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Possible Scenarios:

1 Light SM Higgs: MH (GeV) ∈ [114.4 , 141]
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Possible Scenarios:

1 Light SM Higgs.

Favoured by EW precision tests

2 Alternative perturbative EW SSB.

Scalar Doublets and singlets (ρ)

3 Heavy Higgs.

Non-perturbative EW SSB

4 No Higgs.

Dynamical EW SSB
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Standard Model Q̄ ′
L ≡ (ū′L, d̄

′
L) , Φ̃ ≡ iτ2 Φ

∗

One Higgs Doublet Φ =

(

φ(+)

φ(0)

)

, 〈0|Φ|0〉 =
(

0
v√
2

)

LY = − Q̄ ′
iL Γij Φ d ′

jR − Q̄ ′
iL∆ij Φ̃ u′jR − L̄′iL ΠijΦ l ′jR + h.c.

SSB

M ′
d =

v√
2
Γ , M ′

u =
v√
2
∆ , M ′

l =
v√
2
Π

Diagonalization

{

GIM Mechanism (Unitarity)

Yukawas proportional to masses

No Flavour-Changing Neutral Currents
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Two Higgs Doublets: φa (a = 1, 2)

〈0|φT
a (x)|0〉 = 1√

2
(0 , va e

iθa) , θ1 = 0 , θ ≡ θ2 − θ1

Higgs basis: v ≡
√

v21 + v22 , tanβ ≡ v2/v1

(

Φ1

−Φ2

)

≡
[

cos β sinβ
sinβ − cos β

] (

φ1

e−iθ φ2

)

Φ1 =

[

G+

1√
2

(

v + S1 + iG 0
)

]

, Φ2 =

[

H+

1√
2
(S2 + iS3)

]

Mass eigenstates: H± , ϕ0
i (x) ≡ {h(x),H(x),A(x)} = Rij Sj(x)
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Yukawa Interactions in 2HDMs

LY = − Q̄ ′
L (Γ1φ1 + Γ2φ2) d

′
R − Q̄ ′

L (∆1φ̃1 +∆2φ̃2) u
′
R

− L̄′L (Π1φ1 + Π2φ2) l
′
R + h.c.

SSB

LY = −
√
2

v

{

Q̄ ′
L (M

′
dΦ1 + Y ′

dΦ2) d
′
R + Q̄ ′

L (M
′
uΦ̃1 + Y ′

uΦ̃2) u
′
R

+ L̄′L (M
′
lΦ1 + Y ′

l Φ2) l
′
R + h.c.

}

M
′
f and Y

′
f unrelated FCNCs

√
2M ′

d = v1Γ1 + v2Γ2e
iθ ,

√
2M ′

u = v1∆1 + v2∆2e
−iθ

√
2Y ′

d = v1Γ2e
iθ − v2Γ1 ,

√
2Y ′

u = v1∆2e
−iθ − v2∆1
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Avoiding FCNCs

• Very large scalar masses THDM irrelevant at low energies

• Very small scalar couplings

• Type III model: (Yf )ij ∝ √
mimj Yukawa textures

(Cheng - Sher ’87)

• Discrete Z2 symmetries: only one φa(x) couples to a given fR(x)
(Glashow - Weinberg ’77)

Z2: φ1 → φ1 , φ2 → −φ2 , QL → QL , LL → LL , fR → ±fR

CP conserved in the scalar sector
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Aligned 2HDM (Pich - Tuzón ’09)

Require alignment in Flavour Space of Yukawa couplings:

Γ2 = ξd e
−iθ Γ1 , ∆2 = ξ∗u e

iθ ∆1 , Π2 = ξl e
−iθ Π1

Yd,l = ςd,l Md,l , Yu = ς∗u Mu , ςf ≡ ξf − tanβ

1 + ξf tanβ

LY = −
√
2

v
H+

{

ū
[

ςd VCKM
MdPR − ςu M

†
uVCKM

PL

]

d + ςl (ν̄Ml PR l)
}

− 1

v

∑

ϕ0
i ,f

y
ϕ0

i

f ϕ0
i

(

f̄ Mf PR f
)

+ h.c.
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• Fermionic couplings proportional to fermion masses.

• Neutral Yukawas are diagonal in flavour

y
ϕ0

i

d,l = Ri1 + (Ri2 + i Ri3) ςd,l , y
ϕ0

i
u = Ri1 + (Ri2 − i Ri3) ς

∗
u

• V
CKM

is the only source of flavour-changing phenomena

• All leptonic couplings are diagonal in flavour

• Only three new (universal) couplings ςf .

• The usual Z2 models are recovered in the limits ξf → 0,∞

The inert doublet model corresponds to ςf = 0 (ξf = tan β)

• ςf are arbitrary complex numbers

New sources of CP violation without tree-level FCNCs
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A2HDM: General phenomenological setting without tree-level FCNCs

LY = −
√
2

v
H+

{

ū
[

ςd VCKM
MdPR − ςu M

†
uVCKM

PL

]

d + ςl (ν̄Ml PR l)
}

− 1

v

∑

ϕ0
i
,f

y
ϕ0

i

f ϕ0
i

(

f̄ Mf PR f
)

+ h.c.

Z2 models:

Model ςd ςu ςl

Type I cot β cot β cot β

Type II − tanβ cot β − tanβ

Type X cot β cot β − tanβ

Type Y − tanβ cot β cot β

Inert 0 0 0
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Quantum Corrections

L
A2HDM

invariant under the phase transformation: [αν
i = αl

i ]

f iL(x) → eiα
f ,L
i f iL(x) , f iR(x) → eiα

f ,R
i f iR(x)

V ij
CKM

→ eiα
u,L
i V ij

CKM
e
−iα

d,L
j , Mf ,ij → eiα

f ,L
i Mf ,ij e

−iα
f ,R
j

• Leptonic FCNCs absent to all orders in perturbation theory

• Loop-induced FCNCs local terms take the form:

ūLVCKM
(MdM

†
d )

nV †
CKM

(MuM
†
u)

mMuuR

d̄LV
†
CKM

(MuM
†
u)nVCKM

(MdM
†
d)

mMddR

MFV structure (D’Ambrosio et al, Chivukula-Georgi, Hall-Randall, Buras et al, Cirigliano et al)
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Minimal Flavour Violation in 2HDMs

SU(NG)
5 Flavour Symmetry in the Gauge Sector (QL, uR , dR , LL, lR)

(Chivukula-Georgi ’87)

Spurion Formalism: (D’Ambrosio et al ’02, Buras et al ’10)

• Γ1 ∼
(

NG , 1,NG , 1, 1
)

• ∆1 ∼
(

NG ,NG , 1, 1, 1
)

• Π1 ∼
(

1, 1, 1,NG ,NG

)

Aligned Yukawas

are also invariant

Allowed Operators:

Q̄ ′
L (Γ1Γ

†
1)

n(∆1∆
†
1)

m∆1u
′
R

Q̄ ′
L (∆1∆

†
1)

n(Γ1Γ
†
1)

mΓ1d
′
R
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FCNCs at one Loop

General 2HDM 1-loop Renormalization Group Eqs. known (Cvetic et al, Ferreira et al)

(Jung-Pich-Tuzón, Braeuninger-Ibarra-Simonetto)

LFCNC =
C (µ)

4π2v3
(1 + ς∗uςd )

∑

i

ϕ0
i (x)

×
{

(Ri2 + i Ri3) (ςd − ςu )
[

d̄L V
†
CKM

MuM
†
u VCKM

Md dR

]

− (Ri2 − i Ri3) (ς
∗
d − ς∗u )

[

ūL VCKM
MdM

†
d V

†
CKM

Mu uR

]}

+ h.c.

• C (µ) = C (µ0)− log (µ/µ0)

• Vanish in all Z2 models as it should

• Suppressed by mqm
2
q′/(4π

2v3) and V qq′

CKM
s̄LbR , c̄LtR
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Phenomenological Constraints Jung-Pich-Tuzón

• τ → µ/e: |gµ/ge |2 = 1.0036 ± 0.0029

|ςl |/MH± < 0.40 GeV
−1 (95% CL)

• Γ(P− → l−ν̄l) =
mP

8π

(

1− m2
l

m2
P

)2
∣

∣GF ml fP V ij
CKM

∣

∣

2 |1−∆ij |2

∆ij =
m2

P

M2
H±

ς∗l
ςumui + ςdmdj

mui +mdj

• Γ(P → P ′l−ν̄l) Scalar form factor: f̃0(t) = f0(t) (1 + δij t)

δij ≡ − ς∗l
M2

H±

mi ςu −mj ςd
mi −mj
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Global fit to P → lνl , τ → Pντ , P → P
′
lνl (95% CL)

Jung-Pich-Tuzón
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Real Couplings: Jung-Pich-Tuzón

Ds → τντ (B → τντ )
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1-Loop Constraints on H
± Couplings

B0–B̄0 Mixing

Z → bb̄

q bu, c, t

qb u, c, t

W

Wq b

W qb

u, c, t u, c, tW

W

b b

t

Z

W

b b

t

Z

Virtual H± /W±. Top-dominated contributions
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Constraints from Z → bb̄ and ∆MBs
(95% CL) Jung-Pich-Tuzón

Z → bb̄ (|ςd | < 50)
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Constraints from ǫK (95% CL) Jung-Pich-Tuzón
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Constraints from b → sγ (95% CL) Jung-Pich-Tuzón

Complex couplings Real couplings

|ςu | = 0.5 ςu = 0.5

Ceff
i (µW ) = Ci,SM + |ςu |

2 Ci,uu − (ς∗u ςd ) Ci,ud
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Global Constraints on Z2 Models (95% CL) Jung-Pich-Tuzón

Type I Type X
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l = cotβ
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Global Constraints on Z2 Models (95% CL) Jung-Pich-Tuzón

Type II Type Y
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ςu = −ς−1
d = −ς−1

l = cotβ ςu = −ς−1
d = ςl = cot β

MH± > 277 GeV In agreement with previous analyses
(Aoki et al, Wahab et al, Deschamps et al, Flacher at al, Bona et al, Mahmoudi-Stal, Misiak et al . . . )
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Constraints from b → sγ (95% CL) Jung-Pich-Tuzón

Important Correlations: C eff

i (µW ) = Ci ,SM + |ςu |2 Ci ,uu − (ς∗u ςd ) Ci ,ud

|ς∗u ςd | vs. MH±
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|ς∗u ςd | vs. arg (ς∗u ςd )

• Stronger constraint for small Scalar Masses

• For ϕ ≡ arg (ς∗u ςd) = π (0) constructive (destructive) interference

• Important restriction on CP asymmetries
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Direct CP Asymmetry in b → sγ Jung-Pich-Tuzón

• Small in the SM (Ali et al ’98, Kagan-Neubert ’98, Hurth et al ’05)

• Potentially large in general 2HDMs (Borzumati-Greub ’98)

• However, strongly constrained by Br(b → sγ)

aCP ≡ Γ− Γ̄

Γ + Γ̄

Compatible with measurement, but it could be sizeable
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D0: µ±µ± Asymmetry B0 Mixing

-0.04

-0.02

0

0.02

-0.04 -0.02 0 0.02

SM

DØ, 9.0 fb-1

Standard Model

B Factory W.A.

DØ Bs→µDsX

DØ Ab
sl

DØ Ab
sl 95% C.L.

ad
sl

as sl

Ab
sl ≡

N++
b − N−−

b

N++
b + N−−

b

a
q
sl ≡

Γ(B̄0
q → µ+X )− Γ(B0

q → µ−X )

Γ(B̄0
q → µ+X ) + Γ(B0

q → µ−X )

=
∆Γq
∆Mq

tanφq

• LHCb does not confirm a large φs in Bs → J/Ψφ (D0/CDF)

• D0 data seems to require new-physics contribution in ∆Γs
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With present statistics, no evidence 
for deviation from the SM.

Next steps: 
1) Increase statistics (luminosity)
2) Add same-side Kaon tagging
3) Break ambiguity by looking at 
relative S-wave phase vs. M(KK) in 
J/ψϕ

LHCb
Preliminary

L
H

C
b
-C

O
N

F-
2
0
1
1
-0

5
6

33

LHCb Preliminary

G. Raven, Lepton-Photon 2011
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B
0
s –B̄

0
s Mixing Phase within the A2HDM Jung-Pich-Tuzón

Maximum possible enhancement from H± exchanges:

1 2 3 4 5 6
ArgHΖu

*ΖdL�rad

-4

-2

2

4

6

SinHΦsL�HÈDsÈSinHΦs
SMLL

asl

asl |SM
=

sinφ

|∆| sinφSM

φ ≡ arg (−M12/Γ12)

∆ ≡ M12/M
SM
12

H± contributions to ∆M are too small to explain the D0 asymmetry
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Electric Dipole Moments

• Highly sensitive to flavour-blind CP-violating phases

• Stringent experimental bounds: neutron, Thallium, Mercury . . .

• 1-loop H± contributions very suppressed by light-quark masses

• Contributions from 4-fermion operators are small (Buras et al)

(also induced by φ0
i exchange with 1-loop FCNC vertices)

• Two-loop contributions dominate (Weinberg ’89, Dicus ’90, Barr-Zee ’90)
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Neutron EDM dominated by H
± contribution to LW

LW = −CW

6 fabc ǫ
µναβ G a

µρG
b ρ
ν G c

αβ , CW ∼ Im(ςu ς
∗
d )

Jung-Pich, preliminary

b → sγ b → sγ + dγ
n

dγ
n M

H± = 80 GeV

M
H± = 500 GeV M

H± = 500 GeV

Im(ςuς
∗
d) strongly constrained, but not tiny

A-2HDM A. Pich – Vienna 2011 32



Higgs Production (CP assumed)

yh0

t = cos α̃+ ςu sin α̃

yH0

t = − sin α̃+ςu cos α̃

λh0

W ,Z = cos α̃

λH0

W ,Z = − sin α̃

• Charged Higgs: Z → H+H−, t → H+b, W+ → H+h0 (H0)

• CP-odd A0: tt̄ → A0, W+ → H+A0, Z 0 → A0h0 (H0)

• CP-violation: ϕ0
i mixing (h0, H0, A0), ςf

A-2HDM A. Pich – Vienna 2011 33



Higgs Decay (CP assumed)

λh0

W ,Z = cos α̃

λH0

W ,Z = − sin α̃

yh0

t = cos α̃+ ςu sin α̃

yH0

t = − sin α̃+ ςu cos α̃

• h0 (H0) → W±H∓, h0 (H0) → Z A0, H0 → h0A0

• H+ → tb̄, H+ → W+h0 (H0)

• A0 → tt̄, A0 → W±H∓, A0 → Z 0h0 (H0), A0 → h0H0
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Scaling factors for A-2HDM Higgs h
0

Rolandi, HCP 11

|yh0t | = | cos α̃+ ςu sin α̃| < 0.25 – 1

for Mh0 ∈ [141, 476]

Br(h0 → ZZ ,WW ) ≈ 1
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Charged Higgs

O. Igonkina, HCP 11

A. Savin, HCP 11

Br(t → H+b) ≈ |ςu |2
|ςu |2 + R

+ O(m2
b/m

2
t )

R =





m2
t − M2

W±

m2
t − M2

H±





2 

1 + 2
M2

W±

m2
t



 (1 + δ
QCD

)

Br(H+ → τ+ντ ) ≈ 1− Br(H+ → cs̄) ≈
{

1 + (1.8 |ςu|2 + 0.012 |ςd |2)/|ςl |2)
}−1
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SUMMARY

• The Aligned THDM provides a general phenomenological setting

Includes all Z2 models

• Tree-level FCNCs absent by construction

• Leptonic FCNCs forbidden to all orders

• Loop-induced quark FCNCs very constrained (MFV like)

• New sources of CP violation through ςf

• Satisfies flavour constraints with ςf ∼ O(1)

• Sizeable flavour-blind phases allowed by EDMs

• Interesting collider phenomenology
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Backup Slides
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CKM Fit within the A2HDM

• Only the constraints from |Vub/Vcb | and ∆ms/∆md survive

• γ from tree-level decays excludes the 2nd solution

• ∆ms/∆md = (∆ms/∆md )|SM + O[(ms −md ) ςd/MW ]
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Parameter Value Comment
fBs

(0.242± 0.003± 0.022) GeV
fBs

/fBd
1.232± 0.016± 0.033

fDs
(0.2417± 0.0012± 0.0053) GeV

fDs
/fDd

1.171± 0.005± 0.02
fK/fπ 1.192± 0.002± 0.013

fBs

√

B̂B0
s

(0.266± 0.007± 0.032) GeV

fBd

√

B̂B0
s
/(fBs

√

B̂B0
s
) 1.258± 0.025± 0.043

B̂K 0.732± 0.006± 0.043
|Vud | 0.97425± 0.00022

λ 0.2255± 0.0010
(

1− |Vud |2
)1/2

|Vub| (3.8± 0.1± 0.4) · 10−3 b → ulν (excl. + incl.)
A 0.80± 0.01± 0.01 b → clν (excl. + incl.)
ρ̄ 0.15± 0.02± 0.05 Our fit
η̄ 0.38± 0.01± 0.06 Our fit
ρ2|B→Dlν 1.18± 0.04± 0.04
∆|B→Dlν 0.46± 0.02
f Kπ
+ (0) 0.965± 0.010
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Φ1 =

[

G+

1√
2

(

v + S1 + iG 0
)

]

, Φ2 =

[

H+

1√
2
(S2 + iS3)

]

Goldstones: G± , G 0

Mass eigenstates: H± , ϕ0
i (x) = {h(x),H(x),A(x)}

ϕ0
i (x) = {h(x),H(x),A(x)} = Rij Sj(x)

CP-conserving scalar potential: A(x) = S3(x)

(

H

h

)

=

[

cos α̃ sin α̃
− sin α̃ cos α̃

] (

S1
S2

)
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