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The goal is to find a consistent theory of flavor!

SUSY SU(5) x Modular — S; & 6HDM + RHNSs



Why do we use discrete symmetries?
o We don’t have to deal with Goldstone bosons.
o It is possible to generate natural hierarchical structures.

o It is possible to construct more predictive models by reducing the
parameter space.

Why make it modular?
o We don’t need to introduce additional mechanisms like flavon fields.

o Modular symmetries appear naturally in more fundamental theories
such as string theory.

o It is possible to obtain a richer and more elegant mathematical
formulation due to the geometrical origin.

o Some modular groups are related with discrete symmetry groups.



Flavor symmetry

The modular group, I' = SL(2, Z), can be defined as

ar +b

y(T) = o rd

1
TeH, T:7—->7141, SZT—)—;.

Modular forms of weight k are functions that transform as
Y(r) = (7 + ) on()Y(7);  pn(v) € T
Finite modular groups are related with discrete symmetries:

'y 2~ S3,A4,S4,As for N = 2, ..., 5 respectively. S; has three irreps 2,1,1’.

We will assume that fields are transformed as modular forms (Feruglio
2017)
® — (c7 + d)*® pa () P.

In order to have modular invariance, the Yukawa couplings must be modular
forms of certain fixed modular weight.



Model building

The matter content is included in the irreducible representations of the gauge

group as follows (T. Kobayashi et. al. 2020):

ds HY 0 us  —uy wr dh
ZCZ g; 1 —Uus 0 l«gl us 32
F= S , H'= 5, =— | u —u us 3
63 h+3” V2 - —u; —us 0 €
—V L hou —d1 —dz —d3 —63C 0
Field | SU(5) I2~S3; k | Field | SU(5) I,~S; k
(H{, HY) 5 2 0| (T1,T2) | 10 2 -2
H¢ 5 1 0 Ts 10 1 0
(HY,HY) 5 2 0| YP(r) 1 2 2
HY 5 1 0 | v{"(r) 1 2 4
(F1,F») 5 2 2| Y®(r) 1 1 4
F3 5 1 0 Hys 45 1 0
(N5, NS) 1 2 -2 | Hgs 45 1 0
N§ 1 1/ 0

In GUT models, the relation Y. = Y7 arises. The Yukawa potential is given by
WO Wy + Wy +W,,




for the up-type quark sector, we have

1 _ _ 1 _ _ _ _
Wy 2 Z}’lfyl(4) (T1 Ty + ToT2) Hy + ZJ’; [Yp (1T + ToT1) + Yo (T1T1 — ToT2)] Hy
1 _ _ _ _ 1 . -
+ Zy‘é [(Y1T1T3 — YoToT3) HY — (Y1TaT3 + YoT1T3) Hy] + Zyﬁ [(=YoT3Ty + Y1T3Ty) HY

i} _ 1, 1 ) - _
— (YoT3Ty + Y1T3T,) Hy) + ZygTsTng + Zlel( ) (T Ty + ToTo) Has

1. - - - - 1. .
+ 2372 [Yp (T1To + ToT1) + Ye (T1T1 — ToTo)] Hys + Zy3T3T3H45,
for down-type quark sector, charged leptons and neutrinos

Wqp 2 \/Ey‘}yf') (FiT1 + FaTo) HY + V24 [¥y (F1Ty + FaTy) + Yo (FiTy — FoTy)] HE
+ V2 [(Ylﬁng — YyFyT3) HY — (YV1FyTs + Yoy T3) Hg] + V2l [(7Y2F3T2 + Y1 F3Ty ) HY
— (YoFsTy + Y1F3Ty) H‘ﬂ + ViR TaHE + V2 Y (FiTy + FoTy) Hyg

+ V2V, [V (F1Ta + FaT1) + Yo (F1T1 — FaTo)] Hzs + V2V3F3T3Hys,

Wy 2y1 [(YpNg + YeN{) Fi + (VpN| — YelN3) Fo] Hy +y3Ya (N{F1 + N3F2) Hy
+¥3 [= ("IN} — YaN3) F3HY + (Y1l + YaoNT) F3Hy] +yy [~YaN5 (FiHy + FoHY)

_ _ 1 _ _ 1
VAN (FuHY — Fa5)] + YANSFSHS + 2 0 vy (NSNS 4+ NSNS) + ~MaNGN°.



RGE evolution

Boundary conditions
in Yukawa couplings

A4

t = In(y)

Mz ~ 91 GeV Mgy ~3 TeV Mgyt ~ 10" GeV Mpjanck ~ 10'° GeV



From the potential, we construct the Yukawa matrices
W D GrYEQuHY + drYIQuHE + erYEL HE + NrYVL HY i=1,2,3.
1 - _
+ ENCMRNC —+ ZdRYLfSQL'H[(S — 2€RY4*5LL’H4’5.

If we make a rotation between the basis

hOk f
Hi( = ‘/ITHk, Vi = Z(h?k)27 k= u7d7
i

it is possible to establish the relation

Ou hod
YMSSM N7 L yu o yMSSM — 0050 T L yd 4 25in QY e,
u Z vy b d ; 4 i 45
MSSM hQ” MSSM hod d T
_ i v _ i _ . _
Y, = E —VU Y/, Y, =cos Ei —Vd (Yi) 2sin QY s,

with Q, the mixing angle between the Higgs doublets content in 5; and 45. It connects
the model with the MSSM in Mgyt. The potential takes the form

_ _ 1
W D GrYMSSMQu ¥ + dpYWSSMQu 1 4 erYMSSML HE + NpYMSSME, 744 4 o NRMN.



The Yukawa matrices for quarks and charged leptons are given by

Yal»ﬂ + YCHZ Ybl‘z Yl/j'lll - Y2/1121
MSSM = “
Y, = ( Hony Yopi —Yeus — —Vifiz —Vafif |,
Y1H1 - Y2H2 _Y1M2 - YZM] Hs
st Yapd + Yeud ;bﬂg Y1 u%d— Yaud
Yq = cosQ ;’blfq p Yapy — Yeps —Youz n Yipg
Yipus — Yapg —Yops — Yipg K7
Yoy + Y2 Yy V2 0
+25sin Q Yo YoV1 — Y o,
0 0 Vs
s Yapd + Yeud ;’bu‘é . ¢! u‘éd— Yaud
Y, = cos :b“z . Yau — Yepy —Yopus ; Yipg
Yipug — Yopy —Youz — Yipy K7
Yol + Yo Y, Vo 0
—2sin Q2 YpYa Yad1 — Y2 0.
0 0 V3

For neutrinos, we have the following matrices

MiSSM Yeu + Yaps Youi o Yaph —Yipg M 0
Y = Yb# Yapy — Yep Yapg ‘tlyll’u ) Mg = |0 M

v
Yipg — Youg  —You§ — Yiug Ky 0o o0

0
0
M3z

) |



Matching and SUSY TC

The RGE are given by

aysM mssm [ 1 L) 1 )
dt :Yk 167’[’2 k + (167‘(’2)2 K s k:u,d,e,u,

1

4 _ 1 Lo L d 1 o @
dr"““(mwz T ) @M T M\ 1 T et )

With §x corresponding to the MSSM (Castano, Piard, and Ramond 1994;
Antusch, Kersten, Lindner, Ratz, and Schmidt 2005). When SUSY is broken, it
is important to take the corrections into account. The corrections to the
Yukawa matrices, in the basis where Y, is diagonal, look like (Antusch and
Maurer 2013)

MSSM

Yo' ~ Y5 sin 3, Yi" =~ (1 + diag(7lg, 7, 7)) Yq " cos B,

YoM ~ (1 + diag(m, i, 1)Y*Mcos B, Yo' ~ (1 + diag(, 7, 1)) Y25V cos 5.



With the objective of performing the running, the package REAP V.1.11.5 was
used (Antusch, Kersten, Lindner, Ratz, and Schmidt 2005). As initial
conditions, in Mgyr we start by studying simpler cases at the symmetry point
7 =i and taking into account the data of (M. C. Gonzalez-Garcia et. al. 2024)

Mgyt = 2 x 1010 GeV, Msysy =3 TeV, tanfB =5, Q=mu/4

a0 0 i 0 0
WA 0 C a0 i !
0 0 0 0 i

in addition

-d 5 d S

V2 [B1+20 a 2 V2 [P =20 a [

Y5V ~ Y a a2 o |, A S ,
C4 5 Ay

where
¢ =0.1558 x 1072 +0.22 x 107%, ¢y = 0.2393 x 10~ % + 0.6778 x 104,

c3 =0.8913 x 107° — 0.4 x 107%, ¢4 =0.239 x 1074 = 0.6775 x 104,
cs = 0.8915 x 107> + 0.4 x 10~ .
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Some results
By performing a random scan using REAP with the initial conditions

Pair Plot of allowed points at the experimental 3-0 range
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In quantitative terms, the possible correlations between the free parameters
can be appreciated in the following correlation matrices

Correlation matrix of free parameters
Correlation matrix of angles and masses for neutrinos
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Conclusions and perspectives

o The flavor symmetry plays an important role in the structure and
quantity of the terms in the potential.

o In modular models, an additional mechanism is not necessary. It reduces
the number of free parameters, maintaining simplicity and thus
increasing predictive power.

o According to the partial scan of the parameter space, it is possible to
establish some relation between the free parameters. It will be helpful to
reduce the parameter space.

o Exploring methods to reduce the parameter space by using the
underlying properties of the symmetries.

o Extending the analysis to the SSB sector will require some dynamical
mechanism to break SUSY (Gravity, AMSB?).
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Grupo modular: El grupo modular se define como

ar+b
cr+d’

I =SL(2,Z) = {(i Z) la,b,c,d € Z,ad —bc = 1} 6 ~(7) —

con 7 € C;Im(r) > 0. Los generadores satisfacen $> = 1, (ST)® = 1 y son dados por

=) s (h )

Esto esta asociado a las transformaciones

1
T:t—>71+1, S:7—>——.
T

Se define al grupo modular finito como
I'y = f/f(N), con f, F(N) = F,F(N)/{lzxz, 712><2},

cuyos generadores satisfacen que S2 = (ST)3 = TN = 1. En donde N € N y se conoce

como nivel, ademas de que
Y- Yomo),

o ={(¢3)

Se puede mostrar que hay una representacién, pn(7), de I'y tal que para N = 2,
a = pn(T) yb = pn(S), entonces I'y ~ Ss.




Formas Modulares
Existen ciertas funciones de 7 las cuales, bajo I'y, transforman como

F(r) = (et + &) px(1f(7),

con k un nimero entero, positivo y par. Una forma modular de peso dos es la
siguiente

Yo (T) 2

Ademas de que

v = (Yl(T)), endonde Yi(r) = ?m,q,om, Ya(r) = —Y(1,1, -2|7).
Y

sy d [ T = T4+1 -
Y(& 8,9Im) = 1 (alogn (5) + Blogn (T) +710g77(27)> :
cona+f+5=0yn(r)=q"/* ]o_o[ (1 —q"), g = e*™". Adicionalmente, se
n=1

puede obtener que

(4)

4 4 Y, (T 4 4

Yf ) — le +Y§, Yz( ) — <Y1(4)§7—;> s Y1< ) = 2Y1Yy, ng ) = le —Yf.
2

Ss tiene tres irreps 2,1, 1’ y operan como (Kronecker products)

202=161 2, 21 =2, 11 =1, 11 =1".



{1, T, TS, ST"'S, S, ST, STS, T 'S, T ™'} of the group G.

ST-'S

+1

Figure 1: Fundamental Domain D of H under action of SL,(Z).
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Proton decay
Se presenta la fuente mas comun del decaimiento del protén en
SU(5)*. Dos quarks up se aniquilan dando lugar a un bosén X,
el cual decae a un positrén y un antiquark down.

En donde el tiempo de vida media es

4

M
T~ e > 5% 10%% yrs = My > 10" GeV.
agmy

IW. de Boer, “Grand unified theories and supersymmetry in particle physics
and cosmology,” Prog. Part. Nucl. Phys. 33 (1994), 201-302
doi:10.1016/0146-6410(94)90045-0 [arXiv:hep-ph/9402266 [hep-ph]].
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o Mediacidén gravitacional
o Mediacion a través de interacciones de norma
o Mediacion por efectos de anomalia conforme



Sector de rompimiento suave de SUSY

Una teoria con N = 1 Supersimetria global tiene la accién
S= / d*xd*6d*0 K(®, D) + / d*xd*0 W(®) + h.c.

en donde ® = (7, ¢'). Bajo transformaciones de I'y, la invarianza de la accién
requiere que

T o W(D) — W() i
{sow@ﬁd)-kfpmw - { K(®,8) — K(®,3) +f(®) +f(®)

Una propuesta seria

K(®,®) = —hlog(—ir +i7) + Y _(—ir +i7) |
I
El siguiente paso es caracterizar el mecanismo de ruptura de SUSY bajo
la simetria modular (e. g. Supergravedad)
G(®, D) = K(D, D) + log W(®) + log W(D)

Se analiza el potencial escalar asociado, se introduce un mediador cuyo
término F adquiere un VEV que rompe SUSY e induce términos SSB.



Condiciones de empatamiento entre modelos con RHN

Se implementan las condiciones de empatamiento de acuerdo al siguiente
esquema?

Matching Matching Matching
EFT 1 EFT 2
VCl
@0 O
MSSM + & Kk, Y,, M
Ml M2 M"G—l Mnc 14

Figure 1. Illustration of the effective theories for the RG evolution in seesaw models with non-
degenerate masses M, of the right-handed neutrinos. At the threshold y = M,,, the right-handed
neutrino ¥°" is integrated out of the theory and the “EFT (n+1)” and “EFT n” are matched.

2S. Antusch and E. Cazzato, “One-Loop Right-Handed Neutrino Threshold Corrections for Two-Loop Running in
Supersymmetric Type I Seesaw Models,” JHEP 12, 066 (2015) doi:10.1007/JHEP12(2015)066 [arXiv:1509.05604
[hep-ph]].



Corecciones supersimétricas a un lazo

En la base en la que Y, es diagonal (Blazek, Raby, and Pokorski 1995)

SM MSSM _.
Y, ~Y, " sing,

M~ 14+ A:+ AU)YQASSM cos 3,

en donde 16m°A} = VCKMFdVEKM tan 8y 16m2A% = T', tan 8, con

tan 8 = vy /vq.
Diag- _
M (mf, ™),

_ 8 5 f
Fd,‘j = 3% (Tin)ia /dk (k2 + MZ)(k? +m§. ) (Tur) tanf

; Usimy, V.
_ _ )ODiag (ot / 24 My 4 VA2 1
Lu,; Au; (FuR)ia d (k2 + miA)(kZ + m%a) (PuL)aj (Uu)

U g

U*Tm VA1
oy /dk 24 Mxa L) . (v)7t .
+g2( uL)m (k2+m§A)(k2+m§a) ( L)a] ('U )
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