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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
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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

Froggat-Nielsen ALP 7 Alessandro Valenti | University of Basel



1. The flavor puzzle and Froggatt-Nielsen models

Froggatt-Nielsen

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

U(1)py 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

7 1 Ay
: , LD ——
4 MY

DV + (P*)Y]
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2. Discrete Froggatt-Nielsen

Discrete Froggatt-Nielsen models

Simplest setup:  U(1)py = Zy symmetry

; 1
X [ Jp—
4 MY

DV + (P*)Y]

. N—4

2 r 2 0, 2 N—4

Mg ~ ANVo \ 7 NV<I>€
M(D

K — ma not kinematically allowed!

(Strong CP solved externally)
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2. Discrete Froggatt-Nielsen

Discrete Froggatt-Nielsen models

Simplest setup:  U(1)py = Zy symmetry

nl. N—n:.
. . | (I) y (I)>I< y o
o Hierarchies: - FLHfR—T> — F, Hf,
P ~ ((D*)N—m

Require max [nlf;] < N/2
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2. Discrete Froggatt-Nielsen

Theory constraints:

A 1 A
1. Stabilit VD)= —m?| 0P+ = || — ——2 [N + (D] + ...
y V@) =—m| O+ | O] 4Mg_4[ (@)
0 <mj; < Avg
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2. Discrete Froggatt-Nielsen

Theory constraints:

1. Stability
2. QCD contribution

2 12
ﬂfﬂNz

2
Vo

(No fine-tuning)

2 2
mg, < 2 m QCD

(@assuming anomaly)
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2. Discrete Froggatt-Nielsen

Theory constraints:

1. Stability
2. QCD contribution
3. QG contribution

DV + (D)

N? Voo A
2 2 2 . .
m; 2 87 ( ) Ve (no fine-tuning)
AL Mp

Froggat-Nielsen ALP 17 Alessandro Valenti | University of Basel



2. Discrete Froggatt-Nielsen

Theory constraints:

Aqon
A=0.5
S = a4
QR
K
- Hkyk
~_ l/ — -
— 5 1672
10712 GeV !
ijll 1 A
peV GeV Mpl
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3. The minimal model: Z,

Minimal model: Z,

q1’2,3 ~ (2,1,0) é1’2,3 ~ (2,1,0)

0.55¢2 2.5¢2 (0.73 — 1.8)¢> 0.25¢* z,€* z,€ 0.15¢> 0 0
Yd=[ 0  004%  0.10c ] Yu=1 0 057 y,¢ V=] %€ 0lde 0
0 0 0.011 o 0 071 v ye 001
[ yl,b,T ~ 1
Vesu ™~ € - “Acceptable” fit ( 0(1072) tuning )
0 e
lyu,d,e ~ € - Pattern similar to U(2) g+¢ Models

e ~44%107°
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3. The minimal model: Z,

Minimal model: Z,

UV completion: VLQ O7, O, + VLL £5, £,
Ly~ O, 1) O, 1)

+x71 0,0 +x1 DO, 05 +xI* ©g,05 -y POJHd; — y'* PO5Hu,

+x{ OF e; + x{§ DESE +x5¢ DESe, — ye“ € HES
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3. The minimal model: Z,

Minimal model: Z,

UV completion: VLQ O5, O, + VLL E7, E,
Zy~ (0, 1) O, 1)

H ® H ® o H
el m—e—dy e,
Qz Ql 2
Vp yg e @y,

up quarks, leptons ana\ogous (with appropriate replacements)

Froggat-Nielsen ALP Alessandro Valenti | University of Basel



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 H H
> _ FAEN > _ . K \\ //
(H'iD H)(dy*d) (HT iD,H)(iy*u)  (H'iD H)(¢y"¢) . , / ,
J N
d; d; 2 l;
Sl\/l Z (ui) (u;)
di(u;) —----- ---—di(ug) ¥, o ---—-—-—-—--—- . s
H(H) H
- - Q5 (g3) Q5(g3) Eg(eg) Eg(eg)
(d}’ﬂd)(d}/ﬂd) 7y ) d; (u;) T di(w) | | :
7 . e Y Z Z ! H
d d uy*u > — (f}/f)(f}/ﬂf) di(u;)) —¢--------- 0 /
(ay,w)(iy"u) Q3(a3) B3 (es)
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

* VLF

(H'iD H)(dy"d) (H'iD H)(ay*u)  (H'iD H)(£y"¢) ’

(dy,d)(dy"d)

(dy,d)(ity*u)
(i) ity

(Zr, 0 )\dytd)

G
Er ) O
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

* VLF

(H'iD H)(dy*d) (HT iD,H)(iy*u)  (H'iD H)(¢y"¢) ’

Observables:

- Rare meson decays
- Rare lepton decays
- Meson mixings

(dy,d)(dy"d)

(dy d)(ity"u)
(ity )ity u)

(Zr, 0 )\dytd)

G
Er ) O
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

e VLF
(H'iD,H)(dy"d) (HTlDﬂH)(uy”u) (HTIDMH)(L”;/”K) ’
Observables:
- Rare meson decays
- Rare lepton decays
- Meson mixings
(dy d)dy'd) )
() iy u) (CrOHdr'd) G Leading: €4

_ _ (Zy, 0 )iy u)
(y, )ity u) Vg 2 3 TeV
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3. The minimal model: Z,

Phenomenogy: tower of EF1s

* VLF
e ALP <L D Z flep+ia)fRJ+h.C.+h.O.

f=u,d,e

C.. I [(UfTQFUf)mf _ mf(UfTQfo)]

ij —
Vo ij
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3. The minimal model: Z,

Phenomenogy: tower of EF1s
o \/LI

e ALP <L D Z Cl].;fL’i(p + ia)fg ;+ h.C. + N.O.

f=u,d,e 1
¢, =— [(U{T 0T U — i (UL Qng;)]
Vo i
- ¢, (¢®)! analogous a M My
m, m,
-m, ~ Ay4Vg free parameter ¢~ M My My
(A4 ~ 1 natural expectation) o Ma M
d m, \) my, b m2
b
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3. The minimal model: Z,

Phenomenogy: tower of EF1s
o \/LI

e ALP <L D Z fle(p + ia)fg ;+ h.C. + N.O.
4 f=u,d,e
0

da
g; ‘// g, A

P ( OP’ p( OP’

g, 2 Rare

P-c-l-< . meson

Y ! decays
K — ma,B - Ka
Displaced B — K uu

P

—

(Leading)

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

Phenomenogy: tower of EF1s
o \/LI

e ALP <L D Z C].;]?L,i(p + ia)fg ;+ h.C. + N.O.

4 f=u,d,e
al/f a

da
q; ‘/// d; g ‘/ J ,//
\ \ /
‘ 4
\‘ , \‘ i
P | P pl P’ \
/ ,” f ]

l’ﬂk
g 7 Rare a.’,l— ‘i Rare
P-C-l-< . > meson ¢ '\ lepton
L / decays ‘] decays

K- nma,B - Ka

[®)
" = T = Ud
Displaced B — K uu % 5
|

(Leading)

T — 3u (displaced?)

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

Phenomenogy: tower of EF1s

* VLF
e ALP <L D Z Cl].;fL,i(p + ia)fg ;+ h.C. + N.O.

4 f=u,d,e
a/..-l/qj ‘) M

a
4 4 I« /
\‘ \“ f /
X / £ \ ?
, ; j \ |
|
=

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

K- nma,B - Ka

% —> Ud
Displaced B — K uu fTr

(Leading)
(Leading)

[e)
3 K-K (€x)
T — 3u (displaced?) 4

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

Phenomenogy: tower of EF1s

* VLF
e ALP <L D Z flep+ia)fRJ+h.C.+h.O.

f=u,d,e

+0; > L)Y > T unp e,

+ /4 — € conversion

+ ...

+ Cosmology —— >%3raNysF 2 H(IgpN),

+ Astrophysics ————— 3SN1937, ...

Froggat-Nielsen ALP + HaIOSC@peS + S Alessandro Valenti | University of Basel



1/?)@ [Ge\/_l]

1
1073
R
—6 % B
10 5N
T
)
S
]_0_9 C?(;
%
1012 ;I—Ialoscopes '/'
S
. Qs
10—15 ; '/
7,4, model
1018 il ool ool ool vl vl el v vl sl sl sl sl .
0°* 107" 107* 107 107 107° 1 10° 109 10”
mg |GeV]

Froggat-Nielsen ALP 34

1072

10~*

1078L

Rare meson

decays

T
'y
L]
.
'
'y
.
’
.

7,4, model

'y
L
"y,

4
','
1
’
1

1 10*

107
mg |GeV]

10°

Alessandro Valenti | University of Basel



Froggat-Nielsen ALP
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4. Conclusion

N models remain some of the most popular 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 FN models can live at few TeV 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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