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An S, model inspired from
Self-complementary neutrino mixing

What is self-complementarity?
What is self-complementary neutrino mixing?

Why an S, model for self-complementary neutrino mixing?



The story begins in 2012 .
self-complementarity

012 + 013 = 023 = 45°

Parameter NH IH
oo U1z + 015 = U2s
sin? 0,3 /1072 245103 2.46103 812 + 013 — 450
Fogli, et. al., 2012 Zheng & Ma, 2012; Zhang & Ma 2012

Self-complementarity (SC) is a correlation of lepton

mixing angles. |t is observed from the data, proposed as
a remnant of some unknown theory.

Normal Ordering (best fit)

bip £1o 30 range SC is not exact, possible reasons
sin? 01 0.31079913 0.275 — 0.350 include:
012/° 33.8219°78 31.61 — 36.27 RGE, HO operators, ...
sin® 63 0.55810 0a9 0.427 — 0.609
023/° 48.3115 40.8 — 51.3

Stability: Singh et al, 2018; Haba et al, 2013
sin® 613 0.0224119-99965  0.02046 — 0.02440 Sterile: Ke et al, 2014
013/° 8.617015 8.22 — 8.99 Scheme-dependence: Zhang et al, 2012

Scp/° 222138 141 — 370

NUFIT 4.1 (2019) 2



Let’s build a model for Self-complementarity!

Mixing i ..
Ing js d:ctated b), asy
mmetry!

Discrete flavor symmetry (DFS) model

assign three generations of leptons (quarks) to a
triplet representation of a discrete flavor group -
- subgroup of SO(3) or SU(3), the flavor sector

exhibits a symmetry under this group

Ma & Rajasekaran, 2001; Babu, Ma,Valle, 2003; and many more /‘

* definite meaning of generations, avoid Goldstone boson
* geometrical appealing & simple

Pros of DFS _
* predictive
* embedded in other theoretical frameworks (SUSY-GUTs)
* extendable (seesaw, leptogenesis)
* flavons: number, vacuum alignments
Cons of DFS

* corrections from HO operators
* shaping symmetries needed 3



the S, group

Contains permutations among four objects h=2 h=4 h=3

(I1:I3:I2:I4): — (Ii:Ij:Ik:Il)

‘I * “
. : : N
five irreducible representations PN
I 4
I} ’ I//+\\
1,1,2,3,3 A
20 Ay
¢ X
24 elements /‘ ‘

S?=T'=(ST)* = (T9)* =1

Many models on Sy

TB: Lam, 2008; Bazzocchi et al., 2009; Ishimori 2010; Zhao, 201 I;
BM:Altarelli et al., 2009; Merlo et al., 2010; Meloni 201 [;

TM: King et al,, 201 |; Krishnan et al., 201 3; Lavoura et al., 2013; Luhn, 201 3;
CP: Feruglio et al., 2014; Ding et al., 2015



Construct a mixing pattern that features Self-complementarity

Self-complementary neutrino mixing

self-complementarity relation ~ ¢12 + 013 = 023 = 457

maximal CP violation dop = —90°
COS (% — 913) COS 913 sin (E — 913) 008913 1 81n 913
icos(%—t?lg) sin913—sin(%—913) COS(%—9133+iSi11(%—913)Sh1913 cos 013
Usc = V2 V2 V2
sin(%—913)+icos(%—913) sinfly3 isin(g—em) Sinﬂlg—cos(%—elg) cos 613
V2 V2 V2

two observations:
* difficult to observe the mass matrix structure from direct construction

o |Uuil =|Uxi gives a mass matrix of the form T y
m=\|y z w
y w oz

we actually only need
fo3 = 45°,6cp = £90° <"\

- ol Need to look more closely to see

the mass matrix structure

determined by Usc

to get the U - T symmetric
mass matrix -



aim: to see the detailed structure ... Expand it!

the perturbed SC mixing

set A = sinfy3 ~ 0.15.

Usc = Uy + AUxn +)\2UA2+...
1 1 1 1 1 1
vi vi ! i v i vi !
| S S o U | IR AP el 135 1 1
= 2 2 ||t 2t 3zt+3 0 ]+ 173 172 T3
S T s Wi S R R S IR D R
2 2 2 T2 T2773 aT2 1772 3

bimaximal mixing
= (Uyo + AUy +XN2Uy2 + .. )"0 Uy + AUy1 + N2Uy2 + ..)f
= 1ho+ Amy + Azﬁlz + ey

* leading order bimaximal mixing -> S4 group
* 0O\ -> percent level accuracy



neutrino mass matrix
constructed from the perturbed SC mixing

= (Uyo 4+ AUy + XU, 2 + ..)*" 0% (Uyo + AUy1 + AN2Uy2 + ..)1
mo + Amy + Azﬁlg + ey

1
?(m1+m2) 1 2—\1/§(m2 —my) 1 ;W(ml — mg)
Mgy = ﬁ(mg - ml) Z(ml +mo + 2m3) Z(—ml —ma + 2m3)
m(ml — mg) ji(—ml —ma + 2m3) ji(ml + mo + 2m3)

To get this structure in a model! 7



the model

Table 2: Field representations in Sy and charges under additional symmetries of the model

L er pr 1™ N Pe by O 0 & b1 Y1 P b b3 dm P32 Yz &3
Sy 3 1 1 1 3 3 3 3 1 1 3 2 3 3 3 3 3 2 1
U(1) X z m n X %(:}: —z) xm xn 0 -2x -2x -2x -x -x -X —%1‘ —%.’L‘ y -2x-2y
Ullpy |0 2 1 0 0 0 o 0 -1 0 0 0 0 0 0 0 0 0 0
Zy o 0 0 0 0 0 0 0o 0 0 0 0 1 0 0 0 0 0 0
Zy o o0 0 0 0 0 0 0o 0 0 0 0 0 1 0 0 0 0 0
Zy o o0 0 0 0 0 0 0o 0 0 0 0 0 0 1 0 0 0 0
Zs o 0o 0 0 0 0 0 0o 0 0 0 0 0 0 0 1 2 0 0

o iie (2N (N L A (O (O F e (97 ;
L=y.LHegr (K) (K + yuLH pgr AU +yLHTR A +y,LHN
Y12 Y13

+ !E(NN)IEI ~ T(NN)NPI + T(NN)S‘?’I
Y23

+ %(N¢21)3(N¢21)3 + %(NN)3(¢22¢22)3 + F(NN)3(¢23¢23)3

+ yﬂ(Nlbs)s(Nws)?.fs + 52 ((NN)3¢31), (#31631)1 + 433 ((NN)3¢32); (d32032)1,

A3 A3 A3

no high order corrections up to dim 10 operators



the charged lepton sector

(ée) = Vg, (0: 0, 1): (¢#) = Vg, (0: 0, 1): (¢T) = Vg, (0,1, 0)

K—%Uvgvgc (b — a?) 0 0
mp = 0 %‘%vvgv% 0
0 0 Lo,
assume Ye ™ ™ with z_ﬂexpt ~ 0.005, z_ﬂewpt ~ (.06
Vg, ~ Vg, ~ Vg, = Ug,
v ’
weget L~ (.08, % ~0.06 Altarelli et al., 2009

 diagonal even with HO operator;
* separated from the neutrino sector;
* U(I)FN — hierarchical mass.

We will focus on neutrino sector from now on.



the neutrino sector

3 0 0 Y32 0 -2 2 yas 0o -2 -2
~ _ 2 3 3 3 3
MNNLO = FU%UES 0 g g + A3 Vgay -2 0 0 |+ vabsz -2 0 0
0 5 3 2 0 0 -2 0 0 |

Myoqa = MD(MLO + MNLO + MNNLO +...) ip = Mmpig 1
compared with the desired structure, we are left with five independent real parameters:

651:61}'}1:7: 6¢1:p



flavor symmetry breaking

all the invariant terms allowed by the model

(€7€)1,  (W™M%)1, ("1,

(€7e€™e)r, (€91 ™)1, (E1016¢")1, @ W T, (T2 (wTe0)s,
(W T")1(6"6)1,  (*T9*)2(6"¢°)a,

(6"T")1(6™ )1, (8™167)2(6716%)2,  (6716")3(6™6%)s, (6*16")3 (6716

the most general scalar potential contains all the invariant terms for
each flavon and for all their possible mixing

Vo () + (9)?) + e (D)2 + (0))?) cx +20cs + 20¢4 + der = 0,

e 222 S 4y 2 ¢y + 8¢y + 8cg + 10c7 = 0,

+e3 (1) + (¥3)%) +ea (4(¢1) 3)* + (— (W) + (¥5)?) ) es + cg > 0,

e (07 + 092) + o (0P8 + (~07 + 2 cat >0
+or (09?2 +@9?) ()2 + wh)?),

P~ (3: 1): d)b ~ (_\/§: 1)



numerical results
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1
Jop = g cos f13 sin 269 sin 26053 sin 26,3 sind € [0029, 0035]

mg = \/mfcgchg +m3siyci, +mis?, €[0.009,0.010] eV

|{Mee)| = |mlcr‘1’2c:rf3e—m1 - mgsgzci}e—mz - m33f3e-2':‘5| € [0.0004, 0.006] eV



summary

The SC mixing has to be perturbatively realized in a model
From the perturbed SC mixing we construct the mass matrix

We build an $4 flavor model to reproduce the structure of the
Majorana mass matrix at the high energy

After evolving down to low energy, we find parameter space that is
compatible with all the low energy observables only in the case of

normal ordering

The model also gives predictions on the not-yet observed quantities.



Thank you !



a new mixing pattern?

bfp+lo 3o range
612 [°] 33.487 002 31.29 — 35.91
b3 [°] | 42. 3+38 (N), 49.515 (I) | 38.2—53.3 (N), 38.6 — 53.3 (I) O1p + 013 ~ Oz ~ 45°
13 [°] | 8.50103 2 (N), 8. 21+g§g (I) | 7.85 — 9.10 (N), 7.87 — 9.11 (I)
dcp [°] | 306755 (N), 254125 (1) 0 — 360
B 1 T T T , LEM 274x10% POT equiv. sinfe,, = 0.50
& 5 ! :I L I‘,'I T I.:,-I | I"I-I T INI)"I"‘Ial ‘Ief;(:hyl:z
“ 05 — ok : 19
] "ZI': :‘. -.:p
0 AmL>0 . 1o
68% CL ] 2 f g
PDG2012 lo range 3r 1
- 1 b ] , 2 dop ~ —90°
B ‘ 1 e
3 :
0.5 - axl
: ol
0 — 5
0.5 A0 ] E
: 2f - .
RS RN G o RS SURN (IO AU/, SUwav v |
sin 2913 sin26,, 16
T2K,2013 NOVA, 2015




neutrino model building

@ings we know \ mngs we don't know \

*massive *magnitude of absolute mass
*2 squared mass differences *mass ordering
*why so light

\*3 mixing angles %

*why so large mixing
whether there is CP violati@/

we are unware of the origin of flavor mixing and mass, and more basically, we
do not know neutrinos are Dirac particles or Majorana particles

neutrino mass models
explain the smallness of neutrino mass, e.g., the seesaw models, FN mechanism

neutrino mixing models
explain neutrino mixing parameters, e.g., flavor symmetry models, anarchy models

"Large mixing angles would result from a random, structureless matrix,"
Hall, Murayama, Weiner



flavor symmetry

continuous or discrete?

continuous: free rotations among generations

discrete: definite meaning of generations, avoid Goldstone boson from

spontaneously symmetry breakin : :
P Yy Y & non-Abelian discrete flavor symmetry

Abelian or non-Abelian?

Abelian: discriminate generations

non-Abelian: connect different generations

assign three generations of leptons
(quarks) to a triplet representation of a
discrete flavor group -- subgroup of
SO(3) or SU(3), the flavor sector exhibits

a symmetry under this group

Ma & Rajasekaran, 200 |; Babu, Ma, Valle, 2003




largely inspired from the special mixing pattern Harrison, Perkins, Scott 2002

of o . o« e f’ ]/. ,.}.
tribimaximal mixing 1 ) 3

/2 1 0 1
( V3 V3 ' Vo = —(1/( e Vy . VT)
U = pu —2 o = 3
v O vV 3 \.2 1
"\~ = -5 vy = —=(—vu +vr)
V6 V3 V2 \/§ /

facts: residual symmetry

STM,S, =M, G,

(+  — breaking — { .
: A

I'MM,T' = MM, .

» geometrical appealing & simple

* predictive

* embedded in other theoretical frameworks (SUSY-GUTs)
* extendable (seesaw, leptogenesis)

for reviews, see:Altarelli &

flavor symmetry breaking: spontaneously - scalar potential, Feruglio, 2010; Morisi &
explicitly - boundary conditions in extra dimension theories Valle 20’| 3: Ki;1g & Luhn
origin of flavor symmetry: continuous group, orbifolds, string, 201 3’ ’ ’

brane, ...



neutrino mixing parameters after Daya Bay & RENO

Parameter NH IH
sin® f12/107" 3.077 5 16 3.077 516
sin® f23 /107" 3.981 020 4.08103°
sin® 013 /1072 2.4510-33 2.4610-33

Fogli, et. al., 2012

there are in general three ways to account for the non-zero reactor angle:

scorrections: high order operators, charged lepton sectors, renormalization group
running, ..

*new mixing pattern: e.g. tri-bimaximal-Cabibbo mixing
*new symmetry: e.g. Generalized CP symmetry

CP . 0
N | 1 vi(z) = iX,1'Co} (zp)
13 = ﬁ Si12 = ﬁ §23 = ﬁ
21 = 1,2 1 =132 1 e ¥
T [i(u . ieiﬁ)) i@((l ) llei‘g) Lsg _e 12 | P Holthausen, Lindner, Schmidt,
ve P Y 41)&2) 2012; Feruglio, Hagedorn,
) Ziegler, 201 3; Ding, King, 2013; ...

Xepi(9) X! =pe(d), 9,9 € Gy

(1 =2e®) ——(1+32e?)
King, 2012
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