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Flavor puzzle and neutrino mixing 1

3 v Paradigm

Interaction z '
basis : rsmsismomiat® |
Majorana }
C12C13 $12C13 513 0CP . .
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Flavor puzzle and neutrino mixing 2

3 Am? L
E’ Vo — V3) Z Z UBZUaJUﬁj exp ( 2E D
=1 j5=1

Sign determined from MSW

w
r = %1/30 [

<
- TR
- .
o5
v

w

2 2
|my — my»

| Am |m22—m12| | Am

soI| - a’cm| -

N il i i

Normal Orderlng (NO) Inverted Ordering (10)}

12y

= TSR

Undetermined sign

I
I
I
Amgxtm :
l
: b
4 2 T

Matteo Parriciatu, Dipartimento di Matematica e Fisica Roma Tre & INFN sezione Roma Tre




Best fit values

012 ~ 33.4° , 913 ~ 8.5° ) 023 ~ 42.4° (NO) Tgr?ebslgngﬂd
912 ~ 33.4° , 913 ~ 8.5° , 923 ~ 48.9° (IO)
angles
F. Capozzi et al.
Phys. Rev. D 104 (Oct, 2021)
| 5CP u
— Violation if

)
— #{0,1}
T

CP-conserving still allowed
at 20 (NO)

30 ranges from

F. Capozzi et al.
Phys. Rev. D 104 (Oct, 2021)




Flavor puzzle and neutrino mixing

3
> m;<0.115eV  (95%C.L.)

A. Shadab et al.
Phys. Rev. D 103 (Apr, 2021)

Cosmology

\/Z mi|Uel® < 0.8ev

Nat. Phys. 18 (Feb, 2022)
KATRIN

Matteo Parriciatu, Dipartimento di Matematica e Fisica Roma Tre & INFN sezione Roma Tre



Flavor puzzle and neutrino mixing 5
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The fermion hierarchy puzzle

Neutrinos tau bottom
AO® Q

strange top

t A leptons e
] P ? up mu§1 charm
'

! @ quarks A o0 3
electron down
‘l | | | | \ | | | | \ | | \ | “
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: mass [eV]
- D. Meloni [1709.02662v2] y
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Flavor symmetries: possible solution? 6

Three “copies’, different masses

non-abelian discrete

Who ordered

@),

2 1 0
3 V3
\{6 \{g f/i o o
I Tri-bimaximal l
compatible with data
ISI dor I Rabl F. P. An et al., “Observation of electron-antineutrino

disappearance at daya bay,” Phys. Rev. Lett. 108 (Apr, 2012)
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Flavor symmetries: possible solution? 7

Shortcomings of the traditional approach

EFT with scalar “flavons” ¢, /2 “E “(L¢)1H,
JAN

x UpMNS = UQI'BI\/I + ...corrections x V2 Yi@

I @
0,=0  6O;~857 X

Automatic

¥ V(#) — Mess!
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Modular invariance: a step forward?

E. Feruglio
[1706.08749]

7 = modulus

(yjkl_—/jHKRk -+ hC)

\/

Free structureless
parameters in the SM

= Modular Invariance

l
Predictivity Y(7)
User-triendly x Modular forms:

less free parameters
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Modular invariance: a step forward? 9

\ -”-2 ‘”'2 -|]-2
10D Compactification 4D Q (
SUSY-conserving iy : X X @ X
® Discrete lattice A
/. ® W, w, € C
’ O
W1
- -
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Modular invariance: a step forward? 10

Change basis? a,b,c,d € Z

e 4) ()

| ¥ €SL(2,2) = Modular group =T

FOERAELITERS FOCE R TE T
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Modular invariance: a step forward? 11

d*xd®y L op = |d**x Lrpr

What is a modular form? Y(T)

> Y(y(7)) = (ct + d) V(1)

Holomorphicin: {7 € C|Im(7) > 0}

é )
a b\ _
c,d € <c a’> =y

a,b,c,de 7 , ad—bc =1
\_ _J

’ “Welg htu k>O - ., SRS, "

{ constraining!  }
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Superfields transformations

SUSY particles

at + b
7-_>7(7-)20'r+d rel

Usual matter fields

Unitary irrep. of I'y C T’

N=1,23,...“Level"



Finite modular group
IDV

for N < 5 isomorphic to

N=2 N=3 N=4 N=5

non-abelian discrete groups




Modular invariance: a step forward? 14

> W) =S (V1,1 (1) oM.,

W (D) modular invariant if:

PR prn R pPr,... P, O 1 > Usual
kY — kll - kIQ T T kfn > Novelty
Yh..,(1) = (e + d)kyp(’)’)yll...ln (T) ) — (e + d)_kIP(I) (’7)90(1)
Yukawa: modular forms of weight ky Superfields with modular charges —k;

(ct+ d)(ct + d)_zkfn =1

7
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Modular invariance: a step forward? 15

Symmetry breaking

Y(7)

uniquely determined by 7
<t>=VEV

Q)

Fourier ~ Z a,q"
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Lepton mass matrices

J11(7) f12(T)
~ Z al -

J33(7)
J;; = pre-determined functions of ¢

() ¢
oo




Let’s try an example! 17

Let's choose N =3 (I'; = A)

1
P> Neutrino sector: Weinberg /2 X(Hu H,LLY),

Low weights:
» g

F. F lio [1706.08749
kp=+1, k,=0 [remstel |

P [~ 3= (Le, L,wLT) L,~ 2_, under SUR2); X U(1)y

Y,(7) 3@3=14+1+1"+3.+3,

Yy(z)| ~ 3

Ys(7) LILRY? ~3®3)®3>1
Weight: ky = 2 Weights: —kL—kL+kY:O—>—1—1+2:()¢
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Let’s try an example! 18

1
P> Neutrino sector: Weinberg %1/ D X(Hu Hu L L Y)l

Yy(7)
Yy(r)| ~3
Y3(7)
Weight: ky = 2
Yi(r) = 1+12+36¢%+12¢° + ... 0
Yo(1) = —6¢3(1+7q+8¢°+..) q = 827”7 Ca Ih
Yo(r) = —18¢%3(1+2¢ +5¢ + ...

But poor fit, too
constrained
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Modular symmetry vs traditional: an example 19

Non-Abelian discrete
flavour symmetry

04

A\

@~ 2= (ZZ;) — Flavon

W, O —Li(Lipg)H,

Free parameters

Structure dependent on the
symmetry breaking sector

I, ],k

Modular flavour
symmetry

W, D aESIL(Yy(7)) ) H,

Completely fixed

The only unknown is the complex VEV of «

flavour indices



More constraints from generalised CP invariance 20

di Y flmpose CP symmetry on the modeﬁ
1
o < »gCP => o; € R
¢y T
_— P. Novichkov, J. Penedo, S. Petcov, A. Titov
Journal of High Energy Physics 2019 no. 7, (Jul, 2019)
\_
. Only source of CPV in the
T = ReT+l|mT model is the VEV of 7
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2 Rer 2

1
D={7‘€(C : Im7 >0, |Re7'|§§, |7'|21}

p Every 7 & & can be mapped in
' € D through I transformation

P> CP conserving values

Only source of CPV in the
model is the VEV of T




Substantial number of successful models since 2018

N=2

As
X v v v

T. Kobayashi, K.
Tanaka, T.H. Tatsuishi

Phys. Rev. D 98 (Jul, 2018) R (R
n 2
G i

P> Extra flavons

P> Charged-leptons hierarchy by “hand”




Finite modular groups: searching for simplicity 23

N=2

Rotation

S3 Permutation group of 3 objects

Reflection

P> Smallest non-abelian discrete group V

> Three irreducible representations

1 1 2 /e
singlet  pseudo- doublet 12 — ¢ 2 (S3) ;I

singlet i
T s
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Smallest modular finite group: $; 24

A basis for modular forms of weight &

»  n(r) =q"* ﬁ (1—4q™)

n=1

Dedekind’s eta function (g = e

= Yl(T)a YZ(T) ~2

Lowest weight: k=2

Y1(T) Y1(T)
— d)?
<Y2(7)>2 (ct+d) '0(}/)2<Y2(r)>2

27l T)

Very limited number! J

> | N | d(T(V)) | Ty

2 (k/2+ 1) 53

1'l'=1 , 1'2=2 , 202=10102
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Smallest modular finite group: $; 25
Guiding principles
Extra flavons 04 i Ye -3
besides 7 (modulus) G i y 6(107)
) 7o 42 42, 168 5
T) = | | —
1 100 " 257 " 257 T 257 -
E—— D £{()] S P 41CI)
Yo(7) = %q1/2(1+4q+6q2+ ) >
: 25 T Imz > 1
Fourier expansion (q - 627[1 T)
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Smallest modular finite group: $;

Irreps

Weights

Following guiding principles..

)Nz

ox

electron
muon

N

by

%

b

{3

SUQ2)LxU(1)y

(1,+1)

(1,41)

(1,41)

(2,-1/2)

'y =853

1

1/

1/

1/

ki

4

0

—2

2

_____Charged-leptons

| WE = aE{Hy(DYS®)1 + BESHA(DeYa)v + vE§Hals + op S Hals Y, |
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Smallest modular finite group: $; 27

Following guiding principles..

| WH = OZECHd(DgY(?,)) + BECHd(Deyz)y + 7E Hd€3 + OéDECde?) (3) !

sy (m,m,m,) ~m(1,|Y],|Y)]) Y, | ~ 6(107%)

M =

BYs —pY1 0 reproduced with:

U 0 g
\, p v «a V

— ~ =~ = O(1)
a a a

(3) (3) (3)
( a(Y" )1 aY2™)2 apYy ) .  Charged-leptons masses
d

Modular invariance: texture zeros!
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Smallest modular finite group: $; 28

Neutrino sector from Weinberg operators

Whe=2 jg\H H, (Dng)zY(Z) iH H Dgﬁg( <2))
| "

+ gXHuHu(DﬁDE)lYl(z) + ngHuHug?)gS(Yl(Z)) ‘

P A — Scale of new physics

» {¢'/g.8"/g.8,/¢} € R free dimensionless parameters

> Reproduces mixing

JHEP 09 (2023) 043
and Am V EE D. Meloni, M.Parriciatu
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Numerical results with modular $; 29

P> Fit VS 6 dimensionless observables (no CP)  Parameter Best-fit value and 1o range
2 —5 2 +0.16
q; = {sin® 0,4, sin? 0,3, sin” O3, Me /My, My, /My, T} Bsot/ (1077 V) NO 7302015 0

|Am2,,|/(1073 éV?)  2.48515:022 2.45510 050
r=Am2,/|AmZ.| 0.0296 £ 0.0008 0.0299 + 0.0008
sin? 61 0.303+9-013 0.303%5:013
sin? 63 0.022370:9907  0.0223+0-99%6
sin? fy3 0.45519:018 0.5697 0057
Scp/m 1.241918 1.52101%
Me/m,, 0.0048 =+ 0.0002
my,/m; 0.0565 + 0.0045

F. Capozzi et al.
Phys. Rev. D 104 (Oct, 2021)

10 (6) parameters

! All reproduced within VS
lo range

12 (9) observables
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Numerical results with modular $; 30

Model predictions

P> Normal ordering for neutrinos

Modulus VEV

P> Dirac CP-phase near maximal violation §.» ~ 1.61 t~+0.09+1.7i

P> Correlation plots

I |; T T T T T T T T T |. T T T l’vl T T T T T [

0.96 o 3
0.100} -
1.63 Zmz < 0.115eV (95% CL)
— ’ A. Shadal et al.
I 0.95 - 0.095- Phys. Rev. D 103 (Apr, 2021)
& 1.61 S @
~— ~
5 g S
“ N 0.0901-
0.94
1.59
_ | 0.085]- |
157 . b - 093, . . o - | . . | . . l . . n |:—
0.40 044 048 052 0.25 0.29 0.32 0.36 1.57 1.59 1.61 1.63
. -2
sin? 0o sin“ 619 5cp/7T

Minimum)(2
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Numerical results with modular $; 31
Model predictions
P> Precise predictions on neutrino masses and observables of exp. interest!
BeSt fit ilg 1: T T lllllll 1 I IIIIIII 1 | lIlIIII 1 T T TTe
mq -eV' 001744‘888%}1 - Disfavored by 0vf3p3 j
X7 4+0.0010 Ju o =
™mo _eV_ 0.0194_00012 10 E :of’ g
PAVA +0.0004 : . < .
m3 eV 0.003591( 0004 = z ]
+0.002 © 107k - 9
0.090 2003 ER: PP S
+1.17 AR K 5 ]
1814—148 L ’ g -
+1.02 103 e y & N
19.60%1 95 = ! a3
+0.019 n '\ , 1
+1.12979-013 _ \‘ ; j
4 | | Illllll [ | IlIIlllI 1 1 lIlIIlI 1 | I
:|:0.94:61_8:88j1l UK 107 K 10! 1
’77lightest| eV]
1 rvr'ole té (mpp) < (36 — 156) meV KamLAND-Zen
i double beta (KATRIN) Phys. Rev. Lett. 130 (Jan, 2023)
Jdecay  J s
o | Minimum )(2
N
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What S; provides in the literature 32

Quarks with $5?

Simple model:
I'; — few Yukawa forms

Most predictive model
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Conclusions and potential shortcomings 33

BOttom—up prOblems SUSY particles

gggggggg

Kahler
potential

SUSY-dependent theory

Normalisation of the
modular forms

Modulus
stabilization
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BACKUP SLIDES




But what about a I, ~ §, seesaw version?

Recent work with S.Marciano, D.Meloni: arxiv:2402.18547

Reproduces low-energy CP-violation and matter-antimatter
asymmetry of the Universe through Leptogenesis

Introduce Minimal seesaw

scenario with only 2 RHN W, = gH,N°D,Y\® + ¢ Hy(NYs) 1l + g" Hy(N°Dy) Y2 +
transforming as ~ 2 under S; . O .
with weight 2 FA[NN)2Y3™ + ANN )1 177],
2 AT 2 g
o e s e 0 ) 2Y1Y, = (2Y1Y3)
MD = Gy 9 " 5,’
211Y; (% -¥2)+ 02 +Y)) -2 - W)
_ s 00 BN Sy 2Y1Ys M | tri in th
Mg = A - . assless neutrino in the
( e L +Y2))RR > spectrum, Normal Ordering

Excellent fit: y> ~ 0.98
(but now o p is fitted)



But what about a I, ~ §, seesaw version?

Recent work with S.Marciano, D.Meloni: arxiv:2402.18547

» Reproduces low-energy CP-violation and matter-antimatter
asymmetry of the Universe through Leptogenesis

Flavored e Best Fit Resonance

Regime Regime

10'9:

Figure 2: CP-violating N; decay.

ng=6.11-10""°

/. . A 4

Not trivial!

10710

Only source of CP-violationis Re 7

A — r/A Majorana mass scale
not completely fixed by low-energy

38



Backup slides: Clebsch-Gordan

P> Clebsch-Gordan coefficients for S5

(1~ V101 + Yoo
" <l//1) (%)
202=101®2 ~  YPrpa — Yoy Wy , Py .
2 Yap2 — Y1 S, doublets
\ W12 + a1

1'®1'=1 ~ 1y

'®92=2 ~ — 119 y1, ¥, = pseudo-singlets (17)
Y191

€.9. (D Yy(1)1 = (Dy)(Y(1); — (Dp)y(Ya(2))) ~ 1



The Modular symmetry approach

Modular-invariant SUSY action

S = / 0tz / 420420

Kahler potential

>

c=Nr1
chosen

The superfields transform as:

(0.0 Grassmann spinor coordinates)

® = (7,¢) Chiral superfields
@ Usual matter supermultiplets

Gives the kinetic terms after
the modulus acquires a VEV

P> A minimalistic form is

K(®,d) +

|

[ [z [d2ow(@) + h.c.]

|

Superpotential

> Holomorphic function of
superfields

P> Encodes the Higgs Yukawa
interactions

’7_ A7) = at + b
= cTt +d . a b Action is invariant if,
< , Wwith v = c d) € Y under I'y;:
oD (o7 + d)H1pD ()0 l
W(D) — W(D)

K(®,@) — K(®,®) + f(®) + f(®

Kéahler transformation

)

J/

\

p(¥) Unitary representation of T
\_ N




The Kahler potential...

’ Minimalist choice for the Kahler h = positive constant A, = dimensions of mass
K(®,®) = —hA2log(—iT + i7) + D _(—it +i7) ¥ ||
I

Satisfies K (®,®) — K(®,®) + f(®) + f(®) under Ly

P> In a bottom-up approach, this is unjustified

P> Corrections of the Kahler potential can spoil the predictivity of the model

M.-C. Chen, S. Ramos-Sanchez, and M. Ratz, “A note on the
predictions of models with modular flavor symmetries,” Physics
Letters B 801 (Feb, 2020) 135153.

P> This question is an open one



The Modular symmetry approach

The group generators

f’ Finite modular group can be defined: I",, = _/T(N)\ I'=T/{xl}
T(N) = T(N)/{=]}
I'(N) = {(‘CZ Z) € SL(2,7Z) (Z Z) = (é (1)) (mod N)}
\ subgroups of I N=1,2,3..called “level” | Y

P> Generators S and T of the modular group 1

S 1 T
T —— 71-o74+1 S?2=TV=T)> =1
T

s=(5) ()

[ S3 Generators S and T satisfy: p(S) =

S*=T*=(ST) =1




The Modular §; model: lowest weights

Level 2 modular forms of lowest weight (2) constructed from Dedekind’s Eta “seed function”

P () =" ﬁ (1—4q™)

2T

, qg=e
q T~ (/2 (T3 e
Closed set under the modular group
a+p+y=0
Y (@, B,11r) = = [alogn(r/2) + Blogn((r +1)/2) + 7logn(2r)

Impose transformation properties

o under S3generators
This fixes the constants

|

“C” arbitrary

i 1/ -1 =3 1 0
: i) =3 5 V) =g Y
[ Cn(r/2) () SUTZT)i\ 2( ) (
YYl(T)__ + r+1\
2 |n(r/2)  n(9)  n(27) PP =1 (ST =1  ((T)?=1
<
votr) = S V3 n(r/2) 7 (%)
2 n(t/2)  n(=F) Y, (7) Y,(7)
- . (vim), = s ron( )
)»Uﬂz(w+)M%E@2




The Modular §; model: the normalisation

Level 2 modular forms of lowest weight (2) constructed from Dedekind’s Eta “seed function”

P () =" ﬁ(l -q")

_  2mT

- /2 (5

T+1

) n(2r)}

Closed set under the modular group

-

~

Impose CP symmetry on the model
Superpotential parameters must be real:

less free parameters

“C” arbitrary
( _Clr(r/2) 7 (%) 8y(2r)
NO=9 e () T e }
\
_C Sn(z/2) ()
\YQ(T) —3v? n(t/2) 77(%1)}

l

> In our case, this is true if
C is purely imaginary

. T The choice made in this
" 25, Wwork

P. Novichkov, J. Penedo, S. Petcov, A. Titov

Uournal of High Energy Physics 2019 no. 7, (Jul, 2019)J

Y(r) S Y (=) = Y*(7)

Only source of CPV is the VEV of
modulus T



The Modular §; model: charged-leptons sector

Found two viable choices for modular charges and weights

=k

rkEl =0 — kg (kEl :4_k€
<kE2—2—kg </€E2:2—kg
kg, = —ky kg, = —ky
“Hierarchical” “Minimal”
(e a7 apY? (R a(?), 0
M, =| Y, —B" 0 ] M, =1 BYs —bY1 0| va
0 0 ¥ 0 0 Y
Charged-leptons masses Charged-leptons masses
reproduced with: reproduced with:
a
P LY % o0 LT« 6a0)
a o 04 a o

(1) _ (7 +Y3) ® _ (y3 _ 3y? _
@(Y2(3))2 2_ Yo(YZ +Y2) , , Y = (Y =3YYa)rr v, =VEVof H,




Backup slides

Numerical procedure

p Define a “figure of merit’, i.e.

chi-square for every set of 5 (gi(ps) — T\
20\ — i j
parameters ) = /,2) X’ (pi) ;( ” )

Pi = {7_7 /6/0477/047 "'7g,/g7gp/g7 }

. . 9 . 9
B Define a “potential” with a given 0; = {5in’ Oho,sin’ Bos, sin® O, me /., fmr 7}
temperature T and a threshold
Vip;) = pi) 5 Ups) < lmax P. P. Novichkov, J. T. Penedo, S. T. Petcov, and A. V. Titov,
+o0o0 , otherwise “Modular S; models of lepton masses and mixing,” (2019)
At iteration “t’, generate a new Accept the new point with a
P> point from a Gaussian centred > P> probability given by:

on the previous one P, = min[1,exp(V(p\") = V (p)))/T]



Backup slides

A measure of fine-tuning:
Altarelli-Blankenburg

z. par,b-
. . v | dpar.
Fine-tuning = IL i
| obs;

D .

P Spar. The shift of the parameter from the point of minimum, which increases the chi-
I square by one unit, while keeping all other parameters fixed.

P> O; Experimental errors for each observable as extracted from F. Capozzi et al.
Phys. Rev. D 104 (Oct, 2021)

> The model with less fine-tuning, in our case, seems to be the one with the least
number of free parameters (model )



Backup slides

Model | [7]

Model |l [8]

Best-fit and 1o range

Best-fit and 1o range

ReT +0.089570 00sz
ImT 1.69710:0%
B/ 14.3375:58
v/ 17391532
9/9 315711039
9"/9 7171538
9/ 9 8-511-;:82
vga [MeV] 102.14
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Minimal seesaw model: arxiv:2402.18547
with S.Marciano, D.Meloni
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Non-standard interactions
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