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The need for discrete flavor symmetries

three flavors of SM particles
observed mass patterns
CKM, PMNS phases
neutrino physics

@ Need to explain { suppression of proton decay
baryogenesis

CP violation

(even) dark matter?
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The need for discrete flavor symmetries

three flavors of SM particles
observed mass patterns
CKM, PMNS phases
neutrino physics

@ Need to explain { suppression of proton decay
baryogenesis

CP violation

(even) dark matter?

@ There is a plethora of non-Abelian discrete symmetries that satisfy
basic phenomenological constraints

@ Problem: Which one is THE right one 77
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In Abelian, toroidal heterotic orbifolds

@ Orbifold O = R%/S < space group: rotations, reflexions and shifts
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In Abelian, toroidal heterotic orbifolds

@ Orbifold O = R%/S < space group: rotations, reflexions and shifts

All geometric properties depend on S
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In Abelian, toroidal heterotic orbifolds

@ Orbifold O = R%/S < space group: rotations, reflexions and shifts

All geometric properties depend on S
Non-Abelian flavor symmetry groups F":
A: permutation symmetries among fixed points — 5,

B: discrete charges related to S — LNy X LNy X Ling X -+ -
Kobayashi, Nilles, Ploger, Raby, Ratz (2007); Nilles, Ratz, Vaudrevange (2012)
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In Abelian, toroidal heterotic orbifolds

@ Orbifold O = R%/S < space group: rotations, reflexions and shifts

All geometric properties depend on S
Non-Abelian flavor symmetry groups F":
A: permutation symmetries among fixed points — 5,

B: discrete charges related to S — LNy X LNy X Ling X -+ -
Kobayashi, Nilles, Ploger, Raby, Ratz (2007); Nilles, Ratz, Vaudrevange (2012)

space group

Tin, X Ty X -

generate the
group F'

permutations

Ny X g X+ U Sy = F

Abelian non-Abelian non-Abelian!
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In Abelian, toroidal heterotic orbifolds

@ Orbifold O = R%/S < space group: rotations, reflexions and shifts

All geometric properties depend on S
Non-Abelian flavor symmetry groups F":
A: permutation symmetries among fixed points — 5,

B: discrete charges related to S — LNy X LNy X Ling X -+ -
Kobayashi, Nilles, Ploger, Raby, Ratz (2007); Nilles, Ratz, Vaudrevange (2012)

space group

Tin, X Ty X -

generate the
group F'

permutations

ZNIXZNZX---NSTL = F

Abelian non-Abelian non-Abelian!
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Untwisted and twisted closed strings in T?/Z3

Two types of massless closed strings:
ordinarily closed and closed under the orbifold
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Untwisted and twisted closed strings in T? /73

Two types of massless closed strings:
ordinarily closed and closed under the orbifold

7
< I\ closed up to
| \{)rbifold elements

|

\
\

€1

\\ twisted string
A@ localized at fixed point
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Untwisted and twisted closed strings in T?/Z3

Two types of massless closed strings:
ordinarily closed and closed under the orbifold

localized twisted states

7
LEEF states appear at definite »'// N
points in compact space €1

Twisted strings located at fixed points — LEEF states localized
Identified with constructing elements g, € S (boundary conditions for string closure)

g = (0" nle.)
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Invariance under S

@ Interacting strings join for the time they interact:
g1z "

z 92y
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Invariance under S

@ Interacting strings join for the time they interact:

gix Y

92y

-————

g1r =Yy

xT
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Invariance under S

@ Interacting strings join for the time they interact:

gix Y

92y

-————

g1r =Yy

xT

nr=y

g2y

S
2

g}lac Yy
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Invariance under S

@ Interacting strings join for the time they interact:

gix Y

92y

-————

g1r =Yy

xT

nr=y

g2y

S
2

§1£C Yy
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for L interacting strings:

L
I i9e=1
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Invariance under S

@ Interacting strings join for the time they interact:

g1T %
x [ b s
I 92y 9291 = 9291 =
|
¥ for L interacting strings:
gr=y
L oag=1
AN o=
x
glxI: y space group selection rule:
| O] @)
. 0, ) = (1, U, (1 - 04 7)) J
T g2y
v\ \
§1£C Yy

0oEg =1 — Yk =0modN — Zy
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Invariance under S

@ Interacting strings join for the time they interact:

g1
~ I 4N space group selection rule:
v I 92y L 6® (@ R
| He=1(19 » Mo’ ea) = (1, Uz(]l =97 )A)
glaj: y too complicated!
ANG
x
g1z =y
|
|
| N
= v g2y
w\ Va4
q1T )
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Invariance under S

@ Interacting strings join for the time they interact:

g1z

. I 4N space group selection rule:
I 92y L o ak® @ R
| He=1(19 y Na ea) = (L Uz(]l = )A)
*_ too complicated!
nr =y
Can be reformulated as
x —
[T, hegehy* = (1,0)
g1z =y
: We propose a (non-faithful) representation
! g2y
VA slage) =slg0star) | s(hghTh) = s(g)
§1£C Yy
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Invariance under S

@ Interacting strings join for the time they interact:

g1z

. I 4N space group selection rule:
I 92y L o ak® @ R
| He=1(19 y Na ea) = (L Uz(]l = )A)
*_ too complicated!
nr =y
Can be reformulated as
x —
[T, hegehy* = (1,0)
g1z =y
: We propose a (non-faithful) representation
! g2y
VA slage) =slg0star) | s(hghTh) = s(g)
§1£C Yy

@ This Abelianization lead to Zy, x Zpn, X - --

SRS, Vaudrevange(2018)
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Two 2D examples: T?/Zs

space group rule
N Jk=1,n=2)
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Two 2D examples: T?/Zs

space group rule
N Jk=1,n=2)

€1

lk=1,n=0)

() )
[Trm, (0 ner) = (9227, (2, n)en)
< (1, (0 mod 3)er)
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Two 2D examples: T?/Zs

space group rule
2K |k=1,n=2)

€1

lk=1,n=0)
Hﬁ:l(ﬁk(@,n“)el) _ (1921, k(e)’ (Z@ n(ﬁ))el)
< (1, (0 mod 3)er)
=>Z.3's acting on k,n charges:
S kO % 0 mod 3
Syt =0 mod 3
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Two 2D examples: T?/Zs

space group rule
2K |k=1,n=2)

€1

lk=1,n=0)
Hﬁ:l(ﬁk(@,n“)el) _ (1921, k(@)’ (Z@ n(Z))el)
< (1, (0 mod 3)er)
=>Z.3's acting on k,n charges:
S kO % 0 mod 3
Syt =0 mod 3

space group rule sym:
Zs X Zg
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Two 2D examples: T?/Zs

space group rule
N Jk=1,n=2) €2

€1

lk=1,n=0)
Hﬁ:l(ﬁk(@,n“)el) _ (192[ k(@)’ (Z@ n(Z))el)
< (1, (0 mod 3)er)
=>Z.3's acting on k,n charges:
S kO % 0 mod 3
Syt =0 mod 3

space group rule sym:
Zs X Zg
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Flavor symmetries in stringy MSSM



Two 2D examples: T?/Zs

space group rule permutations
N Jk=1,n=2) N Jk=1,n=2)

€1

lk=1,n=0)
Hﬁ:l(ﬁku),n“)el) _ (192@ k(@)’ (ZZ n(Z))el)
< (1, (0 mod 3)er)
=>Z.3's acting on k,n charges: U
S kO % 0 mod 3
Syt =0 mod 3

space group rule sym: permutation symmetry:
Zs X Zg J 53 J
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Two 2D examples: T?/Zs

@ Invariance of couplings under:

space group

generate the
group F'

permutation

Zg X %z U Sj = F

Abelian non-Abelian non-Abelian!
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Two 2D examples: T?/Zs

@ Invariance of couplings under:

space group

generate the
group F'

permutation

Zg X %z U Sj = F

Abelian non-Abelian non-Abelian!

@ Flavor symmetry

F = S3 X (Z3 X Z3) = A(54)
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Examples in 1D, 2D

*———= — F:D4:SQD<(Z2XZ2)
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Examples in 1D, 2D

*———= — F:D4:SQD<(Z2XZ2)

— F = A(54) = S3 X (Zg X Zg)
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Examples in 1D, 2D
*———= — F:D4:SQD<(Z2XZ2)

— F = A(54) = S3 X (Zg X Zg)

— F:D4XD4/Z2
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Examples in 1D, 2D

— F:D4:SQD<(Z2XZ2)

*——=o
A —  F=A(54) = S3 x (Z3 x Z3)
4 —  F =Dy x Dy/Zs
Orbifold with roto-translations
' ' — F=D,
X
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Natural question 1:

Aiming at a guiding principle from an UV complete theory,...
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Natural question 1:

Aiming at a guiding principle from an UV complete theory,...

what flavor symmetries are realized
in heterotic orbifolds?
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Explore all 138 Abelian space groups S already known

Repeat previous steps for the all possible space groups

Orbifold Twist # of # of affine
label vector(s) Z classes classes

Zs 1,1, -2) i i
7y 1n,1,-9) 3 3
Ze-1 (1,1,-2) 2 2
/| 11,2, -3) 4 4
T 11,2,-3) 1 1
Zg—1 2(1,2,-3) 3 3
T 11 101,3,-4) 2 2
T 1 L(1,4,-5) 2 2
Z1o-11 1—12(1.5. —6) 1 1
Zo % Zo | 3(0,1,-1), 3(1,0,-1) | 12 35
ZoxZa | (0,1,-1), 1(1,0,-1) | 10 41
Zy x Zg 1 | 5(0,1,-1), +(1,0,—1) 2 4
Ty x T 11 | 2(0,1,-1), 3(1,1,~2) 4 4
ZyxZz | 1(0,1,-1), i(1,0.—1) 5 15
By % B | 1(0,1,-1), i(1‘0.—1) 2 1
74 X Dy 1(0,1, -1y, %(1‘0.—1) 5 15
T X B | £(0,1,-1), £(1,0,—-1) 1 1

Fischer, Ratz, Torrado, Vaudrevange (2013)
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We find all possible flavor symmetries (without enhancement)

Orbifold Flavor symumetry Orbifold Flavor symumetry
2 x Bz (L) | (Dax Dax Dax Dax Dy x Da)JZ3 Zax Zz  (10.2) T2 % 2z
(1.2) Tz % Bz (11.1) (D % Dy x D)/ B2
(L.3) (Dy % Dy x Dy) 2 (12.1) (Dy % 1y)
(1.4) (12,2 o % Fa
(2.1) (D 3¢ Dy 2 Dy s Dy ox D) 73 Bax 24 (L1) (D4 x Dyse Dy Dy s By) [Ba
(2,2) Ty % B (1,2) B x By
(2,3) (D4 % Dy % Dy)JES (1,3) T 3 T
(2.4) Za X Za (1.4) s % 2y
(2,5) (Dy % D) (1,5) Ty By
(2,6) (L) (Dy x Dy x Du x B4)/23
(3.1) (D x Dy x D)) By V| (D4 x Dy Dyox Dy x ) 2E
(3,2 B % B Zy % 2y
(3.3) (Da % Da)/Za Za % Za
(3.4) - Dy By
(4.1) (Dyx Dy x Dy x Da)Z3 o % T
(4,2) Bz o Bx Fax Ey
(5.1) (Dyx Dy x Dyx Dy)23 (Dy x Dy Dy % B4) /23
(5,2) Ty x By P2 x By
(6,3 Za % E2 Za % Za
(5.4) (Dy x D) Ty % By
(5,5) %o % Ez o x B
(6,1) (D % Dy x Dy % D)/ 73 A
(6,2) By % By (Dy% Dy )22
(6.3) Dy B2 % By
(7L (D % Dy) Za % 2y
(7.2 Za % Za By % 2y
(8,1) Tz % Bz Tz o B
(9.1 (Dy x Dy x Dy)}Zas (Dy % Dy x Dy x 2,)/23)
(9.2) Bz o Bz Fa2xEy
(9,3) B % B (D % Dax Ba)(Za
(10.1) Dyx Ty (6,2) Ty x By

Sail Ramos-Sanchez — UNAM

SRS (2017), Olguin-Trejo, Pérez-Martinez, SRS (2018)
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[ Orbifold Flavor symelry [ Orbifold I Flavor symumetry

By % By (6,3) By % By Zy x By (21) A(54) x Zy
(6,4) B x By (2,2 Zy x L
(6,5) B x By Ta < Zs (L1) | (Dix Dax D% 21 % %a) /23
(7,1) Dy = By (1,2) Zq % By
(7,2) By x Xy (1,3) Zy x Ey
(7.3} Za x Zo (L4) 2y x Ba
(8,1) (D4 x Da x Ba)/ 23 (2.1) (Da x Da x B3)/Z3
(8,2) Ba x P (2.2) T % T
(8,3) Zo x P (2.3) By % By
(9,1) (Dyq x Dy x Z4)/8s (2,4) Ty % Ty
(9.2) Zix Zo (31) (Ds x 23)/Za
(9,3) Za X Zo (3,2) Za % B
(10,1) 2y x Ly (41) (Ds x Da % 23)/23
(10,2) B x T2 (4.2) T x T

Zo % Zg-1 (1,1) (D4 x Da x Za)[ 22 (4,3) Za % Ba
(1,2) Za x Zo (5.1) Ty % By
2.1 (D4 x Dy x Zg) {2 (5.2) Zy % By
(2:2) Z2 x Za Zs x e (L1) Zo % By

Zo % Bg-11 (L1) Zox Py Orbifold Flavor symmetry
(2,1) Zo x Dy 7y (L1) (A(54) x A(Bd) x A(54))/2Z3
3.1 22 x Zg Ty (LI} | (Dax D % Da x Dy < Z4)/23
4,1) B X D (2.1) (84 % 82 % 8o) w (23 x E3)

Zs x s (1,1) (A(54) x A(54) x A(54))/Zs (3.1) (Sa x 81 x (2§ x 23)
(1,2) #y x Xy Zg-1 (1L1) A(54)
(1,3) By x Ly (2,1) (A(54) x Zg)/Zs
(1,4) A(54) x A(54) Zo-T0 [§5)) A(BA) x [Ds x Da/Za]
(2,1) A(54) x A(54) (2.1) | [A(54) x Zs)/Zs x [Da x Da]/Z3
(2,2) By x Ty (3.1) | [A(54) x Zs)/Za x [Ds x Da)/232
(2,3) By x By (4.1) [A(54) x &)/ Ez % [DafZs)
(2,4) A(54) x A(54) 7 1) Sr w53
(3,1) ) x By T T [E%)) (Da x Da x Z3)]Z3
(3,2) 3 X Ty (2.1) (D1 x Dy x Za) /23
(3.3) 54) x A(54) (3.1) 8o (Zs % T2 % Za)
(4,1) A(54) x A(54) -1 (L1) (Da % Di % Ds x Zx)]Za
(4,2) iy x Dy (2,1) (Dy x Da x Bs)/23
(4,3) A(54) x A(54) Tl (L) A(B4)
(5,1) B x B (2.1) (A(54) x Z12)/

Zy x L (1,1) A(3) x Zs Zyo-11 (L) (Dy %X D4)[ B
(1,2) B3 % Zg

SRS (2017), Olguin-Trejo, Pérez-Martinez, 5

Sail Ramos-Sanchez — UNAM
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Natural question 2:

Wilson lines are needed to get MSSM-like models;

Ibafiez, Nilles, Quevedo (1987)

They break explicitly (the permutations in) flavor symmmetries...
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Natural question 2:

Wilson lines are needed to get MSSM-like models;

Ibafiez, Nilles, Quevedo (1987)

They break explicitly (the permutations in) flavor symmmetries...

what flavor symmetries survive
in realistic compactifications?
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MSSM with stringy flavor

Flavor in realistic orbifolds
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Flavor symmetries in realistic models

© Determine all (inequivalent) EgxEg gauge embeddings in heterotic
string
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Flavor symmetries in realistic models

© Determine all (inequivalent) EgxEg gauge embeddings in heterotic
string
© Select semi-realistic models
o 4D gauge group = SU(3). x SU(2)r X U(1)y X Ghidden
3 generations of quarks and leptons + a pair H,,, Hg
sin? 0, (Mgur) = 3/8
only SM-vectorlike extra matter
no true anomalies

¢ ¢ ¢ ¢
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Flavor symmetries in realistic models

© Determine all (inequivalent) EgxEg gauge embeddings in heterotic
string
© Select semi-realistic models
o 4D gauge group = SU(3). x SU(2)r X U(1)y X Ghidden
3 generations of quarks and leptons + a pair H,,, Hg
sin? 0, (Mgur) = 3/8
only SM-vectorlike extra matter
no true anomalies

¢ ¢ ¢ ¢

© Determine the flavor breakdown due to Wilson lines in each case
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Flavor symmetries in realistic models

© Determine all (inequivalent) EgxEg gauge embeddings in heterotic
string
© Select semi-realistic models
o 4D gauge group = SU(3). x SU(2)r X U(1)y X Ghidden
3 generations of quarks and leptons + a pair H,,, Hg
sin? 0, (Mgur) = 3/8
only SM-vectorlike extra matter
no true anomalies

¢ ¢ ¢ ¢

© Determine the flavor breakdown due to Wilson lines in each case

© Phenomenology?
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OI’beOldel’ needed as a tOOl (Nilles, SRS, Vaudrevange, Wingerter (2011))

-~

The Orbifolder - Mozilla Firefox

File Edit View History Bookmarks Tools
&1l The Orbifolder

& [ E

[EMost Visited v @ Getting Started [E]Latest Headlines» [JVanDe Graaff [} CCTUNAM »

<@ [2

orbifolder on-ine
+ + download compiled prompt
download source code
complementary notes
onBIFolnEn help | about | contact us

Orbifolder
version: 1.2 {Feb 29, 2012)
platform: linux
dependencies: Boost, GSL
license: GNU GPL

by: Hans Peter Nilles,

Sail Ramos-Sanchez,
Patrick K.S. Vaudrevange &
javaseript:// Akin Wingerter
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http://stringpheno.fisica.unam.mx/orbifolder

Broadest known scan of MSSM-like models

Max # of | # of MSSM-like models with
Orbifold independent 0 1 2 =3 Total
WL vanishing WL

Zy (L1 3 0 0 0 0 0
Z, (L1 1 0 0 0 0 0
(2.1) 3 149 0 0 0 149

(3.1) 2 27 0 0 a7

Zel (L) 1 30 0 30
(2.1) 1 30 0 30

Zg-1I  (1,1) 3 26 337 0 0 363
(2,1) 3 14 335 0 0 349

(3.1) 3 18 335 0 0 353

(4.1) 2 44 312 0 356

Zn (1.,1) 1 1 ] 1
Zg-I  (1,1) 2 230 38 0 268
(2,1) 2 205 41 0 246

(3.1) T 330 0 359

Zell (L1 3 1604 398 21 0 | 2.023
(2,1) 2 274 231 0 505

Zipl (L1 T 556 0 556
(2,1) 1 Hod 0 DHd

Zyo-11 (1,1) 2 279 34 0 363

SRS (2017), Olguin-Trejo, Pérez-Martinez, SRS (2018)
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Max # of # of M3SM-like models with
Orbifold independent 0 1 2 3 >4 Total
WL vanishing WL
Fy % o (L1 6 1 152 52 0 0 205
(2,1) 5 13 342 14 0 o 369
(3,1) 5 4 400 40 0 0 RES
{5,1) 1 2 40 0 0 0 42
(6,1) 4 57 0 0 0 401
(71) 1 55 0 0 ] T6
9,1) 3 2 0 0 27
(10,1) 3 2 1] 0 21
(12,1) 2 0 0 3
Ly % By (L1) 4 8,637 1,463 26 0 | 10,580
(1,6) 2 21 0 86
21) 4 4.683 1131 81 0 6,158
(24) 2 47 0 328
(3,1) 3 3,637 103 0
(4,1) 3 1,575 33 0
(5,1) 3 742 G3 0
(6,1) 3 1,374 58 0
(T1) 3 1,122 G4 0
(8,1) 2 72 0
(9,1) 2 1,620 522 0
Za x Bg-1 {1,1) 2 467 116 0
{2,1) 2 275 78 0
By % By (1,1) 3 40 987 81 0
(14) 1 8 0
(2,1) 2 1,713 239 0
(3,1) 2 G 0 0
(4,1) 2 105 110 0
Zy % Py (L1 1 4,469 24
(2,1) 1 45
Zy % By (1,1) 3 58 5
2,1) 2 19
(3,1) 2 i
{4,1) 2 G :
By % B {L1) 0 412

SRS (2017), Olguin-Trejo, Pérez-Martinez, SRS (2018)
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Flavor symmetries in MSSM-like models

Orbifold Max. # of Flavor symmetry with £ non-vanishing WLs Total
i possible WLs | ¢=1 2 3 1 models
=2 = =z 5T
2 wn p AlsD) A(5L) = 73 Z3 )
0 0 0
~ y (D3 x %)/ T D2 % Ty Dyox By % 22 Ty 3 T3
2 L 4 0 0 0 0 0
(82 % Sa) w (Z1 x Z3) 5o w (Zi x Zz) Zi % Z)
" 0 0 149
: ;
&y g (1 x 53) w (i x Z) S (28 X ZH) %
o 0
; S (2} % Ba) z5 5
(3.1) 2 0 e 27
P 3 5
Za-1 (1,1) 1 30 30
B x Ty ”
)
(21 1 o 30
(Da X Da)/Z2] % 23 Dy X Za % Z% Zs % B X Z3
. F 0 337 26 dae
Zodll | 1) s A(54) x Di X B A(54) x Z§ 853
0 0
Ty X B % (D1 % Di)/Z3]  Di x G % L3 Zg X Zs < 23
0 335 14
2 : 34
WY § UA(54) x Za)/Za) < De [(A(34) x Za)/a] % T3 o
0 0
T x Ty ¢ [(Da x Da)fZ3]  Dax T x g Zg x By x Ty
: . 0 333 18 -
3y § [(A(54) % Zs) /] x Ds [(A(54) x Zq) [ Bs] x 23 B
0 2
[(A(54) x Zo)/Za] x Z2 Zg x La % T
0 m
2 =5
(4.1) 2 (Do /] % o 5 T 356
312

Sail Ramos-Sanchez — UNAM

SRS (2017), Olguin-Trejo, Pérez-Martinez, SRS (2018)
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Flavor symmetries in

MSSM-like models

Orhifo Max. # of Flavor symmetry with £ non-vanishing WLs Total
ok possible WLs | £= 1 2 E models
Zr 1Y) 1 = 1
Zwl | (L) 2 Dixs o 268
- Di < Zs T X -
(2.1) 2 n ol 246
(3.1) 1 fg’“,x Za 380
~ o Ds % Da % %)% D x Ts < Ts Ty % T
: : 2,02
Zell ] (LD 3 21 398 1,604 023
(2,1) 2 5{‘1" Zs f;f % 505
Zypl | (L1) 1 f,;‘ﬁx 2y 556
1) 1 e s 555
- o Ds x T, ] -
Eyo- N 2 36:
oIl | (11) o - 363

SRS (2017), Olguin-Trejo, Pérez-Martinez, SRS (2018)

6,563 Zn heterotic orbifolds with MSSM-like properties
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Flavor symmetries in MSSM-like models

Mex. # of Flavor symmetry with £ of non-vanishing WLs
Orbifold possible =1 2 : 6 Total
WLs
Zs x 2z " - DI/} Df D} x 23 D: <2} 4 i
(L1) § & 0 0 0 152 1 205
TX Ts i
(13) 1 2 f’*“' [’f‘x % 0
DijZa Dy < Zs DT % 7
5 & 5 H H i 2 269
(2,1) > 2 0 0 14 342 13 36
- D%
- p
(23) 3 1 i 0
(2.5) 3 1 {))’ = 0
. , 5w Ds x 3 73
(3.1) 5 3 o P i 144
s X Bin
(3.3) 3 1 f) ] 0
D7 DI < Z3 Dy X Z3
) H HE :
(4.1) 4 1 § 5 3 0
B D} T < %3 D: X 73 "
(5:1) 4 4 0 0 10 42
(54) 2 1 Sl‘ 2 0
7 % Zs 4 X By
(6.1) 1 1 B P * 2 01
(6.3) 2 0 0
(7.1) 1 2 D 2 z 6
0 76
T Za s < 25
(9.1) 3 3 {]')‘X" Dyxs 27
. Zy
(10,1) 3 1 o 21
. . Dix % Dy x 73 Z3
(1L1) 3 3 P 5 i 0

Sail Ramos-Sanchez — UNAM

SRS (2017), Olguin-Trejo, Pérez-Martinez, SRS (2018)
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Flavor symmetries in MSSM-like models

Max. #of | Max. # (of Flavor symmetry with £ of non-vanishing WLs
Orbifold possible | WLs affecting the | £ =1 2 3 1 6 Total
WLs flavor symmetry
Din 2 z
2 2 2 2 2 :
(12,1) 2 2 0 3 3
— ) (DY % %)/ Zs DX T X B8 Za X 2§ -
Tax Zs | (11) 1 1 St i = 10,580
DT % 7
; 3 3 = Za -
(16) 2 2 = 86
DT < Za)/ 2z Di X T X B2 -
2, d 5
@ 1 1 5 e 6,158
T % T
2 ; s < 32
(24) 2 1 o 328
- DT % Za) PR
@1 3 8 103 13,117
(41) 3 2 Dancran 519
(5.1) 3 3 lﬁlﬂxl Z: 2,116
6.1) 3 2 B 3,246
(7.1) 3 1 2,667
(81) 2 2 L fmx 2 911
.1 2 2 L0 2,142
Z 7 .
Zox Tl | (L1) 2 2 " e 83
116
21 2 2 2 7"‘; ¥R 353
A X 7 NDEYZ] 75
By x 2y | (1) 3 3 ”, e " 1108
Z3
(14) 1 1 i 5
2 A(54) x @3 2] -
(21) 2 2 s 1 hs 1,952
o
(3.1 2 1 Zs 6
6

Sail Ramos-Sanchez — UNAM
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Flavor symmetries in MSSM-like models

Max. #of | Max. # fof Flavor symmetry with £ of non-vanishing WLs
Orbifold possible | WL affecting the | £ =1 2 3 4 5 6 Total
WLs flavor symmetry
(41) 2 1 ?277 215
Bsx s | (L,1) 1 1 f‘”':l e 4,493
(2.1) 1 1 ﬁ_}" Zs 540
(21) 2 2 f}«;‘_’% 6,046
(31) 2 1 :f_j“xl % 2,920
(41) 2 1 f’,’,’xf’ ﬂ_”;;zi 3434

87,809 Zn xZ s heterotic orbifolds

Sail Ramos-Sanchez — UNAM

SRS (2017), Olguin-Trejo, Pérez-Martinez, SRS (2018)

with MSSM-like properties
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Stringy flavor phenomenology

Pheno with stringy flavor
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Lessons from models with D,

Lebedev, Nilles, SRS, Ratz, Vaudrevange, Wingerter (2008)

@ Most of the models (~ 46,000) endowed with Dy

Olguin-Trejo, Pérez-Martinez, SRS

@ Stringy constraint: 2 + 1, family structure, 3"¢ generation in the bulk

— top Yukawa is the largest

@ All exotics can be decoupled in SUSY vacua with ZJ@"" (and/or ZJ)
@ In those vacua, Dy is spontaneously broken ~ — pheno?
@ Nice Yukawa matrices (with §~0.1) — pheno?
$ PP 0 3 0 575 56
Yy=| 8 3 3% |, Yy=| 3 0 357 |, Yo=| 3 5 0
6 55 1 0 35 57 5 5 0
@ See-saw with 100's of r.h. neutrinos — nicer Meeesaw ~ 102 Mgyt

Buchmiiller, Hamaguchi, Lebedev, SRS, Ratz
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A(54) flavor symmetry

@ About 4% (~ 3,500) models with A(54) flavor
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A(54) flavor symmetry

@ About 4% (~ 3,500) models with A(54) flavor
@ Only in models with T%/Z3 — F = A(54)
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A(54) flavor symmetry

@ About 4% (~ 3,500) models with A(54) flavor
@ Only in models with T%/Z3 — F = A(54)
@ Simplest options: T°/Z3, T®/Z3 x 7o, TS )73 x 73
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A(54) flavor symmetry

@ About 4% (~ 3,500) models with A(54) flavor
@ Only in models with T%/Z3 — F = A(54)
@ Simplest options: T°/Z3, T®/Z3 x 7o, TS )73 x 73

@ No promising models in T6/Zs3, T®/Z3 x 7y with A(54)

Investigate Zs x Zs orbifolds!
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Flavor symmetries in T /73 x Zs

o If all fixed points are degenerate, flavor symmetry is large:

F = S5 x S5 x 53 x [ngZ‘g’x(ZQ”)?’]
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Flavor symmetries in T /73 x Zs

o If all fixed points are degenerate, flavor symmetry is large:
F = S5 x S5 x 53 x [ngzgx(zg”)?’]

@ In Z3xZs heterotic orbifolds, up to 3 Wilson lines (WLs) allowed
WoLs break degeneracy of fixed points
Each chosen WL= (O breaks one S5
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Flavor symmetries in T /73 x Zs

o If all fixed points are degenerate, flavor symmetry is large:
F = S5 x S5 x 53 x [ngzgx(zg”)?’]

@ In Z3xZs heterotic orbifolds, up to 3 Wilson lines (WLs) allowed
WoLs break degeneracy of fixed points
Each chosen WL= (O breaks one S5

@ Models with 2 WLs lead to flavor

F=55x [Zg x 7Y x (Zgﬂ)ﬂ S5 A(54) ©
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Results of search of models

@ 3,074 Zsx7Zs3 semi-realistic models
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Results of search of models

@ 3,074 Zsx7Zs3 semi-realistic models
© 1,767 with F = 72 (n = 3,4,5)
Q 1,226 F = A(54) x Z} (n =2,3)
© 81 with F = A(54)2 x Zs
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Results of search of models

@ 3,074 Zsx7Zs3 semi-realistic models
© 1,767 with F = 72 (n = 3,4,5)
Q 1,226 F = A(54) x Z} (n =2,3)
© 81 with F = A(54)2 x Zs

o A(54) favored as non-Abelian flavor symmetry here  ©
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Results of search of models

@ 3,074 Zsx7Zs3 semi-realistic models
© 1,767 with F = 72 (n = 3,4,5)
Q 1,226 F = A(54) x Z} (n =2,3)
© 81 with F = A(54)2 x Zs

o A(54) favored as non-Abelian flavor symmetry here  ©
@ Only possible A(54) representations: 19,311,312 ©

Satil Ramos-Sanchez — UNAM Flavor symmetries in stringy MSSM



Results of search of models

@ 3,074 Zsx7Zs3 semi-realistic models
© 1,767 with F = 72 (n = 3,4,5)
Q 1,226 F = A(54) x Z} (n =2,3)
© 81 with F = A(54)2 x Zs

o A(54) favored as non-Abelian flavor symmetry here  ©
@ Only possible A(54) representations: 19,311,312 ©

@ SM quarks and leptons generically in triplets

explanation for three generations!! ®
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Results of search of models

@ 3,074 Zsx7Zs3 semi-realistic models
© 1,767 with F = 72 (n = 3,4,5)
Q 1,226 F = A(54) x Z} (n =2,3)
© 81 with F = A(54)2 x Zs

o A(54) favored as non-Abelian flavor symmetry here  ©
@ Only possible A(54) representations: 19,311,312 ©

@ SM quarks and leptons generically in triplets

explanation for three generations!! ®

* Numbers statistically compatible with Nilles, Vaudrevange (2014), but we find many more models @
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A(54) stringy example

Example
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A(54) string spectrum

+ Y LiHuD; + Xijk il B,

4,4,k =1,2,3,

Satil Ramos-Sanchez — UNAM Flavor symmetries in stringy MSSM

# irrep A(54) label # anti-irrep A(54) label
3 (3;2)% 311 Qi
3 (3 1)_% 311 g
3 (8, 1)% 311 d;
3 (1;2)7% 311 L;
3 (1,1), 311 €;
3 (,1), 312 v;
1 (172),% 1o Hy 1 (172)% 1o Hy,
Flavons
3 (1,1), 311 [
3 (1,1), 311 o
3 (1,1), 312 *7
2 (1,1), 2. 19 slde) gu
128 (1,1), 7719 + 16 - 315 + 311 N;
Exotic states
6 (1,2)1 T0- 1o + 2 312 v; 6  (1,2) 1 1-1p +4 312 T;
6 _ 6
3 (8,1) 312 Yi 3 (3,1), 3 X 19 Ui
1 (8 1)_% 19 2 1 (8, 1)% 19 z;
7 (1,1) % 4-19 + 312 x; 7 (1,1)% 4-19+ 311 z;
51 (1,1) 1 30-109+7- 312 w; 51 (1,1)1 241949319 w;
3 3
_ (d.e) ((dse) (d e) 4(d.e)
Wy = yzng Hﬂu]¢k5u + yqu Hdd O + y kL Hdej




A(54) stringy phenomenology: neutrinos with see-saw

Correlation atmospheric—reactor mixing angles compatible with best fit
Forero, Tortola,Valle (2014)

0.40

I I T B — I

0.018 0.020 0.022 0.024 0.026 0.028

sin6,3

@ atmospheric mixing angle: 51.3° < fa3 < 53.1° (second octant) ©
@ reactor mixing angle: 7.8° < 613 < 8.9° ©
o 6meV <m,, <6.8meV, 65meV <> m, <T70meV ©

~ ~
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A(54) stringy phenomenology: neutrinos with see-saw

Correlation atmospheric—reactor mixing angles compatible with best fit
Forero, Tortola,Valle (2014)

040, ‘ e ‘
0.018 0.020 0.022 0.024 0.026 0.028
Advantages of model:
@ atmospheric | Compatible with T2K (2016) ‘ond octant) ®
@ reactor mixin only normal hierarchy admissible
o 6meV <m,, Falsifiable soon 5V ©
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A(54) stringy phenomenology: down sector

Down-quark and charged-lepton sectors are symmetric

(MP)i2 e

(MP)22 my

= tanfg =~

Sail Ramos-Sanchez — UNAM

leptonic Gatto-Sartori-Tonin

Flavor symmetries in stringy MSSM

©



A(54) stringy phenomenology: down sector

Down-quark and charged-lepton sectors are symmetric
(MP)12 | [Te

) ~ leptonic Gatto-Sartori-Tonin @
(MP)22 my

= tanfg =~

BUT all other quark and charged-lepton mixing angles are smaller than
observed ©
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A(b4) stringy phenomenology: down sector

Down-quark and charged-lepton sectors are symmetric
(MP)12 | [Te

) ~ leptonic Gatto-Sartori-Tonin @
(MP)22 my

= tanfg =~

BUT all other quark and charged-lepton mixing angles are smaller than
observed ©

Additional novel consequence

more stringent than b — 7 unification ®
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Punch line

@ Flavor symmetries from compactification geometry:
Kobayashi,Nilles,Ploger,Raby,Ratz (2007); SRS, Vaudrevange (2018)

space group @

permutations
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Punch line

@ Flavor symmetries from compactification geometry:
Kobayashi,Nilles,Ploger,Raby,Ratz (2007); SRS, Vaudrevange (2018)

space group @

permutations

@ Full classification of flavor symmetries in Abelian orbifolds
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Punch line

@ Flavor symmetries from compactification geometry:
Kobayashi,Nilles,Ploger,Raby,Ratz (2007); SRS, Vaudrevange (2018)

space group @

permutations
@ Full classification of flavor symmetries in Abelian orbifolds

@ Full “classification” of Abelian heterotic orbifolds
with ~ 94,000 nice models
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Punch line

@ Flavor symmetries from compactification geometry:
Kobayashi,Nilles,Ploger,Raby,Ratz (2007); SRS, Vaudrevange (2018)

space group @

permutations

@ Full classification of flavor symmetries in Abelian orbifolds
o Full “classification” of Abelian heterotic orbifolds
with ~ 94,000 nice models
@ Full “classification” of flavor symmetries in MSSM from strings
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Punch line

@ Flavor symmetries from compactification geometry:
Kobayashi,Nilles,Ploger,Raby,Ratz (2007); SRS, Vaudrevange (2018)

space group @

permutations

@ Full classification of flavor symmetries in Abelian orbifolds
o Full “classification” of Abelian heterotic orbifolds
with ~ 94,000 nice models
@ Full “classification” of flavor symmetries in MSSM from strings

@ 50% of them exhibit D, flavor symmetry — 2 + 1 families
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Punch line

@ Flavor symmetries from compactification geometry:
Kobayashi,Nilles,Ploger,Raby,Ratz (2007); SRS, Vaudrevange (2018)

space group ®\

permutations

@ Full classification of flavor symmetries in Abelian orbifolds
o Full “classification” of Abelian heterotic orbifolds
with ~ 94,000 nice models
@ Full “classification” of flavor symmetries in MSSM from strings
@ 50% of them exhibit D, flavor symmetry — 2 + 1 families
@ 4% of them enjoy A(54) — 3 “identical” families
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Punch line

@ Flavor symmetries from compactification geometry:
Kobayashi,Nilles,Ploger,Raby,Ratz (2007); SRS, Vaudrevange (2018)

space group ®\

permutations

Full classification of flavor symmetries in Abelian orbifolds

Full “classification” of Abelian heterotic orbifolds

with ~ 94,000 nice models

Full “classification” of flavor symmetries in MSSM from strings

e ¢

50% of them exhibit Dy flavor symmetry — 2 + 1 families

4% of them enjoy A(54) — 3 “identical” families
45% only Abelian flavor symmetries (!!)

(]
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Punch line

@ Flavor symmetries from compactification geometry:
Kobayashi,Nilles,Ploger,Raby,Ratz (2007); SRS, Vaudrevange (2018)

space group ®\

permutations

@ Full classification of flavor symmetries in Abelian orbifolds
o Full “classification” of Abelian heterotic orbifolds
with ~ 94,000 nice models
@ Full “classification” of flavor symmetries in MSSM from strings

@ 50% of them exhibit D, flavor symmetry — 2 + 1 families

@ 4% of them enjoy A(54) — 3 “identical” families
45% only Abelian flavor symmetries (!!)

@ Nice pheno, although more challenging in A(54)
Possibilities for explanation of CP-violation' [Nilles,Ratz, Trautner,Vaudrevange (2018)]

(]
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Punch line

@ Flavor symmetries from compactification geometry:
Kobayashi,Nilles,Ploger,Raby,Ratz (2007); SRS, Vaudrevange (2018)

space group @\

(]

permutations

Full classification of flavor symmetries in Abelian orbifolds

Full “classification” of Abelian heterotic orbifolds

with ~ 94,000 nice models
Full “classification” To do

50% of them exhibii @ compare with other classifying tools

4% of them enjoy A @ identify common properties

45% only Abelian fl. o study phenomenology

Nice pheno, althoug

@ symmetry enhancement?

@ are there predictions?

Sail Ramos-Sanchez — UNAM

Flavor symmetries in stringy MSSM
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