W TECNICO
LISBOA FLASY 2025

Rome, Italy, June 30 — July 4, 2025

Flavored Peccei-Quinn symmetries in the

minimal vDFSZ model

José Rebelo Rocha

jose.r.rocha@tecnico.ulisboa.pt
CFTP-IST, Lisbon

In collaboration with: H. B. Camara and F. R. Joaquim
arXiv: 2504.00088 [hep-ph]

£y REPUBLICA CSMPETE S p OCH

PORTUGUESA ™ """ aama oo
« 2020

c PORTUGAL
Fundacao J
para a Ciéncia

s ¢ a Tecnologia a



Introduction

/— Neutrino Oscillations j




Introduction

Neutrino Oscillations FIavour Puzzle
- IS ‘H‘ 4@\

©-~@ o A ®

\ .
___© AN A P ANy




Introduction

Neutrino Oscillations FIavour Puzzle
/— j ‘4—»‘ V3 O« 4\'
Vu k:\ Kb
©-~@ ol A= ®
V. $

\@M@ o——@ /

Ve
N /
/— Strong CP Problem —\

72
0 a“ G
Lacp 2 327?2 Gl

0] < 1071
N %




Introduction

/— Neutrino Oscillations j
Vi

e

/
/— Strong CP Problem —\

72
0 a“ G
Lacp 2 327?2 Gl

/— Flavour Puzzle 4\
@6 o
)'4

k'\

0] < 1071

\_ %

@HH‘@ ®
\@M@ o——@ /

Dark Matter —\

lllll




Neutrino Masses and Mixing

s Minimal Type-l Seesaw Mechanism ~N

. 1
£1 — ‘CSM -+ iﬁ*}/“@”m{ — (ELY;(I)VR + Q@MRVE + H.c. )
- J




Neutrino Masses and Mixing

s Minimal Type-l Seesaw Mechanism ~N

. 1
£1 — ‘CSM -+ iﬁ*y“ﬁﬂim — (ELY;(I)VR + Q@MRVIC:E + H.c. )
- J




Neutrino Masses and Mixing

s Minimal Type-l Seesaw Mechanism ~N

. 1
£1 — ‘CSM -+ iﬁ*y“ﬁﬂim — (ELY;(I)VR + Q@MRVIC:E + H.c. )
- J

. K v ﬁ@, & V2

4 *
0‘ * ¢

2R EWSB

/—»—1\ e MIV
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The lightest neutrino is predicted to be massless!
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- Global U(1)pq N
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In the Low energy effective theory
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The Strong CP Problem is solved
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Axion Dark Matter and Cosmology

-

Axions are naturally light, weakly coupled with ordinary matter,

cosmologically stable, and can be nonthermally produced in
the early Universe being an excellent DM candidate

-

Cosmological Scenarios for Axion Production

Axion dark matter via the misalignment mechanism in
the pre-inflationary scenario
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Abelian flavour symmetries

_ 1
_Emass = dLMddR + U_LMU’LLR -+ EMeGR + T/_LMET/R -+ iﬁMRV]C—?, + H.c.

0 (0 0 X 0 O
M;,~ 10 x 0 M, ~ 0 X M.~ 10 x 0
0 X 0 X 0 0 (X
oL qaL gaL
OFPPIES D unnns [ SYTL D,unen-g
dsr UgR €8R
i=1,,1 i=21,1 [ = 1
o= 3 a=1,1,2,2, o= 3
B=3,1 B=2,,1 B=3,,1
- Example N

PQ charge is not conserved
Qo =g —>

X12 = Xop + Xap # O
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Maximally-restrictive textures from U(1) symmetries

Procedure

Equivalence classes with
the maximum number of
Zeros

.

Solve system of equations
for the PQ charges

.

Test compatibility at the 10
CL for all observables

Experimental Data

Parameter  Best fit +1o
ma(x MeV) 467708
mg(x MeV) 93.415¢
my(x GeV) 4181008
my(x MeV) 2.161050
(

)
m.(x GeV)  1.27 £0.02 S
my(x GeV)  172.69 + 0.30 >
0%,(°) 13.04 £ 0.05 »
09,(°) 2.38 £ 0.06
0%,(°) 0.201 £ 0.011
§9(°) 68.75 £+ 4.5
Parameter Best Fit £1o
me(x keV) 510.99895000 + 0.00000015
m,(x MeV) 105.6583755 + 0.0000023
m,(x GeV) 1.77686 4 0.00012
Am3, (x107° eV?) 7501050 -
|Am3, | (x107% eV?) [NO] 2551002 D
|AmZ,| (x1072 eV?) [10] 2.451002 -9,.
04,(°) 34.3+ 1.0 O
65,(°)[NOJ 49.26 £ 0.79 a
953(“)[10} 49'46J—r?1:g(7)'
015(°)[NOJ 8.537015
9'{3(0){10} 8-58t8:}i
54 (°)[NO| 194*33
8°(°)[10] 284138




Maximally-restrictive textures from U(1) symmetries

Procedure

Equivalence classes with
the maximum number of
Zeros

.

Solve system of equations

for the PQ charges

Add
l nonzero

Test compatibility at the 10 entry

CL for all observables

Experimental Data

Parameter  Best fit +1o0
mq(x MeV) 467108
mg(x MeV) 93.415¢
my(x GeV) 4181008
m(x MeV) 2164049 o
me(x GeV)  1.27 4+ 0.02 Q
my(x GeV)  172.69 + 0.30 >
04, (°) 13.04 £ 0.05 7
04,(°) 2.38 4 0.06
0%,(°) 0.201 +0.011
59(°) 68.75 + 4.5
Parameter Best Fit £1o
me(x keV) 510.99895000 =+ 0.00000015
m,(x MeV) 105.6583755 4 0.0000023
m,(x GeV) 1.77636 + 0.00012
Am3, (x107° eV?) 7501050 -
|Am3, | (x107% eV?) [NO] 2551002 D
|AmZ,| (x1072 eV?) [10] 2.451002 -9,.
04,(°) 34.3 £ 1.0 @)
85, (°)[NO] 49.26 + 0.79 a
f55(°)[10] 49'46J—r?1:g(7)'
015(°)[NOJ 8.537015
9'{3(0){10} 8-58t8:}i
54 (°)[NO| 194*33
8°(°)[10] 284138




Maximally-restrictive textures from U(1) symmetries

Procedure

Equivalence classes with
the maximum number of
Zeros

.

Solve system of equations
for the PQ charges

.

Test compatibility at the 10
CL for all observables

Maximally-restrictive
textures for My, e p £

and U(1) charges

Add
nonzero
entry

Experimental Data

Parameter  Best fit 1o
mq(x MeV) 467108
mg(x MeV) 93.415¢
my(x GeV) 4181008
m(x MeV) 2164049 o
me(x GeV)  1.27 4 0.02 Q
my(x GeV)  172.69 + 0.30 >
09,(°) 13.04 £ 0.05 7
034(°) 2.38 £ 0.06
07,(°) 0.201 & 0.011
59(°) 68.75 + 4.5
Parameter Best Fit £1o
me(x keV) 510.99895000 + 0.00000015
my(x MeV) 105.6583755 4 0.0000023
m,(x GeV) 1.77686 £ 0.00012
Am3, (x107° eV?) 7501050 -
|Am3, | (x107% eV?) [NO] 2.55%003 1)
|Am3,| (x1072 eV?) [10] 2.451003 -9..
04,(°) 343+ 1.0 @)
04,(°)NO] 49.26 = 0.79 a
033(°)[10] 49.46156

015(°)[NOJ 8.537013
9{3(0) 10] 8-58t8:}i
54 (°)[NO| 194*33
8°(°)[10] 284138




Maximally-Restrictive Quark Textures

Maximally restrictive

U(1) charges :
mass matrices
L 5% R 28% R 45?5 O X
Model (MdaMu) Xqu + 3 Xd;x - 3 Xua + -3 4g ~ 0 X
Q. (0,1,2) (21,00  (3,2,0) <0
(45, P1257P23) 0 X
Cgil (034711472) (‘731‘721‘71) (4723471,1) 5? ~ O O
X X

QL (0,1,2) (2,1,0) (3,0,1)

(44, P1235¢P12)
3 (0,—1,-2) (=3,—2,—1) (=2,1,0)

QL (0,-1,1) (1,-2,0)  (2,1,0)

(51, P124%) (
QY (0,1,-1) (-2,1,—1) (=1,0,1) y (

Q}i (L’d P 4“P ) (07*111) (1,*2, O) (—1,1: O)
01, 3214323

s 0,1,-1) (=2,1,-1) (2,0,1)

X © 8 X O OO X X e O O X © X X O
~— N e~ ~—C—_~

T X X ©OX X ©X e O o X

|



Maximally-Restrictive Lepton Textures

Maximally restrictive

U(1) charges mass matrices

Model (M.,Mp.Mg) Xo X}EQ —s% Xf‘; — 23% Xf}
Ly (45,2P,28) 1/2 (=3/2,-1/2,1/2)  (1/2,-1/2,-3/2) (—1/2,1/2) 00 x D ° 0
L, (45.3P,1F,) 1 (0,1,2) (2.1,0) (1,0) x x 0 0 e
Ls (45,30, 18,) 1/2 (—1/4,3/4,7/4) (7/4,3/4,—1/4)  (3/4,—1/4) 0 0 X D *
S - = ’ s~ 0% 0] Ele !
La (45,32,158) 1 (=3/2,—1/2,1/2)  (1/2,-1/2,-3/2) (—1/2,3/2) x 0 X ¢
[ ] [ ]
IR 0 x 3‘1D ~ e 0
Ls (45,32 183) 1 (=5/2,-3/2,-1/2) (=1/2,-3/2,-5/2) (-3/2,1/2) A N 0 0
X X e 0
Ls (45,37 1% 1 (=3/2,-1/2,1/2)  (1/2,-1/2,-3/2) (—3/2,1/2) ' 0 e
oR 0 x e (
Ly (45,37 15) 1 (—1/2,1/2,3/2) (3/2,1/2,-1/2)  (—1/2,3/2) ! -0 3D~ 0 e
0 e
Ls (45,379,174 1 (—3,-2,—1) (—1,-2,-3) (—1,0) 0 0
Lo (45,30 1R,) 1/2 (“11/4, ~7/4,~3/4) (—3/4, —7/4, —11/4) (~3/4,1/4) 37 ~ e 0
L (5§,28,17%) 1 (—1,-2,0) (0,—3,-1) (—1,0) ° o

L (55,2P 18%) 172 (=3/4,=7/4,1/4)  (1/4,—11/4,—3/4) (=3/4,1/4)




Axion-to-Photon Coupling

/. (GeV)
14 13 12 11 10 9 8 7 6
P 10 10 10 10 10 10 10 10 10
107 gy
Models E/N i
]0-10 [
(QY,Lio) -10/3 E oot i
E CAS '
(Q5, L1o,11) -4/3 o™ Lk I ﬁ b
3 l 3
(Q,Lig)  -1/3 s T =1 :
11,1/1L,1 % 1012 = ]
(Qq 234> Lio,11/19) 2/3 ) F ‘=l
II _ ' i
(Qz, L1o,11) 5/3 bog 10" L / E/N=20/3
(Q11,2/3,43L1-9/10,11) 8/3 - : E/N = -4/3 3
(Q3,Lio) 11/3 10 3 ' E/N=-1/3 A
- E/N=11/3 :
(QY, L1o,11) 14/3 E/N=23 ]
107 k , 5 E/N=8/3
(Q4', L) 20/3 QK= 0.12| 2, <0.12 3
107 sl L |

10° 107 10° 100 100 100 107 10" ]
m_ (eV)




Axion-to-Photon Coupling

Models E/N
(Qy,Lio) -10/3
(QY,Lio,11) -4/3
(Q}',L1-o) -1/3

(Qllly’gl//;,lfyL1o,11/1-9) 2/3
(Q3, L1o,11) 5/3

(QI1,2/3,43L1-9/10,11) 8/3

(Q5, L1-o) 11/3
(Q4', Lio,11) 14/3
(Q4', Lio) 20/3

107 grrmm——rm

10

10

11

/, (GeV)
1010

lllll'l'l'l T T I

E/N=20/3 ]
E/N=-4/3 °

E/N=-1/3

E/N=11/3 3

E/N=23 ]

E/N=8/3 3
1

m_ (V)

Axion-to-photon coupling allows to probe the different models at
helioscope and haloscope experiments




Flavour Violation in the Softly-Broken U(1) 2HDM

Requiring v, > v; , for an “invisible” axion, the singlet effectively
decouples from the scalar particles of the 2HDM
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Flavour Violation in the Softly-Broken U(1) 2HDM

Requiring v, > v; , for an “invisible” axion, the singlet effectively
decouples from the scalar particles of the 2HDM

. FCCC in the 2HDM A
Uu; Vi
Wy oy (U Ny s
d; K
\ J
~— FCNC in the 2HDM —
dia Ug, €4
(Nd,u,e)i'
cevmeineends [T ]
\dj? Uj, €; /

How are these processes controlled in our models?
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Flavour Violation in the Softly-Broken U(1) 2HDM

There is a “Decoupled” entry in the matrices of type “5”

Mf = Py, 0 a3= m, 0 P.
_ y(emf,) (m3,—es)

a9 0 a, =

as




Flavour Violation in the Softly-Broken U(1) 2HDM

There is a “Decoupled” entry in the matrices of type “5”

m ¢, M
0 0 a; = 2" f1

Mf — Pb 0 az= m, 0 Pc
y/ (e =m3, ) (mj, —s)

as

a9 0 a, =

Leads to zeros in the N, matrices

x 0 0
5d,u,e : Nd,u,e ~ 0 x X ;55’6’“ . Nd,u,e ~ ’5b,t,'r . Nd,u,e ~
0 x X

X © X
o X O
X © X
o X X
o X X

X © O
N~




Flavour Violation in the Softly-Broken U(1) 2HDM

There is a “Decoupled” entry in the matrices of type “5”

m ¢, M
0 0 a; = 2" f1

Mf — Pb 0 az= m, 0 Pc
y/ (e =m3, ) (mj, —s)

as

a9 0 a, =

Leads to zeros in the N, matrices

x 0 0
5d,u,e : Nd,u,e ~ 0 x X ;55’6’“ . Nd,u,e ~ ’5b,t,'r . Nd,u,e ~
0 x X

X O© X
o X O
X © X
X © O

|

o X X
o X X

dz’a U;, €4
(Naue),; FCNCs are
............ Y. H’ i —
controlled
d: .. e J.R. R, H.B. Camara, R.G. Felipe, F.R. Joaquim;
Jr ) PRD 110 (2024) 3, 035027




Flavor-Violating Axion Couplings to Fermions

o

cY — —
N

00—

Lopr = Y

Vil 4
for (Cf +

1
(UQX?UJ“ +UfIXfUL) e =

Effective Axion-Fermion Interactions

aﬁ ’}/5) /s

L (Ulixiuh - Ufxut)

J




aff = 2fa
1
- (UAXfUR + UfxgUT) | oM = (VR - Ul

Flavor-Violating Axion Couplings to Fermions

Effective Axion-Fermion Interactions

Vil 4
Jar (C +

aﬁ ’}/5) /s

The matrices of type “5” also lead to

zeros in the ¢/ matrices




Flavor-Violating Axion Couplings to Fermions

e Effective Axion-Fermion Interactions ~
00—
Loy = o, Ja" (ngf C.s ’}/5) s
1
C" =~ - (Ul Ul + Ulixiug) ot = ~ (Ufixful - ulixjul)
- J
The matrices of type “5” also lead to
zeros in the C/ matrices
x 0 0 x 0 X x X 0
phwe . Ch%e ~ | 0 x x| ,5%F C4%~ |0 x 0,5 C%~ | x x 0
0 x X X 0 X 0 0 x
d'i) Uy, €4
d,u,e .
(C*) FCNCs are again

............ %‘Za —

controlled




Flavor-Violating Axion Couplings to Quarks (Npw = 1)

Q' B ]
apf: ds EEE Bt fy sy
o Qu Vo ‘|
apf: ct e e e
— [HE Ra® =\ S,
S % t Y 2 | .
t (&) ¢
U " a‘\' —% ?\_‘( ‘. a_\_
— b s Ao\t = x| +
Q4 Q4 §\'\ = al | e
- M e
iy 1\ OEEEE RN
d \ !
\ \
N i i
\ !
i A3 !
oL en=on - an 3012 o <012 |\ |
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Flavor-Violating Axion Couplings to Quarks (Npw = 1)
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Flavor-Violating Axion Couplings to Quarks (Npw = 1)
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Flavor-Violating Axion Couplings to Quarks (Npw = 1)
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This highlights the effectiveness of minimal flavoured
PQ symmetries in aligning frameworks with highly
constrained observations




Axion Couplings to Leptons (Npw = 1)
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Flavor-conserving couplings are not automatically
suppressed and depend on tan 8 = v, /v,




Axion Couplings to Fermions (Npyw = 1)

Axion mass upper bound (meV)

Model| Qf*  Model|Q3; Q55 Q35 Q  ® Lepton constraints set the
axion mass bound in the d
Ly | [18,5.6] or s decoupled models
Ls |[0.9,1.3]
® Therefore, the axion mass
Ls |[1.0,1.6] =2 , can be up to two orders of
2 3.7x 107 magnitude larger than in
Lo |[18,54] g o the other scenarios
2.1 x 10
Ly [[1.2,22 &
2. 1.5 x 1071 ® As aresult, the whole
Ls | [1.0,1.6] = . post-inflationary region
o |12.5,32.7] < 7.8 10 remains viable while still
accommodating flavour-
LYy |[2.3,15.8] violating axion couplings
T | [1.9,6.8]




Summary and Outlook

Work done:
/\/ Study of the theoretical framework of the minimal vDFSZ for flavoum

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

v/ Axion-photon couplings computed for different models;

v Phenomenology of axion couplings to quarks and charged leptons,
with emphasis on flavor-violating terms.
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Flavored PQ symmetries in the minimal vDFSZ provide an appealing
framework to address the flavor puzzle in the quark and lepton sector,
neutrino mass generation, the strong CP problem and DM




Summary and Outlook

Work done:
/\/ Study of the theoretical framework of the minimal vDFSZ for flavoum

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

v/ Axion-photon couplings computed for different models;

v Phenomenology of axion couplings to quarks and charged leptons,
with emphasis on flavor-violating terms.

}

Flavored PQ symmetries in the minimal vDFSZ provide an appealing
framework to address the flavor puzzle in the quark and lepton sector,
neutrino mass generation, the strong CP problem and DM

Thank you !
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