give the dependence of
the elements of U matrix on « and € with t10 = 0.691.

With « € (0.98,1.00) and € € (0.50,0.505), from (51) we obtain to3 € (1.3,1.59)
or o3 € (52.43°,56.31°), and Ay € (0.15,0.25) which are shown in Figs. 5(a) and
5(b), respectively. In this case, s13 € (0.1,0.14) or 013 € (5.74°,8.05°).

1450072-12
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Fig. 4. Uiz, Uas, Uss as functions of o and € with a € (0.98,1.00) and e € (0.50,0.505).

1, (rad )

1.5

1.4 0.504

1.3
0.98

@) ' (b

Fig. 5. (a) t23 as a function of a and e with a € (0.98,1.00) and e € (0.50,0.505); (b) A2 as a
function of « and e with a € (0.98,1.00) and e € (0.50, 0.505).

Similarly, substituting A, from (54) into (47) yields

0.814+0.818  0.563+0.566 —(0.010 = 0.140)
U=|-(0409+0.412) 0.69 = 0.73 0.54 + 0.58 (61)
0.4025+0.410  —(0.38 = 0.44) 0.8+ 0.83

provided that a € (0.98,1.00) and € € (0.50,0.505). In this case, t23 € (0.65,0.75)
or a3 € (45°,50.19°), s13 € (0.02,0.08) or #1353 € (1.15°,4.6°) and A2 € (0.05,0.15).
We note that in these regions of the values of « and €, 613 is smaller than that given
in Ref. 10, but the other regions of these parameters will provide a consistent range
of 613, such as, when a € (0.98,1.00) and € € (0.50,0.51) then |s13| € (0.1,0.16)
or 013 € (5.74°,9.21°). This range of 03 satisfies the recent experimental data in
Ref. 10.

From (51) and (53) we can have the relations of to3 and ¢12, «, € as shown in
Figs. 6(a)-6(c) and Figs. 7(a)-7(c), respectively, in which the values of 623 obtained
encompass the best fit values in Ref. 10.

With the help of (50), F' in (16) becomes:

F = (1+a’¢)w,, + 206w, + (1+ )w), (62)

1450072-13
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1,,(rad) 1,,(rad) 1, (rad)

1.165

b

1.56
1.16

1.54
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Fig. 6. (a) t23 as a function of € with e € (0.50,0.51) and o = 1, t12 = 0.691; (b) t23 as a function
of t12 with t12 € (0.690,0.691) and oo = 1, € = 0.49; (c) t23 as a function of o with « € (1.0, 1.02),
t12 = 0.691, € = 0.50 from (51).

1y (Hld) by (rad) Iy (rad)

0.501 0.502  0.503  0.504  0.505
0,608 0.6975

0.695
0.69 0.6925

0.69
0.6875

o(rad)

0.694

) 0.6902  0.6904 0.6906 0.6908  0.691
1.002  1.004  1.006  1.008 1.01

(@ () © a
Fig. 7. (a) t23 as a function of € with e € (0.50,0.505) and o = 1, t12 = 0.691; (b) t23 as a

function of t12 with ¢12 € (0.690,0.691) and o = 1, € = 0.50; (c) t23 as a function of a with
o € (1.00,1.01), t12 = 0.691, € = 0.50 from (53).

and the physical neutrino masses from (15) is defined

1
my1 = O, ma 3 = 5(—/€F + ]432(}72 + B)) y (63)
with
B=A4[l+ (14 0*)|(w,2 — w),wr,) - (64)

Taking the central values from the data'® on neutrino mass square differences

Am3, =750 x 107° eV?, Amj, =2.32x 1072 eV?, (65)
we obtain
0.0402359
f= 07 66

The neutrino masses are explicitly given as
m1 =0, mg=0.00871206 eV, mgz = —0.048948 eV, (67)

which are in a normal ordering.
The ratio of msy to mg is given

Imal _ 4 177086, (68)
||

which is the same order as in Ref. 28.
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Fig. 8. k as a function of a, €, w" and wy, with wj, . € (0.95,1.0), w’ € (0.80,0.9) and a = 1.00,
e =0.5.

Without loss of generality, we assume w;,, = w;, = w'. From (16), (50) and
(66), we obtain the dependence of k on «, € and w and w}s:
0.0402359
k= 5 . (69)

(24 (1+a?)e?)|w’ + 2ae?w),,
In the case a = 1.00 and ¢ = 0.5, one has
0.0402359

k=
2.5w" + 0.5w),,

Figure 8 gives the dependence of k on w’, wj, with w) € (0.95,1.0) and w’ €
(0.80,0.9).

5. Summary

In this paper, we have derived the exact eigenvalues and eigenstates of the neutrino
mass matrix in the Zee—Babu model. Tribimaximal mixing imposes some conditions
on the Yukawa couplings. The constraints derived in this work slightly differ from
other ones given in the literature, and the normal mass hierarchy is preferred. The
derived conditions give a possibility of Majorana maximal C'P violation in the
neutrino sector. We have shown that nonzero 6,3 is generated, if Yukawa couplings
between leptons almost equal to each other. We have analyzed behaviors of the
mixing angles as functions of the Yukawa couplings, and the model parameter space
has been derived.

Acknowledgments

This research is funded by the Vietnam National Foundation for Science and Tech-
nology Development (NAFOSTED) under Grant No. 103.01-2011.63.

1450072-15



H. N. Long & V. V. Vien

References

1.
2.

© 0N oW

10.
11.

12.
13.

14.
15.
16.

17.

18.
19.

20.
21.
22.
23.
24.
25.

26.

27.

28.

29.

30.

31.

32.
33.

G. Altarelli, Nucl. Phys. B (Proc. Suppl.) 241-242 77 (2013).

G. Altarelli, Neutrino mixing: Theoretical overview, arXiv:1304.5047, and references
therein.

A. Yu. Smirnov, Nucl. Phys. B (Proc. Suppl.) 235-236, 431 (2013).

P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 530, 167 (2002).

P. F. Harrison and W. G. Scott, Phys. Lett. B 535, 163 (2002).

Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).

B. Pontecorvo, Zh. Eksp. Teor. Fiz. 53, 1717 (1967).

B. Pontecorvo, Sov. Phys. JETP 26, 984 (1968).

Particle Data Group (K. Nakamura et al.), J. Phys. G 37, 075021 (2010).

Particle Data Group (J. Beringer et al.), Phys. Rev. D 86, 010001 (2012).

T. Schwetz, M. Tortola and J. Valle, New J. Phys. 13, 109401 (2011),
arXiv:131108.1376 [hep-ph].

T2K Collab. (K. Abe et al.), Phys. Rev. Lett. 107, 041801 (2011).

MINOS Collab. (P. Adamson et al.), Phys. Rev. Lett. 107, 181802 (2011),
arXiv:1108.0015 [hep-ex].

G. L. Fogli et al., Phys. Rev. D 84, 053007 (2011), arXiv:1106.6028 [hep-ph].

F. P. An et al., Phys. Rev. Lett. 108, 171803 (2012), arXiv:1203.1669 [hep-ex].

J. K. Ahn et al., Observation of reactor electron antineutrino disappearance in the
RENO experiment, arXiv:1204.0626 [hep-ex].

D. V. Forero, M. Tértola and J. W. F. Valle, Phys. Rev. D 86, 073012 (2012),
arXiv:1205.4018 [hep-ph].

G. L. Fogli et al., Phys. Rev. D 86, 013012 (2012), arXiv:1205.5254 [hep-ph].

M. C. Gonzalez-Garcia, M. Maltoni, J. Salvado and T. Schwetz, J. High Energy Phys.
12, 123 (2012), arXiv:1209.3023 [hep-ph].

ATLAS Collab. (G. Aad et al.), Phys. Lett. B 716, 1 (2012).

CMS Collab. (S. Chatrchyan et al.), Phys. Lett. B 716, 30 (2012).

A. Zee, Phys. Lett. B 93, 389 (1980).

A. Zee, Nucl. Phys. B 264, 99 (1986).

K. S. Babu, Phys. Lett. B 203, 132 (1988).

S. Baek, P. Ko and E. Senaha, Can Zee-Babu model implemented with scalar
dark matter explain both Fermi/LAT 130 GeV ~v-ray excess and neutrino physics?,
arXiv:1209.1685 [hep-ph].

K. S. Babu and C. Macesanu, Phys. Rev. D 67, 073010 (2003), arXiv:hep-
ph/0212058.

D. Aristizabal Sierra and M. Hirsch, J. High FEnergy Phys. 0612, 052 (2006),
arXiv:hep-ph/0609307.

T. Araki and C. Q. Geng, Phys. Lett. B 694, 113 (2010).

M. Nebot, J. F. Oliver, D. Palao and A. Satamaria, Phys. Rev. D 77, 093013 (2008).
D. Schmidt, T. Schwetz and H. Zhang, Status of the Zee-Babu model for neutrino
mass and possible tests at a like-sign linear collider, arXiv:1402.2251 [hep-ph].

J. Herrero-Garcia, M. Nebot, N. Rius and A. Santamaria, The Zee—Babu model re-
visited in the light of new data, arXiv:1402.4491 [hep-ph].

K. L. McDonald and B. H. J. McKellar, arXiv:hep-ph/0309270.

P. V. Dong and H. N. Long, Surface integral of Babu diagram, arXiv:hep-
ph/0509007.

1450072-16



34.

35.
36.
37.

Neutrino mizing with nonzero 013 in Zee—Babu model

DAYA-BAY Collab. (F. P. An et al.), Phys. Rev. Lett. 108, 171803 (2012),

arXiv:1203.1669.

E. Ma, Phys. Rev. D 86, 117301 (2012).
S. F. King, Phys. Lett. B 659, 244 (2008), arXiv:0710.0530 [hep-ph].
D. Aristizabal Sierra, I. de Medeiros Varzielas and E. Houet, Phys. Rev. D 87, 093009

(2013), arXiv:1302.6499 [hep-ph].

1450072-17



