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Introduction

Standard Model: Great success but still

Strong CP problem

CP-violation

Dark Matter

(...)

Doublets under the SU(2)L group −→ ρ =
M2

W

M2
Z cos θ2

W
=
∑

i

v2
i [Ti (Ti+1)−Y 2

i ]
2v2

i Y
2
i

= 1

a

Adding N Higgs doublets −−−−−−−→

3 Goldstone bosons
+

N - 1 charged scalars φ±a (H±a )
+

2N - 1 neutral scalars ρa, ηa (S0
i ,P

0
i )
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Introduction

φa ≡ eiθa
[

φ+
a

1√
2

(va + ρa + iηa)

]
, v =

(∑
a

v2
a

)1/2

> 0 .

LY = −
N∑

a=1

{
Q̄ ′L

(
Γaφa d

′
R + ∆aφ̃a u

′
R

)
+ L̄′L Πaφa `

′
R + h.c.

}
,ySU(N) transformation

Higgs basis

Φa =
∑N

b=1 Ωab e
−i θ̃b φb , ΩT · Ω = 1 ,

∑N
a=1 Ω1a = va/v .
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Introduction

Φ1 =

[
G+

1√
2

(v + S0
1 + i G 0)

]
, Φa>1 =

[
H+

a
1√
2

(S0
a + i P0

a )

]
.

FCNC at tree level (very constrained phenomenologically)

Yukawa Lagrangian

LY = − 1

v

{
d̄LMddR + ūLMuuR + ¯̀

LMl`R
}

−
N∑

a=2

1

v

{
2N−1∑

i

Riaϕ
0
a

(
d̄LY

(a)
d dR + ūRY

(a)†
u uL + ¯̀

LY
(a)
` `R

)
+

√
2

v
H+

a

(
ūLVCKM

Y
(a)
d dR − ūRY

(a)†
u V

CKM
dL + ν̄LY

(a)
` `R

)}
+ h.c. ,

y
Natural flavour conservation

y
Flavour alignment
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Natural flavour conservation

Discrete Zd
2 ⊗Zu

2 ⊗Z`2 symmetry

Z f
2 : f ′R → −f ′R , φaf → −φaf ,y

Family universality
Absence of CP-violation

Stable under quantum corrections

N = 2: 2HDM (Z2 symmetry)

Type : {au, ad , al}
Type I : {2, 2, 2}, ςd = ςu = ς` = cotβ ,
Type II : {1, 2, 1}, ςd = ς` = − tanβ , ςu = cotβ ,
Type X : {2, 2, 1}, ςd = ςu = cotβ , ς` = − tanβ ,
Type Y : {1, 2, 2}, ςd = − tanβ , ςu = ς` = cotβ .
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Flavour alignment

Alignment in flavour space

Y
(a)
d,` = ς

(a)
d,` Md,` , Y (a)

u = ς(a)∗
u Mu ,y

Family universality
Sources of CP-violation
No FCNC at tree level

Most general structure (Family universality)

ς
(a)
d,` ≡ Y

(a)
d,` M

−1
d,` , ς(a)†

u ≡ Y (a)
u M−1

u .

ς
(a)
d = diag(ς

(a)
d , ς(a)

s , ς
(a)
b ), ς(a)

u = diag(ς(a)
u , ς(a)

c , ς
(a)
t ), ς

(a)
` = diag(ς(a)

e , ς(a)
µ , ς(a)

τ ).
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Renormalization group equations

ϕ
(k)
i

dL,R

ϕ
(l)
j

Scalar self-energyy
Tr
(
Y

(a)
d Y

(b)†
d + Y (a)

u Y (b)†
u

)
Y

(b)
d

dR

QL

dR QL

dR

QL

ϕ
(k)
i

QL and dR self energiesy
QL :

(
Y

(b)
d Y

(b)†
d + Y (b)

u Y (b)†
u

)
Y

(a)
d

dL : Y
(a)
d Y

(a)†
d Y

(b)
d

ϕ
(k)
i

ϕ
(l)
j

Q̄L

dR

Vertex correctiony
V †
CKM

Y (b)
u Y (a)†

u V
CKM

Y
(b)
d → FCNC

FCNC Lagrangian, N = 2

LFCNC =
1

4π2v3
(1 + ς∗u ςd )

3∑
k=1

ϕ0
k

{
Cd(µ) (Rk2 + i Rk3) (ςd − ςu ) d̄LV

†
CKM

MuM
†
uVCKM

MddR

− Cu(µ) (Rk2 − i Rk3) (ς∗d − ς∗u ) ūLVCKM
MdM

†
dV
†
CKM

MuuR
}

+ h.c

Cf (µ) = Cf (µ0)− log µ
µ0
, µ0 = ΛA ≤ MPlanck = 1019 GeV→ Cf (MW ) ≤ 40
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Flavour symmetries

Symmetries under flavour-phase transformations

f iX → eiα
f ,X
i f iX , Y

(a),ij
f → eiα

f ,L
i Y

(a),ij
f e−iα

f ,R
j ,

M ij
f → eiα

f ,L
i M ij

f e−iα
f ,R
j , V ij

CKM
→ eiα

u,L
i V ij

CKM
e−iα

d,L
j .

f = u, d , ` , X = L,R , i , j → fermion families

FCNC operators

On,m
d = d̄L(ςd)p1V †

CKM
(ς†u)pn(MuM

†
u)n(ςu)p

′
nV

CKM
(ςd)pm(MdM

†
d)m(ς†d)p

′
m(ςd)p

′
1MddR ,

On,m
u = ūL(ςu)p1V

CKM
(ςd)pn(MdM

†
d)n(ς†d)p

′
nV †

CKM
(ς†u)pm(MuM

†
u)m(ςu)p

′
m(ς†u)p

′
1MuuR ,

pk , p
′
k ≤ k

Ana Peñuelas Mart́ınez (IFIC) Flavour alignment in multi-Higgs-doublets models October 18, 2017 8 / 15



Phenomenology of the A2HDM

Aligned Two-Higgs Doublet Model (A2HDM)

Two doublets aligned in flavour space, in the CP-conserving limit,

Yd,` = ςd,`︸︷︷︸
real

Md,` , Yu = ςu︸︷︷︸
real

Mu .

R11 = R22 = cos α̃, R21 = −R21 = sin α̃, R33 = 1, Ri3 = R3i = 0 (i 6= 3)

b

s̄ µ+

µ−

B0
s → µ+µ−

b

s b̄

s

B0
s − B̄0

s mixing

FCNC vertices at one loop

Also scalar penguins and boxes
(H±)(needed to cancel divergences)

FCNC vertices at two loops

Box contributions (H±) finite by
themselves (GIM mechanism)
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Phenomenology of the A2HDM

Mass configurations

Red : MH± = 100 GeV , MH = 50 GeV , MA = 50 GeV ,

Green : MH± = 100 GeV , MH = 200 GeV , MA = 200 GeV ,

Blue : MH± = 500 GeV , MH = 500 GeV , MA = 200 GeV ,

Orange : MH± = 500 GeV , MH = 200 GeV , MA = 500 GeV .

+ constraints from B̄ → Xsγ

b
(ςu,ςd) H± (ςu,ςd)

s

γ
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Phenomenology of the A2HDM. B0
s → µ+µ−

Observable

B(B0
s → µ+µ−)A2HDM

B(B0
s → µ+µ−)SM

=

{
|P|2 +

(
1− ∆Γs

Γs
L

)
|S |2

}
,

P ⊂ CA2HDM
10 , C

ϕ0
i ,A2HDM

P

S ⊂ C
ϕ0

i ,A2HDM
S

∆CA2HDM
10 = |ςu|2

x2
t

8

[
1

xH+ − xt
+

xH+

(xH+ − xt)2
(ln xt − ln xH+ )

]
.

∆C
ϕ0

i ,A2HDM
S =

xt
2xh

(cα̃ + sα̃ ς`)

{
sα̃ (ςu − ςd) (1 + ςu ςd) Cd(MW ) + ...

}
,

∆C
ϕ0

i ,A2HDM
P = −ς`

xt
2xA

[(ςu − ςd) (1 + ςu ςd) Cd(MW ) + ...] ,
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Phenomenology of the A2HDM. B0
s → µ+µ−
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Ana Peñuelas Mart́ınez (IFIC) Flavour alignment in multi-Higgs-doublets models October 18, 2017 12 / 15



Phenomenology of the A2HDM. B0
s → µ+µ−
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Phenomenology of the A2HDM. B0
s − B̄0

s mixing
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Summary

Motivation for the study of extensions → aspects of nature not explained
only by the SM + freedom to extend the scalar sector

NHDM: N doublets with the same quantum numbers as the Higgs doublet→
2N-1 scalar neutral particles (ϕ0

i ) + N-1 charged particles (H±i )

In general FCNC at tree level, to avoid them:

Natural flavour conservation: Zd
2 ⊗Zu

2 ⊗Z`
2 symmetry, stable under quantum

corrections
Flavour alignment: one loop-misalignment

small quantum corrections (flavour-phase symmetry)

Phenomenological constraints for the A2HDM

B0
s → µ+µ−

Meson mixing

ΛA ≤ MPlanck ∼ 1019 GeV → Cd(MW ) = log ΛA

MW
≤ 40 X
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Back up
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Multi-Higgs-doublets models: Original and Higgs basis

Original basis:

φa = eiθa
[

φ+
a

1√
2

(va + ρa + i ηa)

]
.

LY = −
N∑

a=1

{
Q̄ ′L

(
Γaφa d

′
R + ∆aφ̃a u

′
R

)
+ L̄′L Πaφa `

′
R + h.c.

}
,

SU(N) transformation, so that just one doublet acquiere a vev

Φa =
N∑

b=1

Ωab e−i θ̃b φb , φb = ei θ̃b
N∑

a=1

Ωab Φa , Ω · ΩT = ΩT · Ω = 1 ,
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Multi-Higgs-doublets models: Original and Higgs basis

Higgs basis:

Φ1 =

[
G+

1√
2

(v + S0
1 + i G 0)

]
, Φa>1 =

[
H+

a
1√
2

(S0
a + i P0

a )

]
.

In the Higgs basis the Yukawa structures:

N∑
a=1

Γaφa =
N∑

b=1

Γ̂bΦb ,

N∑
a=1

∆aφ̃a =
N∑

b=1

∆̂bΦ̃b ,

N∑
a=1

Πaφa =
N∑

b=1

Π̂bΦb ,

with

Γ̂b =
N∑

a=1

Ωba ei θ̃a Γa , ∆̂b =
N∑

a=1

Ωba e−i θ̃a ∆a , Π̂b =
N∑

a=1

Ωba ei θ̃a Πa .
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Z∈ symmetries for N doublets

N ≥ 3 : 3N-1 inhert doublets

Type A : {1, 1, 1}, ς
(a)
d = ς

(a)
u = ς

(a)
` = Ωa1/Ω11

Type B : {1, 2, 1}, ς
(a)
d = ς

(a)
` = Ωa1/Ω11 , ς

(a)
u = Ωa2/Ω12 ,

Type C : {1, 1, 2}, ς
(a)
d = ς

(a)
u = Ωa1/Ω11 , ς

(a)
` = Ωa2/Ω12 ,

Type D : {1, 2, 2}, ς
(a)
d = Ωa1/Ω11 , ς

(a)
u = ς

(a)
` = Ωa2/Ω12 ,

Type E : {1, 2, 3}, ς
(a)
d = Ωa1/Ω11 , ς

(a)
u = Ωa2/Ω12 , ς

(a)
` = Ωa3/Ω13 .
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Renormalization Group Equations

DΓa = aΓ Γa +
N∑

b=1

[
NC Tr

(
ΓaΓ†b + ∆†a∆b

)
+ Tr

(
ΠaΠ†b

)]
Γb

+
N∑

b=1

(
−2 ∆b∆†aΓb + ΓaΓ†bΓb +

1

2
∆b∆†bΓa +

1

2
ΓbΓ†bΓa

)
,

D∆a = a∆ ∆a +
N∑

b=1

[
NC Tr

(
∆a∆†b + Γ†aΓb

)
+ Tr

(
Π†aΠb

)]
∆b

+
N∑
l=1

(
−2 ΓbΓ†a∆b + ∆a∆†b∆b +

1

2
ΓbΓ†b∆a +

1

2
∆b∆†b∆a

)
,

DΠa = aΠ Πa +
N∑

b=1

[
NC Tr

(
ΓaΓ†b + ∆†a∆b

)
+ Tr

(
ΠaΠ†b

)]
Πb

+
N∑
l=1

(
ΠaΠ†bΠb +

1

2
ΠbΠ†bΠa

)
,

where D ≡ 16π2µ (d/dµ), being µ the renormalization scale, and NC = 3 is the number
of quark colours.
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Renormalization Group Equations

LFCNC =
1

4π2v 3

N∑
a=1

N−1∑
k=1

ϕ0
a

{
C

(a)
d (Ra,2k +Ra,2k+1) d̄LΘ̃

(a)
d MddR

− C (a)
u (Ra,2k −Ra,2k+1) ūLΘ̃(a)

u MuuR
}

+ h.c. ,

Θ̃
(a)
d = −V †

CKM

N∑
b=1

ς(b)†
u MuM

†
u ς

(a)
u V

CKM
ς

(b)
d + ς

(a)
d V †

CKM

N∑
b=1

ς(b)†
u MuM

†
uVCKM

ς
(b)
d + ∆Θ̃

(a)
d ,

Θ̃(a)
u = −V

CKM

N∑
b=1

ς
(b)
d MdM

†
d ς

(a)†
d V †

CKM
ς(b)†
u + ς(a)†

u V
CKM

N∑
b=1

ς
(b)
d MdM

†
dV
†
CKM

ς(b)†
u + ∆Θ̃(a)

u ,

∆Θ̃
(a)
d =

1

4

[
V †

CKM

(
N∑

b=1

ς(b)†
u MuM

†
u ς

(b)
u

)
V

CKM
, ς

(a)
d

]
=

N

4

[
V †

CKM
MuM

†
uVCKM

, ς
(a)
d

]
,

∆Θ̃(a)
u =

1

4

[
V

CKM

(
N∑

b=1

ς
(b)
d MdM

†
d ς

(b)†
d

)
V †

CKM
, ς(a)†

u

]
=

N

4

[
V

CKM
MdM

†
dVCKM

, ς
(a)
d

]
,
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Renormalization Group Equations

Θ̃
(a)
d =

(
ς

(a)
d − ς

(a)
u

) ( N∑
b=1

ς(b)†
u ς

(b)
d

)
V †

CKM
MuM

†
uVCKM

,

Θ̃(a)
u =

(
ς(a)†
u − ς(a)†

d

) ( N∑
b=1

ς(b)†
u ς

(b)
d

)
V

CKM
MdM

†
dV
†
CKM

.
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Flavour symmetries

In the absence of Yukawa couplings → huge SU(3)5 flavour symmetry

fX → SfX fX , SfX ∈ SU(3)fX

f iX → eiα
f ,X
i f iX , Y

(a),ij
f → eiα

f ,L
i Y

(a),ij
f e−iα

f ,R
j .

M ij
f → eiα

f ,L
i M ij

f e−iα
f ,R
j , V ij

CKM
→ eiα

u,L
i V ij

CKM
e−iα

d,L
j .

The generalized alignment condition implies then

ς
(a),ij
f → eiα

f ,L
i ς

(a),ij
f e−iα

f ,L
j .

FCNC operators of the form

On,m
d = d̄L(ςd)p1V †

CKM
(ς†u)pn(MuM

†
u)n(ςu)pn′V

CKM
(ςd)pm(MdM

†
d)m(ς†d)pm′ (ςd)p2MddR ,

On,m
u = ūL(ςu)p1V

CKM
(ςd)pn(MdM

†
d)n(ς†d)pn′V †

CKM
(ς†u)pm(MuM

†
u)m(ςu)pm′ (ς†u)p2MuuR ,

or similar structures with additional factors of V
CKM

, V †
CKM

, (Mf M
†
f ) and

alignment matrices.
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Example of 2HDM as a solution of DM

A. Drozd, B.Grzadkowski1, J.F. Gunion and Y. Jiang (arXiv: 1408.2106)

2HDM type I or II + real gauge singlet S (2HDMS)

S does not acquiere a vev

Extra symmetry Z ′2 : S → −S (remaining particles unchanged)
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