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Froggatt-Nielsen (FN) mechanism with a Z flavor symmetry focused.

U(1)gy is anomalous typically.
Such models are less discussed.



Flavor mass hierarchy in the Standard Model

Standard Model of Elementary Particles
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Flavor mass hierarchy = Yukawa hierarchy

* Yukawa coupling y;; gives mass of an elementary particle via
spontaneous electroweak symmetry breaking:

Loukawa = Vij UiQ;H -y ;{H)U;Q; = m;;U;Q;
(H) # 0

m;; = y;;(H): mass of a particle.
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Hierarchal Yukawa obtained
by the Froggatt-Nielsen (FN) mechanism

* FN mechanism can explain hierarchy with natural parameter choices
[Froggatt-Nielsen]

S\"V _
Lyukawa = (X) U;QH, A: cutoff scale, n;; >0.

" i} (<S>>"”’
Yij = N

The moreSinyij,
forororon o the smaller Yukawa for &) < 1.
(SY(SHSIS)(S)(S) A




's FN mechanism controlled by U(1)gn?

* Yukawa coupling is invariant under a U(1)gn:
S\ _
Lyukawa — X UinH
U(l)FN: 7l - eignUi Fi: Q] — eieanQjJ H - eiHnHH; S - eiBnSS;
nUi‘l‘an +nH+nl'j *Ng = 0.

* Chiral U(1)gy can be anomalous = Zy flavor symmetry!
Cf. DW problem of QCD axion, discrete gauge symmetry in string model

[Sikivie], [Berasaluce-Gonzalez et al]: See backup.



SUSY FN mechanism with Z, instead of U(1)

* Model: MSSM with R-parity + singlet flavon S

CN 4 Cm
Wy = ST+ S"H, H; 4+ Wiermion
N T4 A mA™m—1 a T W
S\ S\ i _
WFermion — C;Lj (K) uRiQLjHu + c?j (K) dR@'QLde
. S nfj B . S n?j L 1 o
+ C’ij K eRiLLde"l_C@'j K NR%-LLjHu—i_ §MijNRiNRj

» 7, invariance modulo 4 with S = e'™/25, ®pseym = e/ 2D pysoy:

d —
—T],:; nHu + Tlui + an, _77@3 = an + ndi + an

e n —



SUSY FN mechanism with Z, instead of U(1)

* Model: MSSM with R-parity + singlet flavon S

CN 4 Cm
4% — mHuH ermion
Zn A S +mAm_1S 4+ Wi
q Ut S T)fj_
WFermion — C;Lj (K) ﬂRiQLjHu + C?j (K) dR@'QLde
g N5 g M|
+| ¢ (K) €r, L, Hq+ i (K) Npg, Ly, H, +
* Yukawa coupling structure given by :
(S5)

Yij = cij €'Y,

SM N Ne,

Assumption:
Ny has charge 2

1

ij = 0(1).
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15t difference between Zy and U (1)
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+ €N coupling exists & 0(1) coupling exists.

* Realistic flavor structure with k = 0,1(d,e) &l = 0,1,2,3 (v)
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2nd difference between Zy and U(1)

* Vanishing anomaly between Z, and the SM/gravity
+ Z, invariance for realistic hierarchy (modulo 4):

Z, charge
277: _ nyg, + ng, = 3(1 + k), nQ, + 3?’LL3 =3+ I‘C, Nys = 3(nHu + ?’LQS),
TCAFF Nas = —k+ 3y, +1nQs)y  Nes =31 +np, +ng,), 2—L0=ny, +np,.
¢ m+ng, +ng,=m+3(1+k)=0
2T
S=g kA ‘ k=0 o m=1
SU(2), SU(2), _
U(1)y U(l)y 24 choices

gravity gravity m, m S m .
~ — ~ e¥cotB ﬁ W>s|(-| AHyH, Flavon-Hiees
my my A mixing



2nd difference between Zy and U(1)

* Vanishing anomaly between Z, and the SM/gravity
+ Z, invariance for realistic hierarchy (modulo 4):

Z, charge
2T N nyg, +ng, =3(L+ k), ng, +3ng, =3+k, nu =3(ng, +ng,),
TCAFF Nas = —k+ 3y, +1nQs)y  Nes =31 +np, +ng,), 2—L0=ny, +np,.
9 m+ ng, +nm, =m+3(1+k) =0 Vacuum stability kills
, k=0(m=1).
T : .
S=—k-A /(the potential minimal
SU(3), SU3), ‘ k=1 m=2 =the EW Vacuum)
SU(2), SU(2), . See parameter space for k=1 (m=2)
U1y U(Dy 12 choices in backup.
gravity  gravity m, m, G2
~ ~ € COt,B ﬁ W 3> _Hqu- Flavon-Higgs
me my A mixing



12 choices of charge assignments

consistent with anomalies

If U(1)y is embedded into U(12n),

no Z, — U(1)% anomaly exists.

1

nQs

N,




A numerical example for observables

(M, ey ms) = (0.001288,0.6268, 171.7),  (ma, ms, mp) = (0.002751, 0.05432, 2.853),
(me, my, my) = (0.0004866, 0.1027,1.746),  (ackw, sin 28ckm, Yexkm) = (1.518,0.6950, 1.240),

0.974461  0.224529 0.00364284
Verm| = 0.224379 0.97359  0.0421456
0.00896391 0.0413421  0.999105

Neutrino Am3, =T7.37x 107", Ami; = 2.56 x 1077,

& PMNS: sin® 1, = 0.297,  sin®fy3 = 0.425, sin® 613 = 0.0215.

0.02 v
A ~ 500 T o-ue s )
Cutoff scale 500 TeV x ( E ) (10 TeV)



A numerical example for couplings/Np masses

(
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[ 3.63525 —4.36595 —4.00992
"= | —5.04856 —2.38206 3.74011 |,
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tan 8 = 5. With M, = 33.1474 TeV and ¢ = 3,



Suppressed flavon coupling to the SM fermion

* Coupling of flavon S = ¢ + ia to the SM fermions f

~ A SfRfL
3 3 €2 3 €3 €2 e 3
S Uy \d.S Uq le,S Ud
AP~ p,— et e ], NP ~pi— et ¢ E, AN ~p— e e €
Us Us 2 9 Us 5 5
e € 1 €“ € € €’ € €

Nij
suppressed by I';; = (<H>)77UY fromW = (%) ] H®;D;

and alignment in diagonalizing fermion mass (off-diagonal element).

* Flavino: heavier than a/higgsino DM, and coupled to the MSSM via [};.



Energy scales in a model

(s) Flavor
A~20 1 pev 3~ L e~ 002
€ m;
(S) ~ 10 TeV ~ Mgysy
(Heavy SUSY assumed)
me ~ €(S)
mg ~ €(S)

Uhiggsino ~ e(S) ~ 1 TeV (LSP assumed)

m, ~ 100 GeV
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Flavon constraint on model with Z, symmetry

Cm=1

Ueit > 1.1 TeV

Hesf > 1.1 TeV

2x104

1x10* u Al-e Al (exp.)
§ Brica = 2.2x107°
4 5000
~N~~

2000

Uest < 90 GeV
100 1000 10* 10 50 100 500 1000
m, [GeV] m, [GeV]

Ut < 90 GeV

* Colored region excluded by:
Red: K — K

Yellow:u — e with Gold
Brown: tachyonic flavon o

- (Right) testable:

1. u = e with Alminium:
6x1077 <Br<7x10713

2.t > ca at 100TeV collider

52 : : : ..
W ~c, XHqu; larger c,,, = larger S coupling to the fermions via scalar mixing.




Summary

* FN mechanism with Z, flavor symmetry considered.

FN flavor symmetry can be discrete rather than continuous.

* A viable model constructed for Z, flavor symmetry.

(The Kahler potential can be included in the model. See backup or paper.)

Hierarchy bound: €3, discrete anomaly constraints, vacuum stability.

e Suppressed flavon coupling to the SM fermions.
Model consistent with current experiments & testable in future.



Back up



Ex: Discrete symmetry from U(1) via Anomaly

e QCD axion with a global U(1) _PQ symmetry:

! or V(a) ~ cos
f nv f’

21T
U(l)pQ _)ZN: oa Zﬁf

* In string theory, Z, gauge symmetry from a U(1) gauge symmetry:

L=e90, + quMvﬁ“" + fz((')uqb — NAM)2 + chiral fermions

U(1): 6¢ = Na(x), 60y=iNa(x)Oy — Zy:same with a(x) = %ﬂ

¢: string theoretic axion, Oy : an operator with charge N



Vacuum stability form = 2 (k = 1)
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This case can be stable,
SN Sm

.- _ _ 2 2
is different from m=1 (k=0). V. := m%[S)* + m?, [HO|" +m3, |HO|" + (ASW - AHmAm_l

HOHY + h.c.) :



Possible Kahler potential corrections

b
A@K=(JS@@3 JD@D 8- QIQ; + 55°Q1Q; + S*H@@ﬁhc)

d
+ 2515010, + =5Q1Q,QlQi+ 0 (A7),
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