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Two Higgs doublets ¢, (a=1,2) with Y = % whose neutral components acquire VEV's:

<0|¢;’-(X)|0>=%(0,vae"93) v=y/vZ 12 Choice: 61=0,0=0,-0;

P\ b1 . lfvow
( ) )_Q( e 0, ) ' Q=7 2 v
Higgs basis
G* H*
O = . ; Oy = .
1 %(v+51+IGO) ] 2 %(52+:53) ]

51, 5, 53 2, H, h A

@ Present or required in many new-physics scenarios (SUSY)

@ Potential new sources of CP symmetry breaking (also Spontaneous CP violation, Axion
phenomenology, dark matter candidates. . .)
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Fermion-mass-eigenstate basis Ly [f' — f] (f=u, d, I):
o M; — My diagonal

° Y; — Yr NON diagonal and unrelated to My
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Ly ==Q(I'1¢1 +T2¢2)dg — Qp(A1P1 + Moo ) — Ly (11 ¢y +1Iaghp) I + h.c.
Higgs basis:

Py = 2

v

{QUIM,®1 + V@) dfy + QLM By + Y Bp)up + L (M]®y + Y[ ®y) I+ hic.
Fermion-mass-eigenstate basis Ly [f' — f] (f=u, d, I):
o M; — My diagonal

° Y; — Y5 NON diagonal and unrelated to My
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How to avoid FCNC:

@ Yukawa couplings:
°

— particular Yukawa textures (
MHposons — suppressed FCNC (‘phenomenologically-
@ Impossing discrete Zo symmetry

' 2HDM)
Ppr—P1,po— P2, QL QL L =L
Only one scalar doublet is coupling to a given right-handed fermion field

Since Zj is scalar-basis dependent:
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How to avoid FCNC:

@ Impossing discrete Z, symmetry

@ Yukawa couplings: gjj o /i < particular Yukawa textures (type III)
@ Heavy enough Myposons — suppressed FCNC (‘phenomenologically-non-relevant’ 2HDM)

P1—=P1, o~ ~2, QL —Qr, L —L;

Only one scalar doublet is coupling to a given right-handed fermion field
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How to avoid FCNC:

@ Yukawa couplings: gjj o /i < particular Yukawa textures (type III)

@ Heavy enough Myposons — suppressed FCNC (‘phenomenologically-non-relevant’ 2HDM)
@ Impossing discrete Z, symmetry
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Only one scalar doublet is coupling to a given right-handed fermion field
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Since Z, is scalar-basis dependent:
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How to avoid FCNC:

@ Yukawa couplings: gjj o /i < particular Yukawa textures (type III)

@ Heavy enough Myposons — suppressed FCNC (‘phenomenologically-non-relevant’ 2HDM)
@ Impossing discrete Z, symmetry

P1—=P1, o~ ~2, QL —Qr, L —L;

Only one scalar doublet is coupling to a given right-handed fermion field

@ ¢, to all-fermions (type I)

@ ¢1 to dand land ¢ to u ( )

@ (7 to leptons and ¢, to quarks (leptophilic or )
@ ¢q to dand ¢, to uand I ( )

Since Z, is scalar-basis dependent:

e ®; to all-fermions required! (

or dark model) — natural frame for Dark Matter
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How to avoid FCNC:

@ Yukawa couplings: gjj o /i < particular Yukawa textures (type III)

@ Heavy enough Myposons — suppressed FCNC (‘phenomenologically-non-relevant’ 2HDM)
@ Impossing discrete Z, symmetry
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Only one scalar doublet is coupling to a given right-handed fermion field

@ ¢, to all-fermions (type I)

@ ¢ to d and land ¢, to u (type II)
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Since Z, is scalar-basis dependent:
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How to avoid FCNC:

@ Yukawa couplings: gjj o /i < particular Yukawa textures (type III)

@ Heavy enough Myposons — suppressed FCNC (‘phenomenologically-non-relevant’ 2HDM)
@ Impossing discrete Z, symmetry

P1—=P1, o~ ~2, QL —Qr, L —L;

Only one scalar doublet is coupling to a given right-handed fermion field

@ ¢, to all-fermions (type I)

@ ¢ to d and land ¢, to u (type II)

@ ¢, to leptons and ¢, to quarks (leptophilic or type X)
@ ¢q to dand ¢, to uand I ( )

Since Z, is scalar-basis dependent:

e ®; to all-fermions required! (

or dark model) — natural frame for Dark Matter
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Introduction
Avoiding FCNC

How to avoid FCNC:
@ Yukawa couplings: gjjoc \/m;m; «— particular Yukawa textures (type 111)

o Heavy enough Myposons — suppressed FCNC (‘phenomenologically-non-relevant’ 2HDM)

@ Impossing discrete Z, symmetry

P1—¢1, 2=, QL —QL, L — L

Only one scalar doublet is coupling to a given right-handed fermion field

Different implementations of Z, symmetry
@ ¢ to all-fermions (type I)
@ ¢ to d and land ¢, to u (type II)
@ 7 to leptons and ¢, to quarks (leptophilic or type X)
o ¢ to dand ¢ to u and I (type Y)

Since Z, is scalar-basis dependent:
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Introduction
Avoiding FCNC

How to avoid FCNC:
@ Yukawa couplings: gjjoc \/m;m; «— particular Yukawa textures (type 111)

o Heavy enough Myposons — suppressed FCNC (‘phenomenologically-non-relevant’ 2HDM)

@ Impossing discrete Z, symmetry

P1—¢1, 2=, QL —QL, L — L

Only one scalar doublet is coupling to a given right-handed fermion field

Different implementations of Z, symmetry
@ ¢ to all-fermions (type I)
@ ¢ to d and land ¢, to u (type II)
@ 7 to leptons and ¢, to quarks (leptophilic or type X)
o ¢ to dand ¢ to u and I (type Y)
Since Z, is scalar-basis dependent:

e @; to all-fermions required! (inert or dark model) — natural frame for Dark Matter
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Introduction
Avoiding FCNC

How to avoid FCNC:
@ Yukawa couplings: gjjoc \/m;m; «— particular Yukawa textures (type 111)

o Heavy enough Myposons — suppressed FCNC (‘phenomenologically-non-relevant’ 2HDM)

@ Impossing discrete Z, symmetry

P1—¢1, 2=, QL —QL, L — L

Only one scalar doublet is coupling to a given right-handed fermion field

Different implementations of Z, symmetry
@ ¢ to all-fermions (type I)
@ ¢ to d and land ¢, to u (type II)
@ 7 to leptons and ¢, to quarks (leptophilic or type X)
o ¢ to dand ¢ to u and I (type Y)
Since Z, is scalar-basis dependent:

e @; to all-fermions required! (inert or dark model) — natural frame for Dark Matter

NO-FCNC but also NO new potential CP violating sources
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@ Fermionic couplings o mass matrices

@ Neutral Yukawas diagonal in flavor

e FC source: Vckpy in the quark sector only

@ (f: complex numbers — new sources of CP violation without tree-level FCNC

@ (fr: universality and scalar-basis independence . ..
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1"2 =§de_i91"1 A2 =fzeieA1 H2 =§/e_i9r[1

Ya1=CdiMg;  Yu=CluMuy (fE% (ta"ﬁ:%)
V2 _
Ly= - —H ) KaVermMaPr=EuMuVekmPL] d(x) +Ev(x)MiZRI(x) }
1

- = ) > y F(x) Mg £(x) + h.c.
V¢:H,hA f=u,d,l

Pri=1(12ys)

@ Fermionic couplings o mass matrices

o Neutral Yukawas diagonal in flavor

o FC source: Vi in the quark sector only

@ (f: complex numbers — new sources of CP violation without tree-level FCNC

@ (¢: universality and scalar-basis independence . ..
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Aligned Two-Higgs-Doublet Model

Alignment in flavor space of the Yukawa couplings of the doublets

Ty=¢qe 0Ty Mp=ghe®ny My=gefm

= = : _ Gp—Enp v
Yd, 1 =Cd,1Ma, Yu=CuMy ; (f= T+& tanp (tanB= Vl)
V2 _ _
ZLy= - v {8(x) g VekmMaPr = (uMuVekm @] d(x) +v(x)Mi2ri(x) }

[y

- = ¥ 3 y??(x) Mg PR f(x) + h.c.
V p=H,h,A f=u,d,l

Pri=1(1+ys)

Fermionic couplings o« mass matrices

Neutral Yukawas diagonal in flavor

FC source: Vi in the quark sector only
{f: complex numbers — new sources of CP violation without tree-level FCNC
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Aligned Two-Higgs-Doublet Model

Alignment in flavor space of the Yukawa couplings of the doublets

Ty=¢qe 0Ty Mp=ghe®ny My=gefm

Er—tanf vy

Yy = M Yu={uM ; =1 — t ==

d,1 =Cd, 1M, u=CuMy ; {f T+Zrtanp (tanp V1)

v2 - _
Ly= - v {T(x) [( 4 VekmMaPr = (uMuVekm @] d(x) +v(x)MPRi(x) }
1 b=
-y Z Z Yr f(x) Mg PR f(x) + h.c.
¢=H,h,A f=u,d,l
Pri=1(1+ys)

@ Fermionic couplings  mass matrices

@ Neutral Yukawas diagonal in flavor
o FC source: Vi in the quark sector only
@ (f: complex numbers — new sources of CP violation without tree-level FCNC

@ (f: universality and scalar-basis independence . ..
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Model

Cd

Cu

4

Type |
Type 1l
Type X
Type Y
Inert

Table 1
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Model [ I 7

Type | cot 8 cot cotf8
Type |l —tanf | cotf | —tanpf
Type X cot 8 cotf | —tanpf
Type Y —tanp | cotf cotf8

Inert 0 0 0

Table 1
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Model | (£q.¢u &) | la Cu 4]

Type | cotf | cotf | cotf
Type Il —tanf | cotf | —tanf
Type X cot B cotf | —tanf
Type Y —tanf | cotf | cotf

Inert 0 0 0

Table 1
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Model | (§¢,¢u,¢)) [ Cu 9

Type | | (00,00,00) cot cotf | cotf
Type ll (0,00,0) —tanf | cotf | —tanf
Type X | (o0,00,0) cot cotf | —tanf
Type Y | (0,00,00) —tanf | cotp cotf

Inert tanp 0 0 0
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Model | (§4,¢u,$1) [ Cu 4
Type | | (00,00,00) cot cotf | cotf
Type Il (0,00,0) —tanf | cotf | —tanf
Type X | (o0,00,0) cotf | cotf | —tanf
Type Y | (0,00,00) —tanf | cotp cotf
Inert tanp 0 0 0

Table 1

Lepton sector: FCNC are identically zero to all orders in PT

o Z, symmetries unnecessary — Models X and Y less compelling
{; any value (e.g. {;=0 leptophobic model)

(Semi-)Leptonic processes phenomenological constraints evaded
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Alignment Yukawa couplings is not directly protected by any symmetry: radiative FCNC

q -0y,
° f;-_.fl-elgfi , \/I.._.e'G“i V’-je gy

o Loops cannot generate LFV
o FCNCs have a particular structure

E,‘FULIJ‘ . @lg /'jdj
. —i0y; = 0y, = ~ifqg;
Fj—eiFze "% , Fj—e diFje 9

o F=VvMjVt, F=vim]v with n>1




Alignment Yukawa couplings is not directly protected by any symmetry: radiative FCNC

q -0y,
° f;-_.fl-elgfi , \/I.._.e'G“i V’-je gy

e Loops cannot generate LFV
o FCNCs have a particular structure

E,-FUu/' . @lp ,'jd/'
. —iBu; - 0y, ~ ~ifqg;
Fj—eiFze "% , Fj—e diFje 9

o F=VMIVY, F=Vvim]Vv with n>1




Alignment Yukawa couplings is not directly protected by any symmetry: radiative FCNC
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Alignment Yukawa couplings is not directly protected by any symmetry: radiative FCNC

i0f, i0,. —04.
e fi— fie f:,\/l_-,-—>e '-’l\/’je J
o Loops cannot generate LFV
o FCNCs have a particular structure:
iFju ,  diFjd;
—ify. - i . —ify.
Fij — e i Fjje iy , F,-_,-—»e’ed Fije %
Fj = %Vik F(mi) Vi
Fj = ZViF(m) vy
o F=vMIVT, F=viMmiv with n=1
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Alignment Yukawa couplings is not directly protected by any symmetry: radiative FCNC

i i 04,
o fi—fie | Vj— e Ve

o Loops cannot generate LFV
o FCNCs have a particular structure:

uiFjup d; iidj
Fij— et F,-J-e_iauj s T:IJ - eiedi I?;J-e_ie({’
Fj = %Vik f(my) VZJ
Fj = ZViF(m) vy
o F=vMIVl, F=viM)Vv with n>1
The radiative FCNCs (if any) have a very particular structure
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Conclusions

@ The alignment of Yukawa couplings gives a general approach of the 2THDM without tree
level FCNC and ...

@ parametrizes the phenomenology with only three parameters: {,, {4 and {;
e Z,-2HDMs are included in this approach

@ These parameters are complex — potential new sources of CP violation

o The aligned Lagrangian has a symmetry restricting the (possible) radiative FCNC structures
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Yy =Rin+(Ri2+iRi3)Cd,1
CP-symmetric potential:

Yi =Ri1+(Rjo+-Ri3),

vt = cos(a—p) +sin(a-p)g;  vh=
yg,l =—sin(a—B)+cos(a—B) 4, y,f,’ =ssin(a - ) +sin(a - B){}
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