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Flavor puzzle and neutrino mixing

3 v Paradigm

912 613 923

Ve) = ZU;'Z@ Vi) 5CP C¥21 ) C¥31

z% "P— 3%

V v \
Interaction Mass ] * |V|a orana
basis basis J
C12C13 $12C13 s13€" 0P , ,
_ 1) 1) :
Upnvns = | —812C23 — €12813523€°°CF  C12C23 — S12813823€°°CF C13S23 | X dlag(l,elaﬂ, ela31)
6 6
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Flavor puzzle and neutrino mixing

Sign determined from MSW

Inverted Ordering (10)

: Normal Ordering (NO)

v3) ——— v2)
: : ! v ) —Ti
Undetermined sign o e ]
:Amatm 2 !
: A’rn’atm :
|V2> Y 2 i
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Flavor puzzle and neutrino mixing

Best fit values

F. Capozzi et al. 912 ~ 33.40 ) 913 ~ 8.50 ] 923 ~ 42.4° (NO) Tgr?ebslgnzlﬂd
Phys. Rev. D 104 (Oct, 2021) 912 ~ 33.4° : 913 ~ 8.5° : (923 ~ 48.9° (IO)
angles
2 R
- 0 Jop = €12812€23523¢13513 SIn Ocp
CP ‘
Violation if
Ocp
T

30 ranges from

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

CP-conserving still allowed
at 20 (NO)
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Flavor puzzle and neutrino mixing

NO 1O y
m32 —— m2
e ——

. ————
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EAmatm ATn’e%tm E
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22 i A’rnzol ' 2

0 v
3 2 2
Y m; <0.115eV  (95%C.L.) \/Z mi|Uel® < 0.45eV
z A. Shadab et al. Z
Phys. Rev. D 103 (Apr, 2021) Science 388 (2025) 6743
Cosmology KATRIN
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Flavor puzzle and neutrino mixing
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The fermion hierarchy puzzle
Neutrinos tau bottom

AO® ©
}4—» strange top
O
? }4 > x charm

up muon

t @ quarks A o0

} A leptons

> electron down

103 102 10-! 100 10! 102 103 104 10> 106 107 10® 102 1010 1011 1012 \‘,
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¥ Vermll = 1Upmns |l =
;
| 0 02 04 06 .

_ D. Meloni  [1709.02662v2]
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Modular invariance: a step forward?

F. Ferugio -
[1706.08749] = T=1M Od U | us
(YjnLiHlry +h.c.)
Free struc’EtrirtehlgsSsl\ﬁarameters —>  Modular Invariance

!

Y(7)

Modular forms:
less free parameters

Predictivity s/
User-friendly x
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Modular invariance: a step forward?

,,,,,,,,,,,,,,,,,,

A substantial amount of successful
modular models

 For reviews, see
1. Kobayashi, M. Tanimoto (2307.03384) -/
_ G.-J. Ding, S.F. King (2311.09282) /
Both lepton and quark sectors V
Strong CP problem V (2305.08908)

Inflation (2405.06497)

Baryogenesis ¢(2504.03506)
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Modular invariance: a step forward?

10D compactification 4D
» SUSY-conserving
Discrete lattice A T —
¢ “1 2 € & | C/A=§£° :
O "
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Modular invariance: a step forward?

— (a’ b) (wz) a,b,c,d €7Z
c d) \w;

= | 7 €SL(2,2) = Modular group =T ‘

Change basis?
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Modular invariance: a step forward?

What is a modular form? Y(T)

> Y(y(1) = (ct+ YY) |~ ° (4 0)=r

a,b,c,de 7 , ad—bc=1

Holomorphic in: {7‘ cC | Im(T) > O}

> “Weight” k>0

i Very
i constraining! 3
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Modular invariance: a step forward?

Superfields transformations

SUSY pacles aT -I_ b
T — y(T) = —— yeTl

P = (er + d)*1pD(y)ph

/ l

Usual matter fields

Unitary irrep. of T'y C T’

N=1,23,..."Level"
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Modular invariance: a step forward?

Finite modular group
1—WN

for N < 5 isomorphic to

non-abelian discrete groups
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Modular invariance: a step forward?

= W(P) = Z(Yflln (7) 90(11)...90(1”))1 7 (®) modular invariant if:

PR pr Kpr..Q«pr, O1 —9» Usual

kY — kll T klz T kln EE— Novelty

Yn..1,(1) = (7 +d)™ p(7)Y,...1,(7) oD = (c1 + d) =% pD (7)™

Yukawa: modular forms of weight ky, Superfields with modular charges —k;

N

T (et + (et + d) S = 1

Matteo Parriciatu, Dipartimento di Matematica e Fisica Roma Tre & INFN sezione Roma Tre PLANCK 2025



Modular invariance: a step forward?

Symmetry breaking

Y(7)

uniguely determined by 7
o0
Fourier ~ Z a,q"
n

2T

g=-e
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Modular invariance: a step forward?

Lepton mass matrices

Z f11(7) flz(f)
~ a, . .
f33(T)

J;; = pre-determined functions of 7

a; = limited number of free parameters“
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Spontaneous CP violation from the modulus

() A

» gCP = a; €l

mpose CP symmetry on the model

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

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

\_ )

' ~
(Only source of CPV in the

kmodel s the VEV of T

<t>=Rer+ilmr~
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Spontaneous CP violation from the modulus

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

P> CP conserving values

o
s | .
—f P. Novichkov, J. Penedo, S. Petcov, A. Titov
Journal of High Energy Physics 2019 no. 7, (Jul, 2019)
L I R S N
2
4 .
| | Only source of CPV in the
0 model is the VEV of 7
B! 0 1 N
2 ReT 2

1
D:{TGC : Im7 >0, \Re7'|§§, |T\21}
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Mass hierarchies from modular symmetry

> Usually the hierarchies put by hand
(e.9.y, <y, <Y,)inthe free parameters

> Froggatt-Nielsen approaches need

b~ "
= additional scalars
et
L S p The modular way: no new scalars, only 7

2 s z 5
; ; ; needed!

2102.07488 Novichkov, Penedo, Petcov

0 —
1 0 v

2 ReT

DD | =

1
D:{TEC : Im7 >0, \Re7'|§§, |T\21}
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Mass hierarchies from modular symmetry

> Usually the hierarchies put by hand
(e.9.y, <y, <Y,)inthe free parameters

> Froggatt-Nielsen approaches need

b~ o
= additional scalars
et
L S p The modular way: no new scalars, only 7

2 s z 5
; ; ; needed!

2102.07488 Novichkov, Penedo, Petcov

0 —
1 0 v

2 ReT

DD | =

1
D:{TEC : Im7 >0, \Re7'|§§, |T\21}
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Mass hierarchies from modular symmetry

p The modular way: no new scalars, only 7
needed!

2102.07488 Novichkov, Penedo, Petcov >

P 7= Tym € = |T — Tsym| > 0
~
c 1 0 O 1 € €
— M~ 10 0 O —  M~le" e €
0O 0 O ¢ € €

Adapted from J.T.Penedo’s slides at DISCRETE 2021

0 P> Mass hierarchies: e.g. (1, €, €?)

P The pattern depends on both Iy, and the weights

Matteo Parriciatu, Dipartimento di Matematica e Fisica Roma Tre & INFN sezione Roma Tre PLANCK 2025



What is the next step?

Can we ask more from
Modular Symmetry?
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What is the next step?

P> Can “e” also participate in new physics phenomenology?

Introducing
Modular-Symmetry-Protected seesaw
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What is the next step?

P> Can “e” also participate in new physics phenomenology?

Ingredients:

P> The familiar symmetry-protected low-scale type-l seesaw

see e.g. S. Antusch, O. Fischer 1502.05915

0 0 0 Y11V O 0
0 0 0 Y21Vy O 0
0 0 0 Y31 Uy 0 0
Y11Vy Y210y Y310, | 0 My O
0 0 0 My 0 0
0 0 0 0 0 Msj

L-conserving full 6x6
neutrino mass matrix

» m, = Oin this L conserving matrix
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Can “¢” also participate in nhew physics phenomenology?

Ingredients:

P> The familiar symmetry-protected low-scale type-l seesaw
see e.g. S. Antusch, O. Fischer 1502.05915

-1 T
0 0 0 Y11V, O 0 mu o _mD MR mD
0 0 0 Y21V O 0
0 0 0 |ysive O O L-conserving full 6x6
Y11 Vs Y210u Y310y | 0 My O neutrino mass matrix
0 0 0 My 0 0
0 0 0 0 0 M;s

> Modular Symmetry mimics L-symmetry in the symmetric points
T={w,ico}

P Lbrokenbye=|7—71,

ym
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Can “¢” also participate in nhew physics phenomenology?

Ingredients:

> Modular Symmetry mimics L-symmetry in the symmetric points
T={w,ic0}

> Massless neutrinos in the limit of

L-symmetry
0 0 0
0 0 0
0 0 0
Y11V Y21 Vy Y31 Uy
0 0 0 P> pseudo-Dirac pair of mass M),
0 0 0
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Can “¢” also participate in nhew physics phenomenology?

Ingredients:

m, = —mp Mﬁl mg

P> Small neutrino masses controlled also by € = |7 — Toym |

mD=mO+€dm1 Mp=My+ e M,

~ Controlled by modular forms
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Can “¢” also participate in nhew physics phenomenology?

Ingredients:

P> Small neutrino masses controlled by € = |7 — 7, |

y ~ 0(107® and M ~ GeV

P Mass splitting of the heavy pseudo-Dirac pair also controlled by € = | T — Toym |

2,,2
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Can “¢” also participate in nhew physics phenomenology?

The pay-off

> Charged-leptons mass hierarchies from the same € that breaks L-
symmetry, givesm, # 0, AM # 0!

P> Limited number of free parameters

> HNL phenomenology at colliders (low-scale seesaw) and at intensity
frontier
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Modular-symmetry-protected seesaw

An example

> Charged-leptons mass hierarchies controlled by the same € which
breaks L-symmetry, and gives m, # 0, AM # 0!

Model Group Tsym L E° Nc¢ AM
A y 1,+2)e (1,+4)® (1”,46) (3,00 (3,0) ~m,
p) 4 w
Let's B 1, +)e 1", +3)® (1,+5) (3,+1) (3,+1) ~eM
focus g
on this *° (1,42) @ (1,+3) & (1, +4)

S oo ] (3,+1) (3,+1) ~e&M
1,+2)® (1,+3) & (1/,+4)

Notation: y ~ (p, k)
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Modular-symmetry-protected seesaw

An example: model C

Group S YR |
I~ S / A A Tsy m i
4 = 94 (1L,+2)e(1,+3)® (1,+4) (3,+1) (3,+1) ~e' M}

2

1
W = (Y;)szzE;Hd -+ (YD)szszgHu —+ — 5 (MR)KJPNCNC

Matteo Parriciatu, Dipartimento di Matematica e Fisica Roma Tre & INFN sezione Roma Tre PLANCK 2025



Modular-symmetry-protected seesaw

An example: model C

4 = 9y 1,42 (1, +3)® 1, +4) (3,41) (3,+1) ~e&M

o= [0a(8%), 5 (57), (1)

L-conserving for ¢ — 0
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Modular-symmetry-protected seesaw

Pheno: model C (Inverted Ordering)

0.60
0.55 -
o
S
N " "
= 0.50- 6 dimensionless
- parameters
9 in total (includes A and 7)
20 0.45 -
028 030 032 034

SiIl2 912
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Modular-symmetry-protected seesaw

Pheno: model C (Inverted Ordering)

3
@aj = ’UuYaj/Mj. 0% = Z |(~)aj\2 and ©2 = Z 02,

71=1 a=e, W, T
2 1032 :
[ModelC IO] ©./© Y Best-fit _, Inverted ordering, mg ~ 0 ©2:02:02=1:0:0
’ o 1.0 O x? <10 10 of :
“ 0.9 o 3¢(3RHus) 1074 ¢ MATHUSLA
o /. ]_0_3 , FCC-ee/CEPC
/N8 O 30(2RHvs) 4 HL-LHC
\ // \ / y ]_ 0_
.0 P \ / \, / 5
g ’\\ / / \\.\ / \ —6
N AN B
) \/ \/ \/ / 0.5 N@ ]'O RN —
/\ / B e T
N AVAVAVAVAN 10-8 | - ¢
.O,x \ \\ // N 10_9 \\\\\\\\

3 : : : = \\ T \ . = |\ \\
\ SIS ~ ~<_" ,,' j ’ ] \\ =
/ S=— ; = = S g
/ N/ S o == = : ~ = - \\\ -
| 10} = - — BN R B M.
AN . 0 . 3 ?’ == ] o
O \ /\ /\ W y / / S~ ! l l
o NN 10 1 ~ VS S S S ) T T T ay
\ 7\ /\ /\ /\ 0 . 2 : - v : 3
YAV 10712 g o777
ANAN Saw limit Pde
/ =

2/ VOV V V V V \V L " L/ S s
S AVAVAVAVANENEVEVENA BN 077277 2
®, © S & O > S O \,%@ 10 10 10 10
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Conclusions and aspects

Where to go from here?

Smallness of light neutrino masses 1
me/m“ ~ ﬁ
m,— 0 as € - 0
1
My /e = 17
— € = | T — TSym

CP conserving (in gCP mode)
Ocp, 01,031 = 0 as € = 0

L-conserving fore — (
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Conclusions and aspects

Where to go from here?

|s spontaneous
CP violation too
much to ask?

%
. k.
y
v, 1
N P 4
F,
& 4
> 4
= d -
> ’
P ey
D
o= OO =
A e N ) ) . s e
p B o = —2 3 B : ’
V X
o9

Vi AP

€ = |7 — Ty,

" 5CP’ a21,a31 —> O dS € — O
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BACKUP SLIDES
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Im 7

V'3 /2

1/2

Fundamental domain of the benchmarks

Im 7

0.94

0.92 4

0.90 -

0.88 -
W

0.86 ! | ! . I T T T T T T
—0.50 —0.48 —0.46 —0.44

Re 7




The numerics of the benchmarks

Model (ordering) A (NO) B (NO) C (10) D (NO) D (1I0)
ReT —0.4720-0°% —0.47519059 all all all

Im T 0.89219-09 0.9120-015 2.551007 2.3119-25 1.681037
bia /b1y —0.286+0:674 0.59010-423 —0.593 10592 0.31+1-08 —0.0581 0333
bi3(.1y/6 —0.1601022%  —0.0502109391  0.0339+9-:002¢ 0.3312:93 ~1.38170-70
(i3 2/ 0y 0.020219-999%  —0.018510:9037 — 0.2015-25 —0.71+2:39
g2/ 0.712%0:675 0.219%000s  0.079970:013 1.56% 179 2.55% 551
g3/ 0.491+0-19¢ 0.3365 Y61 13277, 0.1297¢073  0.0651%50;63
g3,2/01 0.214+9 113 0.28975:020 — 0.853T0731  0.798%02%1
vq a1, GeV 0.594+0979 0.36319-047 0.176+9-093 0.0689109132  0.038410-082¢

v2 g2 /A, eV

003283018

0.0568" 00150

0.00032+0.09005

0.0184+9-0002

0.01201521%

SiIl2 012
Sill2 013

sin2 023

0.00484:5003
0.0560700113
0.029710-00%2
0.307 1534
002203 817

0.5061 9007

0.0047+0-9908
0.057110:0114
0.029710-00%2
0.308'0 030
0.022179-007%

0.50710 005

0.0048*7 5006
0.0577 100193
0.030010 0053
0.312/4612
0.0222719-00°¢

0.519710-043

0.004719-0002
0.055010-01 22
0.029910 0053
0.310163]
0.0222+0-0018

0.512+5:083

0.004810:5002
0.057210-0992
0.030219-0022
0.308' 0033
0.022410°001%

0.507+0-9%0

my, eV
ma, eV
ms, eV
Yimg, eV
mgg, meV
)

(21(23)

31

<1074

0.0086410 00025

0.050119-0005
0.058870-0001
149*33
~0,
~TT

<104
0.0086510-00029
0.0501F0-0002
0.0588~:0001
1.4910:27
~ (0
~ T

0.049110-0002
0.0499+0-0003
<1074
0.0990*0 0005
17.8 1%
~ 0
~ 0

0.002671 900735

0.00907+9-00028

0.05027+9-0002
0.061910-0075
2.061095
>~ T
>~ T

=T

0.062010 0035
0.06261 00035
0.037910 0oes
0.163%0:015
60.012-7
~0,
~ ()

~y

le(7)]
(me/m,-)/|e|2’3

(my/m-)/el

0.0218% 0046
0.56319-1%7

2.57+H00%

00292/ 3577
017G 12

1.96%029

0.0182+0-00:3
45.8%3 1

3.161039

0.0267+0 0799
140739

206102

0.071315-0339
0.7612-255

0.801+0:517

min No

max par. ratio

0.412
49.6

0.411
54.1

0.548
165

0.488
12.2

0.362
39.1




Potential shortcomings

SUSY particles

Bottom-up problems

£
22 02

k2

Kahler
potential
SUSY-dependent theory
Normalisation of the
modular forms
Q-0
W4

Modulus
stabilization
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Past attempts at flavour model building

Three “copies”, different masses

non-abelian discrete

0
C
S3 A4 S4 A5 ..... WYukawa :) XE (L¢l)1Hd
2 1
3 v U
U _ | -1 1 1
TBM /6 \{g 1\/5
ve V3 V2 0,=0 0,,~35 0,=45
Tri-bimaximal l
compatible with data
" until 2012 Not zero
Isidor |. Rabi F. P. An et al., “Observation of electron-antineutrino

disappearance at daya bay,” Phys. Rev. Lett. 108 (Apr, 2012)
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Past attempts at flavour model building

Shortcomings of the traditional approach

EFT with scalar “flavons” ¢,

+ ...corrections

;=0  0,;~85? e

Automatic

x V(¢;) — Mess!
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The Modular symmetry approach

Modular-invariant SUSY action

S = / d'z / 20420 K (@, D) + / d'z / 20 W () +h.c.:

v

v

Kahler potential Superpotential
»Gives the kinetic terms after the P Holomorphic function of
modulus acquires a VEV superfields
minimalistic form 1S P> Encodes the Higgs Yukawa
chosen interactions
The superfields transform as:
2> n(7) = at + b
= ct +d . a b Action is invariant If,
, With = e d) € [y under Ty
D — (cr +d) 71 p") ()"
W(D) — W(D) ¢

@, 0 Grassmann spinor coordinateg

® = (7,¢) Chiral superfields < K(®,®) = K(®,®) + f(®) + f(P)

@ Usual matter supermultiplets D ——
\ anler transiormatiorn
@7) Unitary representation of T y




The Kahler potential...

> Minimalist choice for the Kahler

K(®, (i)) == —h./\qz_ log(—i7 4+ 47) + Z(—i’i‘ + 7;7_')_,” |g0(I) ‘2 A, = dimensions of mass
1

Satisfies K(®,®) — K(®,®) + f(®) + f(®) under Ly h = positive constant

} In a bottom-up approach, this is just a choice

> 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: ") = F/F(N)\

(¢ 0)= (o D) emrm)

K subgroups of [° N=1,2,3..called “level” | J

[ =T/{xl)
(N) =T'(N)/{xl}

=

T'(N) = {(ﬁ Z) e SL(2,Z)

P> Generators S and T of the modular group FN

S 1 T
T — tTo14+1 SP=TV=(ST)’ =1

> S3 Generators S and T satisfy:

S*=T"=(STyY =1




Backup slides

Numerical procedure

P Define a “figure of merit”, i.e. chi-
sqguare for every set of 5 (a0 (ps) — 1\
parameters ;) = \/)(2(]71') X" (pi) = Z( : P )

J=1

J

pi ={71,8/a,v/c,....9'/9,90/9, ...}

P> Define a “potential” with a given g = {sin® 01z, sin® O3, sin” b3, me /my,, my, /mr, v}
temperature T and a threshold
V(p;) = pi) 5 Upi) < lma P. P. Novichkov, J. T. Penedo, S. T. Petcov, and A. V. Titov,
+o0o , otherwise “Modular S4 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]



Non-standard interactions

: - — 1 ; 1
L=i Y, Fo"uf+ 50u0ad"pa— 3 M0,
f=e.ec,v
1
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I ] & ] o
- 1
= 1
.......................... P | -—29
08f— SR : \ M, = 10 eV
- \
07E e : ' ;
1000 ! .
& \ g
\
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' » sin’fy,
ViR S \ ....... > p s — -
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Mu[CV] A[GCV]
A = 5 x 10° GeV [modulus VEV]
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