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Outline

1 The 2HDM

Motivations for SM extensions in the scalar sector.
Features of the 2HDM.

2 Yukawa Couplings

Versions with NFC
Version III
The flavour parametrization
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Free parameters of the SM

The 19 parameters

3 gauge coupling constants

6 quarks masses

3 charged leptons masses

2 gauge boson masses (W±, Z0)

3 quark mixing angles

1 electroweak mixing angle (θW )

1 CP phase in the CKM matrix
...plus 7 parameters with massive neutrinos

3 neutrino masses

3 mixing angles

1 CP phase in the MPNS matrix
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Main motivations to extent the SM scalar sector

New sources of CP violation are needed in order to explain
matter-antimatter asymmetry

Biger number of doublets can parametrize, in a simple way,
small deviations from SM symmetries(LFV, CPV, FCNC,...).

Scalar sector of SM is too simple although not experimentally
tested

General models (SUSY, Peccei-Quinn, etc.) have two or more
doublets or even more complex scalar sector

We can not make arbitrary extensions of the scalar sector

ρ =
m2
W

m2
z cos2 θW

' 1

FCNC must be small ()

[Gunion et. al.,1990]
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Why study the 2HDM?
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Why doublets?

In general

ρ ≡
∑

T,Y

[
4T (T + 1)− Y 2)

]
|vT,Y |2cT,Y∑

T,Y 2Y 2|vT,Y |2

ρ ' 1

(2T + 1)2 − 3Y 2 = 1

Posibilities

T = 1
2 , Y = ±1

T = 3, Y = ±4

T = 25
2 , Y = ±15

. . .
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Yukawa sector of 2HDM(N = 2)

L2HDM
HF = −QL

N∑
a=1

(Y d
a ΦadR + Y u

a Φ̃auR)− LL
N∑
a=1

Y l
aΦalR + h.c.

Φa =

(
ϕ+
a

ϕ0
ae
iθa

)
, ϕ0

a = va +
ρa + iηa√

2
; a = 1, ..., N

Mass Matrix

Mf =
1√
2

(v1Y
f

1 + v2Y
f

2 ) , f = u, d, l

The same fermions than SM
The same SM symmetries and possibly a discrete symmetry
4(N − 1)− 3 new physical scalars

New sources of CP violation (θa and phases in Y u,d,l
a )

Presence of Flavour Changing Neutral Currents at tree level
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Neutral Higgs mixing and new parameters.

H± = − sinβϕ±1 + cosβϕ±2

A0 =
√

2 (− sinβη1 + cosβη2)

H0 =
√

2 [(ρ1 − v1) cosα+ (ρ2 − v2) sinβ]

h0 =
√

2 [−(ρ1 − v1) sinα+ (ρ2 − v2) cosα]

With β = v2
v2

and v2 = v2
1 + v2

2

Higgs basis

〈H1〉0 =

(
0
v√
2

)
; 〈H2〉0 =

(
0
0

)
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Natural Flavour Conservation (NFC)
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NFC (...or think twice before break a symmetry )
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Invariant potential under SU(2)× U(1) of the 2HDM

V = m1Φ†1Φ1 +m2Φ†2Φ2 +m3

(
eiδ3Φ†1Φ2 + e−iδ3Φ†2Φ1

)
+a1

(
Φ†1Φ1

)2
+ a2

(
Φ†2Φ2

)2
+ a3

(
Φ†1Φ1

)(
Φ†2Φ2

)
+a4

(
Φ†1Φ2

)(
Φ†2Φ1

)
+ a5

[
eiδ5

(
Φ†1Φ2

)2
+ e−iδ5

(
Φ†2Φ1

)2
]

+a6

(
Φ†1Φ1

)(
eiδ6Φ†1Φ2 + e−iδ6Φ†2Φ1

)
+a7

(
Φ†2Φ2

)(
eiδ7Φ†1Φ2 + e−iδ7Φ†2Φ1

)

Type I

Φ1 → −Φ1

Φ2 → Φ2

Type II

Φ1 → −Φ1

Φ2 → Φ2

diR → −diR

13 / 27



Versions of 2HDM with NFC

Version uiR diR eiR
I Φ2 Φ2 Φ2

II Φ2 Φ1 Φ1

Lepton-specific Φ2 Φ2 Φ1

Flipped Φ2 Φ1 Φ2

−L2HDM
Y =

∑
f=u,d,l

(
ξ
f
h
f̄fh + ξ

f
H
f̄fH − iξf

A
f̄γ5fA

)

+

[√
2Vud

v
ū
(
muξ

u
APL +mdξdξ

d
APR

)
dH

+
+

√
2m`ξ

`
A

v
ν̄L`RH

+
+ H.c.

]

M. Aoki, et.al, Phys.Rev.D80(2009)

Type I Type II Lepton-specific Flipped

ξuh cosα/ sin β cosα/ sin β cosα/ sin β cosα/ sin β

ξdh cosα/ sin β − sinα/ cos β cosα/ sin β − sinα/ cos β

ξ`h cosα/ sin β − sinα/ cos β − sinα/ cos β cosα/ sin β
ξuH sinα/ sin β sinα/ sin β sinα/ sin β sinα/ sin β

ξdH sinα/ sin β cosα/ cos β sinα/ sin β cosα/ cos β

ξ`H sinα/ sin β cosα/ cos β cosα/ cos β sinα/ sin β
ξuA cot β cot β cot β cot β

ξdA − cot β tan β − cot β tan β
ξuA − cot β tan β tan β − cot β
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Version I
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Version II
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Version II
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Why a Version III?

Discrete symmetries imposed on the Higgs doublets are too
restrictive that it not possible to describe deviations from the
SM symmetries.

The magnitude of couplings have the same order of
magnitude for every generation.

Relax the restrictions on the Higgs doublets introduce FCNC
at tree level

The FCNC need a mechanism to control them.

At the Higgs basis

LY = ηuQ̄LH̃1uR + ηdQ̄LH1dR + η`L̄LH1`R

+ξ̂uQ̄LH̃2uR + ξ̂dQ̄LH2dR + ξ̂`L̄LH2`R + H.c.
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Cheng and Sher Ansatz

First try to control FCNSI was mH ∼ O(TeV)

A Fritzsch form mass matrix can reproduce VCKM at the
quark sector (remember last saturday’s talk of Prof.
Mondragón)

Mf =

 0 Cf 0
C∗f Df Bf
0 B∗f Af


FCNSI inherits the hierarchy of mass matrix

ξfij =

√
2

v

√
mf
im

f
j︸ ︷︷ ︸

∼Mf
ij

χ̃fij

In order to preserve the hierarchy |χ̃fij | ∼ 1
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Mass matrix diagonalization

M̄f ≡ diag(mf1 ,m
f
2 ,m

f
3 ) = U†LMfUR

Hf ≡ MfM
†
f = UfLM̄

2
fU

f†
L

Ir ≡ M†fMf = UfRM̄
2
fU

f†
R

Hermitian case Mf = M†f ; If = Hf ;UfR = UfL

Invariants equations

Det(Hf ) = Det(M̄2
f )

Tr(Hf ) = Tr(M̄
2
f )

Tr2(Hf )− Tr(H2
f ) = Tr2(M̄

2
f )− Tr

(
(M̄

2
f )

2
)

Af = Af (mf1 ,m
f
2 ,m

f
3 , xCKM , φ)

Bf = Bf (mf1 ,m
f
2 ,m

f
3 , Af )

Cf = Cf (mf1 ,m
f
2 ,m

f
3 , Af )

Df = Df (mf1 ,m
f
2 ,m

f
3 , Af )
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Some problems with Version III

Bounds with leptonic B decays (mA0 = 300GeV)
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Phys.Rev.D55,3156 reported for B, D, K systems at some
scenarios

(χds, χuc, χbd, χbs) ≤ (0.1, 0.2, 0.06, 0.06)

Phys.Rev.D67,075011 reported for µ→ eγ with internal
fermion τ , χeτχµτ < 0.04
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Is there another way to introduce the hierarchy of masses
in the scalar interactions?

Aligned 2HDM
Y2 = aY1

Partially Aligned 2HDM

Y f
2 =

 0 c2Cf 0
c∗2C

∗
f d2Df b2Bf

0 b∗2B
∗
f Af


χ̃fij = χ̃fij(b2, c2, d2, a2, φC , φB)

Flavour Transformation

ξf = a′ ·ALMfAR
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Orthogonal transformation AL = OT ; AR = O

ξf = a′ ·RT (θ1, θ2, θ3)MfR(θ1, θ2, θ3)

Same physical content than mass matrix
Tr(ξf ) = a′Tr(Mf ), Det(ξf ) = a′ · Det(Mf )

Establish relations between χij reducing the number of free
parameters.

Suitable parameters of rotations can reproduce the version I, II and
the A-2HDM

The infinitesimal rotation preserves at approximately the hierarchy of the
mass matrix

ξf =

 −2(θ1 + θ3)|Cf | |Cf |
(

1− (θ1 + θ3)
Df
|Cf |

)
θ2|Cf | − (θ1 + θ3)|Bf |

|Cf |
(

1− (θ1 + θ3)
Df
|Cf |

)
|Df | + 2(θ1 + θ3)|Cf | − 2θ2|Bf | |Bf | + θ2(Df − Af )

θ2|Cf | − (θ1 + θ3)|Bf | |Bf | + θ2(Df − Af ) Af + 2θ2|Bf |
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Unitary Transformation AL = U † ;AR = U ; U ∈ SU(N)

N = 3

ξf = a′U †MfU

U =
∑
a

Caλa ; Cab ≡ C∗a · Cb

Again the mass matrix inherit its physical content on ξ

In the hermitian case: Cab = C∗ba
There is a connection between the experimental
measurements and the group parameters.

Tr(λaξ
fλb) =

∑
c,d

CcdTr(λaλcMfλdλb)

The texture of the mass matrix is preserved if U have only
contribution of λ3, λ8
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Unitary Transformation AL = U † ;AR = U

Mf =
∑
a

m̃aλa

The system can be solved if we define

V =


C11

C12
...
C88

 ; W =


Tr(λ1ξ

fλ1)
Tr(λ1ξ

fλ2)
...

Tr(λ8ξ
fλ8)



M =

 Tr(λ1λ1Mfλ1λ1) . . . Tr(λ1λ8Mfλ8λ1)
...

. . .
...

Tr(λ8λ1Mfλ1λ8) . . . Tr(λ8λ8Mfλ8λ8)



Vµ =M−1µνWν
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Final comments

2HDM is good model to parametrize possible new physics
effects as tree FCNC at tree level.

The different version are enough different in order to
distinguish them.

The flavour parametrization allows a reduction of free
parameters in the orthogonal parametrization.

At the unitary parametrization many parameters are present
but is a good way to analyse the structure of group
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Experimental information is needed...

Thank You
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