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Introduction

The Standard Model of Particle Physics:

v/ Quark mixing is encoded in the
CKM matrix;

v/ This flavour structure is the only
known source of CP violation;

v The CKM parameters have been
determined with extreme precision.
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Neutrino Flavour
Oscillations Puzzle
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The SM must

g be extended!
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Neutrino masses and mixing

EFFECTIVE THEORY with SM fields N
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k

José Rebelo Rocha — ISAPP 2024 — July 1, 2024 2



Neutrino masses and mixing

EFFECTIVE THEORY with SM fields N

_ _ B O(d)
[:eff:1151\/[—|—5[:d_5—I—(S[:d—ﬁ_|____7 5£D_dEZAdk_4
k

The lowest d > 4 operator is unique (Weinberg Operator)

5LI=5 — %naﬁ (75, @) (97¢s, ) + He. e, S0
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Neutrino masses and mixing

EFFECTIVE THEORY with SM fields N
B B O(d)
_ d=5 d=6 D=d _ k
Log= Loy +0L + 0L + ..., 0L :ZAd—4
K y,
The lowest d > 4 operator is unique (Weinberg Operator)
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Neutrino masses and mixing

EFFECTIVE THEORY with SM fields ~
(d)
Eeff — ﬁSM + 5£d:5 — 5£d:6 — 5£D:d — Z Ok

Ad—4
k

The lowest d > 4 operator is unique (Weinberg Operator)

1 . ~
d=5 _ _* C H* f v/V2 U V2
OLI = ko (1G,87) (B105, ) + He Y/ 5 - /
EWSB l ) Kag
2A
Majorana, 1 O
L = —iMVQBVQLyﬁL + H.c.
CLa %
Majorana Mass Eigenstates Lepton Mixing Matrix
Vo, — (U7)iVi ViL
) ar, ( | L)ozj JL U, = UETUZ \
UM, U" = diag(mq, ma, m3) |14 €rL
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Softly-broken U(1)-symmetric 2HDM

The SM does not allow for
the implementation of Abelian
flavour symmetries

q

2HDM

~N

p
1 V207,

@1,2 — o

L V2 \Vi2+ pr2+ime ’
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Softly-broken U(1)-symmetric 2HDM

The SM does not allow for
the implementation of Abelian T
flavour symmetries

2HDM

~N

[
1 V207,
@1,2 — o
L V2 \Vi2+ pr2+ime ’

Imposing a global U(1) symmetry (softly broken) the scalar potential reads:

V=i, (0101 + i3, (@105) + i, (@)@, + @l )

A 2 )\ 2
+ 31 (cb{q)l) n 52 (@g@z)

+ s (qﬂ;@l) (q);cpz) + A (@1%) (q)gcpl)
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Softly-broken U(1)-symmetric 2HDM

P 2HDM N
The SM does not allow for 1 n
the implementation of Abelian — B0 — \/5451,2
flavour symmetries 1,2 Vi + p1o+ 1m0
bl ? ) /

. V2

Imposing a global U(1) symmetry (softly broken) the scalar potential reads:

Mass Eigenstates
V = pi (@;Cbl) + [ ((Dg(%) + 135 (@;@2 + (I)g(bl) <

mp My
A 2\ 2
+ 5 (ele) + 5 (le:) — [RHMEE
Alignment Limit
A (qﬂ‘cp ) (@Tcp ) A (cp‘fcp ) (qﬂcp )
“|‘3 1*1 22‘|‘4 1E2 2] 6_&:7_‘_/2
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Softly-broken U(1)-symmetric 2HDM

P 2HDM N
The SM does not allow for 1 n
the implementation of Abelian — B0 — \/5451,2
flavour symmetries 1,2 Vi + p1o+ 1m0
bl ? ) /

. V2

Imposing a global U(1) symmetry (softly broken) the scalar potential reads:

Mass Eigenstates
V = pi (@;Cbl) + [ ((Dg(%) + 135 (@;@2 + (I)g(bl) <

mp My
A 2 X E
+§(ﬁ@)+§(@%) | My Mmpy+
Alignment Limit
A(@@)(@@) A(@@)(@@)
T+ A3 (P19 oP2 | + Ay | P92 21 6_04:77-/2
Expanding the Yukawa Lagrangian in the mass eigenstates:
FCNC FCCC
fi U; V;
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Abelian flavour symmetries

GOAL

Reduce the number of free parameters in the mass matrices
and make the theory more predictive

‘ Introduce flavour charges

X X X X X X X X X X X X
M;,~ | X X X M,~ | x X X M, ~ | x x X M, ~ X X
X X X X X X X X X X
qoL qoL EQL q)ﬁ . gaL
*®,
(bi.....4 ¢’L IIIII >III (biIIIIl< :
R
dsr UgR CAR P00 Uor

José Rebelo Rocha — ISAPP 2024 — July 1, 2024



Abelian flavour symmetries

GOAL

Reduce the number of free parameters in the mass matrices
and make the theory more predictive

‘ Introduce flavour charges

0 0 0 X 0 O X
M;,~ 10 X 0 M, ~ 0 (X M.~ [0 (X O M, ~ |[-)] 0 (X
0 (X 0 0 0 (X 3] 0
qoL qoL EQL q)i . gaL

w.

OITFPRE ) Pjunnnn Puunsn D,unneng ’:

U €8R @-.”} ¢

1 = 9,7, 4l R _g1121 % o1 1, ’ -
a=1,2,3 a=11,2,2,3 a=1,2,3, i=1,2,1,1a=1,1,1,
B=321 B=2731,3,2 B=321, j=2212B=123,
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Abelian flavour symmetries

GOAL

Reduce the number of free parameters in the mass matrices
and make the theory more predictive

‘ Introduce flavour charges

0 0 0 X 0 0 X
M;~ |0 X 0 M, ~ 0 (X M.~ [0 (X O M, ~ |[-)] 0 (X
0 (X 0 0 0 (X )0
qoL qoL EQL q)i . gaL
*®,
(I)i"".< Q)i ----- »--- (I)i""'< :
e P ‘} g
d UBR BR . o* I
i=121 AR L i —21121 i=121 ’ g
O(=1, ,3 (X:l, ,2, 3 a=1 3 i=1 ,1; 0 1; ;1;
B=321 B=231,32 B=3,21 ji=2212B8=1,23,
Example:

P9 — qir + dar
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Abelian flavour symmetries

GOAL
Reduce the number of free parameters in the mass matrices
and make the theory more predictive

‘ Introduce flavour charges

0 @ 0 X 0 0 X
M;~ |0 X 0 M, ~ 0 (X M.~ [0 (X O M, ~ |[-)] 0 (X
0 (X 0 0 0 (X 3] 0
qoL qoL EQL q)ﬁ . gaL
*®,
(I)i"".< Q)i ----- »--- (I)i"".<"' :
e P ‘} /
d UBR SR N I
F A7l N RN i=121, 7 2
O(=1, 3 (X:l, ,2, 3 a=1 3 i=1 ,1; 0 1; ;1;
B=321 B=231,32 B=3,21 ji=2212B8=1,23,
Example

Flavour charge is not conserved

(I)WZR m— Q‘I)l,z T quL T QdZR 7£ 0
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Maximally-restrictive textures from U(1) symmetries

Procedure

Equivalence classes with
the maximum number of
Zeros
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Maximally-restrictive textures from U(1) symmetries

Procedure

Equivalence classes with
the maximum number of
Zeros

1

Solve system of equations
for the field charges
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Maximally-restrictive textures from U(1) symmetries

Procedure

Equivalence classes with
the maximum number of
Zeros

1

Solve system of equations
for the field charges

Experimental Data

syrend

1

Test compatibility at the 1o
CL for all observables

Parameter  Best fit £1o
mg(x MeV) 467751
me(x MeV) 93.475¢
mp(x GeV) 4187003
my(x MeV) 2.1610 52
me(x GeV)  1.27+0.02
my(x GeV)  172.69 £ 0.30
015(°) 13.04 £ 0.05
034(°) 2.38 £0.06
07, (%) 0.201 £ 0.011
09(°) 68.75 + 4.5
Parameter Best Fit £1o
me(x keV) 510.99895000 + 0.00000015
my(x MeV) 105.6583755 £ 0.0000023
m,(x GeV) 1.77686 £ 0.00012

Am3, (x107° eV?)
[AmZ, | (x1073 eV?) [NOJ
|AmZ, | (><10_3 eVg) 10]

012(°)
033(°)[NO]
033 (°)[10]
013(°)[NO]
015(°)[10]
QN
§4(9)[10]

7.501 05
25540
2.45%003
34.3+ 1.0
49.26 £ 0.79
4946195
8.53701
8.587011
194123

284128

suoj}da
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Maximally-restrictive textures from U(1) symmetries

Procedure

Equivalence classes with
the maximum number of
Zeros

1

Solve system of equations
for the field charges

1

Test compatibility at the 1o
CL for all observables

Add
nonzero
entry

Experimental Data

syrend

Parameter  Best fit £1o
mg(x MeV) 467751
me(x MeV) 93.475¢
mp(x GeV) 4187003
my(x MeV) 2.1610 52
me(x GeV)  1.27+0.02
my(x GeV)  172.69 £ 0.30
015(°) 13.04 £ 0.05
034(°) 2.38 £0.06
07, (%) 0.201 £ 0.011
09(°) 68.75 + 4.5
Parameter Best Fit £1o
me(x keV) 510.99895000 + 0.00000015
my(x MeV) 105.6583755 £ 0.0000023
m,(x GeV) 1.77686 £ 0.00012

Am3, (x107° eV?)
[AmZ, | (x1073 eV?) [NOJ
|AmZ, | (><10_3 eVg) 10]

012(°)
033(°)[NO]
033 (°)[10]
013(°)[NO]
015(°)[10]
QN
§4(9)[10]

7.501 05
25540
2.45%003
34.3+ 1.0
49.26 £ 0.79
4946195
8.53701
8.587011
194123

284128

suoj}da
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Maximally-restrictive textures from U(1) symmetries

Procedure

Equivalence classes with
the maximum number of
Zeros

1

Solve system of equations
for the field charges

1

Test compatibility at the 1o
CL for all observables

Maximally-restrictive
textures and U(1)
charges

Add
nonzero
entry

Experimental Data

syrend

Parameter  Best fit £1o
mg(x MeV) 4671008
me(x MeV) 93.475¢
mp(x GeV) 4187003
my(x MeV) 2.1610 52
me(x GeV)  1.27+0.02
my(x GeV)  172.69 £ 0.30
015(°) 13.04 £ 0.05
034(°) 2.38 +0.06
07, (%) 0.201 £ 0.011
09(°) 68.75 + 4.5
Parameter Best Fit £1o
me(x keV) 510.99895000 + 0.00000015
my(x MeV) 105.6583755 £ 0.0000023
m,(x GeV) 1.77686 £ 0.00012

Am3, (x107° eV?)
[AmZ, | (x1073 eV?) [NOJ
|AmZ, | (><10_3 e\/g) 10]

012(°)
033(°)[NO]
033 (°)[10]
013(°)[NO]
015(°)[10]
QN
§4(9)[10]

7.501 05
255702
2.45%503
34.3+ 1.0
49.26 + 0.79
49.4610:59
8.535015
8.5870 11
194123

284128

suoj}da
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Maximally-restrictive textures from U(1) symmetries

U(1) charges

Maximally restrictive mass
matrices

Zs
(MCJM ) (511 62 63) (Ela €2, 63)
(5,2%)  (—1,-3,1) (1,-5,-1)
(57,2%)  (—1,-2,0) (0,—3,-1)
(5§12TO) (O _13 1) (13_2:0)
Zy
(Mg, M,) (1, a9, 03)  (B1,B2,83)  (71:72,73)
(43,P125 Po;)  (0,1,2) (2,1,0)  (3,2,0)
(49, P1os5'Pro)  (0,1,2) (2,1,0)  (3,0,1)
(51 P124u) (Oa _11 1) (17 —2 O) (21 1: O)
(519P3214t P23) (0771:1) (1? —2, 0) (7131:0)
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Quarks Leptons
0 0 x 0 0 x
44~ 10 x x 0 x 0
x x 0 X
0 0 x
59~ 0 x 0 (X S ')
x 0 X *
0
0 0 x x 0 e
P125?’P23N 0 e 0O 0 x
x x 0 . e
0 x o) x o 0
Pi335{Pia~ |0 0 X v~ X e
x 0 0) 0
0 e X\
P124gN 0 0 x
x x 0
0 e X\
P3214§P23N x 0 x
0 x 0/




Maximally-restrictive textures from U(1) symmetries

U(1) charges

Maximally restrictive mass
matrices

Zs
(MC,M ) (51, 62 63) (61, €2, 63)
(55.2%)  (—1,-3,1) (L1,-5,-1)
(56137211) ( ; 270) (0; _Sa _1)
(56 21{0) (O _13 1) (13 _2: 0)
Zy
(Mg, M,) (1, a9, 03)  (B1,B2,83)  (71:72,73)
(439 P125 P23) (01 172) ( :1 0) (33 270)
(49, P1935'Pro)  (0,1,2) (2,1,0)  (3,0,1)
(59, P124Y) (0,—1,1) (1,-2,0) (2,1,0)
(54, PspdiPs3)  (0,—1,1)  (1,—2,0) (—1,1,0)

“Decoupled” entry in the

matrices of type “5” lead to
zeros in the N;, matrices
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Quarks Leptons
0 0 x 0 0 x
44~ 10 x x 0 x 0
x x 0 X

0 0 x
59~ 0 x 0 (X x ')
0O e

x 0 X
0
0 0 x x 0 e
P125?’P23N 0 e 0O 0 x
x x 0 °
g E '\ x o 0

X oV

x 0 0) LA 6

0O e X\

0 0 x

x x 0

0 e X\

x 0 x

0 x 0/




Lepton sector predictions - NO

The symmetry-constrained lepton models provide predictions for the neutrino sector,

for example:

2.0—

Lof

olmr

L s
0.5[ 2 (NO)

[ o bf (L =58

0.0 —
40

45

6. ()

50
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For NO, 25, and 23, select

the first and second octant
for the atmospheric mixing
angle 6,5, respectively




Lepton sector predictions - NO

The symmetry-constrained lepton models provide predictions for the neutrino sector,
for example:
20—

For NO, 25, and 23, select

the first and second octant
for the atmospheric mixing
angle 6,5, respectively

Lof

olmr

0.5[ 2% (NO) 1
[ o bf (L =58 1

0-0~ L N N L 1 N ey N N
40 45 50

6. ()

3
/The lower bounds on mﬁﬁ\ 0 ?2;(N0> A | “ i 27 (NO)
are within the sensitivity 10° (183 i -
of OvBpB decay S TEC =
experiments, while being | £ 10¢ 12°7 &8¢ 210
simultaneously in tension | £ | o I
with cosmological v 5 -
kc:onstraints ON Myightest / LI S S .23 = =] I SO -25 =N
' 1 10 100 10 0" 1 10 100 10
i (meV) m (meV)

lightest
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Numerical procedure and phenomenological analysis

XY Al [ oo l-vim [ |zou 5% e x 0 0
EAW,‘— Amp, I:l Amp, Amp B —p pt Nd ~J 0 X ~
1065 \\\\\\\\\\ SISTSSSS \ U \\\#\\\\ N : O X X
(5 P_ 4P \ F= 2, (IO)\
—~ \
>
)
=
N
I_
S
“I
S
10% 1 1 1
0 1 2 3 4
tan g
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Numerical procedure and phenomenological analysis

RN Al |lovn, EZ%F{EBH\ £K x 0 0
EAH!H Amp, I:l Amp, Amp B —p pt Nd ~ 0 X ¢
106 I\ A SISTSSSS \ U \\\#\\\\ N : O X X
5/ P, 4P N 2 (I0)y ]
_ N s, b
>
S N N I N H, 1
=
N
||_h d
N
“I
S
10% 1 1 1
0 1 2 3 4
tan g
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Numerical procedure and phenomenological analysis

XY Al [ oo l-vim [ |zou 5% e x 0 0
EAW,‘— Amp, I:l Amp, Amp B —p pt Nd ~J 0 X ~
1065 \\\\\\\\\\ SISTSSSS \ U \\\#\\\\ N : O X X
(5 P_ 4P \ F= 2, (IO)\
—~ \
>
)
=
N
I_
S
“I
S
10% 1 1 1
0 1 2 3 4
tan g
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Numerical procedure and phenomenological analysis

XY Al [ oo l-vim [ |zou 5% ek x 0 0
EIA A I:l Ams, A By — Nd ~ 0 X X
1 0 T Ql\\\ AR AN N O X X

(57 P, 4,P,)  NXE=— 2 (I0)}

E""-
g e v Kmesons: K°(ds): Amy, ek
X I & B mesons:
10 : 1 : 1 - 1 - _
0 1 2 3 4 Bg(db): Amp,, Br(Bg — ptp”)
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Numerical procedure and phenomenological analysis

d u l H
(51 ’ P321 43 st) \ —— 23 (IO)§

v Kmesons: K°(ds): Amy, ek

m,—m,
[EE—,
=)
'S

I < B mesons:
0 1 2 3 4 Bg(db): Amg , Br(Bg - utu’)

This model highlights the effectiveness of Abelian flavour
symmetries in aligning theoretical frameworks with

highly constrained experimental observations.
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Summary and outlook

Work done:

/\/ Study of the theoretical framework of the minimal U(1) 2HDM for flavour;

v/ Identification of the maximally-restrictive pairs of quark and lepton
mass matrices compatible with current masses, mixing and CP violation
data;

v/ Lepton sector predictions;

v/ Phenomenological study (analytical and numerical) of the quark and
k charged lepton sectors.

\

/
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Summary and outlook

Work done:

/\/ Study of the theoretical framework of the minimal U(1) 2HDM for flavour;

v/ Identification of the maximally-restrictive pairs of quark and lepton
mass matrices compatible with current masses, mixing and CP violation
data;

v/ Lepton sector predictions;

v/ Phenomenological study (analytical and numerical) of the quark and
k charged lepton sectors.

\

/

\

Abelian flavour symmetries in the 2HDM stand out as a simple approach in

addressing the flavour puzzle, leading to minimal quark and lepton models that are

predictive
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Summary and outlook

Work done:

/\/ Study of the theoretical framework of the minimal U(1) 2HDM for flavour;

v/ Identification of the maximally-restrictive pairs of quark and lepton
mass matrices compatible with current masses, mixing and CP violation
data;

v/ Lepton sector predictions;

v/ Phenomenological study (analytical and numerical) of the quark and
k charged lepton sectors.

\

/

\

Abelian flavour symmetries in the 2HDM stand out as a simple approach in

addressing the flavour puzzle, leading to minimal quark and lepton models that are

predictive

Thank you !
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