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

<0lp] (x)I0>= %(O,Vae"ga) v= v12+v22 Choice: 67=0,60=6,-01
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1 l %(wsﬁlco) ] 2 %(52“53) ]

51, 5, 53 2, H, h A

o 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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2Ly

_ pSM
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Fermion-mass-eigenstate basis Ly [f' — f] (f=u, d, I):
& M{ — My diagonal

° Y; — Y NON diagonal and unrelated to My

FCNC !
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How to avoid FCNC:

@ Yukawa couplings: «— particular Yukawa textures ( )

) My bosons — suppressed FCNC (‘phenomenologically- ' 2HDM)

@ Impossing discrete Z, symmetry
Ppr—d1,po——¢2, QL —QL, L —L;

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

Since Z; is scalar-basis dependent:
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How to avoid FCNC:

@ Yukawa couplings: gjj o< \/A;m; —— particular Yukawa textures (type I11)
@ Impossing discrete Z, symmetry

P1—P1, 2= —2, Q- Qu, L —L;
Only one scalar doublet is coupling to a given right-handed fermion field
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@ Heavy enough My bosons — suppressed FCNC (‘phenomenologically-non-relevant’ 2HDM)
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Introduction
Avoiding FCNC

How to avoid FCNC:
@ Yukawa couplings: gjj oc /m;m; «— particular Yukawa textures (type 1)
@ Heavy enough My bosons — suppressed FCNC (‘phenomenologically-non-relevant’ 2HDM)

@ Impossing discrete Z, symmetry

P1—P1, 2= 2, QL—Qr, Ly — L

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

Different implementations of Z, symmetry

@ ¢ to all-fermions (type |)

@ ¢7 to d and I and ¢ to u (type II)

@ ¢ to leptons and ¢, to quarks (leptophilic or type X)
@ ¢ to d and ¢ to u and I (type Y)

Since Z, is scalar-basis dependent:

@ ®@; 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: gjj oc /m;m; «— particular Yukawa textures (type 1)
@ Heavy enough My bosons — suppressed FCNC (‘phenomenologically-non-relevant’ 2HDM)

@ Impossing discrete Z, symmetry

P1—P1, 2= 2, QL—Qr, Ly — L

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

Different implementations of Z, symmetry

@ ¢ to all-fermions (type |)

@ ¢7 to d and I and ¢ to u (type II)

@ ¢ to leptons and ¢, to quarks (leptophilic or type X)
@ ¢ to d and ¢ to u and I (type Y)

Since Z; is scalar-basis dependent:

@ ®@; 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
FC source: Vi in the quark sector only

¢r: complex numbers — new sources of CP violation without tree-level FCNC

¢ ¢ ¢ ¢ @

¢f: universality and scalar-basis independence and ...
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Fermionic couplings o mass matrices
Neutral Yukawas diagonal in flavor
FC source: Vi in the quark sector only

¢r: complex numbers — new sources of CP violation without tree-level FCNC
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G¢: universality and scalar-basis independence and ...
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Ly= - —H U [saVekmMaPr = cuMuVekmPL] d(x) + 67 (x)MPRI(x) }
1

- =Y o) X Y¢ f(x)Mf.@Rf(x) + h.c.
V. ¢p=H,h,A f=u,d,l

Fermionic couplings o mass matrices
Neutral Yukawas diagonal in flavor
FC source: Vckp in the quark sector only

¢r: complex numbers — new sources of CP violation without tree-level FCNC

D A

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

Alignment in flavor space of the Yukawa couplings of the doublets [Pich and Tuzén'09]

Ty=fge0r; Ap=&tea; =671

§f—tanp va
Yq,= M, Yu=¢uM ; = t ==
d,1=6d,1Mq, w=cuMy SF=Titrtanp (tanp Vl)
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1 =
- = Y yp f(x) MePR f(x) + h.c.
V p=H,h,A f=ud,l
PrL=3(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 [Pich and Tuzén'09]

Ty=fge0r; Ap=&tea; =671

§f—tanp va
Yq)= M Yu=¢uM ; = t ==
d,1=5d, 1 Md,i u=suMy SF=Titrtanp (tanp Vl)
V2 _ _
Ly= - {4(x) [sa VekmMaPr = suMuVerm L] d(x) + ¢ v(x )M Pri(x) }
1 =
- = Y yp f(x) MePR f(x) + h.c.
V p=H,h,A f=ud,l
PrL=3(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
@ ¢r: universality and scalar-basis independence and ...
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@ Z)-type models are recovered

Model

Su

SI

Type |
Type |l
Type X
Type Y

Inert
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@ Z)-type models are recovered

Model Gd Cu Sl
Type | cot cot cotf
Type |l —tanf | cotf | —tanp
Type X cot cotf | —tanp
Type Y —tanp | cotf cot 8
Inert 0 0 0

Table 1
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@ Z)-type models are recovered

Model | (¢g.6ués) | 6a Su S
Type | cot cot cotf
Type |l —tanf | cotf | —tanp
Type X cot cotf | —tanp
Type Y —tanp | cotf cot 8
Inert 0 0 0
Table 1
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@ Z)-type models are recovered

Model | ({¢,¢u,¢)) Sd Su Si

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

Inert tan 0 0 0

Table 1
«40O> «Fr « =>»



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




Alignment Yukawa couplings is not directly protected by any symmetry: radiative FCNC
® ZLa>HpMm invariant under
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Alignment Yukawa couplings is not directly protected by any symmetry: radiative FCNC
® ZLa>HpMm invariant under
. L fL .
.
fl(x) =€ f/(x) ,
. TN - d,L
ij . = oA —ia;
Vekm =" Vekme

R(X)_’ e

@ Loops cannot generate LFV

(%)
R f
Mf',,‘j —e
@ FCNCs have a particular structure

f.R
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i Mg je

v _ |
[U‘,' —“,']
7/ FMe dLFUdje
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Alignment Yukawa couplings is not directly protected by any symmetry: radiative FCNC
® ZLa>HpMm invariant under
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@ Loops cannot generate LFV
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Alignment Yukawa couplings is not directly protected by any symmetry: radiative FCNC
® ZLa>HpMm invariant under
. L fL . .
.
fl(x) =€ f/(x) ,
. TN - d,L
ij . = oA —ia;
Vekm =" Vekme

@ Loops cannot generate LFV

@ FCNCs have a particular structure:

. f,R .
R(x)— €'l fa(x)

L _
n
Mf,,‘J —e i Mfy,-je

iaf'R
J
v ol
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—i j ==
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Fj = [V(MgM))" v (Mynf)™ M,,]'_j
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ij ulVy d™y d if
MFV structure [D’Ambrosio et al, Chivukula-Georgi, Hall-Randall, Buras et al, Cirigliano et al]
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log (/o)
ZreNe = ~ya g (1+eisa) Lot ()

x |G+ i) (ca—cu)[dL VI MM} V Md dg |
+h.c.

~(Rip—i%i3)(} ~cu) ALV MaM], VI Mu ug]}
@ Vanish in all Z, models (as it should)
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log (/o)
ZreNe = ~ya g (1+eisa) Lot ()

x |G+ i) (ca—cu)[dL VI MM} V Md dg |
+h.c.

~(Rip—i%i3)(} ~cu) ALV MaM], VI Mu ug]}
@ Vanish in all Z, models (as it should)

@ Suppressed by mqmq//(4n'2v3) and

qq
Vekm

S| br, I tR
«O> «F> = < > v
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Global fit: P— Iv;, T— Pv; and P— P'lv,
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Charged scalar — dominant new physics corrections

Subleading effects to the SM
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Phenomenological Constraints
tan(B) = M+ in Zpmodels (95% CL) [Jung, Pich and Tuzén]
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Br-Br

@ B—Xsy = acp= g

Maximal and minimal acp at NLO




Br-Br

@ B—Xsy = acp= g

Maximal and minimal acp at NLO
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SM: s =0.24+0.08 , b= —5.2‘:%--;’ [Lenz and Nierste]
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Aligned two-Higgs-doublet model (ATHDM):
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Aligned two-Higgs-doublet model (ATHDM):

9@ Absent in the lepton sector to all orders

@ Very constrained in the quark sector (MFV like)
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Aligned two-Higgs-doublet model (ATHDM):

9@ Absent in the lepton sector to all orders

@ Very constrained in the quark sector (MFV like)

@ New CP violating sources in Yukawa terms with NO FCNC at tree level
@ Only three parameters = ¢, 4

Basis independent and universal (flavour blind) = Z,-2HDM s included in this approach

Complex = New CP violating sources
= [e.g. — Could accommodate a large Bg mixing phase ¢s]

Or «@> «=» «2» Z= DAl
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Yo =Rin+(Ri2+iRi3)Sd,1
CP-symmetric potential:

Yi =Ri1 +(Rio +-Ri3)sy,

yg{, =cos(a—B)+sin(a-B)sq, yH = cos(a - B) +sin(a— )¢t
«‘/5,/ =—sin(a - B)+cos(a-B)sq, yL’,’ =ssin(a - ) +sin(a - B)c};
i =icay

v =-ich
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