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Flavor puzzle and neutrino mixing

Vo) =
\— —
Interaction
basis
C12C13 $12C13 $13€40CP . .
Upmns = | —S12Co3 — C12513523€"°CF  C1aCo3 — S12513523€°CF c13823 | X diag(ew‘l, elaz, 1)

is is
812823 — C12513C23€°“F  —C19S93 — S12S513Co3€ °¢F C13C23

¢;j = cos b, 5; = sin b Pontecorvo - Maki - Nakagawa - Sakata
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Flavor puzzle and neutrino mixing

Sign determined from MSW

Inverted Ordering (10)

: Normal Ordering (NO)

V3) e 2)
: : ! v ) —Ti
Undetermined sign | ) L}
:Amgtm :
: A’rn’a?mtm :
|V2> Y 2 i
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Flavor puzzle and neutrino mixing

Best fit values

F. Capozzi et al. 012 ~ 33.4° : 913 ~ &.5° ’ 923 ~ 492 4° (NO) TWO blg and
o o o one small
Phys. Rev. D 104 (Oct, 2021) 05 =~ 33.4 : 913 ~ 8.5 : (923 ~ 48.9 (IO)
angles
2 .
5CP Jop = €12812€23523¢13513 SIn Ocp

Violation if

)
—< £ {0,1}
/A

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
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Y mi <0115V (95%C.L.) \/Z mi|Uel* < 0.8eV
’ A. Shadab et al. Z
Phys. Rev. D 103 (Apr, 2021) Nat. Phys. 18 (Feb, 2022)
Cosmology KATRIN
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Flavor puzzle and neutrino mixing

S g - - A Ol g - R S B c A\l d -« © SR g d - © SONR S
—_— ; 7 g < /2 —_— ; 7 g < /2 oA Q - cmbs, —_— ; = —_— ; = g < /2 e
" —7- o C WD IR ® o Ll e ol — 4 — g e Y- ST > DLV e S~ o oa g - G aale e — o . —- o e e P LIRS \ . — o

The fermion hierarchy puzzle
Neutrinos

}4—» strange

} A leptons

3 up muon
t ® quarks A o0

> electron down
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Flavor symmetries: possible solution?

Three “copies”, different masses

non-abelian discrete

04
C
S3 A4 S4 AS """ WYukawa D XE (L¢i)1Hd
2 1
Vi & O
UTBM — —1 : :
\/6 \/§ \/5 913 — O 912 e 350 923 — 450
Tri-bimaximal l
compatible with data
| until 2012 Not zero
|Sid0r | 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?

Shortcomings of the traditional approach

EFT with scalar “flavons” ¢,

+ ...corrections

l J o
;=0  0,;~85? e

Automatic

x V(¢;) — Mess!
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Modular invariance: a step forward?

E. Feruglio - T —_—
[1706.08749] = T = modulus
(yixL;HlRy + h.c.)
Free struc’EtrirtehlgsSsl\ﬁarameters ——3 Modular Invariance

!

Y(7)

Modular forms:
less free parameters

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

10D Compactification
» SUSY-conserving
Discrete lattice A\ e ————
® W1, W, € C " (]::/A _ € . ‘
O ': ) ) J ) _:'
O
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Modular invariance: a step forward?

Change basis?

Wh _ A W2 a b\ (ws a,b,c,d € Z
Wy T\ w; c d) \w; o

= | 7 €SL(2,2) = Modular group =T ‘

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



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
| constraining!  }
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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;

(ct+ d)"(ct + d)~ &k =1
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Modular invariance: a step forward?

Symmetry breaking

Y(7)

uniguely determined by 7
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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

(Impose CP symmetry on the model A
> gCP = a; €|

P. Novichkov, J. Penedo, S. Petcov, A. Titov
Journal of High Energy Physics 2019 no. 7, (Jul, 2019)

C . Y

~
Only source of CPV in the
kmodel Is the VEV of T

<t>=Rer+ilmrz
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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 N S N
2
4 .
| | Only source of CPV in the
0 model is the VEV of 7
! 0 1 N
2 ReT 2

1
D:{TGC : Im7 >0, \Re7'|§§, |T\21}
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Finite modular groups: searching for simplicity

Substantial number of successful models since 2018

X

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

Phys. Rev. D 98 (Jul, 2018) 0 Yy 2
2

> i i

> Extra flavons

v v

> Charged-leptons hierarchy by “hand”
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Finite modular groups: searching for simplicity

Substantial number of successful models since 2018

N =72
v

JHEP 09 (2023) 043
D. Meloni, M.Parriciatu O Yy 2

p Fewer @ ¢

v v

P> No flavons beside the modulus

> Charged-leptons hierarchy from symmetry
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Finite modular groups: searching for simplicity

N =72

Rotation

Permutation group of 3 objects

Reflection

P> Smallest non-abelian discrete group V

P> Three irreducible representations

1 17 2 e |
singlet pseudo- doublet ’ //t —> g 2 (S3) \;

singlet
T

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




Smallest modular finite group: 5;

A basis for modular forms of weight &

Y (), Yo(7) ~ 2

— d)?

Very limited number! « Lowest weight: k=2

> N

» (1) =q¢"* f[l(l—qn)

Dedekind’s eta function (q — 82””)

dp(I'(N)) | I'n
2 | (k/2+1) | S,

1'e1’'=1 , 1'2=2 , 202=191"¢2
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Smallest modular finite group: 5;

Modular suppression

7 | 42 | 42 | 168 4
()= o0 Ta59 T 957 T 59 <
vy 14V : > | (0] S 1Y(7)]
2(T) = TR (1+ 49+ 6¢° + ...)
Fourier expansion Im 7 > 1
(q — ezﬂ'if)

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




Smallest modular finite group: 5;

Following guiding principles...

kY > 3 D, ls Hg.,
su@)rxU@)y | (1,+1) | (1,+1) | (1,+1) | (2,-1/2) | (2,-1/2) | (2,F1/2)
reps | [y = S, 1 1/ 1/ 2 1/ 1
Weights k; 4 0 —2 2 2 0
D, = (®lectron) . £y =tau~ 1’
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Smallest modular finite group: 5;

Following guiding principles...

W' = akj Hd(DzY(?’))l + BECHd(Dng)y + vECHdég + aDECHdE?, (3>

| ( m)Nm(l ‘Yl‘,‘Yf‘)V‘YllN@(lO—z)

T _
M, = BY, —BY; 0 reproduced with:

0 0 Y
i i a V

(3) (3) (3)
( a(Y2")1 a(Yy7): apYy ) . Charged-leptons masses
d

P25 00)

04 04 04

Modular invariance: texture zeros!

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




Neutrino sector: minimal seesaw

Minimal seesaw scenario Nf

2 RHN ~ 2 under S; weight 2 N5

W, = gH,N°D,Y® + ¢ H,(NY®) 145 + ¢" H,(N°D,) Y@+ A[(N°N),Y3? + A(N°N°), Y],

Dirac mass term Majorana mass term
3 (Y2 Y2) i (Y +Y; ) 2Y1Y,; Z(2Y1Y3)
', = gUy g q" g‘g
\ MY, s

—(Y2 = Y2) + MY2 + Y2) 2Y1Y, i g'lg, &'lg A

o a0 L0y 1)) . .
B e O S e RO Free dimensionless parameters
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Numerical Analysis for the low energy fit 27

P> Fit VS 7 dimensionless observables Parameter Best-fit value and 1o range
Am? NO 10
sin’ 6., sin® @, 4, sin® @, m /m, ., m Im am J
235 13 12> Ml 1My My, [y =55 Jp r=Am2,/|Am2,.| 0.0295+0.0008 0.0298 + 0.0008
sol sin? 01 0.30310:012 0.30310.012
. : 20 0.02225+0.OOO56 0.02234-0.00058
(1) =Re7)+ilmr b e
\L Jop —0.02710910  —0.032700%7
Only source of o Me/my, 0.0048 -+ 0.0002
S TlT
CPV q=2~e my/m; 0.0565 =+ 0.0045
|. Esteban et al. 2007.14792
; JCP i
'? sin” 0,
: > One massless neutrino,
i sin’ 05 : Normal Ordering
Am? )
| ;=850 /" 1| Allreproduced within P Excellentfit: y* ~ 0.98
Am?2 {1
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Numerical Analysis for the low energy fit

st T
Ordering NO 00201 : | :
R T A4 . 0013+ |
—0.018+0'002 0010 A | :
—0.002 ool A 0.003| 1
o ’ i o : i
0 ~ 0010L ~’ ~0.007} -
792 ~0.0101 7 -
+0.11279-% TR | | ]
—0.014 oo 0017 / _
0 oozl e I —0.027p o :
+0.095 ? B . | l .
8.6201¢ 123 037 040 043 046 049 052 —00379 66050 000 050 1.0
+0.016 sin’ 0o Qo /T
meV. 50.806 0,938 /
+0.0001 : —
imi [eV] | 0.0594% 0001 | |
f | +0.09 18- | |
3.61 009 - : Best fit
+0.10 - |
8.90_0.09 1.5+ - . .
E _ - . CP-symmetric solution
2 0.98 B Ocp = — Ocp
Xmin '
(el T All points satisfy\/A)(2 <5
—06 -03 00 03 0.6

Neutrinoless

_ | " Single beta decay ‘z
§ double beta decay ¢ :

(KATRIN)
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Baryon Asymmetry through Leptogenesis

V Low-energy CP-violation =

| JHEP 05 (2024) 020
V Baryon Asymmetry through Leptogenesis S. Marciano, D. Meloni, M.Parriciatu

!
1.20 o
5 1 1 it ’/ e m = ’
"2 0 2 o

1.15 N; N; . N, N; N j
k e — T\ UK

1.10 l 7

T . s [,1 I
o Hu
e Pr— —yoe 022 S ————————————————————————————————————————— 1 Figure 2: CP-violating N; decay.

' See S. Marciano’s talk at 12:15 this morning

1.05 )
\

11
E 1.00
‘ D | Beyond the /V;-dominated leptogenesis
: MF e with the smallest modular finite group
0.95 2

2047 2042 Z037
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i ? h ?.;-ff:' e 7

B24Julyze24  EE
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Sl FERPREATOEEEEA S ) by

N1-dominated decays of heavy neutrinos for
specific regions of

Prague, 19/07/2024
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Baryon Asymmetry through Leptogenesis

V Low-energy CP-violation =

| JHEP 05 (2024) 020
V Baryon Asymmetry through Leptogenesis S. Marciano, D. Meloni, M.Parriciatu

Not trivial!

Only source of CP-violation is Re 7 N,

Figure 2: CP-violating N; decay.

Flavored e Best Fit Resonance

' See S. Marciano’s talk at 12:15 this morning

Regime Regime

i,

10'9:

ng=6.11-107"°

7" I .y D Beyond the /N;-dominated leptogenesis

" MF G with the smallest modular finite group

UNIVERSITA DEGLI STUDI

| Py S S L X e
%E_ | [u’i T :_ _;/; Le\ii iy o 5 : i
I N F N P42 INTERNATIONAL CONFERENCE
e ON
ROMA TRE A | HIGH ENERGY PHYSICS
) 7 Qe .15

B24Julyze24  EE
dAAA . "y n

Sl FERPREATOEEEEA S ) by

10—10 -
10~" 1

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

Prague, 19/07/2024
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What [, = §; provides in the literature

Quarks with $5?

F.Feruglio, M.Parriciatu,
A. Strumia, A. Titov
2406.01689

Simple model:
I’y — few Yukawa forms

Low energy CP violation
and Baryon Asymmetry
using only one modulus
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https://arxiv.org/abs/2406.01689
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BACKUP SLIDES
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Backup slides: Clebsch-Gordan

P> Clebsch-Gordan coefficients for 93

1 ~ Y11+ Yo

" (Wl) <€01>
292=191 ® 2 ~ o i = o v2), 92,
5 Yap2 — P11 S, doublets
Y102 + Va1

I'®l'=1 ~ iy

1'R2=2 ~ (_%%) v, V, = pseudo-singlets (1)
Y191

€.9. (D Yy(1)1 = (Dy)(Yy(7)y — (Dp)y(Yy(7))) ~ 1



The Modular symmetry approach

Modular-invariant SUSY action

S = / d'z / 20420 K (B, B) + / dz / 220 W () +h.c.:

v v

Kahler potential Superpotential
»Gives the kinetic terms after the > Holomorphic function of
modulus acquires a VEV superfields
minimalistic form 1S P> Encodes the Higgs Yukawa
chosen interactions
The superfields transform as:
s n(7) = atT + b
= ct +d . a b Action is invariant If,
, with y=1{_ ] €ln under Ty
D = (1 4+ d)*1pD (7))
W(®) — W(®) ¢

@, 0 Grassmann spinor coordinateg

® = (7, ¢) Chiral superfields < K(®,0) = K(®,®)+ f(®) + f(P)

@ Usual matter supermultiplets e ——
\ anler transiorrmation
((7) Unitary representation of T y




The Kahler potential...

> Minimalist choice for the Kahler

K(®, (ID) — —hA72_ log(—i7 4+ 47) + Z(—iT + 7;7_')_]61 ‘QO(I) |2 A, = dimensions of mass
1

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

P> 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/]"(N)\ [ T =T/
T(V) = T/ (1)
['(N) = {(CC‘ 2) € SL(2,7Z) (CC” Z) = (é 2) (mod N)}

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

P> Generators S and T of the modular group 1y

S 1 T
T — to7+1 SP=TV=(ST)’ =1
T
0 1 1 1
=) (o
> Sg Generators S and T satisfy: p(S) = 5 ( _\/3 { ) ) p(T) = ( 0 —1 ) |

S*=T"=(STyY =1



The Modular §; model: lowest weights

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

T~ 2 () nen)

2
Closed set under the modular group

a+p+y=0

Y(a, B,7|7) = %[a logn(7/2) + Blogn((T +1)/2) + vlogn(27)]

Impose transformation properties under
o gqﬁfrators
This fixes the constants
Kle(T): Cln(r/2) (%) 877’(27)\
2 | n(r/2)  n(%F)  n27)
C (1 /2 n (T
A _77(7/ ) n (T)

“C” arbitrary



The Modular §; model: the normalisation

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

P n(r) =" f[l(l—qn) , g=e" - {77(7/2),77(721>,77(27)}

Closed set under the modular group

“C” arbitrar
J o i (Impose CP symmetry on the model )
/ T /
Yi(r) = C |7 (r/2) | N (T) 3n'(27) > Superpotential parameters must be real:
2 _77(7/2) n (=) n(27) _ less free parameters

_ , - P. Novichkov, J. Penedo, S. Petcov, A. Titov
\/g d (7/2) i (—) Qaurnal of High Energy Physics 2019 no. 7, (Jul, 2019)/

Y (1) =5 Y(=7%) = Y*(7)

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

7 . L
C=—_ Thekch0|ce made in this Only source of CPV is the VEV of
257  Wor modulus T



Backup slides

Numerical procedure

P Define a "figure of merit”, i.e. chi-
sqguare for every set of zf;: (qy (p;) — q;bf>2

parameters .,y = \/)(2(191-)

7=1 0j

pi ={71,B/0,v/,....4'/9,95/9, ...}

. . . _ . 2 . 2 . 2
P Define a “potential” with a given = 18in" 012, sin” 013, 8in” Oz, me /My, My /7, 7}

temperature T and a threshold

Vip;) = pi) 5 Upi) < lmax P. P. Novichkov, J. T. Penedo, S. T. Petcov, and A. V. Titov,
+o00 , 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]



Backup slides

A measure of fine-tuning:
Altarelli-Blankenburg

Z . par;
| dpar;

Z obs;

Fine-tuning =

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.

’ Ui Experimental errors for each observable as extracted from NuFIT



Non-standard interactions

: + —us Lo 1
=13 Z f U‘tduf . 5()11,990011990 - 511[(%‘1‘93 ‘
f=e.e,v

1
— (me + Z;pa )€€ — Eu(m,, +Z pa)V+he+.... 0 Re (Z&)ZV
= —nN

Pyt 1Ly ¢ M2%(R) °
V2

T=(1) +

in the sun:

0.9 3 1.8 T TTIm 1 lllll T T T T T T T T T T 177
E - 1
= § 1
- 1 —
. I L\ M, =10"%2¢V
4 R \ (i
- = l|
e el ek Ao b e A e A B R e S s s s s s s s SRR R R R EEEEEE s s s s s s s — A >
e 1
0‘7 e P oo PR . E — | —4
E — 1.0 P_,-\ “ —_:
= = \ al
0.6 o= ! 4a_2 5y
E ke 10°Ams, [e V7). - 4
= = '::::::::::::::::::::::::::::::ﬂ
— al 0000 FPeeseceoasreole sesbeosesseoseseslssbrlEeeesteoesivesoessessesesessssseslevbtbobesnsoesassd
0.5 = o
E E 0.5 2
04F - . i
= 3 sin“f, S
~ -l - —1
o - - = i
0.3F — — n
0.2 | | | 3] 0 RTINS AN NI BN AT B AN R
1% 107 107"° 10°® 10°% 107*% 40" 0™ 107 10® 10° 10" 10" 10'4 10"

M [eV] A[GeV]
A = 5% 10°GeV  [modulus VEV]

from Feruglio’s slides at Mod. Symmetry Bethe Workshop



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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