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Introduction

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

ve:? MeV vp:? MeV ve:? MeV

e:0.511 MeV p:10&7 GeV t:l‘GeV

0.974  0.225
0.225 0.041

Vexkm =
0.0087 0.04 0.999

Up:z.c3 MeV Charn‘S GeV

Down:4.8 MeV Strange:95 MeV Bott: 8 GeV
’ EE

» Our goal: Reproduce masses and mixing angles.

» How?: 2HDM (extra
TUM-MPP
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The 2HDM

The Two-Higgs Doublet Model

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

Qr Lr

qr, IR

> 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 Lr

qr, IR

> Interactions with SM Higgs

» Self-interactions

» Decoupling limit (Mg ~ 126 GeV, Mgy >> My;) = FENC
or S€s.

Ana Solaguren-Beascoa Negre TUM-MPP

Radiative Generation of Quark Masses and Mixing Angles in the 2HDM



The 2HDM

The Two-Higgs Doublet Model

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

Qr Lr

qr, IR

> Interactions with SM Higgs

» Self-interactions

» Decoupling limit (Mg ~ 126 GeV, Mgy >> My;) = FENC
or S€s.

» Decoupling limit v'SM vacuum.
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The Quark Sector

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

» Yukawa interaction [
(rank-1): Q
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The Quark Sector

The Quark Sector

» Basis (®)) = v/V/2, P
<(I)g>:() e _ O _
» Yukawa interaction
qR
(rank-1): {
0 0 0 0 0 0
Y1£1>|tree = 0 0 0 5 Yd(l)‘tree = 0 0 @}
00 y 00 o

Vil> + Vel <1= €—0
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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

o

0 0 0 0 0
Y1£1>|tree = 0 0 0 ) Yd(l)‘tree = 0 0 @}
0

0 yff) 0

o

Vil> + Vel <1= €—0

> Yu(l)\tree & Yd(l)\tree = { :Zt @ tree level
b
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The Quark Sector

00 0 00 0
Yu(2)|tree:U£ 00 0 Ur, Yd(2)|tree:DE 00 0 D
00 y? 00 yy
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The Quark Sector

00 O 00 O
Yu(2)|tree = U;r, 00 0 UR ) Yd(z)’tree = DE 00 0 DR
00 y? 00 P

> Y d|tree just depend on Uys;,Ugrs;, Drsi, Drs;. Parametrize:

(Ur)s1 = ePuLsing,, sinw,, ,
(Up)za = €%“Lsing,, coswy, ,
(UL)33 = COos euL )
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The Quark Sector

00 O 00 O
Yu(2)|tree = U;r, 00 0 UR ) Yd(z)’tree = DE 00 0 DR
00 y 00 g

> Yu(,2d)|tree just depend on Uys;,Ugrs;, Drsi, Drs;. Parametrize:

(Ur)s1 = ePuLsing,, sinw,, ,
(Up)za = €%“Lsing,, coswy, ,
(UL)33 = COos euL )

» Neglect phases.
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The Quark Sector

00 O 00 O
Yu(2)|tree = U;r, 00 0 UR ) Yd(z)’tree = DE 00 0 DR
00 y? 00 P

> Y d|tree just depend on Uys;,Ugrs;, Drsi, Drs;. Parametrize:

(Ur)s1 = ePuLsing,, sinw,, ,
(Up)za = €%“Lsing,, coswy, ,
(UL)33 = COos euL )

» Neglect phases.

» Assume for simplicity yl(l ),y( SN y((Jl ),yé )
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The Quark Sector

» 1-loop from S function:

A
Myo

~

1 1
Y(d)|1—loop — Yu(7d) |tree + Bu 4108 ——

162
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The Quark Sector

» 1-loop from S function:

1) (1) A
Y, 4 1-t00p = ¥, liree + =5 Boy
d oop d tree d 0g ——
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

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 y?l)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
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The Quark Sector

Quark Mixing Angles
> Vorn = ViV
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The Quark Sector

Quark Mixing Angles

> Vorn = Vil Vy
» Vi ~1 @ tree-level.
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The Quark Sector

Quark Mixing Angles

> Vexwm = Vi Vy
» Vi ~1 @ tree-level.
» Cabibbo angle @ 0-order in perturbation theory:

3sinfy, cosb,, sin(wy, — wy, )
Ng

Vus:_ cd =

Ng = [9 sin? 0a,, cos? Ou; + 4 cos? 0a,, sin? Oup
1/2
I

—3sin 20y, sin26., cos(wq, — wuy,
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The Quark Sector

Quark Mixing Angles

> Verw = ViV
> Vi ~1 @ tree-level.
» Cabibbo angle © 0-order in perturbation theory:

Vs =~ —V.q =~ mixing angles
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The Quark Sector

Quark Mixing Angles

> Vorm = Vi Vy
Vip ~1 @ tree-level.

v

v

Cabibbo angle @ 0-order in perturbation theory:

Vs =~ —V.q =~ mixing angles

v

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

) AN 3y0,,@
Vub:( ) Yu Yu Y X mixing angles

lo
1672 8 My, y
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The Quark Sector

Quark Mixing Angles

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

Tree-level
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The Quark Sector

Quark Mixing Angles

Oth Order

:
0.974 0.225]0.0035

Voray = 110.225 0.973] 0.041
0.0087 0.04 10.999

Tree-level
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The Quark Sector

Quark Mixing Angles

Oth Order

:
0.974 0.225[0.0035

Voray = 110.225 0.973]10.041
0.0087 0 0.999

1st ' Order Tree-level

TUM-MPP

i ngles in the 2HDM
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The Quark Sector

Parameter Constraints

» Constraints from masses and CKM matrix:

Yb Vub
%Vus N 3sin 20, ,
Yt Via 24 3cos 20,

~ tan Oy, ,
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The Quark Sector

Parameter Constraints

» Constraints from masses and CKM matrix:

Yb Vub
%Vus N 3sin 20, ,
Yt Via 24 3cos 20,

~ tan Oy, ,

= 6, ~ 0.16, 6, ~ 1.06

» Degeneracy for other parameters:
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The Quark Sector

Parameter Constraints
» Constraints from masses and CKM matrix:

v
Ys Zus tan 6,4, ,

% Vub
Ye Vus 3sin 20, ,

v Via 2+ 3cos20,,

= 6, ~ 0.16, 6, ~ 1.06

» Degeneracy for other parameters:
v" All masses and angles can be reproduced
(example: y{? ~ 1.04, 4P ~ 0.02, 64, ~ 0.61, 6,, ~ 0.51,
Wa; — Wy, ~ 0.10)
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The Lepton Sector

The Lepton Sector

» Rank-1 Yukawa interaction.
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The Lepton Sector

The Lepton Sector

» Rank-1 Yukawa interaction.

» Include one right-handed neutrino.

Ana Solaguren-Beascoa Negre TUM-MPP

e Generation of Q ixing Angles in the 2HDM



The Lepton Sector

The Lepton Sector

» Rank-1 Yukawa interaction.

» Include one right-handed neutrino.
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The Lepton Sector

Lepton Masses

Tree Level

ve:? MeV vpi:? MeVv vt:? MeV
e:0.511 MeV u:10%7 GeV t:l‘GeV

Ana Solaguren-Beascoa Negre TUM-MPP

Radiative Generation of Quark Masses and Mixing Angles in the 2HDM



The Lepton Sector

Lepton Masses

1 Loop Tree Level

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

Lepton Masses

Massless 1 Loop Tree Level

ve:? MeV vi:? MeVv vt:? MeV
e:0.511 MeV u:1037 GeV tzl‘ﬁev
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)UPMNS) — | 0.355 0.704 0.614
0.443 0.452[0.774

Tree-Level

TUM-MPP

rk Masses and Mixing Angles in the 2HDM



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

asses and Mixing Angles in the 2HDM
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» Extra~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
% All 1st generation massless
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» Extend the SM with and extra Higgs doublet.

» Extra~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
% All 1st generation massless

v' CKM hierarchies naturally

v" PMNS matrix without hierarchies
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Conclusions

Top eigenstate

0 and eigenvalue

at tree level
Y Olgee= [0 0 0
%
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Conclusions

Backup slides

(1) - -
YL,d |1floop — w, d ]\[H
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Backup slides

Yvu(d)|1 loop = Y( )

u,d
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Conclusions

Backup slides

(1
u d |1 loop == YL d

Perturbation of t®

5lp3
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Conclusions

Backup slides

1
Y;L(,d)hfloop = Y(]) |tree +

w,d

Charm quark: Perturbation of t®
-2nd eigenstate @ 0-order 6l|) l|J3
(for 6l|12—) 0) 2

(0

=c®
Yy, =c
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Conclusions

Backup slides

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

Backup slides

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

» Hamiltonian H = H(®) + \W
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Conclusions

Backup slides

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

» Hamiltonian H = HO + \w
» HO) of rank-1 determines 1-eigenstate (|t(0)>)
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Conclusions

Backup slides

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

» Hamiltonian H = H® + AW
» HO) of rank-1 determines 1-eigenstate (|t(0)>)
» W) is the perturbation in subspace L ‘t(0)>
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Conclusions

Backup slides

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

» Hamiltonian H = HO + \w
» HO) of rank-1 determines 1-eigenstate (|t(0)>)

v

W(™) is the perturbation in subspace L ‘t(0)>

Eigenstates and eigenvalues of A\W(™) are eigenstates (0-order)
and eigenvalues (1st-order) of H from the subspace L }t(0)>.

v
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