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                                 UV COMPLETE CHIRAL 
   FROGGATT-NIELSEN MODELS 
 



Outline 
§   Mass hierarchies and Froggatt-Nielsen models:   
simplest U(1) examples 

§  Global versus gauge symmetry 
§   Field theory models with chiral heavy fermions  
§    Flavorful axion 
§   Conclusions 
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   Fermion mass hierarchies and  
       Froggatt-Nielsen models 

• Standard Model gives no hint on the hierarchies of fermion 
masses and mixings.   
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There are therefore flavor changing transitions in the SM : s ! uW�, etc. Experimental measurements
give a hierarchical form of VCKM of the type (Wolfenstein parametrization)
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where � = sin ✓c ' .0.22 is the Cabibbo angle. N. Cabibbo wrote first in 1962 the 2 ⇥ 2 version of the
CKM matrix
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It is simply to check that, after field redefinitions, VCKM contain three rotation angles and a CP violating
phase10. Notice also that CP violation in the SM is suppressed by �3 in VCKM .
The unitarity of the CKM matrix
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has various important consequences. One of them is the GIM mechanism (Glashow-Iliopoulos-Maiani,
1972), to which we will turn soon.

6.5 Higgs couplings
The Higgs mechanism described above is the minimal option, by using only one Higgs doublet �. Start-
ing from the Standard Model lagrangian (218), one can easily work out the Higgs boson couplings to
fermions and gauge fields in this gauge, by starting from the unitary gauge, where
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By replacing this into (218), one finds the Higgs couplings to gauge fields, fermions and itself are
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Obviously, the test of the SM nature of the Higgs boson sector is the proportionality between the SM
Higgs boson couplings to the mass of the particles it interacts to. This linear proportionality relation
ceases to be valid if the Higgs sector is non-minimal, containing more doublets or other representations.

Notice also that the diagonalization of the fermion mass matrices in the SM Higgs case diagonalize
simultaneously the Higgs couplings to fermions. There are therefore no flavor transitions mediated for
the minimal case of the SM Higgs doublet, which is very welcome in light of the tight constraints from

10In the case of N generations, a simple counting predicts N(N �1)/2 rotation angles and (N �1)(N �2)/2 CP violating
phases. In fourth-generation extensions of the Standard Model, we therefore expect new sources of CP violations and apparent
violations of the unitarity of the usual CKM matrix.
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An old profilic idea (Froggatt-Nielsen, 79) :  
      flavor U(1), spontaneously broken  symmetry.  
 
 Fermions of different generations have different charges 
            
 
                                                             horizontal/family symmetry 
Fields: 
Charges  qi , uc

i , dci
One needs charged « flavons »          breaking the symmetry. 
Renormalizable level: only top Yukawa (and the bottom for two-
Higgs doublet models/SUSY) exists.    

�
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The other Yukawas are generated through non-renormalizable  
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Quarks masses and mixings are given by (                          ) 

Good fit to to data  larger charges for the lighter generations 
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X� = �1
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§  Origin of non-renormalizable operators ? 
 
-  String theory/supergravity 
                                 In this case 
 
- Mixing of light fermions with heavy fermions of mass    

M = MP

Figure 3: Tree diagrams generating the SM fermions masses when
xu = 1, xd = 2, xe = 3, nQ = 4 and nL = 0

19
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All the papers we are aware of assume heavy fermions to be 
vector-like wrt                                                        U(1)X

§                             can be global or local 
In both cases we can consider mixed anomalies 
 
 
 
where                   

U(1)X

U(1)X �Ga �Gb

Ga,b = SU(3)c, SU(2)L, U(1)Y

If heavy fermions are vector-like, mixed anomalies are 
completely determined by the SM fermions.  

Aa ⇠ Tr(XT 2
a )
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Minimal models: one spurion and holomorphic couplings: relations 
mass matrices-mixed anomalies (Ibanez-Ross; Binetruy-Ramond…) 
 
  

B, the lepton number L and the Peccei-Quinn symmetry P, with a charge 1 for all the matter fields

and −2 for the two Higgs doublets. Since the charge X of the U(1)X has to commute with the

Standard Model gauge group the allowed shifts in X are given by a linear combination of 4 abelian

charges:

X̂ = X + βY + γ(B − L) + δ(3B + L) + ζP (19)

without changing the mass textures. This redefinition can be used to achieve an anomaly free theory

by implementing either the Green-Schwarz condition (with sin2θW = 3
8 ) through the relations,

3
5A1 = A2 = A3, or through the usual one, A1 = A2 = A3 = 0, provided, of course, the eqs.(18) are

satisfied. In both cases one must also impose A′
1 = 0. Now, since (B−L) and, obviously, Y have no

SM anomalies, one can only take advantage of the shifts δ and ζ to change A1, A2, A3. Then, one

can use a combination of (B − L) and Y to obtain A′
1 = 0. However A′

1 and, a fortiori,A1, A2, A3,

are all invariant under the following shift

X̂ = X + η[A1Y − (A1 +A2 +
4

3
A3 − 2h1 − 2h2)(B − L)] . (20)

This residual freedom is tacitly assumed in our results from now on. It could eventually be fixed

by studying other physical consequences of the U(1)X gauge symmetry than the mass matrices

themselves.

Therefore the redefinition (19) of the charge can be used to adjust the anomalies in (16)

without affecting the combinations (18). As we shall see in the next paragraph, those combinations

have in the model considered a direct physical meaning: they can be expressed in terms of the

determinants of the mass matrices. This is certainly an interesting feature of the proposed solution

for the Yukawa hierarchies. It is worth remarking that the equation A′
1 = 0 is linear in the shift

parameters. This property follows from Tr Y B2 = Tr Y L2 = 0.

5. We now turn to the implementation of the anomaly cancellation in the specific models. Let

us first assume that the charge differences are all positive, but without restricting the values of h1

and h2. Then we can readily write the relations between the Yukawa determinants and anomaly

combinations as follows

det
!

YUY
−2
D Y 3

L

"

= ε3/2(A2+A1−2A3) ,

det (YUYD) = εA3+3(h1+h2) , (21)

which can also be combined into the relation

det
!

Y −2
D Y 2

L

"

= εA2+A1− 8

3
A3−2(h1+h2) . (22)

Clearly, the anomaly combinations appearing in these mass determinants are precisely those that

are invariant under the symmetries of the mass matrices given by (19). The first of Eqs.(21) is
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which can also be combined into 

§  Minimal number of heavy fermions equal to the exponent of the 
determinant of the mass matrix (Leurer-Nir,Seiberg)  

etc 
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Fermion masses/mixings for one spurion and holomorphic 
couplings strongly imply non-vanishing mixed anomalies. 
 
OK if              is  global. In this case, the model has an axion with 
flavor-dependent couplings to fermions : flavorful axion 
(Wilczek;Calibbi,Goertz,Redigolo,Ziegler,Zupan; Ema, Hamaguchi,Moroi,Nakayama)   
 
Stronger couplings to light quarks:  
 
Couplings to gauge fields similar 
to DFKZ models 
  

Global versus gauge symmetry 

U(1)X

qi
V @ma q̄i�m qi
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However,  quantum Gravity/String Theory does not like global 
symmetries: typically explicitly broken by gravity and 
nonperturbative effects.  
 
If                 is gauged,  models with one spurion and heavy 
vector-like fermions generally incompatible with anomaly 
cancelation  
 
-  Stringy origin, Green-Schwarz mechanism 

-  Field theory, but heavy chiral fermions  
  

U(1)X
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Field theory models with chiral heavy   
fermions 

�Lmass = yi�2 i c
i

X2 6= 0 Heavy fermions vector-like wrt SM gauge 
group, but chiral wrt  U(1)X

Anomaly cancels between heavy and light fermions  

ASM
a +Aheavy

a = 0
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Use one flavon          and a second for fixing the heavy fermion  
masses   

with  

It can be shown that the contribution of heavy fermions to the 
SM gauge couplings running is completely determined by the 
mixed anomaly of light SM fermions 
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In MSSM, the heavy fermions contribution preserves unification 
if 

which is also the prefered relation from the mass matrices 
viewpoint. 
 
§  There is an analogy with the stringy Green-Schwarz case: 

below heavy fermion masses the field theory model is similar 
    to the stringy one 

Contribution of 
heavy fermions 
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The simplest way to satisfy   

with heavy fermions in « complete SU(5) representations »   
( different                 charges) .  
 
We have explicit examples with anomaly-cancelation. Strong 
perturbativity limits on the heavy-fermion masses, similar to the 
vector-like FN models (Calibbi, Lalak,Pokorski,Ziegler)  



16 

E. Dudas – CNRS and E. Polytechnique 

       A flavorful axion 

The model has a physical axion  

Goldstone eaten by the gauge boson  

Peccei-Quinn axion  

PQ symmetry is protected by the gauge symmetry, accidental. 
 
Any difference in low-energy couplings compared to 
« standard » flavorful axion ?    
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Yes, since below the scale of heavy fermions the effective action 
of the form 

The low-energy  couplings to gauge fields are then determined 
both by heavy and light fermions . We find 

Couplings 
to gauge fields 

Couplings  
to quarks 

Flavorful axion couplings correspond to  

contribution heavy fermions 

anomaly heavy fermions 



                Conclusions 
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§  Field-theory gauged FN models with chiral heavy fermions  
    more natural: dynamical mass,low-energy anomalies, axion  
 
§  Structure of mass matrices for minimal Yukawas naturally 
  preserves gauge coupling unification in MSSM 
 
§  Low-energy axion couplings slightly modified compared to the 

flavorful axion.  

§  We have explicit examples, perturbativity in minimal setup 
favors large axion decay constants   

 
 
 
  



THANK YOU 
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