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Standard Model

One Higgs Doublet Φ : 〈0|Φ|0〉 =
(

0
v√
2

)

, Φ̃ ≡ iτ2Φ
∗

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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FCNCs at one Loop

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

(Jung-Pich-Tuzón)

LFCNC = − log (µ/µ0)

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.

• 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± < 0.43 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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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

2

2.2

2.4

2.6

2.8

3

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

M/τ→lν +
B→Dτν

Z→bb

b→sγ

Log(tan(β)

L
o

g
(M

H
/G

eV
)

C K M
f i t t e r

package

2

2.2

2.4

2.6

2.8

3

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

τ→lν

Z→bb b→sγ

Log(tan(β)

L
o

g
(M

H
/G

eV
)

CK M
f i t t e r

package

ςu = ςd = ςl = cot β ςu = ςd = −ς−1
l = cotβ

lavi
net A. Pich – Planck 2010 16



Global Constraints on Z2 Models (95% CL) Jung-Pich-Tuzón
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D0: µ±µ± Asymmetry B0 Mixing

d
sla

s sla  -1DØ, 6.1 fb
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25th May 2010 Louise Oakes ~ CDF ~ FPCP2010

14

Coverage adjusted 2D likelihood contours for βs and ∆Γ 

New CDF measurement of βs

P-value for SM point: 44%
(0.8σ deviation)

B
0
s → J/ψ φ

φs = φSM
s + φNP

s

2βs = 2βSM
s −φNP

s
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Caveat

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

Ab
sl

∣

∣

D0
+ adsl

∣

∣

HFAG
assl = −0.0146 ± 0.0075

assl + ∆M
exp
s + ∆ΓSMs sinφs = −2.7± 1.4± 1.6

Measured D0 central value incompatible with ∆Γs = ∆ΓSMs

SM: φs = 0.24◦ ± 0.08◦ , φd = −5.2◦ +1.5◦

− 2.1◦ (Lenz-Nierste)
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B
0
s –B̄

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

• Could accommodate a large B0
s mixing phase φs

• Many questions: dipole moments, one-loop FCNC phenomena . . .
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Backup Slides
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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 (α− β) sin (α− β)
− sin (α− β) cos (α− β)

] (

S1
S2

)
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Constraints from B → Dτντ (95% CL) Jung-Pich-Tuzón
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the combination not shown. The red lines show the constraint for ς∗l ςu,d/M
2
H → 0.
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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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