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What is the cosmological domain problem?

- Theory has discrete symmetry.
- Symmetry experiences spontaneous break down. /

< L b O
¢ chooses either® or@within each coherent patch. Z, symmefry
Domain walls form at the boundaries between®and®regions.

@ 4\ Praa  1/a%(2)

Energy density of DW

will dominate soon.
pow o< 1/a(t)

Cosmological Domain X
wall Problem ke 1/a”(t)




Discrete Flavor symmetry

Flavor physics is to understand the lepton mass and mixing patterns.
It may be explained by some discrete symmetry.

In particular vacuum, the scalar fields
acquire particular VEVs.  flavons  Many vacua exist in the scalar potential.

These VEVs determine l
the|lepton mass and mixing pattern.

Domain walls would be produced in general.

VEV alignment Not many papers care about domain wall problem.
Usuvally very complicated to achieve.

What we did:
We construct the SUSY flavor symmetry model base on discrete symmetry.
It has novel & simple mechanism for flavon stabilization.
It naturally avoids domain wall problem.
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1. Introduction

1.1. Brief history of model building using flavor symmetry in SUSY

One of the mainstream:
To explain the neutrino mass and mixing patterns using discrete flavor symmetry.

Before 2012: Tri-bimaximal (TB) neutrino mixing matrix.
(e.g.) using A4 (Altarelli-Feruglio 2006)

In 2012: Non-zero reactor angle 6,32 0. Daya Bay and RENO experiments.

After 2012: TB mixing + corr. (e.g.) using A; (Kang et al. 2018)
Trimaximal (TM) mixing matrix. (e.g.) using S; (Luhn 2013, Ding et al. 2013)



1.2. Brief review of AF model with AA symmetry

"Standard model” of TB mixing Altarelli-Feruglio 2006

Lepton sector

We = 22 eCHy(orl) +

A\ e CH, (orl) + —TTcHd(GOTf)"

A A

+ A2H JHLE(00) + PH WHo (0500) +
Field I e p | hyg er @s &
Ay 3 1 1/ 1 1 3 3 1
/3 0 w? w? 1 1 0 0
U(l)g 1 1 1 1 0 0 0 0
LH leptons Higgs

RH leptons flavons



1.2. Brief review of AF model with AA symmetry
Altarelli-Feruglio 2006

Az symmetry

A, alternating group (even permutation of 4 objects)
& tetrahedral group (rotation symmetry of regular tetrahedron).

12 elements, generated by S and T, with $2=T3=(ST)3=1.
(1,5, T2ST, TST?, T,ST, TS, STS, T2, ST2, T25, ST2S)

Irreducible representations: 1,1, 1", 3
The minimum group containing triplet without doublet.

1 0 0 1 -1 2 2
For triplet, T={0 w? 0 S=312 -1 2
0 0 w 2 2 -1

W= e27rz/3




1.2. Brief review of AF model with AA symmetry

Altarelli-Feruglio 2006
A4 symmetry

Ye ., c Yr . Field |1 e ¢ | hya or @s £
Wi = Ke Hy(pre) + A A Ha(prt) + 0 Ha(ord)” S s
Z3 0  w? w?  w? 1 1 w w
A2H Huf(ee)-FFH H, ( S££)+ UbDg |1 1 1 1 |0 0 0 0
The product of two triplets: 3x3=1+1"+1"+35+3 4.
Contraction rules: azbs — azby
1~ a1b1 + CL2b3 + &3b2 (ab) 34~ a1b2 — a'2bl = (ab)3A
a3b1 — a1b3

1’ ~ asbs + a1bs + asby = (ab) 2a1b1 B a2b3 B a3b2
1” ~ agbs + azby + a1bz = (ab)”  3s ~ | 2a3b3 — a1bs — azb; | = (ab)sq
2a2b2 - a3b1 - a1b3

fOr‘ a — (al,ag,ag) & b= (bl,bg,b3)



1.2. Brief review of AF model with AA symmetry
Altarelli-Feruglio 2006

A4 symmetry

We = %ecHd(so £) + Au"H a(prt) + KT"Hd(sOTf)”

A2 H, H,£(£0) + PH WHo(0s80) +

Take the following VEV alignments:

<90T> — (vTaOaO)T: <905> (US:USaUS)T <§> (3

b
oo fve 00 2 1 0 0 2 -1 -1
|:>Mg—Td0y”0,M,,A2a,001+b—12—1,
0 0 v, 010 1 -1 2

(@ = 2z4ve, b= 2xpv5)
Using TB mixing matrix

(2/\/6 1/v/3 0
Ut =

2 a—|—3b
~-1/V6 1//3 1/\/5) |:> U%BMVUTBXIS( a 35)

—1/v6 1/v3 —1/V2



1.2. Brief review of AF model with AA symmetry
Altarelli-Feruglio 2006

How to obtain the VEV alignments: (p7) = (vr,0,0), (¢s) = (vs,vs,vs), (£) = vg

Field [ 1 e ¢ 1| hya or os & Ef o ¢ &) Driving fields are
Ag 301 1 1|1 3 3 1 1|3 3 1] . :

Z3 0w 0 Wt »? 1 1 ) 0w o 1 ) ) JUST lnT‘r‘f)dUCCd
Uber |1 1 1 1 |0 o 0o o o2 2 2 to stabilize flavons.

Wy = M(%TQOT) + g(%TGDTQDT) + g1 (wgwsws) + 825(903905) + g350(ps@s) + gakok” + gsE0EE + geoE”.

- or =, 0.0 vp=—22 Mor.'e degenerq‘re vacua
derived by acting As-elements.

s = (vs, vs, vs)! v?g:——uz l
> - 383

(=0,
Cen |

Flat direction will be stabilized —» Domain wall can be produced.
by one-loop radiative corrections.



1.3. Non-zero 91_3 and Sil flavor models

In 2012, Daya Bay and RENO experiments reported non-zero 613.

Present best fit value: 6,3/° = 8.611015 Esteban et al. 2019

I::> TB mixing model is ruled out.

One good way is to use S, flavor symmetry. e.g., Luhn 2013, Ding et al. 2013

It leads to one of trimaximal mixing, TM;.

2/V6  * x
UTM1 = —1/\/6 b 3 b 3
—1/vV/6 * x
Preserves 15' column of TB mixing matrix.
Maybe most favored by experiments. e.g., King 2019



1.3. Non-zero 91_3 and Si! flavor models

Sy symmetry

S, symmetry group (permutation of 4 objects)
& hexahedral group (rotation symmetry of cube).

24 elements, generated by S, T and U,
with §2=T3=U2=(5T)3=(SU)2 =(TU)2=(STU)* =1.
(1,S, T2ST, TST?, T,ST, TS, STS, T2, 5T2, T2S, ST?2S,
U,TU,SU,T2U,S5TSU,5T25U,5TU,TSU,T2sSU,ST2U,TST2U,T2STV)

Irreducible representations: 1,1, 2, 3, 3
w 0 1 0 (0 1
For doublet 2, T= (o w2) 5= (o 1) U= (1 0)

For triplet 3and 3", T
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1.4. Drawbacks of Si! (& Ai,) models in the literatures

[— Non-zero 613 cannot be explained (for A4 only). J

- Driving fields exist only for obtaining desired VEV alignments.
- Dynamics is not explained.
- Flat directions exist.

- Domain walls are likely o form.

<:> Our model

- Has simple stabilization mechanism.— - No driving field.
- Evades domain wall formation. - No flat direction.

Dynamically realized.



2. Our 84 flavor model

W=W,+W,

+ Wr

2.1. Chaged lepton sector

W, = y—TTCHd(cbef)l

“Hq [pe(Pepr)ar]g ¥

A A2 s Ha(pege)sl — Fe
Take the VEV alignments: (¢,) = (0, v,,0)7"
2y vy [ A? 0 0
> M= 0 2yu/A O
0 0 Yr
¢ et pt 71 |Hy Hg| G0 | 1 G2 O3 s
Sy 3 1 1’ 1 1 1 3 1 2 3 3
UL |5/6 1/6 1/2 5/6 0 0 |1/3]1/3 1/3 1/3 1/3
z£ o -3 —2 -1lo0o o|1]l0 0 0 O
LH leptons Higgs ! Y '
RH leptons flavons

(Hq) =

Uy
a~0

Vd

(0.1)



2.2. neutrino sector
H2
W, = A—;” lc101(£0)1 + cap2(l)2 + c3: 3/ (£4) 3 + cypthg (£4)3/]
Take the VEV alignments:
((151) = V1, (sz) — (U23U2)T7 <¢3'> — (”03',’1)3',’03')Ta <¢3'> — (Ua’%a —Uzp)T

. 1 2 -1 -1 0 1 -1
> M=% |w + w 0 +ws [-1 2 —1|4wy| 1 2 0
1 -1 -1 2 -1 0 -2

w1 = C1V1, W2 = C2V2, W3/ = C3/V3/, Wy = Cop Uy (Hu> = Uy

If w,=0, it becomes the mass matrix that can be diagonalized with U+g.

’Qw

-

oo =
= o O
o= O
N )
O = =

’02 w1, — Wa 0 0
UigM,Urg = A—Z 0 wy + 2wo 0
0 0 —w1 + wo

Non-zero w,, breaks TB symmetry, but Z, (=SU of S4) remains, leads o TM;.



2.3. Mixing matrix
Non-zero w,, breaks TB symmetry, but Z, (=SU of S4) remains, leads to TM;.

UY = UTBU23 p2 (W1~ w2 + 3ws; 0
1 0 E:> U "M, U" = A—"; 0 r (w1 + 2ws \/6w¢

Uz = Y8\ Vbwy, —wi+ws+ 3wy )
0 U923 P 1 2 3

Mass matrix can be diagonalized for

o — cos 0 esinf\ [e'* 0 h tan26—2|C*D+CB*| Jin C*D + CB*
28~ \ _e~ginf cosd 0 eif) Where ~ T IDE—BE ¢ T |C*D+ OB

B=w1+2w2,C=\/6w¢,D:—w1+w2—|—3w31

2/v/6 cos 0/v/3 e sin0/+/3 1 0 0
|::> UV = (1/\/6 cos@/\/g—e_i"sinﬁ/\/? cosG/ﬂ+ei”sin9/\/§) (O el O)
—1/v6 cosf/v/3+e Msinf/v/2 —cosf/v2+eMsinf/+/3) \O

TM; mixing matrix



2.4. Comparing with observations
2/V6 cos0/v/3 esinf//3

U= |-1/v/6 cosf/vV3—e ™Msinf/v/2 cosO/\/2+ e sinf/\/3
—1/\f6 cos@/\/§+e_i”sin9/\/§ —cosﬁ/ﬂ—l—ei”sinﬁ/\[

C12€13 $12C13 s13€ "
MNS __ 5 5
U = | —S12€23 — 0123233136z C12C23 — 5123235136z 523C13
5 5
$12823 — C12C23813€" —C12523 — §12€23513€"°  C23C13
Sum rules: )

| | (012013)2 (G) COS 012 COS 013 = —
. —> 5 Ve

| pl |U:1|2:O

0.4 T T T T T T T 350

0.35 L ] 0 / /
) (@ ‘
03 —t 1 » 200

[ ] \\

.2
sin“04,

150

100

“ | \

Il Il Il Il Il Il Il ] Il Il
0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0 0.3 0.35 0.4 0.45 0.5 0.55 06 065 0.7

0.25 _

Sin 613 S|n2623

Allowed region taken from Esteban et al. 2018,2019

1
0 em
0

820521/2 O
O eia31/2

7

(b) cos(2623) (— — c0s(26012) ) + sin(2612) sin(26s3) sin f13 cos § = 0

4 Model para. w1, wa, w3, wy

9 obsevables:
mi, Mg, M3, 012, 023, 013, 9, a1, 31

2 sum rules
9=2+(4x2-1)



3. Novel flavon stabilization

3.1. General argument

Basic Idea:

¢ e p° 71 |Hy Hy| ¢ | $1 G2 ¢z Yz

Sy 3 1 1’ 1 1 1 3 1 2 3 3

UDg |5/6 1/6 1/2 5/6| 0 0 |1/3|1/3 1/3 1/3 1/3
Zg o -3 -2 —-1]20 0 1 0 0 0 0

breaking mass and non-renormalizable terms in the potential.

[The flavons are stabilized by the balance between the negative soft SUS

'

Flavon sector: Wk

Desired VEV alignment (¢,) = (0,v,,0)7, (¢1) = v1, (¢2) = (ve,v5)7

~ —m?|p|* +

|6

A6

(p3') = (va,v3,v3)", (Par) = (0,vy, —vy)

> (|g]) ~ (mA®)H/*

This is always an extremum of the potential independent of its form.




The desired VEV alignment is always an extremum of the potential.
For ¢ = (de.1, be2, des)” (Z§ symmety ensures no mixing with other flavons.)

1
Wee = A3 (652 + Wl + ¢?};P£,/3 + O(¢7 1, 4.3, Pe,10¢,3))

Substituting ¢, = (0, ¢¢2,0)%, minimizing V along ¢r2 —> (|pe2|) = ve

No linear term for ¢y 1, ¢ 3 <:::> (ps) = (0,v4,0)Tis extremum.
Forbidden by symmetry.

" Wk,e must be invariant under S, and Z§ (where ¢: — Q¢ (2 = ¢27/%)),

Q2 0 0 bra i i ant
Then,eg., ¢ — QTo=| 0 1 0 | ¢ 13 invariant.
) be.1, e.3 are not.

0 0 O

(Note that Q2T is the generator of remaining Z3 C S4x Z{after sym. breaking.)



3.2. Concrete example

The extremum is the minimum?l::> Curvature of the potential should be positive.

2 2
Wi |? ‘8Wf1 ? Wrz|> o aW;ﬁs’ ‘BWfl S anw3' ‘anl ?
= L ’ * ’ ’ ’ L 4 Veg (4V

| 960i| T 00s | T2 Bhan | T2 Bems| T| 06 | T2 B0ws | T|ag | YR V)
1 go 1 3 2

Wie= =5 [h1 (63)2, + ha (62), (( )i,)l] , Wia = 1561, Wia= 15 [91 (62); + 92 (¢%)1] , W e = %si‘,
]. 1 3 g ro

Wy = 13 |95 (63)3 + 90 ([65] 6),] . Wit = 33 |95 (435 + 06 (W3] ws), | Wee = {GE°,

3 2 3 3
2 2 2 2 2 2 2
Ven = —m3 > [guil? = m3 812 — m3 > daul? — me 3 lowal? — mE€af? —m3 Y [ o — 3 [€)
i=1 i=1 i=1 i=1

/

The A terms are added if massless without them. (ms/2 << Meiguon)
3am3/2

Va =" [ (60)3, + b2 (63), ((6D)5,), + 9098 + 91 (63) + 92 (63)]
\_ +95 (637 + 94 ([63] 63), + 9668 + 95 W3)] + g6 ([¥3] va), + 95,5'16] the

\




(e.g.) potential of ¢s

1) F d n XT m _|_<¢ />_(’Uf Var ’U/)T —_ Vg = L 1/8 m3!A3 1/4
Ind an extremum at (¢s/) = (vs, v3/,v3/)", 14580 93|

2) Expand ¢ 3 around the extremum as #s/; = vs + %(qﬁ?,j +igy ;) for j=1,2,3.
3) Find the mass matrix for ¢3 ; for j=1,2,3 and A=RI.

16(g3 — 394) (g3 + 694)
R)2 _ 8(5g3 + 189394 +3695) Dr=- 2 Mg,
M( ) 0 Dpr = 5 mg, 1593
M3, = o (I)2 o9 Ey =-Dy/2
8/ 0 M ’ 8(gs — 394) (593 +694) 5 ’
453’ ER = 1593 mgs, FI _ 4(9% - 2[%1953924 - 7292) %1,
2 2 g3
Dy, E, Egu o — 4(7g5 +72g7) o 9 9
R = ma, 4 30 36
ME)? = ( Es Fo Gy ) : 1593 ° Gy = -2t 1953524 3090 g,
Es G4 F 4(13¢2 + 1 — 3693 3
A Ga Fay G (1395 + 18593294 3694)m§,_
g3

4) Find the conditions for positive curvatures.
3 R & 2 I are positive of O(m3) if (95— 394)(9s + 294) <0, one I is massless.

5) Include V4 to find O(lalms/ema’) for last one.



Conditions for positive curvature. I:> Flavons are stabilized.

1.0

0.5

0.0

hy

-0.5¢

-1.0

— hy(9hy +hy)=0
= (6hy —h9)(Bhy + hy) =0

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

hy

— (95— 394)(g3 +294) =0

g2

L0 — ‘(4g1 *’yz)(8g1+7y2):0
- 9(g+g)=0
0.5}
0.0F - mmmm e Y
—0.5}
~19% 0.0 . 1.0
- 1 3\ 2 2 22
010 — (4‘(»+21 )( ‘+12 )=0 Wf’e - F [hl (¢E)1, + h2 ((bE)l ((¢£)3I)1:| ’
- (95J0+ 796)9;2959: 2395;:70 1 3 9
0.05| = A3 [91 (fﬁ%)l + g2 (453)1] ’
0.00} 1 7
5 [95 (63)3 + 94 (163 69,
—0.05} 1.
5 o5 (03)3 + 96 ([¥3] 09,




4. Evading the domain wall problem Chigusa, SK, Nakayama 2019

If msg > H during inflation, flavons fall into the minimum dynamically, and
such a region expands that covers the whole observable universe.

If msp < H during inflation, we need negative Hubble-induced mass terms.

3 2 3 3
H 2 2 2 2 2 2 2
Vap) = —ceH? Y |¢nil* — crH? |91 — caH? D [¢24]> — ca H? D |¢ail® — ceH? [&1]? — ey H2 Y |¢osra|* —ce H? |4
i=1 i=1 i=1 i=1

These terms have the same forms as Vs, the structure of the minima is the same.

(pe) = (0,vF,0)T, (1) =vff, (¢2) = (W&, vi)T, (&1) =vf, (&1) =vf,
(bar) = (v3,v5,v3) T, (Ya) = (0,0, —vy)), where o+ ~ O(HA3)Y/4

Since flavons have masses of O(H) around this minimum,
they fall quickly into the minimum dynamically during inflation.



Rough schetch of the scenario

Potential has negative mass and higher dimensional terms.

o |10 V()
During inflation: V = —H?|¢|* + G

¢ settles down in the minimum at (HA3)Y/* very quickKly.

g
- - 2 2, 191"

After inflation (H 2 mgs): V= —H?|¢p|* + A6 )

¢ remains trapped in the moving minimum at (H(t)A3)Y/* . \

||

(H < msof‘r): V = _mgoft|¢|2 T

A6
¢ stays at rest in the present vacuum at (mgoA3)1/% .

[ > Symmetry is never restored. [—— > No domain wall in our Universe.
(c.f.) Reva 2010 mentioned the rough idea to use -H? ¢?2.



Minimum tracking Ema, Nakayama, Takimoto 2016

Power n of higher dimentional ferms must be large.
For Wxr = ¢" Var = |¢[2*~V and the minimum is at 7 ~ HY/¢""2_ (n> 3)

Then, for H = p/t, v «t~1/ (2.

Oscillation amplitude around the temporal minimum: A¢

Number density consevation: H(A¢)? x a=3 — Ag o t{173P)/2
a=tP
A (1-3p)(n—2)+2

Since o Xt " then (1-3p)(n—2) +2 <0 for not o overshoot the origin.

I::> n > Spﬁﬁl = { i E;%)) —> QOur choice is n=6.




5. Summary

We construct the SUSY S, flavor symmetry model.
It has novel & simple mechanism for flavon stabilization.

- The VEV alignment is obtained by the balance of the tachyonic
mass and higher dimensional terms in the potential.

- No driving field.
It naturally avoids domain wall problem.

- The same structure of the VEV alignment is realized by negative
Hubble-induced mass terms in the potential.

- Flavons settle down in the minimum quickly during inflation,
and keep trapped in the temporal minimum after inflation.
- This dynamical flavon stabilization avoids the domain wall problem.

This stabilization mechanism can be applied to any such models based on
discrete flavor symmetry.



