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Abstract. The exact solution for neutrino mass matrix of the Zee-Babu model is derived. The
tribimazimal mizing imposes the conditions on the Yukawa couplings, from which the normal mass
hierarchy is preferred. The derived conditions give a possibility of maximal CP wviolation in the
neutrino sector.

I. INTRODUCTION

Nowadays, particle physicists are attracted by two exciting subjects: Higgs and
neutrino physics. The neutrino mass and mixing are the first evidence of the beyond
Standard Model. Many experiments show that neutrinos have tiny masses and their
mixing is still mysterious [1]. Recent data are a clear sign of rather large value 63 [2].

The discovery of the long-waiting Higgs boson at around 125 GeV [3] 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 very
important role. It is expected that new physics might enter here to modify the standard
model (SM) Higgs property.

Within the above mentioned reasons, the search of extended model coinciding with
the current data on neutrino and Higgs physics is one of top priorities. In our opinion,
the model with simplest particle content is preferred. In the SM, neutrinos are strictly
massless. For neutrino mass, it was first pointed out by Zee in Ref. [4] 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 Zee-Babu model [5] was proposed. The Zee-Babu
model [4-6] with just two additional charged Higgs bosons (h™, k™) carrying lepton
number 2, is very attractive. 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 by the recent analysis of the Fermi ~-ray space
telescope data [7], if new charged scalars are relatively light and have large couplings to a
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pair of dark matter particles. These new scalars can also enhance the B(H — v7), as the
recent LHC results may suggest.

The Zee-Babu model contains the Yukawa couplings which are specific for lepton
number violating processes. There are a lot of works on constraints the parameter space
of the model [8,9].

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
is followed. With this exact solution, we can fit with current data and get constraints on
the couplings. We do hope that the experiments in the near future will approve or rule
out the model.

II. NEUTRINO MASS MATRIX IN THE ZEE-BABU MODEL

The Zee-Babu model [5] includes two SU(2), singlet Higgs fields, a singly charged
field A~ and a doubly charged field £~ ~. Moreover, right-handed neutrinos are not intro-
duced. The addition of these singlets gives rise to the Yukawa couplings:

Ly = fap($ar)orh™ + hoy(lar)Clork ™ + H.c., (1)
where v, stands for the left-handed lepton doublet, [ for the right-handed charged lepton
singlet and (a,b = e, p,7) being the generation indices, a superscript ¢ indicates charge
conjugation. Here ¢¢ = CET with C' is the charge-conjugation matrix. The coupling
constant f,; is antisymmetric (fop = — fpe), Wwhereas hgp is symmetric (hgp = hpg ). Gauge
invariance precludes the singlet Higgs fields from coupling to the quarks. In terms of the
component fields, the interaction Lagrangian is given

Ly =2 [feu(vepr — vier) + fer(veTr — vier) + fur(vimL — vEpr)] h*

+ [hec€Cer + hyupiiir + hrrTTR + hepeCug + her€Tr + hyrpicTr) KT + Heeo  (2)

where we have used hqq = hi,,, hep = 2k}, for a # b. Eq. (1) conserves lepton number,

therefore, itself cannot be responsible for neutrino mass generation.
The Higgs potential contains the terms:
V(p,h T k™) = pu(h h k™ + bt AT+ (3)

which violate lepton number by two units. They are expected to cause Majorana neutrino
masses.

In the literature, Majorana neutrino masses are generated at the two-loop level via
the diagram shown in [6] and again depicted in Fig.1. The corresponding mass matrix for
Majorana neutrinos is as follows

Mgy, = 8ufachigmemalea(f™)ap, (4)
The integral I 4 is given by [10]

s _/ d'k / dq 1 1 1
ed = 2m* ) 2m)* k2 —m2 k2 — M,% q* — m?i
1 1
X 2 2 P (5)
q — M;j (k—q)* - M;;
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Fig. 1. The two-loop diagram in the Zee-Babu model.

Note that Eq. (5) is simplified by neglecting the charged lepton masses [12].

To evaluate the above integral, ones have neglected the charged lepton masses in
the denominator, since these masses are much smaller than the charged scalar masses M},
and M;. Then

11 7%
= mwg[(r), M = maX(Mk,Mh) (6)

which does not depend on lepton masses. Here T (r) is a function of the ratio of the masses
of the charged Higgses r = M7 /M?,

= o 1—1—%(105;21"—1) forr >1
I(r) _{ 1 for r — 0, (7)

which is close to 1 for a wide range of scalar masses.
The neutrino mass matrix arisen from (4) is given by
MV = —I/J, ,37-><

2 / 12 / / / /
Ewrr +2e€wyr + Pwyy  wrr + € (Wpr — €wer — €wey)  —€wpy — €(Wpr + €Wer + €'wey,)

* Wrr + €2wWee — 26" wWer €€'Wee — Wyr — €Wer + €'wey,
* * Wyp + 2€we;, + EWee
(8)
where we have redefined parameters:
_ feT / feu _ B* 9
€= —, € = Wab = Mgl g1y ()
f,uT f,uT
Let us denote
4 _ 2 /
Wrr = Wrr+ € Wee — 2€ wer,
= ' ' 10
Wyr = Wpr + Wer — € Wey — €€ Wee, (10)
!
_ 2
Wy = Wupt 2€Wey + € Wee.
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then the neutrino mass matrix can be rewritten in the compact form

i

2. 10 12,1 / 1 ! 1,00
, €Wy +2e€w,, + €W, €W tew, —ew, —€w
_ / R
M, =—Ipnf; * wh. Wyr
/
* * W

The above matrix has three exact eigenvalues given by
A1 :07

ulf?
2’” {w), (14 €?) + 2e€'w), + W, (1+€%)

Ay =

—-V&&Al+€%+2&@%ﬂﬂﬂxl+@ﬂ2+4ﬂ+f2+€%@ﬂ-—M w!

Ut

Pl 2 2 L 2) ()2 ro
9 (F/LT - \/Fp,T + 4‘(1 +ef+e€ )(w,u,ﬂ' - w,u,,u,wTT)) ’

ulf7
2

A3 = {w, (14 €?) + 2e€'w), + W, (1+€%)

+ \/[w;w(l + €?) + 2ecw), + wi, (1 + 62)]2 +4(1+ €2 + €?) (W2 — w!,,w!

Ut

ulfhe
2

@mf+¢E§+4a+f%+ﬂxqg—w@wgn,

where we have denoted
Flur = w,,(1+ €?) + 2e€'wy,, +wr (1 + €?).
The massless eigenstate is given by

B 1
N

141 (f,uTVe _feTVu+feuVT)-

The mass matrix (11) is diagonalized as
UTMVU = diag(O,/\g,/\g),

where

1 A1 _ A2
Viter+e? \/1+,§§+Bf \/1+§§+B§
1 2

—_— € —_
U = Vitel+e? |\ /1+A2+B? V/1+A2+B2
e 1 _ 1

ViteZ+e? |\ /1+A3+B? /1+A2+B2

)

)

(12)

(14)

(15)

(16)
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with the new notations

Ao - {2(—:’win(1 + )+ Ew .+ €[(€? - 1)w;m + W]

T B A0+ @+ 2w - wheh,) b/ (26, + 20+ ), (17)

(14 €2)al, — (1+ ), + e\/FﬁT +A(L+ €+ €2) (W2 — Wl W)

B

. (18
’ 2 [eew!,, + (14 €)w!, ] (18)

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

1 € €

Ve — vyt ———
Vitetre? ¢ Vitetre2 ' Virete?
1

VT2 T2+ S
Ay By 1

Ve + v, +
VIFA2+B Y i+ A2rB " 1+ AT+ B

—AQ X — By I —1
1% 14 Vr.
VI+ A3+ B 1+ A3+BZ" \i+A43+B]

From the explicit expressions of eigenstates, we obtain some useful relations

vy =

(f;u—l/e - feTV;L + fe;LZ/T)7

Vy = Vr,

(19)

vy =

A1As + B1By + 1
Al —eB1+¢€ =
As —€eBy+ ¢ =
(A1 — A2)/(B1 — Bz) =

o o o

(@)
—

DO

(=}
~

and

Ad, — (€ — 2w, + €€ (W, —w),,)
ecwy,, + (1 +e*w),, ’
BB, — 1+, + e, 01
P2 = T +(1+ e (21)
ec'wy,, + (1 +€*)w),,

III. CONSTRAINTS FROM THE TRIBIMAXIMAL MIXING

The current data on neutrino mass and mixing show that the tribimaximal mixing
is very realistic [14]

e
shsksl
S o

Unps = - (22)

s
S
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Comparing (16) with (22) yields the following conditions

| =

e=—¢ = 5 (23)
Ay = 0, (24)
B = 1, (25)
A = 1, (26)
By = -1 (27)
Eq. (23) leads to
for = ~fen = 5Jie (28)

Substitution of (23) into expressions of Ay, As, By and By yields

(3w, + 10w, — 5l ) + \/ (3l + 100, — 5l )2 + 16(wly,, — 5wl ) (&, — whr)

A =-—
! 4wy, — 5wl,.) ’
(29)
B+ 10 S VB + 10, = 5002 4+ 16(why, — 50 ) (W — )
2 = )

4(w;m - 5w;”)

B 5(‘“‘}:1/1 - w;r) + \/(5(“);1# - 2"0;17' + 5(“);'7')2 + 96((“);127 - w;l,p,w;'T) 31
e 2(wy,, — 5w),r) ’ (31)

_5(“);# - W;T) + \/(5("};141, - 2("}:”' + 5(*);'7')2 + 96((’0:?7' - WL“W;T)

By = , (32)

Q(w;m — 5w;“.)
It can be checked that with the help of (23), all remaining conditions [from (24) to
(27)] are satisfied if

G = (33)
equivalently for the Yukawa couplings
Wpp T Wep = Wrr + Wer (34)

Note that the derived limit is slightly differs from those given in [8].
From the conditions (23) and (33) we obtain !

m1 =X =0,
my =Ap = HIf/%T(w;;u + OJ:“.) = :U’Ifiﬂ'(w;T + OJ:“.),
3 3
ms =3 = 5”11637(“;# —wy,) = i,ulfiﬂ.(w;.f — W) (35)

IThe integration in Fig.1 is linear divergent and has a surface term [11], which give a similar form
of mass matrix.
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or
W;TE%H:L<@+@>, w/T:L<@_@>.
plfi, N2 3 opdfi N2 3
Using the experimental constraints [17]
|m2 —m3| = m3="7.59x 10 %eV?,
|m3 —m3| = 243 x 10 3eV?

and assuming mo, ms to be real, we obtain following four possibilities
e The first case

o _0.0293855 o 0.0206734
" plfz. Ml fE
w! !
w = 2 0.703526,
Wi Wi
mo = —0.00871eV, ms = 0.0500591eV.
e The second case
, 0.0206735 , 0.0293856
W= W =
Ml fE s nl fi;
w! !
bt — I 142141,
Wi Wi
mo = — 0.00871eV, mgz = —0.0500591eV.
e The third case
o = _0.0206735 o 0.0293856
" plf2. > T plfE
/ /
S = P go141,
w

pr Wt
0.00871eV, msz = 0.0500591eV.

g
Il

L 00203855 . 0.0206734
" plfi, = plfi
w! !

b = 2 (),703526,

OJ;LT OJ;LT

mo = 0.00871eV, mgz = —0.0500591eV.
From the expressions from (38) to (49), it follows

mo = £0.00871 eV, m3 = £0.0500591 eV,
w;m = W, = :|:0.703526w:“., or w:W =w, = :|:1.42141w;“..

/

199

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)
(51)

The expressions (50) shows that w), ,,w;, and w),, are the same order, and neutrinos follow

pper T
the normal mass hierarchy.
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Table 1. The values of v corresponding to ms, ms

ma [eV] m3 [eV] ~[rad]
—0.00871 | 0.0500591 | 0.98727 /2

0.00871 | —0.0500591 | 0.98727 /2

0.00871 | 0.0500591 | 1.01237/2
—0.00871 | —0.0500591 | 1.01237/2

Using the standard parametrization of the neutrino mixing matrix (the PMNS ma-
trix) in terms of three angles and CP violating phases [15]

I 0 0 c13 0 sp3e c12 sz 0 1 0 0
U=1 0 c3 s23 0 1 0 —s12 c12 0 0 e/?2 0
0 —S893 (€23 —S813 €uS 0 C13 0 0 1 0 0 1

where 6 and 7 are the Dirac and Majorana CP phases, respectively, and s;;(c;j) =
sin 6;;(cos 0;;) > 0. The above Majorana mass matrix is diagonalized by the PMNS matrix

UTM,/U = Mdiag = diag(ml, mo, mg). (53)
In the case of the normal mass hierarchy, the four parameters are described as [8,12]

523 ;
€ = tan f1o— + tan O3 €,

€13
S23 ;
6/ = tan 912— — tan 913 615,
€13
w'! 2
BT C13523C23 (54)
r 2 2 —i —
Wi C13C53 + 7“2/3(812513623 e + ¢12893)%e 1Y
—is —is .
T9/3(512513C23 €% + c12523) (512513523 €0 — c12c23)e” "7
o 2 2 — = )
C13C33 + T9/3(512513C23 €79 4 c1a893)%e 1
/ 2 o2 —id 2 —i
Wrr _ 13923 +79/3(512513523 €7 — c12c23)%e (55)
/

(S

o 0%3033 + ?”2/3(812813023 671’6 + 012823)2677y ’
with r9/3 = ma/m3.

We can easily see that with the help of (33), Eq. (55) is automatically satisfied.
On the other hand, from (54) ones can find the values of 7 corresponding to those of
mq, mg specified in (40), (43), (46) and (49) shown in Table 1, in which the values of v
is approximately equal to §. So the condition (33) leads to the maximal C'P violation:
sinycp ~ 1, as mentioned in Ref. [16].

IV. SUMMARY

In this paper we have derived the exact eigenvalues and states of neutrino mass
matrix in the Zee-Babu model. The tribimaximal mixing which is very realistic, imposes
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some conditions on the Yukawa couplings. The constraints derived in this work slightly
differ from other ones given in the literature. The analysis showed that there exists
possibility of maximal C'P violation in the neutrino sector of the model. This requires
reevaluation of the parameters in the model. This problem will be presented elsewhere.
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