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Pattern of masses
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Pattern of mixing angles
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Introduction

Our goal:

Reproduce masses and mixing angles.

(extra-symmetries)
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The 2HDM

The Two-Higgs Doublet Model
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The 2HDM

The Two-Higgs Doublet Model
» Standard Model + one extra Higgs doublet.
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The 2HDM

The Two-Higgs Doublet Model

» Standard Model + one extra Higgs doublet.
> Interactions with fermions:

Qr, Ly
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The 2HDM

The Two-Higgs Doublet Model

» Standard Model + one extra Higgs doublet.
> Interactions with fermions:

Qr, Ly

> Interactions with SM Higgs
> Self-interactions
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The 2HDM

The Two-Higgs Doublet Model

» Standard Model + one extra Higgs doublet.
> Interactions with fermions:

Qr, Ly

> Interactions with SM Higgs
» Self-interactions
» Decoupling limit (My; ~ 126 GeV,

M¢2 >> M¢1 — M,W)
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The Mass Sector
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The Mass Sector

The Mass Sector

» Basis (®9) = v/v/2, Q
(@) =0 e

» Yukawa interaction
(rank-1): S
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The Mass Sector

The Mass Sector

» Basis (®9) = v/v/2, Q
(@) =0 e

» Yukawa interaction
(rank-1): S

b )’tree = |y(12 ) <yzR2)|
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The Mass Sector

The Mass Sector: Quarks
(@) =v/V2

Yx(l)|tree = ‘y:(nlL)> <yé112|
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The Mass Sector

The Mass Sector: Quarks
(@) =v/V2

Yx(l)|tree = ‘y:(nlL)> <yé112|

00 O 0 0
Yu(l) ’tree — 0 0 01 ’tree — 0 0 @
00 y 00 gy
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The Mass Sector

The Mass Sector: Quarks
(@) =v/V2

Yx(l)|tree = ‘y:(nlL)> <yé112|

00 O
Yu(l)’tree: 00 0 ) Yd(l)’tree:
00 y

Tree Level: m;, my
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The Mass Sector

Y lee = 02 ) (421 Y e = [ ) (4
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The Mass Sector

Y lee = 02 ) (421 Y e = [ ) (4

» Parametrize:

8 e'PrL sin 6, sinwy,,
2

]yq(i) ) =\ Y e'ur gin 6, L COSWy,
cos Oy,

» Neglect phases.
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The Mass Sector

The Mass Sector: Leptons
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The Mass Sector

The Mass Sector: Leptons

> Include one right-handed neutrino (Mys4; = See-saw).
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The Mass Sector

The Mass Sector: Leptons

> Include one right-handed neutrino (Mys4; = See-saw).

(@) = v/V2

Yz(l)|tree = |?J§c1L)> <ya(clR)|
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The Mass Sector

The Mass Sector: Leptons

> Include one right-handed neutrino (Mys4; = See-saw).

(@) = v/V2

Yz(l)|tree = |?J§c1L)> <ya(clR)|

00 O 0
Ye(l)’tree =(0 0 0 ) Y,,(l)\tree = yl(,l) sin o
0 0 yél) cos o

Tree Level: m,, m,,
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The Mass Sector

The Lepton Sector
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The Mass Sector

The Lepton Sector

Ye(2)|tree = |y£i) ) ( yé?l, YV(Q)‘tree ’y(z) ) ( (2)‘

Parametrize:

ipe . .
e'PeL sin B, sinwe,
(2) (2)

|y£i) > = Ye eigeL sin QeL COS weL ) |?J;(/i) > = Y
cos e,
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The Mass Sector

» 1-loop from g function:

1
1672

Y1 Z100p 22 VY |tree + A1

0og ——
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The Mass Sector

Radiative Masses
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The Mass Sector

Radiative Masses

Yo
Yas

1 1 A X model parameters
~ og — m ram r
1672 8 My P
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The Mass Sector

Radiative Masses

Yo
Yas

1 1 A X model parameters
~ og — m ram r
1672 8 My P

» First generation massless.
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The Mass Sector

Radiative Masses
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The Mass Sector

Radiative Masses

ve:? MeV
e:0.511 MeV

Up:2.3 MeV
O

Down :C4.8 MeV
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The Mass Sector

Radiative Masses

MASSLESS

1-LOOP TREE-LEVEL
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)
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[}
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The Mixing Sector

The Mixing Sector

vy 0 0
0 3w 0 |=v] vy,
0 0 Y3
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The Mixing Sector

The Mixing Sector

yi 0 0
0w 0 | =v 1y (yV|Va,
0 0 w3
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The Mixing Sector

The Mixing Sector

yi 0 0
0w 0 | =v 1y (yV|Va,
0 0 w3
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The Mixing Sector

The Quark Sector

00 O 0 0
Yu(l)’tree = 0 0 01 1)’tree - 0 0 @
00 y 00 gy

V> + Vo> <1=> €—0
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The Mixing Sector

o
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[e)
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The Mixing Sector

Quark Mixing Angles
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The Mixing Sector

Quark Mixing Angles
> Verwm = ViV
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The Mixing Sector

Quark Mixing Angles
> Verwm = ViV

It > |b >

> Vi ~1 @ tree-level.
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The Mixing Sector

Quark Mixing Angles
> Verwm = ViV

> Vi ~1 @ tree-level.

» Cabibbo angle @ 0-order in perturbation theory:
3sinfy, cosb,, sin(wy, — wy, )
Ny

Vusz_ cd =

Nqg=[9 sin? B4, cos? 0y, + 4cos? 6a,, sin? 0y,
1/2
I

—3sin 20y, sin 20y, cos(wq, — Wuy,
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The Mixing Sector

Quark Mixing Angles
> Verw = ViV

> Vip ~1 @ tree-level.

» Cabibbo angle @ 0-order in perturbation theory:

Vius =2 —Veq >~ mixing angles
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The Mixing Sector

Quark Mixing Angles
> Verw = ViV

> Vip ~1 @ tree-level.

» Cabibbo angle @ 0-order in perturbation theory:

Vius =2 —Veq >~ mixing angles

(1), (2), (2)
3 ..
» Q@ 1st order: Vi ~ ( -5 lo A ) e Yu Vi o mixing angles
ub 1672 108 1y D g ang
d
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The Mixing Sector

0.974 0.225 0.0035
Voray = | 0.225 0.973 0.041
0.0087 0.04 10.999

Tree-level
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The Mixing Sector

0th Order

|
0.974 0.225/0.0035
Vo = 0.225 0.973] 0.041
0.0087 0.04 {0.999

Tree-level
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The Mixing Sector

0th Order

|
0.974 0.225](0.0035

Vo = 0.225 0.973([0.041
0.0087 0 0.999

L

1st'Order Tree-level
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The Mixing Sector

0 0 0 0
Y'e(l)’tree =(0 0 0 > Yl,(l)‘tree = yl(,l) sin o
0 0 yél) Cos
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The Mixing Sector

0 0 0 0
Y'e(l)’tree =(0 0 0 > Yl,(l)ltree = yl(,l) sin o
0 0 yél) Cos

Tree Level:
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PMNS Matrix

0.822 0.574 0.156
)UPMNS) — | 0.355 0.704 0.614
0.443 0.452[0.774

Tree-Level
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PMNS Matrix

0.822 0.574]0.156
)UPMNS) — {10.355 0.704]0.614
0.443 0.452[0.774

0-Order Tree-Level

TUM-MPP




The 3HDM

3HDM

» SM + 2 Higgs doublets
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The 3HDM

3HDM

» SM + 2 Higgs doublets
o ¥ = ) (0] = d e va=1,2,9)
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The 3HDM

3HDM

» SM + 2 Higgs doublets
o ¥ = ) (0] = d e va=1,2,9)

» 1 mass @ tree level for each family
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The 3HDM

My 1
1672

A
My

log X model parameters

3
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The 3HDM

m
>

2~ ( L Jog MAH) x model parameters

Mg 1672

» 0 < ;nfl ~ model parameters < 1
2
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The 3HDM

m

>

2~ ( L Jog MAH) x model parameters

Mg 1672

» 0 < :Lfl ~ model parameters < 1
2

» Mixing already in a 2HDM = no extra
conditions needed
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Radiative Masses — The 3HDM
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Radiative Masses — The 3HDM
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Radiative Masses — The 3HDM
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The 3HDM

2HDM

1
Y;,(d) |1—100p o + T Bu,d lOg N

IDEM FOR
RIGHT-HANDED
SECTOR
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The 3HDM

2HDM

(1)|
u,d |1—loop

IDEM FOR
RIGHT-HANDED
SECTOR
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The 3HDM

3HDM

(1)|
u,d |1—loop

IDEM FOR
RIGHT-HANDED
SECTOR

—_

N\
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The 3HDM Conclusions

Hierarchy 1st and 2nd generation

IDEM FOR RIGHT-HANDED SECTOR
yo,> |t >
7 N

’ A 3
’ SOy >
: che

\

4
3) ’
Iy uL>I ‘
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The 3HDM Conclusions

Hierarchy 1st and 2nd generation
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Hierarchy 1st and 2nd generation
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» Extend the SM with extra Higgs doublets.
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Conclusions

Conclusions

» Extend the SM with extra Higgs doublets.

» Exira~fermians (except RH-neutrinos).

» Extr ries
v" Minimal model (Rank-1 Yukawa)
» Generate:

v All 3rd generation masses @ tree level

v" All 2nd generation masses @ 1-loop

V" All 1st generation masses @ 1-loop (3HDM)
v Hierarchical CKM

v Anarchical PMNS
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