Physics Letters B 777 (2018) 332-334

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Cobimaximal neutrino mixing from S3 x Z; )

Ernest Ma®:P-*

Check for
updates

2 Physics & Astronomy Department and Graduate Division, University of California, Riverside, CA 92521, USA
b HKUST Jockey Club Institute for Advanced Study, Hong Kong University of Science and Technology, Hong Kong, China

ARTICLE INFO ABSTRACT

Article history:

Received 12 July 2017

Received in revised form 28 November 2017
Accepted 21 December 2017

Available online 27 December 2017

Editor: A. Ringwald

It has recently been shown that the phenomenologically successful pattern of cobimaximal neutrino
mixing (613 #0, 623 = /4, and §cp = = /2) may be achieved in the context of the non-Abelian discrete
symmetry Ag. In this paper, the same goal is achieved with S3 x Z;. The residual lepton Z3 triality in the
case of A4 is replaced here by Z; x Z;. The associated phenomenology of the scalar sector is discussed.
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1. Introduction

Present neutrino data [1,2] are indicative of 613 # 0, 6,3 =7 /4
and 8¢cp = —m /2. Calling this cobimaximal mixing [3], it has been
shown that it may be derived in the following two ways. (I) The
Majorana neutrino mass matrix, in the basis where charged-lepton
masses are diagonal, is assumed to be of the form [4-6]

A Cc c
MR = ( C D* B ) (1)
c* B D

where A, B are real. (II) The neutrino mixing matrix is assumed to
be of the form [7-10]

Up =UuO, (2)

where [11,12]

Uy = i (} ;) a}z) (3)
VG 1 o o)

with w = exp(2mi/3) = —1/2 +i+/3/2, and O is any arbitrary real

orthogonal matrix. This yields |U;i| = |U¢;| which leads to cobi-

maximal mixing. Using the fact that U,, is derivable from A4 [13],
and the scotogenic generation of neutrino mass from a set of
real scalars [9,14-16], Eq. (2) is naturally achieved. This concep-
tual shift from tribimaximal [17,18], i.e. 613 =0, 623 = 7 /4, and
sin® 61 = 1/3, to cobimaximal mixing may also be understood as
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the result of a residual generalized CP symmetry [6,19-24]. Here
we show how cobimaximal mixing may be obtained from the soft
breaking of S3 x Zy to Zy x Z; instead of the soft breaking of Ag4
to Zs.

2. Soft breaking of S3; with two Higgs doublets

Let (®1, ®2) ~ 2 under S3, then the most general S3 invariant
scalar potential for @13 is given by [25]

1
Vo= i@} @1+ @502) + 211 (@] @1 + D)’
1
3 72(@] @1 — D82)° +23(P] D2) (D)), (4)
This Vg actually has an additional Z, symmetry, i.e.

O = idy, Oy — —id;.

Consider now the addition of a soft term iu%z(dﬂ oy — d>£<1>1),
which breaks S3 but preserves this additional Z; transforma-
tion inherent in Vo, with (¢9) =i(¢?) = v/+/2. The minimum of
the scalar potential is then easily shown to be given by v2 =
— (g + 13 /D + (h3/2)].

3. Two lepton families under S3

Let (v1,11)r, (V2,12)1 ~ 2 under S3, and lig, log ~1’, 1 under Ss.
The S3 invariant Yukawa terms for charged-lepton masses are then

—Ly = fuh1¢? —bidpDhr + fr(l109) +brgdDlr +He.  (5)
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The 2 x 2 mass matrix linking (Iusz) to (l1g, lag) is then given
by

fu fr ) v 1 <1 1 ) <qu 0 )
M=\ . —=—. . . 6
! <lf/1. —ife ) 2 2 \1 —i 0 frv ®)
4. Three lepton families under S3 x Z»

A third lepton family may be added which transforms as (1, —)
under S3 x Z3, so that it couples to a third Higgs doublet which
transforms as (1, +). The 3 x 3 unitary matrix linking the diagonal
charged-lepton mass matrix to the neutrino mass matrix is then

1 0 0
Uz=|0 1/v2 —i/v2]. (7)
0 1/v/2 i/vV2
This serves the same purpose as U, of Eq. (3), because
Up =U,0 (8)
also yields |Ui| = |Uzi| which leads to cobimaximal mixing. In

fact, since U,; = 04, the 612 and 613 angles are the same in both
U, and O. This is the main point of my paper, i.e. U, of Eq. (3)
may be replaced by U, of Eq. (7) to obtain cobimaximal mixing.
The orthogonal matrix O is simply assumed here, but it may be
implemented as shown in previous studies [9,14-16].

5. Soft breaking of S3 to Z, with three Higgs doublets

Adding ®3 ~ 1 under Ss3, the scalar potential of our model be-
comes

V = pd(@] @1 + Bhda) + iy (@] @y — 0) 1) + pd 0] g
T 5 ot - 1 T T 12
+ 2#30433(@14-1@2)4-1‘1.(3. +2A1(®1¢‘1+¢2(D2)

| U i t 1 e 2
+ 2)»2(<I>1¢1 D, DP32)” + A3 (D D) (P, D) + 2)»4@3%)

+ 25(®L03) (@] B1 + DL D3) + A @Y (@1 @] + D2 0] 03
+ A7 (@5 1) (@102 + Hocl] 9

The u?, and p3, terms break S3 softly to Z,, under which @3 and
O, = (P71 + iDy)/+/2 are even and d_ = (&1 — iDy)/+/2 is odd.
The S3 allowed quartic term (®5®1)(@}d1) + (D)D) (@] ®y) is
forbidden by making ®3 odd under an extra Z) symmetry. This
term does not have the required accidental residual symmetry in-
herent in the two-Higgs-doublet case and if allowed, would have
changed U, of Eq. (7) and invalidated Eq. (8). The new symmetry
Z!, is then broken softly by the H%o term. With this modification,
(Ve,e)r is even and eg is odd under this extra Zé to allow the
Yukawa coupling feéLeR¢g, with me = fev3. Assuming a small ,u%o
term, v3 is naturally much smaller than v. Hence m, << my,m;
and the charged leptons are distinguished from each other accord-
ing to

e~(+.-), u~(=+),

The Z3 triality [26,27] coming from A4, ie.e~1, u~w?, T~ o,
has now been replaced by the above under Z; x Z,. This serves to
forbid u — ey, etc. as in the case of Z3 lepton triality. The odd
Higgs doublet ®_ transforms as (—, +) and couples to ji;Tg and
T Mg as in Ref. [28].

T~ (+,+). (10)

Table 1

Particle content of leptons and scalars under S3 x Z3 x ZJ.
Particles S3 Zy z,
1.2, 112)1 2 + +
(v3,13)1 - +
lir iy + +
g 1 + +
I3R 1 — —
(@75 675) 2 + +
(¢35, 0%3) 1 + -

Table 2

Particle content of leptons and scalars under Z»(S3) x Z3.
Particles Z(S3) V4
TL.R + +
MLR - +
€L.R + -
(O1 +iD2)/2, D3 + +
(@1 —iD2)//2 - +

6. Symmetry assignments of leptons and scalars

The symmetries of this model are S3 x Z3 x Z/2 as shown in Ta-
ble 1. The complete Lagrangian contains Eqs. (5) and (9) as well
as terms from the third lepton doublet and singlet, to be identified
as the electron family as shown in Eq. (7). Using Eq. (9), S3 is
broken indirectly to Z, (under which ®; — i®;, &y — —idq),
whereas Z, (under which e =13 is odd) is unbroken, and Z) is
softly broken by the :U“%o term. The residual symmetry is shown
in Table 2. This shows explicitly how the charged leptons retain a
Zy x Z symmetry in this model. Once a realistic neutrino mass
matrix is considered, this symmetry will be completely broken, but
the effects are small on the phenomenology to be discussed be-
low.

7. Phenomenology of scalar interactions
The leptonic Yukawa interactions are given by

—Ly = fr (@Y + 11¢°) TR + fr(Dep + Vud TR
+ Fu(ir el + e g + fru(@pdl + veopur
+ feerd3er + febegpser + H.c. (11)

The scalar interactions are given by
V= + 1)@l oy + (ud — 2ol o + pdofes
1

RPN, 1 1 oy 2
| @30 +He |+ (St s ) @y

1 1 F o2 1 T i

2/\1+4/\3 (P_P )"+ | M 2k3 (P, P )(PLD)
1
2

1
ha— Z“) (@l & )2+ (@ @y)?]

(
+(
ot s ) (@ o y@ D)+ Las(@lde)?
2 23 (+*)(_+)+2)\4(33)

hs(@L03) (@ & + 0T @) + a0l (0,01 + o_0T s

1
<Zx7[(q>§q>+)2 —(@lo )+ H.c.) (12)
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Assuming v, v3 to be real, the conditions for minimizing V are

1
V(g + pdy) + O + 5x3)v2 + (ks + A6 + Im(A7))v2]

1 2
+ — v3 =0, 13
ﬁl/@o (13)
1
va[pd + 2av3 + (s + Ag + Im(A7)v] + ﬁuﬁov =0.  (14)

For v3 << v, we obtain

2 Mg+ 1)
i+ (3/2)

— v
v3 Mo (16)

\/—[Mg, + (s + A6 + Im(A7))v2]

(15)

The states v2[vIm(¢?) +v3Im(@3)1/v/vZ +v3 and [vpi +v3¢F]/
,/vz—i—v% are the would-be massless Goldstone modes for the
Z and W¥ bosons. The states A = v/2[vIim(¢9) — v3Im($2)]/

Jv2+v? and H* = [vg7 — v3¢71/,/v2 + v2 have masses given
by

2 2 2
(ve+v3)
m = —Im(y)(v? 4 v3) — £300T T

ﬁVV3
~ 3+ (s + g — Im(Ag))v?, (17)
2 2 2
2 2 2y M5(vT+vs)
my. =—(Ag+Im(Ay) (Vo 4+v3) — ———
im 6 7) 3) NI
:M§+k5v2. (18)

The states h = \/fRe(zﬁ?r) and H = «/fRe(qbg) are approximate
mass eigenstates with

2 o 2 2 2 2
my, >~ (2A1 +A3)ve, my = u3+ (s +ig +Im@A7)ve,  (19)

and h — H mixing given by

_ 2
(A5 + A6 + Im(A7))v ] 0)

Ty |:/L§+(A5+k6+1m(k7))v2

The ®_ doublet has odd Z, and does not mix with @, or ®3. The
masses of its components are given by

1

m?(¢%) > g — Ui, + (M — Exa) v2, (21)
1

m?(V2Re(¢)) =~ u — u?, + (M -5kt 2,\2) v2, (22)
1

m?(V2Im(@°)) ~ ud — u?, + (M + 5/\3) v2. (23)

All physical masses squared are positive in a large region of pa-
rameter space, thus proving that Eqs. (15) and (16) correspond to
a local minimum of V.

8. Phenomenology of lepton interactions

From Eq. (11
by

), the lepton interactions of this model are given

—Ly =" hzr + T
Yy = o3 w2 129%%
+ [(H+iA)eregr + H veeg + H.c.]
3f ’
[ BR 100 et + 6 TR + S0 Fupan + ¢ V]
+ H.c. (24)

to a very good approximation. Since v3 << v is assumed, the
heavy H and A couple predominantly to e~e™. If they are pro-
duced, through a virtual Z for example, at the Large Hadron Col-
lider (LHC), the e~eTe~e™ final state is very distinctive and po-
tentially measurable. In the same way, ~/2Re(¢°) and +/2Im(¢°)
may be produced. They decay to u~t% and w*™t~ which are
again rather distinctive if T* can be reconstructed experimentally.
On the other hand, the decay of ¢= is predominantly to Ty,
Ty,

9. Conclusion

The notion of cobimaximal neutrino mixing, i.e. 813 # 0, 63 =
7 /4, and §cp = —m /2, is shown to be a consequence of the resid-
ual Z; x Z, symmetry of an S3 x Z; model of lepton masses. This is
an alternative theoretical understanding from the usual A4 realiza-
tion. It has verifiable distinctive decay signatures (such as pu*t¥)
in its three Higgs doublets.
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