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The Standard Model and its shortcomings

A Higgs boson discovered

No significant deviation from
the SM

No signs of new physics

But no explanation for

Dark Matter

Fermion mass hierarchy

Vacuum stability
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Motivation

Yukawa couplings in SM are free parameters with no explanation for
the hierarchy among them.

The Froggatt-Nielsen mechanism naturally generates the SM Yukawa
couplings by introducing a complex scalar field (flavon) which
acquires a VEV.

The Yukawa matrix is then given in terms of the flavon VEV.

In the absence of CPV, Higgs-flavon mixing leads to:

h and Reφ ⇒ two states H1 and H2.

third state Imφ
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The Froggatt-Nielsen mechanism

with a leptophilic flavon
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Froggatt-Nielsen mechanism

A Higgs doublet and a flavon singlet:

H =

(
0

vh+h√
2

)
, Φ =

(
vφ + φ√

2

)
, with φ = Reφ+ i Imφ

The effective operators after integrating out the heavy fermions:

cij

(
Φ

Λ

)nij

f̄L,i fR,jH
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Each vertex is U(1) symmetric:

cij

(
Φ

Λ

)nij

f̄L,i fR,jH, qL̄,i + qR,j + qh + qφnij = 0

Particle f c
L,i fR,i H Φ

U(1) charge qL̄,i qR,i qh qφ

After SSB:

LYukawa ⊃ cij

(
vφ√
2Λ

)− 1
qφ

(qL̄,i +qR,j +qh)

f̄L,i fR,j
h√
2

The SM Yukawa coupling (qφ = −1, qh = 0)

Yij = cij ε
(

nij︷ ︸︸ ︷
qL̄,i + qR,j )

with ε =
vφ√
2Λ
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What ε to choose?

Y =




ε3

ε2

ε


 , Y =




ε6

ε4

ε3




ε = 0.01 ε = 0.1
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What charges to assign?

Y =




ε3

ε2

ε


 , ε = 0.01

ēL eR µ̄L µR τ̄L τR

2 1 1 1 0 1

Y =




ε6

ε3

ε3


 , ε = 0.1

ēL eR µ̄L µR τ̄L τR

6 0 3 0 3 0
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Leptonic part of the Lagrangian

Leff ⊃
vh√

2
Yij

(
1 +

h

vh
+ nij

φ

vφ

)
l̄ ′L,i l
′
R,j

Diagonalising the Yukawa matrix

Ydiag = UL Yij U
†
R

In the lepton mass basis

Leff ⊃ l̄LMdiaglR +
h√
2
l̄LYdiaglR +

vh

vφ

φ√
2
l̄L,iκij lR,j + h.c .

CLFV processes with coupling

κ̃ij =
vhκij√

2vφ
=

[
yj

3∑

k=1

qL̄,k (UL)ik(UL)∗jk + yi

3∑

k=1

qR,k (UR)ik (UR)∗jk

]
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The scalar potential

V (H,Φ) = −µ2
h(H†H)+λh(H†H)2−µ2

φ(Φ†Φ)+λφ(Φ†Φ)2+λhφ(H†H)(Φ†Φ)

with

H =

(
0

vh+h√
2

)
, Φ =

(
vφ + φ√

2

)
, with φ = Reφ+ i Imφ

The physical states

(
H1

H2

)
≡
(

cos θ sin θ
− sin θ cos θ

)(
h

Reφ

)

where

tan 2θ =
λhφvhvφ

λhv
2
h − λφv2

φ
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Discrete Froggatt-Nielsen symmetry
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The scalar potential

V (H,Φ) = −µ2
h(H†H) + λh(H†H)2 − µ2

φ(Φ†Φ) + λφ(Φ†Φ)2

+ λhφ(H†H)(Φ†Φ) + m̃2Φ2 + h.c .

with

H =

(
0

vh+h√
2

)
, Φ =

(
vφ + φ√

2

)
, with φ = Reφ+ i Imφ

The physical states H1, H2 and Imφ with masses

mH1 = 125 GeV, mH2 ∼ few hundred GeV

mImφ ∼ m̃
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The couplings to leptons

The physical states H1, H2 and Imφ couplings to leptons

κ̃ij =
vh√
2vφ

[
yj

3∑

k=1

|qL̄,k |(UL)ik (UL)∗jk + yi

3∑

k=1

|qR,k |(UR)ik (UR)∗jk

]

η̃ij =
vh√
2vφ

[
yj

3∑

k=1

qL̄,k (UL)ik(UL)∗jk + yi

3∑

k=1

qR,k (UR)ik (UR)∗jk

]

where

L ⊃
[

cos θ
Y diag

ij√
2

+ sin θ κ̃ij

]
l̄iPR lj H1 +

[
− sin θ

Y diag
ij√

2
+ cos θ κ̃ij

]
l̄iPR lj H2

+ i η̃ij l̄iPR lj Imφ+ h.c.
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Our charge assignment

The discrete charge assignments for ε = 0.1

Particle eL eR µL µR τL τR H φ

Charge 6 0 -3 0 -3 0 0 -1

The texture leading to a long-lived DM

Y =




ε6 ε6 ε6

ε3 ε3 ε3

ε3 ε3 ε3
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Bounds from CLFV processes

Observable Present limit Experiment

BR(µ→ eee) 1.0× 10−12 SINDRUM

BR(τ → eee) 3.0× 10−8 HFAG

BR(τ → µµµ) 2.0× 10−8 HFAG

BR(µ→ eγ) 5.7× 10−13 MEG

BR(τ → µγ) 4.4× 10−8 HFAG

BR(τ → eγ) 3.3× 10−8 HFAG

CR(µ-e,Au) 7.0× 10−13 SINDRUM II
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CLFV processes mediated by a light Imφ

throughout this paper, we have

ij = yj

3X

k=1

|qL̄,k|(UL)ik(UL)⇤jk + yi

3X

k=1

|qR,k|(UR)ik(UR)⇤jk , (12)

⌘ij = yj

3X

k=1

qL̄,k(UL)ik(UL)⇤jk + yi

3X

k=1

qR,k(UR)ik(UR)⇤jk , (13)

where yi are the Yukawa matrix eigenvalues. This is the source of lepton flavor violation in
our model. Upon the Higgs–flavon mixing, such flavor changing couplings also appear in the
interactions of the physical Higgs–like boson.

It is important to note that the neutrino sector does not have a direct impact on our
considerations. Indeed, the LFV couplings are due to the matrices UL,R which diagonalize
the charged lepton mass matrix. Here we simply assume that realistic neutrino textures can
be generated by some mechanism which depends on the nature of the right–handed neutrinos
and their multiplicity.2

3 CLFV bounds

µ

e

e

e

Im�

µ e

�

N N

Im�

µ e

�Im�

Figure 1: The li ! ljlkll (left), µ $ e-conversion (center) and li ! lj� (right) processes
mediated by the pure flavon, Im�.

Finally, it is important to keep in mind the limitations of our e↵ective field theory ap-
proach. While tree level processes are well under control, the loop contributions in our
framework are only indicative in nature since they depend on the details of the UV comple-
tion. This issue can be addressed in specific models whereas here we provide the expected
lower limit on loop induced LFV.

The flavon interaction (9) induces lepton flavor violating processes which are strongly
constrained by experiment. In this Section, we derive the corresponding limits on the flavon
couplings parametrized by

̃ij =
1p
2

v

v�
ij , (14)

2The number of right–handed neutrinos can in principle be very large [?].

3

For mImφ < 1 MeV ⇒ vφ & 5 TeV
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Lifetime of decaying Dark Matter

Lifetime of DM

τDM =
1

ΓImφ→γγ
> 6.612× 1032 1

ev
age of the universe

5 g-2 muon anomaly

�aµ = aexp
µ � aSM

µ ⇠ 10�11 (18)

The contribution from Im�

aIm�
µ = � ⌘̃2

µµ

8⇡2
(�5

4
+

⇡2

6
) (19)

Note that
�Sign(aSM

µ ) = Sign(aIm�
µ ) (20)

Figure 5: Contribution to g-2

Im�

�
l+

�

h2 H+

h1

h3

H�
H+

�

Figure 6: The process h2 ! h1h3� proportional to vReZ7ImZ7.

8

for mImφ = 10 KeV ⇒ vφ ∼ 106GeV

for mImφ = 1 MeV ⇒ vφ ∼ 1013GeV
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Direct Detection of Dark Matter

5 g-2 muon anomaly

�aµ = aexp
µ � aSM

µ ⇠ 10�11 (18)

The contribution from Im�

aIm�
µ = � ⌘̃2

µµ

8⇡2
(�5

4
+

⇡2

6
) (19)

Note that
�Sign(aSM

µ ) = Sign(aIm�
µ ) (20)

Figure 6: Contribution to g-2

Im�

�
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�
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Im�H1

Im� q

q̄
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Im�

Im�

Figure 7: The decay of DM (left), the main production mechanism of DM (center and right)
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e
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e

Figure 8: Direct detection of DM
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Figure 8: Direct detection of DM

8

Direct detection experiments are not sensitive to such low masses
(mDM ∼ 10 KeV− 1 MeV)
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CMB constraints on decaying DM

Assuming τDM & 1017 s
(age of the universe)

=⇒
DM will only contribute to
10−8 of observed
relic density

If mImφ is 100% of DM:

mImφ = 10 KeV
vφ ∼ 1010GeV

for mImφ = 1 MeV
vφ ∼ 1017GeV 104 106 108 1010 1012 1014 1016 1018 1020 1022 1024 1026

�[s]

10�14
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10�12

10�11

10�10

10�9

10�8

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

�

µ-FIRAS
y-FIRAS

BBN constraints
Planck constraints - e± injection
Planck constraints - � injection
On-the-spot with feff ' f (z(�c))

BBN constraints
Planck constraints - e± injection
Planck constraints - � injection
On-the-spot with feff ' f (z(�c))

Figure 5. Cosmological constraints on the effective energy density parameter ⌅ of exotic particles
with e.m. decay channels. The effective energy density ⌅ is normalised to the CDM energy density,
and incorporates an efficiency factor (thus ⌅ = 1 means that the particle makes up 100% of CDM, and
that 100% of the decay energy goes into stable photons and e±). We report bounds coming from Big
Bang Nucleosynthesis (shaded red area), CMB spectral distortions (full lines) and CMB anisotropies
measured by Planck (shaded blue area for e± and shaded green area for �; the width of the band is
obtained by scanning over the kinetic energy of the injected particles in the range [10 keV; 1 TeV]).
In the case of CMB anisotropies, we compare the use of the full treatment for the energy deposition
with the on-the-spot approximation (dashed lines).

3.2.3 Results

We summarise the constraints on massive particles decaying into photons and e± with kinetic
energies in [10 MeV; 1 TeV] in Fig. 5. In fact, due to the behaviour of injection efficiency
with energy, see [24], the range of CMB constraints thus obtained also covers the case of
smaller injected energies, down to about 10 keV. Hence, we can safely assume that the band
displayed gives a very good estimate of constraints for energies in the range [10 keV; 1 TeV].
For each lifetime, we report lower bounds on the effective energy density parameter ⌅, defined
in section 2.1. Given this definition, if the decaying particle accounts for 100% of cold dark
matter, ⌅ is expected to be equal to one or at least of order one, unless no sizable amount of
e± and photons are produced by the decay (e.g. the particle may decay entirely into neutrinos
or dark radiation, a case considered separately in Ref. [9]). If at least a small fraction of the
injected energy goes into photons, electrons and positrons, a bound ⌅ ⌧ 1 implies that the
particle contributes to the total dark matter density by a negligible amount.

For each assumed lifetime, injected energy and decay channel (� or e±), our Mon-
tePython run gives a CMB upper bound on ⌅ that we report on the figure. We obtain
two bands, one for each decay channel, with a width corresponding to extreme assumptions
on the injected energy. We also repeat the analysis with the on-the-spot approximation and

– 15 –

JCAP 1703 (2017) no.03, 043
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Summary

Froggatt-Nielsen mechanism predicts a complex flavon responsible for
producing the SM fermion Yukawa couplings.

In the case of a lepto-philic FN mechanism, the imaginary part of the
flavon could be very long-lived ∼ the age of the universe.

It will only contribute negligibly to the observed Dark Matter relic
density due to constraints from CMB anisotropy.

Requiring this particle to account for 100% of the observed DM
density, derives the model into ”un-observable” realms.
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BACKUP SLIDES
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How to observe this?

At an e+e− collider

e�

e+

Z

⌧+

⌧�

Im�

Figure 9: How to observe this at colliders?

9
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Relic density of Dark Matter

Main production channels of DM in early universe

5 g-2 muon anomaly

�aµ = aexp
µ � aSM

µ ⇠ 10�11 (18)

The contribution from Im�

aIm�
µ = � ⌘̃2

µµ

8⇡2
(�5

4
+

⇡2

6
) (19)

Note that
�Sign(aSM

µ ) = Sign(aIm�
µ ) (20)

Figure 6: Contribution to g-2
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Figure 7: The decay of DM (left), the main production mechanism of DM (center and right)

8
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Freeze-in vs. Freeze-out

1 10 100

10
�15

10
�12

10
�9

Y

x = m/T

Freeze-in vs Freeze-out

Equilibrium yield

Increasing    
 for freeze-in

�
Increasing    
 for freeze-out

�

•  As     drops below mass of relevant particle, DM abundance is 
heading towards (freeze-in) or away from (freeze-out) thermal 
equilibrium 

T

(borrowed from S. West’s talk in ULB in 2010)
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How much Higgs-flavon mixing is allowed?
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Excluded at 95 % CL by direct searches (red), precision tests (gray), and
H1 couplings measurements (yellow). [Falkowski et al (2015)]
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