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with present experimental constraints?
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What is the lowest FN scale compatible
with present experimental constraints?

ANswer:
The current energy frontier

(TeV)

Froggat-Nielsen ALP 3 Alessandro Valenti | University of Basel



Outline

1. Introduction: flavor puzzle and rFroggatt-Nielsen models

2. Zy Froggatt-Nielsen

3. The minimal model: Z,

- Setup
- Phenomenology

4. Conclusion

Froggat-Nielsen ALP 4 Alessandro Valenti | University of Basel



Outline

1. Introduction: flavor puzzle and Froggatt-Nielsen models

2. Zy Froggatt-Nielsen

3. The minimal model: Z,

- Setup
- Phenomenology

4. Conclusion

Froggat-Nielsen ALP 5 Alessandro Valenti | University of Basel



1. The flavor puzzle and Froggatt-Nielsen models

f Standard Model
|
SUB) X SU2) x U(1) gauge theory, 3 generations
1
10 b Gauge sector: U(3)> symmetric
102 | 5 ,
Higgs sector (Yukawa): U(3)” broken (partially)
-3
10 | | | |
104 Why Is the breaking so hierarchical”
10-3 I'he flavor puzzle
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1. The flavor puzzle and Froggatt-Nielsen models

Froggatt-Nielsen
Lom D 2 y{;FL,inR,j +{H} +h.c.
F.f
. nl
FNidea: v, — e )~ 001

(F1=0 [f1=0/ [el=1
N\

U(1)pNn-breaking spurion

Selection rules <« ni; <> flavor pattern
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1. The flavor puzzle and Froggatt-Nielsen models

Froggatt-Nielsen

(D)
Dynamical realization: € —> —— (D] =1

U(1)pn SSB < ALP @
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1. The flavor puzzle and Froggatt-Nielsen models

Froggatt-Nielsen

- If U(1)gyn has anomaly with QCD — Strong CP for freel
flaxion/axiflavon
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1. The flavor puzzle and Froggatt-Nielsen models

Froggatt-Nielsen

- If U(1)gyn has anomaly with QCD — Strong CP for freel
flaxion/axiflavon

- BOUﬂd g ~ EnSdeia/Vq) ELHdR + hC
Br(K* - 7nta) < 9.5x 1071

= Vg > 10'° GeV X €

Can we lower this?
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2. Discrete Froggatt-Nielsen

Discrete Froggatt-Nielsen models

Simplest setup:  U(1)py = Zy symmetry

1 Ay
L D ——
4Mg—4

DV + (P*)Y]

Froggat-Nielsen ALP 12 Alessandro Valenti | University of Basel
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Discrete Froggatt-Nielsen models
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2. Discrete Froggatt-Nielsen

Discrete Froggatt-Nielsen models

Simplest setup:  U(1)py = Zy symmetry
1A

Pl LW Y P D - —

4 MY~

. N—4

2 r 2 0, 2 N—4

Mg ~ ANVo \ 7 NVCIDG
M(D

% + (@%)"

(I)'//\IJN—I : \IJN_Q\\¢
P
Concrete models:

Mg ~ M (Strong CP solved externally)

Froggat-Nielsen ALP 14 Alessandro Valenti | University of Basel

K — ma not kinematically allowed!



2. Discrete Froggatt-Nielsen

Discrete Froggatt-Nielsen models

Simplest setup:  U(1)py = Zy symmetry

Important: CD”{; ~ (CID*)N 7} (Zy)

max [ng;] < N/2

cb'/‘I’N—l U g
B
Concrete models:
Mg ~ M
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2. Discrete Froggatt-Nielsen

Theory constraints (no fine-tunings)

Aqen
2 2
mg Z ma,QCD \ mc% 5 /IVC%
C)Q /
Q@ .
HoH
~
\
10712 GeV 1}
’
(I)N /
Vo O —— +h.C
MP
M—l
k o) o) "peV
m; 2 M, oG
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3. The minimal model: Z,

Minimal model: Z, “q + e”

0.55¢> 2.5¢> (0.73 — 1.8i)c” 0.25¢% 7,67 € 0.15¢* 0 0
2
Ya=1 0  0.049¢ 0.10¢ .= 0 057 y,e Y,=| %¢ 0.l4e O
0 0 0.011 0 0 071 26> Yee 001
y ~ ¢* —3
e e ~4.4 %10
Yespu ™ € - “Acceptable” f ~2) tuni
" ptable” fit (O(107%) tuning )
Yibr ™ 1 - Pattern analogous to U(2),,, models
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3. The minimal model: Z,

Minimal model: Z, “q + €”

UV completion: VLQ O5, O, + VLL E7, E,
Z, charge: (0, 1) 0, 1)

H ® H ® o H
43 + d3 o _\\._‘/_ d2,3 d1 —\\O—‘—‘/— dj
; Q1 Q3
Vb Vs (€ ~ (P)/M) Yd

up quarks, leptons analogous
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

SM+a EFT SM+® EFT Uv

—
QCD EW FN VLF

Interplay between UV (VLF) and ALP effects
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

* VLF

(H)
H

U;) —@--------- o— di(u o - - - - - -—-- ®

H\ H\\ H d;(ui) H(f]) k(uk) l; o ly

\ Q3(g3) Q3(g3) E4(es3) E$(es3)

a ES dj(u;) —&--------- o— d;(u

/ Q2 \ / 2 \ ( ) H(H) l( l) fj .—————}1—_———“ El

d d_y gz e dz (’U, ) —® - - - - - - ® Ek

() () J H(H)
(5 (g3) E3 (es)
di(u;) —e&--------- ® 4
j(uj) H(ﬁ[) l
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

* VLF

H (1;][) H H di(u;) —----—---- o— di(ur) ¢ & - - * l
| | . ) H(H) " H -
3(a3) Q3(g3) E%(e3) E9(es)
a ES di(u;) —&--------- o— d;(u
/ Qz \ / 2 \ ]( ]) H(I:I) l( l) Ej '""_"I_j"_"_' fz
d; d; % ¢ di(u;) —----- S £
(u;) (u;) ’ H(H) ’“
5(43) E3(e3)
Observables: dj() — - 4
H(H)

- Rare meson decays
- Rare lepton decays
- Meson mixings
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

* VLF

(H)
H

H\ / H\\ //H di(u;) 4*"1;[‘(5)""7 di(ug) /; r————h—r————o /s

. i N ,’/ Q3(43) Q3(g3) E%(es) E9(es)

a ES di(u;) —&--------- o— d;(u

/ Q2 \ / 2 \ ]( ]) H(ﬁ) l( l) gj ._____Ij____‘ El

d; d; % ¢ di(u;) —&----- -9 /

(u;) (u;) ’ H(H) ’“

Q3(g3) E3(e3)
Observables: diu) — e g

- Rare meson decays

- Rare lepton decays Ve ™ GMQ’ E |%I> Vo 2> 3 TeV
- Meson mixings

- ... Leading: ¢
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

* VLI
* ALP
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

* VLI 1
* ALP Z D 2 —C];fL,l(p + ia)fg ;+ h.C. + h.0.

f=u,d,e Vo
My My
Mg My Ty
1 iy my
- clf; fixed by FN mechanism c? ~ v_ md?S AL m,
(I) m m m2
- Free parameters: m_, vy, m d_d m— m,—
md mb mb

Here m, ~ vq, Natural expectation (4, ~ 1)

(", (¢! analogous)
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

P

qd; Lﬂi Rare
P a< meson
/ ¢,
K decays
K- nma,B - Ka
Displaced B — K uu

—

(Leading)

K, = uu,K; — pe
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

* VLI
* ALP

¢

-4 - .

q;

da
/// - a
q [ ‘/ q] : ql ‘/ y ,/
\‘ \‘ f . /
\ / \ ’ l
P | P pl P \
/ ,” f ]

fk
g £, | Rare . At Rare
a /s’
P---< P  meson ‘i '\ lepton
7 / decays ‘] decays

K- nma,B - Ka (S
Displaced B — K uu %
1

(Leading)

K, = uu,K; — pe
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

« VLF
. ALP

¢

-4 - .

q;

d
/ a .
q; ‘/ d; q; & y

\ \“ f /
X / £ \ ?
, ; j \ |
|
¢

qd; fi Rare Cl./l_ fk Rare ,': FO
da s /
P < . > meson 2 < lepton 7 - AF =2
K ] decays ‘] decays

K — ma,B - Ka

% —> Ud
Displaced B — K uu P

(Leading)
(Leading)

[®
T — 3u (displaced?) 4

K, = uu,K; — pe

Froggat-Nielsen ALP 28 Alessandro Valenti | University of Basel



3. The minimal model: Z,

Phenomenogy: tower of EF1s

* VLI

* ALP <L D 2 —cfle(p + ia)fg ;+ h.C. + h.0.
fudevq)
+Lﬂi_)fj > T Uy, U > ey,...

+ /4 — € conversion

+ ...

+ Cosmology —— >%3raNysF 2 H(IgpN),

+ Astrophysics ————— 3SN1937, ...
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“Natural” Z, probed by UV completion, vg ~ few TeV allowed!
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4. Conclusion

* FN models: popular, high-scale flavor models
e Discrete FN models allow massive ALP, lower FN scale

» /,4: minimal, predictive framework with simple UV completion

* Phenomenology: Interplay between VLF and ALP crucial
e N models can live at few [eV/ scale!

Thank you for your attention!
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/Z,; potential

A 1 A
VD)= —m2| 0P+ = |0 |* — ——2_ [N + (D] + ...
(©) O+ S0 = @Y + (@9
— l/
Zyy O ZYk(D‘PL,kHWR,k — v L,
MN=-4  MN-4 1672
k O W
m N '

N2 (v,/y,) — large N disfavored (€~ O /y)™)
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/e model

123~ (2,10) ity 53~ (2,1,0) dy55(2.2,2)

f1,2,3 ~ (4,4,4) 51,2’3 ~/ (0,1,2)

A 4 4 . -\ _4 4 3 2
yc.l'.,e - (64, 63, 62) 0.55¢ 2.563 (0.73 1.242)6 0.2563 Zu2€2 2 €
) Yg ~ 0 0.74€ 1.51€ , Yy | yu, € 0.57€” yy. €
A1 4 9 0 0 2.4¢2 Ty, €2 Ty, 0.71
yii ~ (6 , € 91) 4
0.15¢* 0 0
, Ye >~ | Ze,e* 2.1 0
€ : 6.6 X 10_ 26364 y63€3 2'362
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/e model

UV completion:

[LN] — Y [ N—1] = —1, [ 3\/'—2] = —2, [ N—S] —3
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