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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Introduction

Importance of the Neutral Meson Mixing

I Is a Flavour-Changing Neutral Currents (FCNC) process.
I FCNC processes only appear at loop level in the SM.
I Good way to check the quantum structure of the SM in the

search of physics beyond the SM.
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the SM

Mixing Diagrams in the SM

I The responsible Feynman diagrams for this process are box diagrams.
I We denote the flavour of the internal quark lines as i and j.
I Limit of external momentum equal to zero (pext = 0).
I ’t Hooft-Feynman gauge (ξW = 1).
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the SM

Diagram [1]

I Fierz identity: (ū1 A PL u2)(ū3 PR B u4) = 1
2 (ū3 γ

µ PL u2)(ū1 A γµ PR B u4).

I Lorentz invariance: ∫
k
f(k2)kµ kν =

∫
k
f(k2) k

2
d
gµν.

M[1] = − i
g4

4(4π)2 [q̄2L γµ q1L]
[
q̄′2L γ

µ q′1L
] ∑

ij

V ∗iq2 Viq1 Vjq1 V
∗
jq2 D2(m2

i ,m
2
j ,M

2
W )

where ui(0) ≡ i, ūi(0) ≡ ī, vi(0) ≡ i′ and v̄i(0) ≡ ī′.

5 / 21



Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the SM

Summing all amplitudes and taking into account relative signs
between diagrams (Wick theorem):

MM0−M̄0 = −i G
2
FM

2
W

π2

∑
ij

λiλj S̃(m2
i ,m

2
j ,M

2
W ) [q̄2L γµ q1L]

[
q̄′2L γ

µ q′1L
]

S̃(m2
i ,m

2
j ,M

2
W ) =

(
1 +

1
4
βiβj

)
M

2
W D2(m2

i ,m
2
j ,M

2
W ) − 2 βi βj M

4
W D0(m2

i ,m
2
j ,M

2
W )

D0(a, b, c, d) =
b ln
(
b
a

)
(b− a)(b− c)(b− d)

+
c ln
(
c
a

)
(c− a)(c− b)(c− d)

+
d ln
(
d
a

)
(d− a)(d− b)(c− d)

D2(a, b, c, d) =
b2 ln
(
b
a

)
(b− a)(b− c)(b− d)

+
c2 ln
(
c
a

)
(c− a)(c− b)(c− d)

+
d2 ln
(
d
a

)
(d− a)(d− b)(c− d)

where βi ≡ m2
i

M2
W

, λi ≡ V ∗
iq2
Viq1 and g2

M2
W

≡ 4
√

2GF .

6 / 21



Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the SM

Effective Lagrangian

I The Effective Lagrangian must have this structure:

Leff = C [q̄2L(x)γµq1L(x)][q̄2L(x)γµq1L(x)]

q1

q̄2
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XMatching condition: Mfun =Meff.

C = −G
2
FM

2
W

4 π2

∑
ij λiλjS̃(m2

i ,m
2
j ,M

2
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Scalars and Mixing at Tree Level

FCNC at Tree Level (∆F = 2)

I Let’s consider some extension of the SM containing a zero
charge scalar particle, φ0, that allows FCNC by two units at
tree level with the following phenomenological Lagrangian:

Lφ0q̄iqj = φ0 q̄i (gij PR + g̃ij PL) qj ,

where g̃ij = g∗ji.

I We calculate this new contribution to the meson mixing,
assuming zero external momenta.

q1 q2

q̄2 q̄1

φ0
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Scalars and Mixing at Tree Level

Constraints to the ∆F = 2 operators
I It is possible to put constrains on the coupling constants (g21 and g̃21) by

assuming the contributions of new physics to be smaller than the experimental
values, ∆mexp

M ≥ ∆mNPM , where ∆mNPM = |〈M̄0|HNPeff |M
0〉|.

Meson |CNPLL(RR)| (TeV
−2) |CNPLR | (TeV−2)

K 7.1× 10−8 1.7× 10−8

D 1.8× 10−7 5.4× 10−8

B0
d 4.9× 10−6 1.5× 10−6

B0
s 1.2× 10−4 3.6× 10−5

CNPRR ≡
g21g21
2m2

φ

, CNPLL ≡
g̃21g̃21
2m2

φ

and CNPLR ≡
g̃21g21
m2
φ

.

I FCNC at tree level are very constrained at TeV energy scale (mφ ≈ 1 TeV).
I We could conclude that everything is consistent with the SM, |g12|, |g̃12| ≤ 10−4.
I But the motivations for new physics at TeV energy scale suggest that new

couplings in the electroweak sector could exist and suffer also the strong
suppression, similar to the SM.

(Gino Isidori, Yosef Nir, Gilad Perez) [arXiv:1002.0900]
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the ATHDM

Model with Charged Higgs

I The presence of a charged scalar particle is one common
characteristic of some extensions of the SM scalar sector.

I Let’s consider, for instance, the following interaction

LHud = − g√
2
H+ ūi (aij PL + bij PR) dj + h.c,

H±

dβ

uα
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the ATHDM

Diagrams with exchange of H
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the ATHDM

Diagrams with exchange of H and W
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the ATHDM

Diagrams with exchange of H and G

Vjq1

V ∗iq2 V̂iq1

V̂ ∗jq2

q̄1

q2

q̄2

q1

G

i

H

j[
7̃
] V̂iq1

V ∗iq2 Vjq1

V̂ ∗jq2

q̄1

q2

q̄2

q1

i

G

j

H[
8̃
]

V̂jq1

V̂ ∗iq2 Viq1

V ∗jq2

q̄1

q2

q̄2

q1

H

i

G

j[
9̃
] Viq1

V̂ ∗iq2 V̂jq1

V ∗jq2

q̄1

q2

q̄2

q1

i

H

j

G[
1̃0
]

13 / 21



Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the ATHDM

MH±

M0−M̄0 =
20∑
i=1

Xi OXi ,

where

OX1 =
[
q̄2L γ

µ
q
′
1L

] [
q̄
′
2L γµ q1L

]
,

OX2 =
[
q̄2L γ

µ
q1L
] [
q̄
′
2L γµ q

′
1L

]
,

OX3 =
[
q̄2L γ

µ
q
′
1L

] [
q̄
′
2R γµ q1R

]
,

OX4 =
[
q̄
′
2L γ

µ
q
′
1L

] [
q̄2R γµ q1R

]
,

OX5 =
[
q̄2L γ

µ
q1L
] [
q̄
′
2R γµ q

′
1R

]
,

OX6 =
[
q̄
′
2L γ

µ
q1L
] [
q̄2R γµ q

′
1R

]
,

OX7 =
[
q̄2R γ

µ
q
′
1R

] [
q̄
′
2R γµ q1R

]
,

OX8 =
[
q̄
′
2R γ

µ
q
′
1R

] [
q̄2R γµ q1R

]
,

OX9 =
[
q̄2R q

′
1L

] [
q̄
′
2R q1L

]
,

OX10 = [q̄2R q1L]
[
q̄
′
2R q

′
1L

]
,

OX11 =
[
q̄2R q

′
1L

] [
q̄
′
2L q1R

]
,

OX12 =
[
q̄
′
2R q

′
1L

]
[q̄2L q1R] ,

OX13 = [q̄2R q1L]
[
q̄
′
2L q

′
1R

]
,

OX14 =
[
q̄
′
2R q1L

] [
q̄2L q

′
1R

]
,

OX15 =
[
q̄2L q

′
1R

] [
q̄
′
2L q1R

]
,

OX16 =
[
q̄2L q

′
1R

] [
q̄
′
2L q

′
1R

]
,

OX17 =
[
q̄2R σµν q

′
1L

] [
q̄
′
2R σ

µν
q1L
]
,

OX18 =
[
q̄2R σµν q1L

] [
q̄
′
2R σ

µν
q
′
1L

]
,

OX19 =
[
q̄2L σµν q

′
1R

] [
q̄
′
2L σ

µν
q1R
]
,

OX20 =
[
q̄2L σµν q1R

] [
q̄
′
2L σ

µν
q
′
1R

]
.
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the ATHDM

Coefficients

X1 = −X2 = i
g4

4(4π)2

∑
ij

1
4
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∗
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X3 = −X4 = −X5 = X6 = i
g4

4(4π)2

∑
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1
4
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∗
iq2biq1

]
D2(m2

i ,m
2
j ,M

2
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−
∑
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1
4V
∗
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M2
W

a∗jq2biq1 + mq1mi

M2
W
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i ,m
2
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2
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2
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 ,
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∑
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1
4
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∗
iq2biq1
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D2(m2

i ,m
2
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2
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+
∑
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the ATHDM

Building the Effective Lagrangian

The Effective Lagrangian that reproduces the previous results must
have the following structure

LH±eff =
∑
i

Ai Oi,

where we have introduced an eight operators basis,

O1 = [q̄2 γ
µ PL q1] [q̄2 γµ PL q1] ,

O2 = [q̄2 γ
µ PL q1] [q̄2 γµ PR q1] ,

O3 = [q̄2 γ
µ PR q1] [q̄2 γµ PR q1] ,

O4 = [q̄2 PL q1] [q̄2 PL q1] ,

O5 = [q̄2 PL q1] [q̄2 PR q1] ,
O6 = [q̄2 PR q1] [q̄2 PR q1] ,
O7 = [q̄2 σµν PL q1] [q̄2 σ

µν PL q1] ,
O8 = [q̄2 σµν PR q1] [q̄2 σ

µν PR q1] .
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the ATHDM

The Effective Lagrangian for the Charged Higgs model

LH±eff = − G2
FM

2
W

16π2

∑
ij

λi λj Ci(µ)Oi
q1

q̄2

q2

q̄1

gH
±

eff

and specifying to the ATHDM (No FCNC at tree level!!!):

aij ≡ −
1

MW
ςu mui Vij , bij ≡

1
MW

ςd mdj Vij .

(A. Pich and P. Tuzón) [Phys. Rev. D 80, 091702(R)]
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the ATHDM

C1 = 2 |ςu|2 βi βj
[
M2
W D2(m2

i ,m
2
j ,M

2
W ,M

2
H) − 4M4

W D0(m2
i ,m

2
j ,M

2
W ,M

2
H)
]

+ |ςu|4 βi βj M2
W D2(m2

j ,m
2
i ,M

2
H),

C2 = 2 mq1mq2

M2
W

{
|ςu|2|ςd|2βjM2

W D2(m2
i ,m

2
j ,M

2
H)

+ [βj ς∗u ςd + βi ς
∗
d ςu]M2

W D2(m2
i ,m

2
j ,M

2
W ,M

2
H)
}
,

C3 =
m2
q1m

2
q2

M4
W

[
|ςd|4M2

W D2(m2
j ,m

2
i ,M

2
H) + 2 |ςd|2 M2

W D2(m2
i ,m

2
j ,M

2
W ,M

2
H)
]
,

C4 = 4
m2
q2

M2
W

βiβj
[
(ςuς∗d)2M4

W D0(m2
j ,m

2
i ,M

2
H) + 2 ςuς∗d M4

W D0(m2
i ,m

2
j ,M

2
W ,M

2
H)
]
,

C5 = 2 mq1mq2

M2
W

[
4|ςd|2|ςu|2βiβjM4

W D0(m2
j ,m

2
i ,M

2
H) − 4 |ςd|2 M2

W D2(m2
i ,m

2
j ,M

2
W ,M

2
H)

+ 4(|ςd|2 + |ςu|2)βiβjM4
WD0(m2

i ,m
2
j ,M

2
W ,M

2
H)
]
,

C6 = 4
m2
q1

M2
W

βiβj
[
(ς∗uςd)2M4

W D0(m2
j ,m

2
i ,M

2
H) + 2 ς∗uςdM4

W D0(m2
i ,m

2
j ,M

2
W ,M

2
H)
]
,

C7 = C8 = 0,
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the ATHDM

B Meson Mixing
I We can take the limit mu,c → 0 because the B meson mixing is completely

dominated by the top quark contributions

H∆B=2
eff =

G2
FM

2
W

16π2 (V ?tdVtb)
2
∑
i

Ci(µ)Oi.

Oi Ci(µtW )
O1 (4xW + x2

W )M2
WD2(mt,MW )− 8x2

WM4
WD0(mt,MW )+

+2|ςu|2x2
W

[
M2
WD2(mt,MW ,MH± )− 4M4

WD0(mt,MW ,MH± )
]

+
+|ςu|4x2

WM2
WD2(mt,MH± )

O2 2mdmb
M2
W

xW
[
|ςd|2|ςu|2M2

W D̃2(mt,MH± ) + 2Re(ς?d ςu)M2
W D̃2(mt,MW ,MH± )

]
O3

m2
d
m2
b

M4
W

[
|ςd|4xHM2

WD2(mt,MH± ) + 2|ςd|2M2
WD2(mt,MW ,MH± )

]
O4 4 m2

d

M2
W

x2
W

[
(ςuς?d )2M4

WD0(mt,MH± ) + 2ςuς?dM
4
WD0(mt,MW ,MH± )

]
O5 2mdmb

M2
W

[
4|ςd|2|ςu|2x2

WM4
WD0(mt,MH± ) − 4 |ςd|2M2

WD2(mt,MW ,MH± )

+4(|ςd|2 + |ςu|2)x2
WM4

WD0(mt,MW ,MH± )
]

O6 4 m2
b

M2
W

x2
W

[
(ςdς?u)2M4

WD0(mt,MH± ) + 2ςdς?uM4
WD0(mt,MW ,MH± )

]
O7 0

O6 0
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Neutral Meson Mixing in the ATHDM

Constraints to |ςu|

Figure 1 : The 95% CL constraint coming from ∆mB0
i
(i = s, d.) in the

MH± − |ςu| plane for |ςd| ∈ [0, 50], varying in addition the relative phase ϕ in
[0, 2π]. The excluded area lies above the dark (red) region anly. In yellow the
allowed area |ςd| = 0 is shown.
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Neutral Meson Mixing in the Aligned Two Higgs Doublet Model
Conclusions

Conclusions

I FCNC don’t exist at tree level in the SM (good way of testing
its quantum structure).

I FCNC at tree level have strong constraints.
I Study of the NMM in the ATHDM at LO.
I The new physics contributions (|ςu|2 y |ςu|4) can have sensible

repercussions to the SM contributions (|ςu| ∼ 1).

I Still working on the NMM in the ATHDM at NLO
(
O(m

2
ext

M2
W

)
)

and the results will be available soon.

THANKS
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