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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 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:
@ hand Re¢p = two states H; and H..
@ third state Imo
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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:

0
H= van |, ¢—<V¢+¢>, with ¢ = Re + i Im¢
V2 V2

The effective operators after integrating out the heavy fermions:

(0] _
C,'j </\> fL,,'fR’jH
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Each vertex is U(1) symmetric:

O\ -
Cjj </\> fLifrjH, 97,i + 9rj + qn+ qgn;; =0

Particle S| fri | H| @
U(1) charge | qz; | qr.i | 9n | 90

After SSB:

1
—@(qz,ﬁquﬁqh) _

Ve > it
\ﬁ/\ L,i R,_j\/é
The SM Yukawa coupling (g, = —1,qs = 0)

EYukawa D Cij <

——
Y = cj ar,i + 4ar,j)
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What € to choose?

0.511MeV 1057 MeV | 1.777 GeV
e L H
Y2 Y2 Y2 T

electron muon tau
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Leptonic part of the Lagrangian

Vh h Qb 7o
Ler D — Vi (1+—+n— T il5:
T2 ( Vh Vas)L’R"

Diagonalising the Yukawa matrix
Yiing = UL ¥ UL
diag L R
In the lepton mass basis

- h - Vh O -+
Lefr D I Mgiaglr + —=11 Yaiaglr + *L/L,i Irj+ h.c.

V2 Vo V2

CLFV processes with coupling

3 3

VhKjj * %

= 0 =y > g, (U i(Uj + i Y ar(Ur)ic(Ur)je
V2 k=1 k=1
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The scalar potential

V(H, ) = —pi(H H)+ X (HTH)? =5 (9T 0) 4+ 24 (0T ®) 240, (HTH) (0T 0)
with

0
H={ van |, o= (W> . with ¢ = Re¢ + i Imo
V2 V2

The physical states
Hy _ cosf sinf h
H, ] 7\ —sinf cosf Reg

VAVe
)\hvﬁ — )\¢v£

where
tan 20 =
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Discrete Froggatt-Nielsen symmetry
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The scalar potential

Summary
000 o

V(H,®) = —pia(H'H) + An(HTH)? = 3 (0T 0) + Ay(dTd)?
+ Ap(HTH)(0T0) + m?d? + h.c.

with

0
H= vih+h , ¢ = <V¢+O>, with ¢ = Re¢ + i Im¢
V2 V2

The physical states H;, H> and Im¢ with masses

my, = 125 GeV, my, ~ few hundred GeV

Mime ~ m

Venus Keus (Helsinki) Flavon DM Planck 2017 13/21



Introduction FN mechanism Discrete FN symmetry CLFV bounds DM Summary
oo 0000000 [elel Yo} oo 000 o

The couplings to leptons

The physical states H;, H> and Im¢ couplings to leptons

3
Ki = (U)ik(UL)ik + vi (Ur)ik(U
i ﬁ% [YJZ|qu| )ik (UL) y;qRH R)ik(UR) ]
3
i = \[ [)ﬁzqu UL)i(UL)5 +¥i Y ar(Ur)i(Ur)
Vo k=1 k=1
where
'('hdg y_(_iiag
L D Y i I:Prl; H J l:Prl; H
[ ﬂ 1 R1j 1+ \/§ 1 RIj M2

+ i1y [iPrl; Tmg + h.c.
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Our charge assignment

The discrete charge assignments for e = 0.1

Particle | e | er | L | ur | 7L | TR | H| ¢
Charge | 6 | 0 |-3| 0 |-3,0]0]-1

The texture leading to a long-lived DM

@ 0 0
Y = S 8 8
3 3 &8
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Bounds from CLFV processes

CLFV bounds
L 1o}

Venus Keus (Helsinki)

Observable Present limit | Experiment
BR(i — eee) | 1.0 x 1072 | SINDRUM
BR(T — eee) | 3.0x 1078 HFAG
BR(T — ppp) | 2.0 x 1078 HFAG
BR(x — e7v) 5.7 x 10713 MEG
BR(7 — wy) 4.4 x10°8 HFAG
BR(T — ev) 3.3x1078 HFAG
CR(u-e, Au) 7.0 x 10713 [ SINDRUM Il
Flavon DM
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Lifetime of decaying Dark Matter
Lifetime of DM

1
> 6.612 x 103 = age of the universe

DM =
FImHW ev

e for myny = 10 KeV = vy ~ 10°GeV
e for mypy =1 MeV = vy ~ 1013 GeV
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Direct detection experiments are not sensitive to such low masses
(mpym ~ 10 KeV — 1 MeV)
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CMB constraints on decaying DM

Assuming Tpy > 107 s

10° 7
. /4
(age of the universe) 1071 y /4
_— 102 /27
/4
. . 1073 a4
DM will only contribute to ) Y/ /4
— 0~ ~ 17/
1078 of observed 105 Y /4
. . \ Vs /4
relic density 10 Y4
.:410 7 ‘ //%/
. 0 10- \ Y, /4
If Miyg is 100% of DM: o \
“\d//;/
® Miyy = 10 KeV 10710 N/
Vi~ 1010 Gev 10-1 BBN constraints ”
¢ 1012 Planck constraints - e* injection
J— B Planck constraints - -y injection —— u-FIRAS
e for mImqi7— 1 MeV 107°F ____ On-the-spot with fug = f(z(T2)) y-FIRAS
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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.

o 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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At an ete™ collider
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Main production channels of DM in early universe
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Freeze-in vs. Freeze-out

Equilibrium vyield
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(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

H; couplings measurements (yellow). [Falkowski et al (2015)]

= =) E E = DAl
Venus Keus (Helsinki) Flavon DM Planck 2017  26/21



	Introduction and motivation
	The Froggatt-Nielsen mechanism
	Discrete Froggat-Nielsen symmetry
	Charged Lepton Flavour Violating (CLFV) bounds
	Dark Matter
	Summary

