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Pattern of masses

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
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Pattern of mixing angles

VCKM =

 0.974 0.225 0.0035
0.225 0.973 0.041
0.0087 0.04 0.999


UPMNS =

 0.822 0.574 0.156
0.355 0.704 0.614
0.443 0.452 0.774
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The Two-Higgs Doublet Model

I Standard Model + one extra Higgs doublet.

I Interactions with fermions:

φ1,2

QL, LL

qR, lR

I Interactions with SM Higgs

I Self-interactions

I Decoupling limit (Mφ1 ∼ 126 GeV,
Mφ2 >> Mφ1 → ���

�XXXXFCNC ,((((
((((hhhhhhhhLFV processes)
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The Mass Sector

I Basis 〈Φ0
1〉 = v/

√
2,

〈Φ0
2〉 = 0

I Yukawa interaction
(rank-1):

φ1, φ2

QL

qR

Y (1,2)
x |tree = |y(1,2)

xL
〉 〈 y(1,2)

xR
|
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The Mass Sector: Quarks

〈Φ0
1〉 = v/

√
2

Y (1)
x |tree = |y(1)

xL
〉 〈 y(1)

xR
|

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


Tree Level: mt, mb

Ana Solaguren-Beascoa Negre TUM-MPP

Generating fermion masses and mixing angles in extra Higgs doublet models



Introduction The 2HDM The Mass Sector The Mixing Sector The 3HDM Conclusions

The Mass Sector: Quarks

〈Φ0
1〉 = v/

√
2

Y (1)
x |tree = |y(1)

xL
〉 〈 y(1)

xR
|

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



Tree Level: mt, mb

Ana Solaguren-Beascoa Negre TUM-MPP

Generating fermion masses and mixing angles in extra Higgs doublet models



Introduction The 2HDM The Mass Sector The Mixing Sector The 3HDM Conclusions

The Mass Sector: Quarks

〈Φ0
1〉 = v/

√
2

Y (1)
x |tree = |y(1)

xL
〉 〈 y(1)

xR
|

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


Tree Level: mt, mb

Ana Solaguren-Beascoa Negre TUM-MPP

Generating fermion masses and mixing angles in extra Higgs doublet models



Introduction The 2HDM The Mass Sector The Mixing Sector The 3HDM Conclusions

Y (2)
u |tree = |y(2)

uL
〉 〈 y(2)

uR
|, Y

(2)
d |tree = |y(2)

dL
〉 〈 y(2)

dR
|

I Parametrize:

|y(2)
uL
〉 =

√
y

(2)
u

 eiρuL sin θuL sinωuL
eiξuL sin θuL cosωuL

cos θuL


I Neglect phases.
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The Mass Sector: Leptons

I Include one right-handed neutrino (MMaj ⇒ See-saw).

〈Φ0
1〉 = v/

√
2

Y (1)
x |tree = |y(1)

xL
〉 〈 y(1)

xR
|

Y (1)
e |tree =

0 0 0
0 0 0

0 0 y
(1)
e

 , Y (1)
ν |tree = y(1)

ν

 0
sinα
cosα


Tree Level: mτ , mν3
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The Lepton Sector

Y (2)
e |tree = |y(2)

eL
〉 〈 y(2)

eR
|, Y (2)

ν |tree = |y(2)
νL
〉 〈 y(2)

νR
|

Parametrize:

|y(2)
eL
〉 =

√
y

(2)
e

 eiρeL sin θeL sinωeL
eiξeL sin θeL cosωeL

cos θeL

 , |y(2)
νR
〉 =

√
y

(2)
ν

Ana Solaguren-Beascoa Negre TUM-MPP

Generating fermion masses and mixing angles in extra Higgs doublet models



Introduction The 2HDM The Mass Sector The Mixing Sector The 3HDM Conclusions

The Lepton Sector

Y (2)
e |tree = |y(2)

eL
〉 〈 y(2)

eR
|, Y (2)

ν |tree = |y(2)
νL
〉 〈 y(2)

νR
|

Parametrize:

|y(2)
eL
〉 =

√
y

(2)
e

 eiρeL sin θeL sinωeL
eiξeL sin θeL cosωeL

cos θeL

 , |y(2)
νR
〉 =

√
y

(2)
ν

Ana Solaguren-Beascoa Negre TUM-MPP

Generating fermion masses and mixing angles in extra Higgs doublet models



Introduction The 2HDM The Mass Sector The Mixing Sector The 3HDM Conclusions

I 1-loop from β function:

Y (1)
x |1−loop ' Y (1)

x |tree +
1

16π2
β(1)
x log

Λ

Mφ2
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Radiative Masses

yx2
yx3
∼
(

1

16π2
log

Λ

MH

)
×model parameters

I First generation massless.
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Radiative Masses

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

TREE-LEVEL
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νe:? MeV νμ:? MeV ντ:? MeV

τ:1.78 GeVμ:105.7 GeVe:0.511 MeV
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Radiative Masses

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

MASSLESS 1-LOOP TREE-LEVEL
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The Mixing Sector

 y1 0 0
0 y2 0
0 0 y3

 = V †Lx
Y (1)
x VRx

VCKM = V †uLVdL =

 0.974 0.225 0.0035
0.225 0.973 0.041
0.0087 0.04 0.999


VPMNS = V †eLVνL =

 0.822 0.574 0.156
0.355 0.704 0.614
0.443 0.452 0.774
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u
L
  c
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  t

L
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       s

L
         b
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The Quark Sector

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



|Vub|2 + |Vcb|2 � 1⇒ ε → 0
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Y (1)
u |tree =

0 0 0
0 0 0

0 0 y
(1)
u

 , Y
(1)
d |tree =

0 0 0
0 0 0

0 0 y
(1)
d


Tree Level:

⇒ VCKM =

 ? ? 0
? ? 0
0 0 1


|t

L
> |b

L
>
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Quark Mixing Angles

I VCKM = V †uVd

I Vtb ∼1 @ tree-level.

|t
L
> |b

L
>

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.

|t
L
> |b

L
>

I Cabibbo angle @ 0-order in perturbation theory:

Vus ' −Vcd ' mixing angles

I @ 1st order: Vub '
(

1
16π2 log Λ

MH

)
3y

(1)
u y

(2)
u y

(2)
d

y
(1)
d

×mixing angles
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Tree-level
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Tree-level

0th Order
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Tree-level

0th Order

1st Order
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Y (1)
e |tree =

0 0 0
0 0 0

0 0 y
(1)
e

 , Y (1)
ν |tree = y(1)

ν

 0
sinα
cosα



Tree Level:

⇒ UPMNS =

 ? ? ?
? ? ?
? ? cosα


|τ

L
>

|ν
τL
>
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PMNS Matrix

Tree-Level
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PMNS Matrix

Tree-Level0-Order
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3HDM

I SM + 2 Higgs doublets

I Y
(a)
x =

∣∣∣y(a)
xL

〉〈
y

(a)
xR

∣∣∣ (x = u, d, e, ν, a = 1, 2, 3).

I 1 mass @ tree level for each family
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Radiative Masses – The 3HDM

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

TREE-LEVEL
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Conclusions

I Extend the SM with extra Higgs doublets.

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

I
((((

((((
(hhhhhhhhhExtra symmetries

X Minimal model (Rank-1 Yukawa)
I Generate:

X All 3rd generation masses @ tree level
X All 2nd generation masses @ 1-loop
X All 1st generation masses @ 1-loop (3HDM)
X Hierarchical CKM
X Anarchical PMNS
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3HDM
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Hierarchy 1st and 2nd generation
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