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Outline

e Flavor structures of quarks and leptons from flipped SU(5) GUT with A4 modular
flavor symmetry
— Flipped SU(5)
— Modular flavor symmetry with multiple modular symmetries
— Flavor structure from orbifold flipped SU(5) GUT with A4 modular flavor sym-
metry

e Flipped SU(6) Unification of SU(3). x SU(3)y, x U(1)x

— SU(3)e x SU(3)r, x U(1)x model
— SU(6) unification
— Flipped SU(6) unification
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Motivations to GUT

e Why the charges of the proton and positron are exactly the same.

e Why there is apparent disparity between gauge couplings of strong interactions and
electroweak interactions at low-energies

e The origin of so many low energy Yukawa couplings. (13 parameters associated with
the Yukawa couplings. In addition, Majorana neutrinos introduce 3 more masses and
6 mixing angles and phases.)

e The origin of Baryon and Lepton Number Violation.
e Is proton absolutely stable?
e Why there are distinctions between quarks and leptons?

e Any possible explanations to quark-lepton complementarity?



SU(5) GUT Model

(gps has rank four
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Proton Decay in the Supersymmetry SU(5)

D type gauge boson exchange

dimension-six operators #/d49@+q)@+@,
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Problem of SU(5) (a) ( 3 ) ( 3 ) (a)

other other

e Doublet-Triplet splitting | |

in SU(5) one requires (at least) the set 5+ 5+ 50 + 50 + 75 Su 50 505 S5u

[ the 75 uniquely breaks SU(5) downto SU(3) ® SU(2) ® U(1)

include a {45}-dimensional H é;

In the 50(50) there is a color 3(3) but no weak 2(2) : i Fad
= _ (HE) = —(HE)
A550m (75u) + N5a50m (75H)
_ 5 € 1 d s
give mass to the triplets in 5y + 55 but not te the danhlate
my; =mp M e (0 a d (U CL)
e Undesirable mass relations? 1w\ a 3b s \a b
Me My
e Neutrino mass — e
UL M, lamg

e Minimal version of SUSY SU(5) rule out ? mip 9my




Doublet-Triplet splitting problem

1. The natural separation of doublet and triplet masses. Here, “ natural” mean the
absence of large cancellations between a priori unrelated free parameters.

2. Sufficient suppression of triplet-Higgs mediated dimension-five operators that trigger
proton decay.

3. Precision gauge coupling unification: any additional gauge representation at

the GUT scale will contribute threshold corrections that change unification of gauge
couplings.

4. p/Bp problem. SUSY breaking soft mass between the two Higgs doublets Bu is of the same
order as the supersymmetric doublet mass 2.

[ sliding singlet} [missing partner} [missing VEV] [pseudo Nambu-GoIdstone] [Orbifold}

[Clockwork]




Sliding Singlet for D-T Splitting

W =W(®)+ Hg (® +S) Hs ® is an SU(5) adjoint Higgs field, S is a SM singlet
& — di (1 1 lll)V
= diag| -3, —3:—3:505) Ve
F-flatness conditions for the F-terms of Hg and Hj
= (5) = =5V
(@) +(5)) (Hs) = 0., (TT5) ((®) + (5)) = 0 = -
(®) + (S) = diag (—L —é, ——.0 U) Va

the color triplets in Hz and Hy will obtain vector-like mass around Vg

the doublets will remain massless

T = O(TH;JIJGUT)S-F HE. . Iy = O(ﬂlgﬂ'ﬁ[@[}j"‘)Fﬁ"" HC. .
<
shift the VEV of S from its supersymmetric minimum —Vg /2 ~
O(m2Mgur) V D [HsH; + O(myMgyr)|”
O(Mg) + ((Hg))* + ((HD))?

supersymmetry breaking

ot O(ﬂ«f{j{;]‘)

0(S) ~
(S) [ See Sen’s and Barr’s solution with SU(6) 1




under SO(10) — SU(5), 1017 = 51 + 515, and 1025 = 5ag + o

Missing VEV mechanism of SO(10) £ 3 3y 3
21 22 22 21
- | I T T
e Missing VEV mechanism for SO(10) _ _
5IH 52H 52H 5IH
(455) = n ® diag(a, a,a,0,0,). [ W D AL01y454 102 ]
- =
This is just what is needed to give mass to the SU(3)¢ - triplet higgs(inos)
must introduce two 10’s 10545510y would vanish by the antisymmetry of the 45.
0 0 0 2

W D Al01g455102 + A'102545%5 1055 + M10351035 + 3.1 fi;16;16;10. 4 .80yl & o 2,

need to give 25 and 22 a superheavy Dirac mass

0 Jda O )3 )

L (45%;) = n ® diag(0,0,0,d’,a")  Inverse D-T splitting
(31,32 33) | —xa 0 0 32

an additional 10

0 0 M)\3)



Problem with Missing VEV mechanism of SO(10)

An adjoint (45) alone is not sufficient to break SO(10) to the Standard Model:

Requires either spinorial Higgs (16 + 16) or rank-five antisymmetric tensor (126 + 126)

two pairs of spinor-antispinor {C'(16) + C(16)} and {C'(16) 4+ C'(16)}
W =Was+ We+Wacer + (TlAT:z -+ STj)

See Barr & Rabby

d - P o ? Z J I Sl

e The missing VEV pattern for 45 is stable to a high enough accuracy in the presence
of all allowed higher dimensional operators.

e There are no undesirable pseudo-Goldstone bosons.
e No flat directions which would lead to VEVs of fields undetermined.

e GUT-scale threshold corrections not spoil the gauge coupling unification.



pseudo-NG boson mechanisms for D-T splitting

> in an adjoint 35 representation H,H in 6,6 representations of SU(6)
> =35=24+6+6+1 ) -
He6=54+1 one of the sectors consists of the fields H, H and the other of X HY H are not present
TR o Goldstone bosons
. . from the breaking SU(6)—SU(4)®@SU(2)@U(1)
1 0 ik
" 3.2)s +(3.2)_s +(1,2)2 +(1,2)_1.
-2 0
_9 0 from the breaking SU(6)—SU(5)

global SU(6) global SU(6) (3, 1) 1+ (311 +(1,2); +(1,2)_5 + (1, 1)

SU(4)@SU(2)®U(1) SU(5) (3, 1) 3 + (3 1)1 +(3,2)_ +(3,2) +(1,2)3 +(1,2)_; + (1, 1)o.
| | | are eaten by the heavy vector bosons - Uhs — 3V
: 1 VI 2
SU(6) gauge group wesp SU(3)®@SU(2)®U(1) one pair of doublets remains uneaten L

L UJTLE — 3‘/:’_1}}

= =

Key Difficulty:  suppression of mixing gy H SU(6) — SU(5) — SU(3) ® SU(2) ® U(1) YAV
discrete symmetries. () ~ Mgyr (H) = (H) > (%)




Clockwork mechanism for D-T Splitting

= H(mi + mauY)H + YV, HAFj + — y .HA;A; ‘ W =

(- \

W
HT Ml + M24Y)H + yUHIAiFE}' + Ey;jHNAiAj

L=

Ml = (l’lﬂ'f — ,BlK ng = (1’24_-31':{ — IBQQ_K

1
-1 ]
B ! (M)ij =midi;  (K)ij = kidij1
- i
: the doublet and triplet mass matrices (X = D, T)
2
\ 1) (mx. \
up = mi+ 3ma weak scale —kx1 Txz
MX — ﬂ'irX = I{X = —k‘X’g Mx 3
Hr = My — %mm GUT scale : _
1 1 K —kx N-1 mx,n)
mp; = | a1 + ;a2 | M4, kpi= P+ ;P24 ) ki
| ; | . 15, m
1 1 for mp; < kp,; pUp1 = M
mr = (m - 5&'24) m;, kr; = (.31 - 5524) ki [T o,
, end up with two traditional chiral clockwork chains, with (for mp; < kp ;) one H zero
my vanishes ' :

mode localized near site () and one H zero mode localized near site NV

include N Higgs fields of 5 and 5



FLIPPED SU(5) UNIFICATION

dy uj
d:? u 1‘{: O ; c U-S H
d; d i {’L f‘.LL 1 L"j_', |:> B = U(;, ‘Fﬂl(] i ( (d) di I}L) ['1 — (?E
& e '/ L
Ve/ L Hr_,r PN er 7 I
5 10 i Ve & e flipped SU(5) minimal SU(5)
Basic GUT tests STrS) Flipped SU(5) Ly R /F([) — e’ )
sin” Oy = as(Myz) X il ~ 0.02 vs. ~ 0.003
Proton decay {p—vK"} x| {p— (et /pu")n"} (X',Y" = (8,2,-1/3) (X.Y) =(3,2,5/3)
Doublet-triplet splitting o~ o
Neutrino masses % Vv I'(p — K°u™)/T(p = nut)
Baryogenesis b4 i
: ~ 0.02 vs. ~ 17
minimal SU(5) flipped SU(5)
L'(p = 7w%ut)/T(p - wlt) ~ 0.008. ~ 0.1 (NO) light neutrinos
~ 23 (I0) neutrinos.
w30 NO See Ellis, Oliver et al,

I(p —» «tD)/T(p — nY%*) ~ 04 ~ 05 10 JHEP05(2020)021



FLIPPED SU (5)

The breaking of the GUT group in 4 dimension while solving

SU () xU(1) doublet-triplet splitting problem without using large GUT representations

25 1 24
1

Sc{le Mso ==
U 5 i Y (k5 ¥
. SU(3). x SU(2) x U(1)y

The SU(5) and U(1) gauge couplings continue
to evolve above the scale Mj,, eventually
becoming equal at higher scale M5, (= My ).

consistency condition M5y = M3,

v, = ay(Msy) < as(Mss)

when a; = as(M;») MBS = Mgy

i,
E7TL
ﬂs(ﬂ’fz) — = i Mmax

5 sin? fy — 1 —|- ft{ .m 111(—1%)

k]

Mza < M3™ = flieeed SUG) (A1) < oSUG) (M)

Hyo = {Qpn,d%y, v} Hip = {Qﬁad%a V}Cg} )
hs = {Hy, Hs} ; hg = {Hz, Hs}
We=HHh+ HHh + FH® + phh

missing partner

HHh — dy(vi)Hs
HHh — dg(75)Hs

Log (Q) - M3, M3 Msi




Motivation of Flipped SU(5)

Advantages:

1. Breaking the GUT group in 4 dimensions while solving doublet-triplet splitting without
using large GUT representations--Simple Higgs sector

the breaking of flipped SU(5) by nonzero VESs with 1{]/E pair.

2. Achieve gauge coupling unification at the string scale 5 % 10’ GeV if extra vector-like
particles are added in the weakly coupled heterotic string theory

---see Tianjun Li’'s work [hep-ph/0610054]
3. Natural from perturbative type |l GUT constructions based on intersecting branes
4. Supression of Dim-5 proton decay.
Disadvantages: x

Not genuine GUT



flipped SU(5) with extra fermions

J:(ll)._]) = (q,v%, D)

e d=6 proton decay modes can be rotated away. e Haony = (@, Nig, D)
(53— : . PR
e Also in ordinary flipped SU(5) with proper mixing angles » . Haw,-1) = @u: Nu, Dy)
s = € _
e Natural in non-minimal fliopped SU(5) with extra fermions: — h(s,—2) = (hq,0p)
SU(5) x U(1)x — SU(3)c x SU(2)L x U(1)y G(5,~2) = (L, D") _

NEY — (WE 0 yys . " h[E,z) - (huﬁﬁ}-
(Ngr) = (Ng) # ( D-T splitting By = (T, 0°)

Wo = Vu fwf GH + VYL fGH + p g?] +[)\?'f?1'h + Xﬂﬁﬁ] together with the following non-renormalisable terms

T3 Ao AT /
Wn = Vo Qf\ h + ﬂ'fhhiu W = yd}"(_}h?i 1 yf‘g!ﬂt‘h—H

u (LT +D°D°) + Vp (Ng) DD + Vi(Nf)L B

R 57 e , Ny N;
pr 8L+ jpp DD, heavy fields yu(quc 2 chr)h_u +yd<NU>QDrh —|—}’< >LFrh-

(L =cosfLL" +sinf, L D = cosfp D™ + sinfp D light fields masses

{ = —sinf; L' +cosf L d° = —sinfp D" +cnsﬂpﬂ/

. ) (N'u)
g < VNG — 8L — 0 Vu(qu® — sin@pv€) h, + Y 7
i < VYp{Ng) — 6p—= 0

(cosBp qd®) hg + y{i% (cosfp £e°) hy

L
4

gauge mediated DD = 6 operator }'}:#Tﬁ—% qucTL.'uri — sinfy, sinfp g dcTé' u.::T Supressed d=6 proton decay



SU(6) x SU(2),, from E,

arXiv:1405.2274

N gcitlanns Pc2) = G S Nu, ho
asy = (F,9) %ﬁ_i; _ %f—jﬂ Yoy = FND) g Ez‘i;ﬁ,m,hg;
W =W+ W,
New Fields in addition to non-minimal flipped SU(5): Wi = YVp U0 + YV pod + AT + Ay 20
(f“HzTHﬂ'rH:?ﬁeszf\_’H) and extra matter singlet fielc _ %@LEE i %@252 |

SU(6) x SUE SU(5) x U()x 25

higgsed away €. 0u. fu. T (Nu — Nu)/V2
leaving ho,ho (Nu + Ny)/V2

Higgs superpotential
Wi = MH b1 + A2 (Ng)haht + %(ﬁg}?ﬁhg

(h1, ha) becomes heavy irrelevant for fermion masses.

Missing partner mechanism

N1) g17(3)e x SU2)L x U(l)y

Yy

up quarks

_ Ny)
FfNghy ~pd H>th,1

M M
down quarks ifghgﬂ ~ Yy N i) Fah-g

Jw.(f :'..!f

Yy

charged leptons

et R i <ﬁ;> 44
ﬂg ¢ hj?{ o y M gfﬁ }.'.-2 2

The terms associated with proton suppression mechanism

Wi = Yo FGH + VL fGH + %gahzﬁl

Supressed d=6 proton decay as in extended flipped SU(5)



Modular Symmetry

e Flavor symmetries are interesting approaches to attack the origin of fermion mass
hierarchies and mixing angles.

e The modular symmetry is a geometrical symmetry of T*2 and T*2/Z_ 2, and corresponds
to change of their cycle basis.

e Matter modes transform non-trivially under the modular symmetry. That is, the modular
symmetry is a flavor symmetry.

e Texture zeros of the fermion mass matrix provide an attractive approach to understand
the flavor mixing. Those can be possibly related with modular flavor symmetries.

e The modular flavor symmetry also control higher dimensional operators.Allowed
couplings are controlled by stringy symmetries and n-point couplings are written by
products of 3-point couplings.



See Gui-jun Ding’s lecture notes

Modular group

inhomogeneous modular group is I' = T'/{I, -1}
modular group I' = SL(2, Z) can act on the upper half plane

611& group I is generated by S and T \

ar +b _fa b
T:Tt_}m'—l—d’ for v = (c d.) € SL(2,Z), 1Im(7)>0. 2—1 . (ST =1
el i s (11
infinite normal subgroups A\ -10 T
ravy=4(%"° ESL(ZZ)‘ “ 9 (1 9) (moa ) Siro - T:ir7+1
B c d " cd) \01 k L : /
B I'(N) for N > 2
inhomogeneous finite modular group I'y I'ny & T'/T(N) ['(N) = S
(N)/{I,—1} for N =2
S’g 1_1‘3 A4 F4 84 and Fr = Ag ( )/{ : }
Modular forms of weight k and level N k an even and non-negative integer
holomorphic functions f(7) transforming under the action of I'(IV) foyr) = (cr +d)*f(r), v€T(N)

Modular forms of weight 2k and level N form a linear space Mar(I'(N)) finite dimension dai(I'(V))

fi(yr) = (er + d)*p(y)i; fi(7), v€T p(7):; is a unitary matrix under I'y



Modular GUT for flipped SU(5) See Feruglio arXiv:1706.08749

S = /d‘i:r:dzﬂdzfj K(®,®) + ‘/d‘lx‘dzu‘? w(®) + h.c.

the supermultiplets ¢!f) transform in representation p'f) of a quotient group I'y

@ _;, (er 4 d)~% pD (4) D) y an element of 'y
w(®) — w(d)

The invariance of the action S requires = - =
K(®,8) - K(®,8) + f(B) + f(T)

invariance of the Kahler potential
K(®,®) = —hlog(—ir +i7) + Y _(—ir +i7) ¥ |p"]?
invariance of the superpotential w(®) under the modular group

w(®) = 3 Yin(7) -

the functions Y7, ;. (7) modular forms of weight ky (n) transforming in the representation p of F:n,r

ky(n) = kp, + ... + ky The product p x pt x ... x p»

e

contains an invariant singlet



Multiple modular symmetries See Ye-Ling Zhou's paper

1906.02208

finite modular transformations ~ ,YM In I‘ x I'% .x ¥ a7y +by

o e Slimsesse Ny, Ny 2 Num Vs TF “WITE = 5

cjTy +dj
Gi(T1, .-, ™M) = Di(NT1, -+ TMTM)
. —2&3 : -~ .
= I (rs+dn)™™% & pi,(0)¢i(m1,72,-. ., 7:)
d=1:. M J=1..; M
}/{IY.D---:IY,;‘L-I:](TI? ey Tﬂ'f) —* }/(th IY u}(ﬁflTlﬁ Trey ﬁ.l’f-'lfTﬂf)
= (cams +dg)* ® f»’rm V) Yy dyan) (Ths oy TM)
J=1,...M
K (- ko — = — hlog(—i = Q;@?
(08 0 Tgenes T Ty TH) = vy log(—iTy +17T7) + E =,
J=1,....M i H (_?’TJ + E'TJ) R
J=1,...M

Ifi’rr(':‘{}f; T1yeee M § : E : f}f,l,---;fy,ﬂ.f)@’il T Qj’i-n)l y



Ay is the group of even permutations of four objects.

Modular GUT for flipped SU(5)

The finite modular group A4 = I'y can generated by  §2 — (ST)3 e |

regular tetrahedron

Four irreducible representations two triplets ¢ = (¢1,92,¢3) and ¥ = (¥, Yo, V3)

1 QI L 3 (Real) 3 (Complex) Real basis Complex basis
L @ D (-1 2 2 () P11 + a2 + a3 w11 + a3 + w3t
slili|1][o -1 o =f 9 -1 . — _ _ _
0 0 -1 3\ 2 92 (p)1r | e1th1 + wipathe + wipsis 303 + P12 + p2un
010 1 0 0 (e)1r | 101 + wpaths + wpsthy watPa + pathr + P13
T|1|w|w? 0 0 1 0 w 0 , | . ,. :
100 g 5 e P2tz + P3a 1 [ 2P — paths — gty
(¥v)as P31 + 193 — | 2033 — ;12 — 2ty
V3
p1t2 + Yath 209109 — @3t — P13
/ ' " ' " " % / P23 — P31h2 Path3 — P32
@l =1 ;8 e — 1" &l =1, i e
=% ) 3a alY e A Y
. (991/‘)1 Y3t — @13 Y1tz — @P2Un
P12 — P2t @31 — P13

33=101"01"®3593,4,

Ay is the minimal choice which admits triplet representations



Modular GUT for flipped SU(5)

In modular GUT framework, the superfields within a multiplet of GUT gauge group should transform
identically with the same modulus field.

It seems that the unification of matter contents will be spoiled if different values of modulus are assigned
separately for quarks and leptons.

We propose to reconcile such an inconsistency in the orbifold GUT 5D My x S1/Z5 orbifold.

Compactification on S'/Z5 is obtained by identifying the fifth coordinate y under the
two operations Z:y——y, T:y—y+27R
5D N = 1 SUSY (corresponding to 4D N = 2 SUSY) to 4D N = 1 SUSY by proper boundary conditions

vector multiplet

S = /'d%ifrr E /dﬂ’-‘@(nﬂwﬁ the) V", y) = V(z*, —y) = PV (", y)PL,

kg?
_ , - Y(zH, y) = BD(zH, —y) = —PX(zH, y) P~}
+/d49 ((\/ifiu, -+ E)G_V(—\/éar) + E)Bv o 55(3_"' E)"L-'-',(Bl" )} ( ' J) ( ' J) ( ' J)

hypermultiplet fundamental representations.

=4 = = ; A 1
5 4 e VFe —V 2 Cf s
(", y) — P°(2*, —y) = —na PO°(z*, y)



Modular GUT for flipped SU(5)  fow=o =diag(+1, +1 +1, +1 +1),

P()’(y::'TR) ZdIdg( +]- +11 +1 _11 _1):

For Yukawa couplings W 2 ;; FF h+y; Ff.?h T Yij f’E h, and proper brane mass terms
For Higgs sector W D HHh+HHh+ X(HH — M%)
introduce additional neutral superfield S;(1,0) for neutrino sector neutrino mass matrix
s : ) Mgg.; T
inverse seesaw mechanism W D Y{ Ffjh, i Y“S HS;F; + S5iig SiS; B 0 mp 0
M=\ mp 0 Mgy
m, ~ mhMgaxMss(MZy) tmp 0 Msn Mss
c.a ¢, ) mp ~ Y“Uu ﬂ:’f;‘lf = Kﬂ,_’{
T#(101) = Q4(3,2)% 1,6} ® DF*(3,1){1 4 @ NP (L 1)G S SN s
a c.a =Fy rCy =
T34(101) = Q% (3. 2){1 1/6) ® D°(3, 1)( +2!,3j ® N2°(1, 1)%{1)) h(5-2) = Hr(3, )5 o @ Ho(L2)\5) |
T/%(10,) = Q% ( )E*ﬂ,{j) ¥ el GG, &8 ® NE“ (LG5, h62) = Hr@ 1) © Hu(L, 25,
= o . (+-) ) ey
FJ?(E" 3) =Up (3 UE 31/3 SLL(l.z)( S 1f2} H(101) = Hrq(3,2){ /6 & Hro(8,1)(1 "5 & Hy(1 111
: TA0 <) = Hon(a 2)+H) T.. (a3 1\(+H-) 7
(++)
f'ﬂ a v} : Ox(1g) = X(1,1 ;
0%(1_s) = ES9(1, 1)E+5+3 0% ﬂ) = (1:1)(0563}’ x (1o) (1,1)90)

Further breaking'of U(1) x x U(1)y- into U(1)y triggered via proper Higgs field



(Z,7) KK modes 4D masses
(+,+) cos[ny/R] n/R
(+,—) || cos[(n+1/2)y/R] | (n+1/2)/R
(—,+) sin[(n + 1)y/R] (n+1)/R
(=, =) || sin[(n +1/2)y/R] | (n+1/2)/R

The fittings of the SM plus neutrino flavor structure are
sometimes not good enough with a single modulus field,

which on the other hand prefer multiple values of modulus

VEVs for various sectors.

zero modes for the quarks and leptons transform as (3,1) and (1, 3) under Af x AL, respectively.

three families

T}“(lol),T”“(lnl)

(1,3)

The superpotential in the SU(5) preserving O(y = 0) brane can be written as

ﬁgé(y)/d?e[ s T T h + Yoy T Foh+ Y

Mgg.q

u,b

to break the multiple A4Q x A¥ by BCs to diagonal AY

=55k na b + Ox (HH — M2)

ab;

a5 FF h+ Y FF E



Break the Multiple Modular Symmetries via Higgs Fields See Ye-Ling Zhou's paper 1906.02208

llustration of the breaking of Sj x SP x S{ — SP
Vacuum alignments

for the bi-triplet scalars ® 5 and ®p¢

Fields | S8 S? S 2ka 2kp 2kc
XAc 3 1 3 0 0 0

XBC 1 3 3 0 0 0
XA 3 1 1 0 0 0
XB 1 3 1 0 0 0

wg = PacPacxac +MaPacxac + PacPacya,
+ PpcPpexpe + MpProxBe + PecPrOXE,

(D ac)ig(Pac)ie + Ma(Pac)ia =0 24 solutions (P 4c) = pa(y)Pasvac

YD eiklleas

#:k=1,2.3: 8,v=12.3 Sf v SE . S;P

Z Z €17kl (P4¢)ja(Pac ko = 0 (Pac)ia = (Pas)iavac  corresponding to (Pac)ia X bia

§,k=1,2,3; a=1,2,3



Reduce the Multiple Modular Symmetries via Boundary Conditions

It is possible to break the multiple Aff x A¥ by BCs to diagonal A7, which is then

identified to be the (single) modular A4 symmetry in the low energy effective theory.

choices with @EIH for fixed i’ (or’a/) corresponds to the breaking of A x A¥ to Ag (or AL), respectively?

We can introduce bi-triplets to reduce the modular symmetries into the diagonal one.
assign the following BCs for the bi-triplet (3,3) fields ®;, of Af AT

i, the indices for Afi'? and A;‘;‘ , respectively.

Af x A¥ to the diagonal A}

~? € AY and 4L € A% being associated to the v2 € AP by 42 = 4L = 4P
33=10131"® 3. ® 3., B =Y Cruiins
= @Y @) e @) e @) e @)t).

o

1
® /3 (P11 + P23 + P32) , only the zero modes of the singlet (that is, ®1) survives.

any combination of the representations can be allowed to act as the BCs that break the Aff x AY to AY



Classification according to the choice of representation and modula: weights

Up-type quark sector

(3v);; = P1S1(7),
ki+kp=2 (yu); =B1S5(1) + B2AP (1),
ki+ke =4 (w)y;=h 83 Y 82 AY + 8580 4 S,
kit+kr=6; (yu);;=050S ©) 1 5,48 + 8388 + 8,48 + 5O

(y0)i; = Br SS? + BoAY) + BaSSpy + BaAih + BsS0) + a8 + 2S5

100 00 1 0 Ye.[,?(’r)
By =v®roo1], sH=vP) o1 0], A = | =¥ ¥= o
010 100 v —vBn
010 WP (r) Va3 () W5 i)
s®—v®Pm100]|, sP@=|-¥®r 2B —vB)
(k)

00 1 Y®@) - ¥H®r) 2vBr)



Classification according to the choice of representation and modular weights

Up-type quark sector Down-type quark sector Charged lepton sector Neutrino sector

« p;=38, pr=11,1" - pr=3. * pf=3,p8=3. « pr=3,ps=3.

« p;=1,1.1", pp =3, « pr=11,1" c pf=3pp=11,1" « pp=3p5=11,1"
™ ﬂf:].,]-lfn_-]-ﬂj pF:]‘f]‘!ﬂl”' ™ ple 1! 1”,.'05*:3. . pF:]-:]-Ij]-”}f)S:3.

« p;=1,1,1"pp=1,1,1".0 ppr=1,1,1",ps=1,1',1

Form of the mass matrix for representations « (kj,kp ke, ks) = (0,2,0,0).

MU/T}t = | Yir )1‘? — .515:(32}(7') + ,1.3214;&2)(?)5

pr=3,pr =3, pp =3, ps =3 (
g (4) (4) (4)
(’y[)) = Cl“183 ‘|‘{’.1:251 ‘|‘0€381; :
(

Mp/vg =
W 2 [(xlygf*’(FF)sarfs +ugY(4)(FF)1h.+a3Y(fl}(FF)1~h] i /Ud _ y;:,) S0
+ 137 (F fash + 823 (F Daah Rirac fu, = (yn)27* = ()"
+71(fE)1h + { (SF)3?H+ Xg¥a (SF)SAF} + -2—f\2(55)1 Mf;,““ = /\11“\15;2)(’?) +)\21\1A;(;2j(’r),

M;%-S = k1 A280(7),



Classification according to the choice of representation and modular

pf:'?'aszsapE:s!PS::s

(k. k. ki, ks) = (2,2,0,0). 5 real and 7 complex free parameters.
(kp kr, ke ks) = (4,2,0,0). 5 real and 10 complex free parameters.
(K, kp, kg, ks) = (4,2,2,0). 5 real and 11 complex free parameters,
(kf kr, ke ks) = (4,2,2,2). 5 real and 15 complex free parameters.
(k7. kr, kg, ks) = (4,4,2,2). 5 real and 20 complex free parameters

Uff.,kfr‘}kﬁ,kﬁ') = (4,4,4,2). 5 real and 22 complex free parameters,

(k_f,k;,ukﬁ;,kg-) = (4,4,4,4). 5 real and 26 complex free parameters.
Pf = 1,1,1", pr =3, pp =3,ps =3
Discard the scenarios with too many free parameters.
Py = 3, pr = 131’31”3 PE =3,ps =3
PF=3, pPF =3, PE = 1,1,1",ps =3

pf:’?'! pr =3, pe = 3,ps = 111’31”



Numerical fitting

To keep the predictive power we concentrate on the scenarios in which at lea
the f,F, E,S superficlds transforms as the triplet of A, modular group.

The GUT-scale flavor structures of quarks and leptons predicted by our models need

to be evolved to the EW scale with the renormalization group equation (RGE) be!
the implement of the y? fit to the experimental data of SM and neutrino

we use two-loop RGE to evolve our predicted

To obtain the best-fit parameters in our fitting, we scan randomly the allowed param-
eter regions to find good seeds for further MCMC scanning. In practice, we try to find
the best-fit points for the quark sector first, and then perform the numerical fitting for the
lepton sector with the best-fit value of 7 in the quark sector. However, it is sometimes
difficult to obtain good fittings with a common 7 for both sectors. Multiple 7 values (for
quark and lepton sectors, respectively) are then used in the fitting if the single modulus
scenarios do not work well.

observable Value2
1 /1076 6.644
Ye/1073 3.445
Yt 0.868
yq/107° 1:323
ys/1074 1.841
yp,/1072 1.395

a7, 0.22737
Gl /10 3.716
Gou /10 % 4.296
Ok p 1.194

Xz 46.122
e /107° 2.848
y,/10™% 6.104
yr /1072 1.022
Am3,/1075/eV32 | 7.419
Am3,/1073/eV? | 2516
sin?6!, 0.457
sin%6}, /102 2.304
sin?6’, 0.806

i 236.259




p=pr =pp=ps=3and kf=kp =4, kp = kg = 2.

low energy predictions of the best-fit point

e .
Xg,l :ZXqu:

i'.q‘,[
/1072 1.203 71/1072 1.204
¥9/10™4 3.536 — 9.922; Y2/1074 3.522 — 9.722i
v3/10~3 1.713 — 3.086i 73/107° 1.710 — 3.078i
~a/10-4 _6.732 + 105.230i v4/1074 —6.723 + 105.127i
,.},5/‘1[]—4 123.915 — 9.9134 75/10_4 123.760 — 9.751¢
A1/(10° GeV) 1.207 Aglil07 Gel) 1.208
A2/(10% GeV) 2.006 ‘Mf\(l/(io(_}fv) ;igi
)‘1/10_.3 8.678 _ /\;/10—3 3.246 — 81.548i
A2/107° 3.24% — 81.540s Az/1074 9.385 — 154.042i
Az/10~4 9.383 — 154.099i Aa/10-2 8.095 + 18.164i
A1/1072 8.095 + 18.176i Xs /1072 1.194 — 8.155¢
Ag /102 1.193 — 8.1561 k1/1072 —4.753
K1/1072 —4.752 Ky /1072 —2.808 + 2.804i
Ko /1072 —2.809 + 2.805¢ tg/1072 —1.244 — 1.635i
k3/1072 —1.245 — 1.635¢ 7 1.180 + 2.711

observable Value2 Pgl'?mﬂfr Valuel
5 : B,/10~ 5.292
Yu! in_g Gii‘f B2/1074 1588.315 — 6.410i
Ye/10 J.445 B3/10~2 ~3.704 + 10.670
Yo 0.868 B4/10-3 ~5.817 + 2.049i
Ya/107° 1.323 Bs/10~3 —1058.838 — 1.620i
ys /1074 1.841 B6/1072 2.055 + 9.933:
yp/1072 1.395 B7/1071 1.710 — 1.460i
0%, 0.22737 Bl e
0. /10~ 3716 ag/l[_]_r, ~2.821 - 273,122,
P 1906 a3 /107 ~70.375 + 1.104
23{; ' ay/10~% | —3.691 + 2707.307;
O p 1.194 as /10~ —411.085 — 1.680i
i 46.122 T 1.198 + 2.830i
Ye/107° 2.848 Y 106 5 847
4 s i
@mﬁg_Q fllégi 102 6.109
Yr /LU oz ; -2
yr /10 1.022
) —5 /722 - .
&rnzzl/]U .J}/CV ) 7.419 Am2, /1075 /eV? 7 405
= E1F P ' ¢
&m‘frl/lff /eV 2.516 ﬂ?ﬂ.-él/lﬁ_dfevﬁ 2511
a9 0.457 sin20!, 0.384
SN 615/10_ 2.304 Sinﬁgia/lo—ﬁ 2.260
2l :
sin O 0.806 sin®0, 0.642

Changing in the lepton sector will feed back into the
quark sector by only affecting slightly their RGE
evolutions. The best fit point for the quark sector is
almost insensitive to the changes in the lepton sector
So, we keep fixed the best fit point for the quark
sector while best fit the lepton sector with multiple 7.



Numerical fitting

I1: pr {111f11H}1 pr =3, pp =3, ps =3.

the same 7 multiple

/102 /1072
3.310 + 359.899;
3.310 4 359.890, > ° 1 20709
1.744 + 13.565¢

X2 = 16.408
X7 = 486.036 xi = 30.215

- IX: pp,. = (1/,1”,1") with modular weights k7, = (2,0,2); kp = 4 and
kp =kg— 2
- X pp,, = (1,1',1") with modular weights kfl‘” = (4,2,4); krp = 4 and 1.198 +2.835¢  1.198 + 2.835¢
e g o 1.32 1.31 71
ki =he =10, i A— 326 + 1.3171
Xg = L.
X2 =208.261 X7 = 0.878
—3 -3
III: pf? — 3, PF € ’{]_1 1;}1,3}’ PE = 3, ps = 3. T/]'O T/]'U
| 3.040 + 719.4347 3.040 + 719.43¢
IX’ (1/,1”,1") with modular weights k (2,4,2) ) ¢ xg = 1.221
— : s =it T with modular weights kr, , ., = (2,4, 2);
ey B Xi = 0.358

kf:kE:kSZZ.

- X" ppy L, = (1,1,1") with modular weights kg, ,, = (0,2, 4);

kr=kg=kg =2

1.017 + 1.913¢

1.017 + 1.9137 _
5.435 4+ 9.0761¢

X; = 50.511
X7 = 232993  x? =58.908




Conclusions

e Explain the flavor structures of the Standard Model plus neutrinos in the framework
of flipped SU(5) GUT with A4 modular flavor symmetry.

e Reduce the multiple modular symmetries to a single modular symmetry in the low
energy effective theory with proper boundary conditions.

e (lassify all possible scenarios in this scheme according to the assignments of the
modular A4 representations for matter superfields.

e Predictions of many scenarios can fit nicely to the experimental data both with one
modulus value and multiple modulus values.



U(3)e x SU3)1 x U(1)x

Q=T+l +X

two versions of 3-3-

the third component of leptonic triplet

B =

charged anti-lepton

ULG

fﬂ - €La ~ (11310) .

ca
€Rr 5

Model electroweak mixing :;,ngle sin? O (Mz) = 0.23113 S1/4

appears to obey, at an energy scale y, an SU(3)

sin® fy (p) = 1/4 S. Weinberg,

1 gauge models.

1

— b=

g, —~1/8), e ~o{1,1,-1),

P g ~.
—= {F’:'——g-(t['}l)‘(w—ﬁ(g)

SU3)e®SUB)L@U(1)x

f
nght handed neutrinos
( aR) )

scalar sector

scalar sector

x ~ (1,3-1), p ~ (1,3,1),

Landau pole p~(1,3,2/3)

n~(1,3,-1/3) y~ (1,3, -1/3)

about 4-5 TeV

n~ (1,3, 0) and S ~ (1,6,0) L = fT (LF?} ) (n*Lb) + H.c.
C g* effective dimension five operator ]
GfL S fr. L === (T9x") (X' Ls) + Hee.

texture of m, is the
same as the my

%(ffn*)(n*fz,), —> m, = 10hGeV X



SU(3). x SU(3)r x U(1)x Model

B =13

LJ'LG
o=l oee | ~@,30
er’ /
U1
CJIL = ( dy ) ~ (‘59532/‘5)1
Ji I

Uir ~ (3: 1;2/3)~ le 6 (3: ]-: _1/3): JlR i (3‘ 11 5/3)

dy
QQL - Uz ~ (31 3*1 _1/3)1
5 ),

usr ~ (3,1,2/3), dag ~ (3,1,—1/3), Jor ~ (3,1, —4/3)

d3
(23,5 — Us ~ (31 3*, —1/3),
J3 i3

Uzp ~ (3, 1, 2/5), ng_ ~ (3, 1, —1/3), J;m{ ~ (3, 1, —4/5)

QiL

UiR

bh’.

—
b=1s
Uir, bL
d; | =103,3,0], Qsr= 1|1t | =]33%,1/3],
Dy, Iy

{3 12/3} diRE[S,l,—l/SL DiREigglg—l/S]
3,1,-1/3], tr=1[3,1,2/3], Te=[3,1,2/3],

€al
Var, | = [13 3, _1/3}1 €CarR = [11 1, _1]'

*'F\ra L

the anomaly cancellation occurs for the three generations together and not generation by generation.



SEQUENTIAL SU(3). ® SU(3);, ® U(1)x MODEL see arXiv:1608.05334 by Sarkar,Valle et al

Uq L
Qi = | d,r | =103,3,0], uer =1[3,1,2/3], dar = [3,1,—1/3], Dur = [3,1,—1/3],
D.; each family is anomaly free
€aL E.L N
T_f':f"a.L — Var, = [1~3*~_1/3] é-aL = Nc%ﬂ- = [1~3*~_1/3] XaL = E;_L = [1~3*~2/3]
N,p, N A

£q11m‘kﬂ - yu“QaL“ﬂ.Rﬂ.ba + 'y:i,., QaLdaR(iﬁ;: =+ y}_}n Qn.LDn.R@: + h.c.
T -1 ' T -1, Mu, = Yuo ko,

o ? o ) ' o1, I ; -1 ' I =

Eiiats = €any [‘WQLC (ylf{:fLQJUqr i yg)(ﬁLQ):iﬁ,-) +&..C7 s )(fjj:.(i)-gaf} + h.c.

b =[1,3",2/3] and ¢us = [1,3",—1/3], Vi, k1 +y3 ke yp,ky+ yp, ke

. TS =
Neutrino 4D . 9 1 2
Y, Ny +Y; Na Yp N1 +yYyp N
ko 0 0 sector Yg, M1 T Yg N2 Yp M1+ Yp N2
(do) =101, (D)= |k |, {¢2)=1|k
i1 22 -1, 2,
0 n o Mg = — (y2k1 + yzk2) (yan1 + yane)

yl 22 -1 g
f " — (yzk1 + y3k2) (yzn1 + y3ne)
ko,1,2 ~ mw nig ~ Mz



SU(6) Grand Unification of the sequential SU(3). ® SU(3);, ® U(1)x Model

. —— _ 1 -
6— (1,3 ¥ \[) D G 1 2—\/5) two 6 antifundamental representations and one 15 antisymmetric
s fi= (en—vis, N}) @D 5. representation of the fermions are anomaly free
_ - -1 - 1
&= (1,5 8, T, =t Al6] =1, A[15] =
13 ;2@ G2 6] =1, A[15]
— f{ = (et —vis N EB DR » scalar multiplets coming from two 6 and one 15 representations
., -1
15—+ (3,3, 0 1,3,— 3,1 — — = 1 N 1
— F = (urj, dui, D) €D Xfi = (Vg ko €ri) D i 1 |
Vi 'y‘4h15a 6; 6. + 'ny;-15a 15, 15y 157 =(3,1,—-—)&3,3,0)0® (1,3, —=)
a , a \/S \/g
minimal SVS Model SVS Model with fermionic octets sequential 331 with fermionic octets
. T r T r ——— a T T X E r z 1 T - T - E r T T T
46.80 \: | 1 I "-:-;-._. o - ” i.\"j\i
%l 1 10.} s ] 10-}/
5 LoggmiGevr T T Loggmieei

Log,o[p/GeV]
very high scale of Mx lower limit of the order of My = 10° GeV octet mass scale detached Mx



SU(6) Grand Unification of the sequential SU(3). ® SU(3);, ® U(1)x Model

8 &
b = iy AWl
+( 2. — by) In Mx) _ dbx In My :
2T :UZ 02 JIX

My = 3000 GeV octet mass scale Mg = 8 x 107 GeV

5 . -
0y = %+ S0z [4 [P (22 4 B (M
D 1& Mg

sequential 331 model
unification scale My = 107 GeV sin? 0, (M) ~ 0.231

d = 6 contributions for proton decay

EJ:_l ‘ ﬂfo =
]’:" +__0 - 1056‘ T GUT - )
@ —herr) }“(35 1016 GeV

My = 10%° GeV and QGUT ~ 35 in the SVS and sequential 331 models.

lifetime of the proton decay mode p — etn® ~ 103 yrs



SU(3). x SU(3)r, x U(1)x unification into SU(6) x U(1)x model arXiv: 2303.01298
6 1D [UE:LLL 15,5 [QLaDi: ATEL 61D [(){f_‘))i3 EE] , the fitting of (XD)§ and Df can be exchanged
2 2
= __ rréda 1 1 . 5 1 subsequent studies.
6—% - UL(S!]- 2\/5)_% e(LLa-‘VL)(]-:S: 2\/3)_% ’
= 1 = 1
1590 = D(3,1,——=)o @ (Qr, (XD)r)(3,3,0)0 & ((XL)r, N£)(1,3, —=)o V3
\/3 V3 Qx = —?QP + QK
oy |
Y U(1)g anomaly
the anomaly is canceled for SU(6) with two 6 representation 5 .
and one antisymmetric 15 representation for each generation 6(1 — %) =0, 6 [(%) — (%) ] =0
To break the flipped SU(6) into SU(3). x SU(3)r x U(1)x, introduce 20,
20y = (11— 21n @ (L L =)y r @ (3.3 ——2)1n © (3, =)y
pH — 0% 2iH fz EWCis 1) 2/3’ 3

Qx + (1,1, T)LH =0, Qx: (1*11_7)%;&7 =

The Ny (1,1, 3 ‘/3)1 .7 component of 201 . can acquire a vacuum expectation value (VEV)

(Ng) = Mx to break the flipped SU(6 ) into SU(3). x SU(3) x U(1)x.



SU(3). x SU(3)r x U(1)x unification into SU(6) x U(1)x model arXiv: 2303.01298

Tiny neutrino masses can be generated by seesaw mechanism

the proper choice is 105,
in terms of SU(3). x SU(3), xU(1)x

¢ (6.6,0) ®(3,3,0) ,

Majorana mass terms for RH-neutrinos N7y .

s 2 2 = _
105 =(1,6,——)® (6,1,—=) D (8,3, —) P (3,8, —
(1,6,-72) 86,1, )0 ﬁ)(

L£ 2 YP158155(105)5. 4 2 (1,3, —=)é @ (1,3, —

5
V3
W)UH:

MyM
UL 1 eVsak the SU(3). x SU(3); x U(1)x

the (1,6, —%)D;H component of 105, mg ~ m

develops VEV along the Nj(1,1,0) direction (in terms of SM quantum number)

y 4T
mp ~ My.p ~ O(1) GeV M, ~ Mo Myip ~ 107%eV
- Y™ Mg
0 M,p
MU;D Y™ Mg

ML,- =
the 331 breaking scale Ms3; is constrained to lie at about 10! GeV



SU(3). x SU(3)r x U(1)x unification into SU(6) x U(1)x model arXiv: 2303.01298

To break the residue SU(3). x SU(3);, x U(1)x gauge symmetry into SM

_ o1 o : 15
6%;}—{ o (3:15 Tﬁ)%;ﬂ 52 (113a_m)%;h‘1 Hu = Hl(la‘sh_j)
— _ 1 — 1 H; e Hg(l,g,—.—l)
6_..,=03,1,—)_1. 1,3, ———=)_1.4, i L8
_%‘H ( 3 2\/5) 1 ( 2\/5) é,H (]- ‘:; )
B0 = (B, = B8, 8 0l Bes) ’”“ ! 0
0:H — s Ly \/EU;H 2, 2, UJ0H :‘r\/gﬂ;H (HI):N/é 0 : <H2>:\/§ 0 : (Hg)zx@ 0
£2-) }/}Jr;abﬁ’iélng%;H Z YE.ab6o 16115DH — Y Yp nab15§155150,4
a,b=1 a,b=1 a,b=1
3
— > Yxpw611506_1 4,
a,b=1
P . 1 T .

1

[(:x:f»,mn o1 g ® (1,3,—2—ﬁ>_%;H] > [(XD)1 ® (XD)§ @ Ny(1,1,0)

2x/§

which will generate Dirac mass Yy pM33; for vector-like heavy extra leptons (X L), (X L)
and vector-like heavy quarks (XD)r, (X D).



SU(3). x SU(3)r x U(1)x unification into SU(6) x U(1)x model arXiv: 2303.01298

can also obtain masses after EWSB,

The N; new sterile neutrino component within 6 1
; : : : 2

I 1 _ 1 _ 1 |

1131_— __® 1:31— @ 1:3:_ L. 2 -NS® XL J®Hﬂ.
-( 2\/3) é ( \/g)ﬂ ( 2\/3)%}—{- [ L ( )f ]
[ 1 w 1 | | '

1,3, ———=)_1®(1,3,— 1 ®(1,3, —=)on| 2 [Nf @ (XL, @ H
—( 2\/3) é ( 2\/3)% ( \/E)UH_ [ L ( )L d]

the mass matrix for the new sterile neutrinos can be given by

0 M M,
Mg= | My 0 YxpMszz |+ ms
Mg YxpMsz; 0

= MyuMe ~1eV Problematic !
YxpMaz

. . ' . = - ey _li.l:l‘
introduce new Higgs fields 21;.5 representation to push heavy such new sterile neutrinor — yS;ahﬁiéﬁ_%ZII;H

21,y = (6,1, _LS)LH @ (3,3,0)1.4 @ (1,6, My all lie at the M3z scale

)
\/_ \/g IH

the (1.6, %)I;H component of 21;. develops a VEV (211.) = Mg ~ Ms3; along the Ny»(1,1,0) direction

if the (1,3,1) direction (in terms of SM quantum number) of 21;.y develops a small triplet VEV

ordinary SM LH neutrino a mixed type I+II seesaw mechanism



SU(3). x SU(3)r x U(1)x unification into SU(6) x U(1)x model arXiv: 2303.01298

1 _11 1 L _B1 .7
9> 3¢5 g% ¢ 3¢ g%’

colored Higgs fields can acquire masses of order My while the uncolored ones can still be as light as M33, scale

(D-T) like splitting can be realized by the missing partner mechanism

missing partner mechanism the SUS‘;’ ﬂ{pped SU(G)umodel:
W D eikimny (20;-;1) (15).5) (B_L.H) 4 ¢idklmn s (E_l{-{) (E;]H) (GL-H)
%7 ijk R s m =1 n *2 ijk ' Im &1 n

... 18" 20 12 20 2 . -

+ Mis'150,n150m + X (20§;H20—%;H - MX) » (201,4) = (20_1.4) = Mx break the flipped SU(6)
The (3,1 %/—)1 H component within En,H pairs to the (3,1, L)[}Hr components within
150 g while the (1,3, — 5 \/—) i component cannot find any partner. Therefore, the colored
component within 61 g is heavy while the uncolored one is much lighter ( at or below the

2
M337 scale). Missing partner mechanism of similar settings can also push heavy the colored
components within 6 _ 1.4 and 15¢.H.
2’ ’



SU(3). x SU(3)r x U(1)x unification into SU(6) x U(1)x model arXiv: 2303.01298

Boundary conditions can also be used to split the colored and uncolored Higgs

S1/Z, orbifold Z:y—>s—y, T:y—=y+27R.

choose the boundary condition with P = diag(—1,—1,—1, 1, 1, 1) (under Z reflection)
and P’ = diag( 1, 1, 1, 1, 1, 1) (under the reflection Z’ = Z7T) so as that the Higgs

satisfy
= 31 _1 y(-H L\
6 = 3!1!_ BT e = 1
3:H ( 9 5)%H D ( 2\/3)%;51
= 3 1 ((-+) 5 1 ((+4)
6—%;H T (3! 1! 273)_%;1_‘; ¥ (1 3! m)_% i’
1 \(-+ (=) 5 L \(++)
150.4 = (3,1, ——— B (d, 3 U e (1, 80— 14
0:H ( \/E)UH ( )U,H ( \/g)UJJ
L=+ (—+) L)
21 = (6,1, —— & (3,3,0 @& (1,6, —=).¢
1;H ( \/3)1}{ ( )1H ( \/g)l:H



SU(3). x SU(3);, x U(1)x unification into SU(6) x U(1)x model

arXiv: 2303.01298

After the breaking of 331 gauge group into SU(3). x SU(2); x U(1)y at about the Mjzs;

Case I: 2HDM (bs,ba,by) = (—7,—3,7)

Case II: 2HDM plus an SU(2), triplet (b3, ba, by) = (-7, —%, 8)

assume successful splitting among the colored/uncolored Higgs fields

the Higgs sector for the 331 model

_ 2 ~ 1 e il :
Hl(lvgvg)aﬂﬂ-! H2(1,3,—§)3Hd, H’}(].,S—g) Hé(l,ﬁ,

2

D) (i=1,2).

17 94

( g:b.?bf) R (_5 _F} ?)

Upon the My scale,

the matter contents for three generations 6_ 150 and the Higgs fields

1,01,
2t g3

20_1,;,211,1,1050,7,61,5, 150, and 6_1 ;.

38 47
b =t
(b, br) = ( 3,3)

after normalization into SO(12),

38 47
(bﬁ:bﬁ-") — (_E} @)



| 1 W -
\_“_ i
™~ o My = 10x 10" GeV \\x -1 o Mz = 7.94 x 101 GeV
=] ~ "
ﬂ'} = "“xm " \\h
\ e EHR
1 o ;!
R N _1
i) by
_'1-,.\\“\.‘
(ty 1 03_1 0y
u;l
i
s . n E
Logyo(j1/GeV) Login(i/GeV)

Figure 1. The RGE evolutions of the gauge couplings for the 331 models are shown for scenarios
with 2HDM below M33; (case I, left panels) and 2HDM plus SU (2);, triplet Higgs below M3z3; (case
I1, right panels), respectively. With the 331 symmetry breaking scale M3z, = 10'¢ GeV (left panels)
and Mz3; = 7.94 x 10! GeV (right panels), the SU(3); and SU(3). gauge couplings can be unified
into the flipped SU(6) GUT model at the scale Mx = 1019 GeV (left panel) and My = 10913
GeV (right panel), respectively. The upper (and lower) panels correspond to the cases without (and
with) the surviving Mss3; scale I:Ig,g Higgs field, respectively.
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The requirement that Mx > Msz3; set bounds for Mzs; scale to lie below 1017 GeV
for case I and below 10153 GeV for case II.

Requiring the unification scales to lie below the Planck scale constrains Mss; > 10129
GeV for case I and Mag, > 101® GeV for case II.

The upper bounds 10176 GeV for case I (and 103 GeV for case II) on Ms3; scale
also apply for case with the surviving Ms3; scale ﬁgﬂg Higgs field.



Gauge Coupling Unification arXiv: 2303.01298

Table 1. The flipped SU(6) GUT scales and corresponding ag ' (M) values for some benchmark
points in case I/case II with and without light Hg g Higgs, respectively. The "\’ in the table denotes
that either the unification scale Mx lies upon the Planck scale (cannot unify) or below the Mjss3;

scale, or the bound on M35, from neutrino mass generations is not satisfied (for case I).

(Logio(Mx /GeV), ag 1 (Mx)) \Msz; Gev | 3.16 X 103 1.0 x 101! 1.0 x 1013 | 3.16 x 1016
Case I without H3 g \ \ \ (18.6,47.8)
Case IT without Hs g \ \ (18.2,44.4) \
Case I with light Hs g \ (17.9,39.1) | (17.8,41.4) | (17.7,45.5)

Case IT with light Hz g (18.0,30.0) | (16.3,36.9) | (15.9, 38.8) \




Proton decay triggered by flipped SU(6) GUT

dimension-6 operators
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Table 2. The partial proton decay lifetime of the (p — e*#”) mode in flipped SU(6) GUT. We
calculate such partial life time for some benchmark points in case I/case II with and without M3z,

scale I":I;;,g Higgs, respectively.

| [ ®

for case II with light I‘:Igjg Higgs.

7((p — et 7)aipped) /years \ Msz GeV | 3.16 x 10° | 1.0 x 10'% | 3.16 x 10'°
Case I without Hz g \ \ 6.92 x 10

Case II without Hs g \ 1.04 x 10%° \
Case I with Hg g \ 3.88 x 10%3 | 1.71 x 10%3

Case IT with Hs g 6.72 x 103 | 8.21 x 10% \




Conclusions

We can unify the sequential SU(3). x SU(3)r x U(1)x model (with 8 = 1/4/3) into
a flipped SU(6) GUT model. Anomaly cancelation can easily be satisfied.

Neutrino masses generation and successful gauge coupling unification can set low-
er /upper bounds on the 331 breaking scale.

Certain parameter region with M3s; ~ 10> GeV of case II (for case with M33; scale
H3 g Higgs field) will predict a partial proton lifetime of order 10°* years for p — et 7"
mode, which can be tested soon by future DUNE, JUNO and Hyper-Kamiokande

experiments.



