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Introduction

Introduction

» Motivation: Hierarchy for masses and mixing angles in the
Standard Model. = New Physics?
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» Our goal: Reproduce masses and mixing angles.
TUM-MPP
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The 2HDM

The Two-Higgs Doublet Model

Ana Solaguren-Beascoa Negre TUM-MPP

Standard Model Fermion Masses and Mixing Angles generated in a 3HDM



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:
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The 2HDM

The Two-Higgs Doublet Model

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

Qr Lt

> 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 Lt

> Interactions with SM Higgs

» Self-interactions

» Decoupling limit (Mg ~ 126 GeV, Mgy >> My;) = FENC
or Ses.
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The Quark Sector

The Quark Sector

» Basis (®)) = v/V/2, @
(®9) = 0

» Yukawa interaction ,
(rank-1): §
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The Quark Sector

The Quark Sector

» Basis (®)) = v/V/2, @
(®3) =0 b

» Yukawa interaction ,
(rank-1): §

—LY% = (V) arium®1 + (Y3 )idridr; 1 + hec. |

1,2 1,2) (1,2
Y0P e = 19S0) ()]
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The Quark Sector

The Quark Sector

» Basis (®)) = v/V/2, P
<(I)g> = O 1,02

» Yukawa interaction [
(rank-1): Q

0
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The Quark Sector

Voo = ) (2 Voo = D) €02
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The Quark Sector

Voo = ) (2 Voo = D) €02

» Parametrize:

e'PrL sin @, sinwy,,
(2) — (2) i€y, 1 9
Yy ) =\ Yu e'*uL sin 6, coswy,,
cos 0y,
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The Quark Sector

Voo = ) (2 Voo = D) €02

» Parametrize:

e'PrL sin @, sinwy,,
(2) — (2) i€y, 1 9
Yy ) =\ Yu e'*uL sin 6, coswy,,
cos 0y,

» Neglect phases.
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The Quark Sector

Y Plee = 92) (421, Y3V liree =[98 (35

» Parametrize:

e'PrL sin @, sinwy,,
2) 2)
> pu—

) .
]yq(lL Yu eur sin 6y, coswy,
cos 0y,

» Neglect phases.

» Assume for simplicity y1(1 ),yg ) > y((i ),y((i )
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The Quark Sector

u c dL S b

L L
0.9 0.225110.0030
Vvu -

—

. Va=110.225 ([ 0.973 ]| 0.041
0.0087f 0.04 |]0.999

— o O

0
1
0

o O =

Ana Solaguren-Beascoa Negre TUM-MPP

Standard Model Fermion Masses and Mixing Angles generated in a 3HDM



The Quark Sector
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The Quark Sector

uth d S b

L L L
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Vvu = 1
0

, Vi = 0.225 |1 0.973 || 0.041
0
|bottomp, ) ~ [top,) = | 0

—
—

o O

o O =

—_

0.0087f 0.04 |]0.999
1

sin 6,
|stranger, ) ~ sinf.|upr, ) + cosf.|charmy,) = | cosf,
0

cos 0,
|downy, ) ~ cosf.|lupr,) — sinf.|charmy, ) = [ —sin6.
0
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The Quark 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 Quark Sector

The Quark Sector

—LY% = (V) arium®1 + (Y3 )idridr; 1 + hec. |

0 0 O

1 1
Vydleee = i, ) (vl = {00 0
00 y)
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The Quark Sector

00 0 00 0
Y Olpee = [0 0 0 |, ¥YP)pee={0 0 0
00 y 00 y

@© tree level

{ my
—
mg
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The Quark Sector

00 0 00 0
Y Olpee = [0 0 0 |, ¥YP)pee={0 0 0
(1) (1)
0 0 wu 00 Ya
@© tree level
:>{ "
my
7.7 0
= Vokm = 770
00 1

Ana Solaguren-Beascoa Negre TUM-MPP

Standard Model Fermion Masses and Mixing Angles generated in a 3HDM



The Quark Sector

» 1-loop from S function:

A

ﬂud gM2

1 1
Y(d)|1—1oop = Yu(7d)|tree + 1672
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The Quark Sector

» 1-loop from S function:

) (1) A
Y 1-t00p = ¥ liree + wog B0
d 11—loop d |tree d g
g 1672w 0% M
» 1-loop diagram (generate 2nd mass):
Q qr
T ;
| o
| @2 e N
| / \
/ \
Qr | qr > Qr ur
QL R |
fh
|
| |
o1
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The Quark Sector

Quark Masses
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The Quark Sector

Quark Masses

Mass hierarchy for the quarks:

1 A3
%: (167r2 lo ]\4H> Z(y1(‘2))2 X mixing angles
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The Quark Sector

Quark Masses

Mass hierarchy for the quarks:

1 A\ 3
Ye o (167r2 log ]\4H> Z(y1(‘2))2 X mixing angles

Ye
1 A (1), (2) (2)
LU (16 5 log i ) Yu yﬁl)yd X mixing angles
Yb Q H Yq
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The Quark Sector

Quark Masses

Mass hierarchy for the quarks:

1 A\ 3
Ye o (167r2 log ]\4H> Z(y1(‘2))2 X mixing angles

Ye
1 A (1), (2) (2)
LU (16 5 log i ) Yu yﬁl)yd X mixing angles
Yb Q H Yq

» First generation massless.
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The Quark Sector

Quark Masses

TREE-LEVEL

Up:2..3 MeV Charn‘9 GeV

Down:4.8 MeV Strange:95 MeV
: ‘®

Bott(.B GeV
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The Quark Sector

Quark Masses

1-LOOP TREE-LEVEL

Up:Z..3 MeV Charn‘9 Ge

Down:4.8 MeV| Strange:95 Me\|l Bott 8 GeV
: LA
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The Quark Sector

Quark Masses

MASSLESS 1-LOOP TREE-LEVEL

Up:2..3 MeV Charn‘9 Ge

Down:4.8 MeV| Strange:95 Me\l Bott 8 GeV
: LA
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The Quark Sector

Quark Mixing Angles
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The Quark Sector

Quark Mixing Angles
> Verwm = ViV
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The Quark Sector

Quark Mixing Angles
> Verwm = ViV

It > |b >

> Vi ~1 @ tree-level.
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The Quark 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 Quark 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 Quark 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 Quark 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 Quark 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 Quark 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 Lepton Sector
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The Lepton Sector

The Lepton Sector

0.974 0.225 0.0035
Veknr = | 0.225 0.973 0.041
0.0087 0.04 0.999

0.822 0.574 0.156
0.355 0.704 0.614
0.443 0.452 0.774

[TPMNS _
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The Lepton Sector

The Lepton Sector
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The Lepton Sector
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The Lepton Sector

The Lepton Sector

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

The Lepton Sector

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

00 O 0
1/;(1) ’tree =0 0 0 y YV(I) ‘tree = yl(,l) sin o
0 0 yél) cos

Ye(2)|tree = |y£i) > < ygg)|7 YV(Q)‘tree = ’yz(/i) > < yl(/i)‘
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The Lepton Sector

The Lepton Sector

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

00 O 0
1/;(1) ’tree =0 0 0 y YV(I) ‘tree = yl(,l) sin o
0 0 yél) cos

Ye(2)|tree = |y£i) > < ygg)|7 YV(Q)‘tree = ’yz(/i) > < yl(/i)‘

e'Per sin 0, sin we,
2 ; . 2
\yéi) ) = yé )| eier sin Oc, coswe, |, \y,(ji) ) = y,(, )

cos O,

Ana Solaguren-Beascoa Negre TUM-MPP

Standard Model Fermion Masses and Mixing Angles generated in a 3HDM



The Lepton Sector

The Lepton Sector

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

00 O 0
1/;(1) ’tree =0 0 0 y YV(I) ‘tree = yl(,l) sin o
0 0 yél) cos

Ye(2)|tree = |y£i) > < ygg)|7 YV(Q)‘tree = ’yz(/i) > < yl(/i)‘

e'Per sin 0, sin we,
2 ; . 2
\yéi) ) = yé )| eier sin Oc, coswe, |, \y,(ji) ) = y,(, )

cos O,
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The Lepton Sector

00 O 0
Y-e(1)|tree = 00 0 5 Yy(l)‘tree = yl(,l) sin «
0 0 yél) cos o
(1)
My = ~=Ye
= \f 12 @ tree level
02y

Ana Solaguren-Beascoa Negre TUM-MPP
Standard Model Fermion Masses and

ing Angles generated in a 3HDM



The Lepton Sector

00 O 0
Ye(l)’tree =({0 0 0 ) Yy(l)ltree = yl(,l) sin o
0 0 ygl) cos o
mr = %yél)
= L 1?2 @ tree level
— v2 Uy
mVT ? MMaj
T 7
= UPMNS = 2 7 2
?7 7 cosa
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The Lepton Sector

1-loop from g function:

1
1672

A
M

}/e(,ly)‘l—loop = Yve(}/) |tree + Bé,ly) log
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The Lepton Sector

1-loop diagram (generate 2nd mass):

1 I v I \ [

0 1)
D D P
~ -
~ -~
~ 3
~ -
~_ -
—- s
- ~
Pla) Pt
i \
L 1
Viy VR v Vi
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The Lepton Sector

Tree Level

ve:? MeV vi:? MeVv vt:? MeV
e:0.511 MeV u:1037 GeV t:l‘GeV
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The Lepton Sector

1 Loop Tree Level

ve:? MeV vi:? MeVv vt:? MeV
e:0.511 MeV u:1037 GeV t:l‘GeV
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The Lepton Sector

Massless 1 Loop Tree Level

ve:? MeV vi:? MeVv vt:? MeV
e:0.511 MeV u:1037 GeV t:l‘GeV
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The Lepton Sector

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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The Lepton Sector

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

1-Loop Corrections
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The 3HDM

1-Loop Corrections

» —2 ~ loop X mixing angles
3
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The 3HDM

1-Loop Corrections

» —2 ~ loop X mixing angles
3

» 0 <

My ..
m,, ~ mixing angles < 1,
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The 3HDM

1-Loop Corrections

» —2 ~ loop X mixing angles
3
My ..
» 0 < =L ~ mixing angles < 1,
2

» CKM and PMNS already in a 2HDM = no
extra conditions needed
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The 3HDM

Quark Masses

TREE-LEVEL

Up:2..3 MeV Charn‘9 GeV

Down:4.8 MeV Strange:95 MeV
: ‘®

Bott(.B GeV
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The 3HDM

Quark Masses

1-LOOP TREE-LEVEL

Up:Z..3 MeV Charn‘9 Ge

Down:4.8 MeV| Strange:95 Me\|l Bott 8 GeV
: LA
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The 3HDM

Quark Masses

1-LOOP 1-LOOP TREE-LEVEL

Up:2..3 MeV Charn‘9 Ge

Down:4.8 MeV| Strange:95 Me\l Bott 8 GeV
: LA
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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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Introduction he The Quark Sector The Lepton S The 3HDM

Hierarchy 1st and 2nd generation

IDEM FOR RIGHT-HANDED SECTOR
vo,> |t >

79 N
’ A 3

/] R 2
’ s Y )uL>
.
.

4
3) ’
Iy uL>I ‘
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Introduction he The Quark Sector The Lepton S The 3HDM

Hierarchy 1st and 2nd generation

IDEM FOR RIGHT-HANDED SECTOR

yo,> |t >

VA TR S
’ A 3

/] R 2
’ s Y )uL>
.

\
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Introduction The 2HDM The Quark Sector The Lepton Sector The 3HDM

Hierarchy 1st and 2nd generation

IDEM FOR RIGHT-HANDED SECTOR
yo,> |t >
VA TR

’ A 3
’ SOy >
: che

4

o .
Iy(s)uL>': R _} ~Iu >
‘---- / =
/

1
1

\ /7
\ /7

\ 7/
W ~[c >
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Conclusions
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Conclusions

Conclusions

» 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).
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Conclusions

Conclusions

» Extend the SM with extra Higgs doublets.

» Exira~fermians (except RH-neutrinos).
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