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The tri-bimaximal form for the lepton mixing scheme proposed by Harrison-
Perkins-Scott (HPS), which apart from the phase redefinitions, is given by

Vi
Unps = B3 VR (1)
~% B

can be considered as a good approximation for the recent neutrino experimental
data.
The most recent data are a clear sign of rather large value 0,5. The data imply:

sin?(2612) = 0.857 & 0.024, sin®(26;3) = 0.098 4 0.013, sin?(2623) > 0.95,
Am3, = (7.50 £ 0.20) x 10°eV?, Am3, = (2.327053) x 107%eV2. (2)
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We should look for symmetry groups containing 1, 2 - and 3- dimensional
irreducible representations, or more than two 1- dimensional irreducible repre-
sentations.

o A, , 3.

o S3: , 1

eS:;: ,1, ,3and3.

o Dy: , 17,

o , 0, 3" .

o I3 , 31, 31, 32, 32 .

In the SM, there is the generation replication, and why number of fermion
generation = 3 ? So,

Now I turn to the concrete model: the 3-3-1 model with 7% flavor symmetry.
T% is Frobenius group with 21 elements.
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Motivation for studying 3-3-1 model
1. Generation problem: Why n; = 3

2. Electric charge quantization
3. Neutrino masses, Dark matter,...

4. One family of quarks behavior differently from other two — why top
quark is so heavy,...
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Foot, HNL, Tuan A. Tran, PRD (1994); HNL, PR D53, PR D54 (1996)

0.1 Particle content

-Leptons in triplet

fi =g, vi) ~(1,3,-1/3),1% ~ (1,1,-1), (3)
where a = 1,2, 3
Qar = (dar, —tar, Dar, )’ ~ (3,3,0), a = 1,2, (4)
Qs = (usr, dsr, TL)T ~ (3,3,1/3),Tp ~ (3,1,2/3), (5)
Dar ~ (3,1,—1/3). (6)

0.2 Higgs sector

T

(pF, 0% p3) ~(1,3,2/3), n=n, ny, nd)
_ T
(X?? X2 s Xg) ~ (1737 _1/3>

~ (1,3, —1/3), (7)

P
X
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- Asymptotic freedom N, <5 = N, = 3!l

- 3rd generation of quarks transforms differently from two others =

- Higgs boson production at LHC pp — hZ was considered [LLe Duc Ninh,
HNL, PRD (2005)]

- Neutrinos get masses and have
[D. Chang & HNL, PRD (2006)].

Question:
Answer:

- In 2006, the 3-3-1 model with has been constructed, and
we call it economical [P. V. Dong et al, 2 PR D73, D74, D75].
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The 75 flavor symmetry in 3-3-1 model with neutral leptons
V. V. Vien, H. N. Long, JHEP 04 (2014) 133
This version is slightly different from paper: A. Carcamo Hernandez and R.

Martinez, arXiv:1501.07261
Electric charge operator

Q=T5+pIs+ X

3 = +/3 for minimal model
A fundamental relation holds among some of the generators of the group:

1
Q:Tg—%Tg—i—X, €))

The ordinary lepton number by diagonal matrices [D. Chang & H. N. Long,

PRD 2006]
2

1 = %Tg + L. €©))

Note on
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Under the [SU(3);, U(1)x, U(1)z, T7| symmetries, the fermions transform as fol-
lows

W = VYrosr = (vp I N&)T ~[3,—1/3,2/3,3],

Lhr ~ [1,-1,1,1], bLbr~11,-1,1,1], lp~[1,—-1,1,1"],

Quz = (diy —uir D)t ~[3%,0,1/3,17],

Qo = (dor, —ugr, Dar)' ~[3*,0,1/3,1", )
Qsp = (usp dsr Up)' ~[3,1/3,—1/3,1],

up ~ uiasg = [1,2/3,0,3], dg~ [1,—1/3,0,3%,

Up ~ [1,2/3,—1,1], Dip~11,-1/3,1,1"], Dsr~[1,—-1/3,1,1.

where subscript numbers on field indicate to respective families which also in
order define components of their 77 multiplets. U and D, are exotic quarks
carrying lepton numbers L(U) = —1 and L(D; ») = 1, known as leptoquarks. The
scalar multiplets are also introduced.
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Yrlip (i = 1,2,3) transforms as 3* under SU(3); and 3* under 77. To generate
masses for charged leptons, we need a SU(3);, Higgs triplets that lying in 3
under 77 and transforms as 3 under SU(3),,

+

il

¢z[ ?2] ~3,2/3,-1/3,3] (i=1,2,3). (11)
P

The Yukawa interactions are

—L; = h(Yrd)ilig + ha(Yrd)nlag + hs(Yid)ylsg + H.c

ha (V1o + Yardo + Y3rds)lik

ho(11.01 + w’tharda + Wib31d3)loR

hs(11.01 + wibards + w bz d3)lsp + H.c. (12)
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The mass Lagrangian for the charged leptons reads

— L5 — (111, lor, I3 ) My (i g, log, 13r)' + H.c,

J

\/ghl?) 0 0 { Me

where

h1U hng2 hng

h1U hQU th
M
hiv hovw havw

This matrix can be diagonalized as,

UMUz=| 0 +3hw 0
0 0  +/3hsv

where

Up =

&\H

% 2

0 m,

0 0 m,

1 1 1
1 w? w|, Up=1.
1 W

(13)

(14)

(15)

(16)
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To generate masses for quarks with a minimal Higgs content, we additionally
introduce the following Higgs triplets:

1

The CKM matrix

X

77@0 1
Mo
77203
X\

X2

X

] ~ [3,—1/3,2/3,1]. (18)

Uckn = UNUY = 1. (19)
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V¢4 transforms as 3* @ 6 under SU(3); and 3 @ 3* @ 3* under 7. With the 7

group, 3 X 3 X 3 has two invariants and 3 x 3 x 3" has one invariant. For the

known scalar triplets (¢, x,n), there is no available interaction because of the

L-symmetry. To obtain a realistic neutrino spectrum, the antisextets transform
as follows 0
011 %12 013

o= |0fy ot ofy | ~1[6%2/3,—4/3,3"] (i=1,2,3), (20)

0 + 0
013 023 033/,



HEP2016, Valparaiso, Chile Slide 14/25

The 77 — Z3 can be achieved by a SU(3); anti-sextet o given in (20) with the
VEVs is set as (o) = ((01), (01), {(01)) under T%, where

Ao 0 v,
(c1) =10 0 0 [. (21)
vy, 0 A,

To achieve the second direction of the breakings 77 — {Identity} (equivalently
to Z3 — {ldentity}), we additionally introduce another SU(3); anti-sextet Higgs
scalar which is either put in 3 or 3* under 7%. This is equivalent to breaking the

subgroup 73 of the first direction into {Identity}, and it can be achieved within
each case below.
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1. A new SU(3); anti-sextet s which is put in the 3 under 7%,

0 .+ .0
S11 S12 513

S; = STZ 83_2—'_ 83_3 ~ [6*7 2/37 _4/37 3]7

0 o+ 0
S13 523 533 /;

with the VEVs given by (s) = ({s;),0,0)!, where
As 0 vy

(s1) =10 0 0
vs 0 A

(22)

(23)

2. Another SU(3); anti-sextet ¢’ is put in the 3" under 77, with the VEVs chosen

by

/10 1+ /0
011 012 013

U/ - U% Uéj;r U%; -~ [6*72/37 _4/373*]7
013 Uig 033
N0 vl
(01) = | 00 0 |, (oh) = (o4) =0.
v, 0 AL

Note that o’ differs from o only in the VEVs alignment.

(24)
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The Yukawa interactions:

1 - _ Z, -,
—Ly = Sr(Lo)s¥r +y(Wis)evr + S (ro)zdr + He.
1 _ _ _
§$(¢§L02¢1L + 5 03Wer, + V5 01UsL)
+ y(Vspssnr + Vs s1tar + i satbar)
2 / .c / e /
+ §(¢§LU2¢1L + 5,050 + Y5 010sr) + H.c. (25)

The neutrino mass Lagrangian can be written in matrix form as follows

1
— L7 = §X%MVXL + h.c., (26)

where

M; Mi
= (1 N)', M, = b
XL (VL R) ) (MD MR)

v = (v, e, 31)", Ngp = (Nig, Nog, N3g)', (27)
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and the mass matrices are then obtained by

aL,R,D 0 0
Mprp = 0 ar.R.D brL.R.D : (28)
0 brrpD AQLRD+tCLRD

with
ar, = AT, ap =v,T, ap = N\,x,
b, = Ay, bp =vsy, br=Agy,
c, = ANz, cp=uv,z, cg=AN 2z (29)

Three observed neutrinos gain masses via a combination of type I and type II
seesaw mechanisms derived from (26) and (28) as

A0 0
Mg =M, — MjMz*Mp=10 B, C |, (30)
0 C B,
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where
2
a
A= arp — —Dv
apRr
CLRb% — 2apbpbp + a%(aR + dR)
By = ar —

CL2R — b2R + apdp
Q(bDbR — CLDCLR>dD + (a% — b%)d}g — CLRd%

By = By +dj +
: : - a%—b%—FCLRdR

)

C = by —

(a% + b%)bR — (QaDaR + CLDdR>bD -+ (CLDbR — aRbD)dD

CL2R — b%g + apdp

We get the lepton mixing matrix:

UlU, =

S = O
. O O

B
DO
s
o O =

1
V3| JER

(31)

(32)
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The lepton mixing matrix (Up/vg) can be parametrized as

C12C13 —519C13 —S13€e” "
s s
Upyns = | S12C23 — C12523513€" C12Co3 — S12523513€"° —Sa3C13 | . X P. (33)

i6 i6
$12823 + C19€23513€" C12S893 + S12C23513€ C23C13

where P = dlag(l, eio‘, €iﬁ), and Cj; = COS (91']', Sij = sSin (92']' with (912, (923 and (913 being
the solar angle, atmospheric angle and the reactor angle respectively. ¢ is the
Dirac CP violating phase while o« and 5 are the two Majorana CP violating
phases.
From the (32) and (33) we rule out a = 0, 8 = 7, and the lepton mixing matrix
in (32) can be parameterized in three Euler’s angles 0;; as follows:
s —1-K
S13€ = \/gm, (34)
JI2 11
t1y = i 1, (35)
K—1
w+ K

b = 1+ KW (36)
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Substituting w = —% + z§ into (36) yields:

K = ki + tko,
. I |  V3(t3s— 1)
1 — 2 ) 2 — 2 :
2(t23 — 193 + 1) 2(t23 — to3 + 1)

The expression (37) tells us that k7 + k5 = |K|* = 1. Combining (34) and (35)
yields:

(37)

i 1 1+K 1 1 — k#— k3 . 2ks :
o0 _ i
V3sistial = K /3systie [[(1 — k)2 + k3] [(1 — k1)? + k3]
i(l — tgg)

— — = cOS0 — 281N 0
S13t12(1 + ta3)

or
S13t1a(tog + 1)
3T

Since cosd = 0 so that sin  must be equal to &1, it is then ¢ = 7 or 0 = <.

(38)

coso = 0, sind =
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Lepton number (L) and lepton parity (F)) particles:

Particles L | P

NR) u, d, ¢ira /1+? (2)? /20’ 77?”710’ 772_377§_ Xg? 0-393? Sgi% 0 1
VL, la Ua D*a ¢§_a¢é+a nga 772/303 X(l)*a X;a 0-937 0_323? 5(1)3? 533 —1/-1
O-?l? O_IL2> 0-;2+> 3(1)1> STQ? SQLQJF -2 1




HEP2016, Valparaiso, Chile Slide 22/25




HEP2016, Valparaiso, Chile Slide 23/25
According I. M. Varzielas, O.Fisher, V. Maurer, JHEP 08 (2015) 080

2 2
4 (12 2 2,02 (172 2
2m (mﬁ2+mﬂz) +mim <mH2—m~>

R77%€7M+M7 — : 4 4 : = y (39)
128mH2mﬁ2
2 2
4 2 2 2.2 2 2
m’|\mzy. —m% | +4dm*mz(mz +m
RT*—mﬂr/f _ M( H Hz) M4 T( Hy H2) N)

128mf‘q2m ,

where we defined R,_,x = BR(+— — X)/BR(r— — e 1.r;) and the lepton masses
m, = 0.105 GeV and m. = 1.77 GeV. The process 7= — p~e’e” with the ex-
perimental upper bound being O(10°%) results in the very mild constraint on
my,, My, > 12 GeV.

For diphoton excess, the Higgs of the first symmetry breaking plays an im-
portant role (according A. Carcamo, Boucena, Dong works)
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1. The discrete symmetry can play a role of horizontal symmetry among gener-
ations.

2. The discrete symmetries can give tri-bimaximal form in elegant way
3. The are lepton violating Yukawa interactions which lead to new physics

4. For diphoton excess, the Higgs scalar of the first step in SSB plays an impor-
tant role
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Thanks for your attention



