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Introduction

I Motivation: Hierarchy for masses and mixing angles in the
Standard Model. ⇒ New Physics?

νe:? MeV νμ:? MeV ντ:? MeV

τ:1.78 GeVμ:105.7 GeVe:0.511 MeV

Up:2.3 MeV Charm:1.29 GeV Top:173 GeV

Down:4.8 MeV Strange:95 MeV Bottom:4.18 GeV

VCKM =

 0.974 0.225 0.0035
0.225 0.973 0.041
0.0087 0.04 0.999



I Our goal: Reproduce masses and mixing angles.

I How?: 2HDM
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The Two-Higgs Doublet Model

I Standard Model + Higgs doublet.
I Interactions with fermions:

φ1,2

QL, LL

qR, lR

I Interactions with SM Higgs
I Self-interactions
I Decoupling limit (Mφ1 ∼ 125 GeV, Mφ2 >> MZ) ⇒ ���XXXFCNC

or ((((
(((hhhhhhhLFV processes.

I Decoupling limit XSM vacuum.
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The model:

I (((
((((hhhhhhhExtra fermions (except RH-neutrinos).

I
(((

((((
((hhhhhhhhhExtra symmetries

Outcome:
X Mass hierachy

X Hierachical quark mixing matrix

X ((((
((hhhhhhHierachical lepton mixing matrix
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The Quark Sector

I Basis 〈Φ0
1〉 = v/

√
2,

〈Φ0
2〉 = 0

I Yukawa interaction
(rank-1):

φ1, φ2

QL

qR

Y (1)
u |tree =

0 0 0
0 0 0

0 0 y
(1)
u

 , Y
(1)
d |tree =

0 0 0

0 0 εy
(1)
d

0 0 y
(1)
d

→ |Vcb| � 1⇒ ε → 0

I Y
(1)
u |tree & Y

(1)
d |tree ⇒

{
mt

mb
@ tree level
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Y (2)
u |tree = U †L

0 0 0
0 0 0

0 0 y
(2)
u

UR , Y
(2)
d |tree = D†L

0 0 0
0 0 0

0 0 y
(2)
d

DR

I Y
(2)
u,d |tree just depend on UL3i,UR3i, DL3i, DR3i. Parametrize:

(UL)31 = eiρuL sin θuL sinωuL ,

(UL)32 = eiξuL sin θuL cosωuL ,

(UL)33 = cos θuL ,

I Neglect phases.

I Assume for simplicity y
(1)
u , y

(2)
u >> y

(1)
d , y

(2)
d
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I 1-loop from β function:

Y
(1)
u,d |1−loop ' Y

(1)
u,d |tree +

1

16π2
β
(1)
u,d log

Λ

MH

I 1-loop diagram (generate 2nd mass):

φ1

φ2

QL qR

QL qR

QL qRqR QL

φ2

φ1
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Quark Masses

Mass hierarchy for the quarks:

yc
yt
'
(

1

16π2
log

Λ

MH

)
3

4
(y(2)u )2 ×mixing angles

ys
yb
'
(

1

16π2
log

Λ

MH

)
y
(1)
u y

(2)
u y

(2)
d

y
(1)
d

×mixing angles

I First generation massless.
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Quark Masses

TREE-LEVEL
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Quark Masses

1-LOOP TREE-LEVEL
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Quark Masses

MASSLESS 1-LOOP TREE-LEVEL
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ψ
3
=t(0)

Top eigenstate
and eigenvalue
at tree level
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ψ
3

(0)=t(0)
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ψ
3

(0)=t(0)

δψ
3δψ

2
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ψ
3

(0)=t(0)

δψ
3δψ

2

ψ
2

(0)=c(0)

Charm quark:
-2nd eigenstate @ 0-order  

Perturbation of t(0)
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Quark Mixing Angles

I VCKM = V †uVd
I Vtb ∼1 @ tree-level.

I Cabibbo angle @ 0-order in perturbation theory:

Vus ' −Vcd '
3 sin θdL cos θuL sin(ωdL − ωuL)

Nd

Nd =
[
9 sin2 θdL cos2 θuL + 4 cos2 θdL sin2 θuL

−3 sin 2θdL sin 2θuL cos(ωdL − ωuL )
]1/2

LLLL

LLLL
LLLLLL
—
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Quark Mixing Angles

I VCKM = V †uVd
I Vtb ∼1 @ tree-level.

I Cabibbo angle @ 0-order in perturbation theory:

Vus ' −Vcd ' mixing angles

I Remaining off-diagonal terms @ 1st order in perturbation
theory:

Vub '
(

1

16π2
log

Λ

MH

)
3y

(1)
u y

(2)
u y

(2)
d

y
(1)
d

×mixing angles
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Quark Mixing Angles

Tree-level
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Quark Mixing Angles

Tree-level

0th Order

1st Order
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Parameter Constraints

I Constraints from masses and CKM matrix:

ys
yb

Vus
Vub
' tan θdR ,

yc
yt

Vus
Vtd
' 3 sin 2θuR

2 + 3 cos 2θuR

⇒ θuR ≈ 0.16, θdR ≈ 1.06

I Degeneracy for other parameters:

X All masses and angles can be reproduced

(example: y
(2)
u ≈ 1.04, y

(2)
d ≈ 0.02, θdL ≈ 0.61, θuL

≈ 0.51,
ωdL − ωuL

≈ 0.10)
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The Lepton Sector

I Basis 〈Φ0
1〉 = v/

√
2,

〈Φ0
2〉 = 0

I Yukawa interaction
(rank-1):

φ1, φ2 LL

lR

Y (1)
e |tree =

0 0 0
0 0 0

0 0 y
(1)
e

 , Y (2)
e |tree = UTLe

0 0 0
0 0 0

0 0 y
(2)
e

URe

Include one right-handed neutrino.

Y
(1)
ν |tree = y

(1)
ν (0, sinα, cosα)T

Y
(2)
ν |tree = y

(2)
ν (sin θν sinων , sin θν cosων , cos θν)T .
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I Parametrize ULe3i (idem for UeR):

(ULe)31 = eiρeL sin θeL sinωeL ,

(ULe)32 = eiξeL sin θeL cosωeL ,

(ULe)33 = cos θeL ,

I We neglet the phases.

I Y
(1)
e |tree & Y

(1)
ν |tree ⇒

{
mτ

mν3
@ tree level

Neutrino sector studied: Ibarra, Simonetto [arXiv:1107.2386 ]
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The Muon Mass

Muon mass @ 1-loop:

yµ
yτ

'
(

1

16π2

)
y
(2)
e

y
(1)
e

×mixing angles

Second neutrino @ 1-loop

mν2

mν3
' |λ5|

8π2
log

MMaj

mH
×mixing angles [arXiv:1107.2386]

I First generation massless.
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yµ
yτ

'
(

1

16π2

)
y
(2)
e

y
(1)
e

×mixing angles

Second neutrino @ 1-loop

mν2

mν3
' |λ5|

8π2
log

MMaj

mH
×mixing angles [arXiv:1107.2386]

I First generation massless.
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yµ
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1
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e

y
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e

×mixing angles

Second neutrino @ 1-loop

mν2

mν3
' |λ5|

8π2
log

MMaj

mH
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I First generation massless.
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The Muon Mass

Muon mass @ 1-loop:

yµ
yτ

'
(

1

16π2

)
y
(2)
e

y
(1)
e

×mixing angles

Second neutrino @ 1-loop

mν2

mν3
' |λ5|

8π2
log

MMaj

mH
×mixing angles [arXiv:1107.2386]

I First generation massless.
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Lepton Masses

Tree Level
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Lepton Masses

Tree Level1 Loop
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Lepton Masses

Tree Level1 LoopMassless
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Lepton Mixing Angles

I UPMNS = V †e Vν

I UPMNS
33 ' cosα @ tree-level.

I All other terms @ 0-th order in perturbation theory:

UPMNS
13 = − sinα sin θ̃e = mixing angles
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PMNS Matrix

Tree-Level
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PMNS Matrix

Tree-Level0-Order
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Conclusions

I Extend the SM with and extra Higgs doublet.
I Generate:

X All 3rd generation masses @ tree level
X All 2nd generation masses @ 1-loop
× All 1st generation massless
X CKM hierarchies naturally
X PMNS matrix without hierarchies
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Thanks!
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Backup slides

How to calculate eigenstates (@ 0-order) and the corresponding
eigenvectors (@ 1st order):

I Hamiltonian H = H(0) + λW

I H(0) of rank-1 determines 1-eigenstate (
∣∣t(0)〉)

I W(n) is the perturbation in subspace ⊥
∣∣t(0)〉

I Eigenstates and eigenvalues of λW(n) are eigenstates (0-order)
and eigenvalues (1st-order) of H from the subspace ⊥

∣∣t(0)〉.
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