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Fig. 4: Constraints in the (a) r2d–2θd plane, and (b) hd–σd plane, assuming that new physics contributions to
tree-level processes are negligible [12]

5 The new physics flavour puzzle
It is clear that the Standard Model is not a complete theory of Nature:

1. It does not include gravity, and therefore it cannot be valid at energy scales above mPlanck ∼
1019 GeV.

2. It does not allow for neutrino masses, and therefore it cannot be valid at energy scales above
mseesaw ∼ 1015 GeV.

3. The fine-tuning problem of the Higgs mass and the puzzle of dark matter suggest that the scale
where the SM is replaced with a more fundamental theory is actually much lower, ΛNP ! 1 TeV.

Given that the SM is only an effective low-energy theory, non-renormalizable terms must be added to
LSM of Eq. (4). These are terms of dimension higher than four in the fields which, therefore, have
couplings that are inversely proportional to the scale of new physics ΛNP. For example, the lowest-
dimension non-renormalizable terms are dimension five:

− Ldim−5
Yukawa =

Zν
ij

ΛNP
LI
LiL

I
Ljφφ+ h.c. (44)

These are the seesaw terms, leading to neutrino masses. We shall return to the topic of neutrino masses
in Section 8.

Exercise 5: How does the global symmetry breaking pattern (14) change when (44) is taken into
account?

Exercise 6: What is the number of physical lepton flavour parameters in this case? Identify these
parameters in the mass basis.

As concerns quark flavour physics, consider, for example, the following dimension-six, four-
fermion, flavour-changing operators:

L∆F=2 =
zsd
Λ2
NP

(dLγµsL)
2 +

zcu
Λ2
NP

(cLγµuL)
2 +

zbd
Λ2
NP

(dLγµbL)
2 +

zbs
Λ2
NP

(sLγµbL)
2. (45)

Each of these terms contributes to the mass splitting between the corresponding two neutral mesons.
For example, the term L∆B=2 ∝ (dLγµbL)2 contributes to ∆mB, the mass difference between the two
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neutral B-mesons. We useMB
12 =

1
2mB

〈B0|L∆F=2|B
0〉 and

〈B0|(dLaγµbLa)(dLbγµbLb)|B
0〉 = −1

3
m2

Bf
2
BBB. (46)

Analogous expressions hold for the other neutral mesons2. This leads to ∆mB/mB = 2|MB
12|/mB ∼

(|zbd|/3)(fB/ΛNP)2. Experiments give, for CP conserving observables (the experimental evidence for
∆mD is at the 3σ level):

∆mK/mK ∼ 7.0× 10−15,

∆mD/mD ∼ 8.7× 10−15,

∆mB/mB ∼ 6.3× 10−14,

∆mBs/mBs ∼ 2.1× 10−12, (47)

and for CP violating ones

εK ∼ 2.3× 10−3,

AΓ/yCP ∼< 0.2,

SψKS
= 0.67± 0.02,

Sψφ ∼< 1. (48)

These measurements give then the following constraints:

ΛNP ∼>























√
zsd 1× 103 TeV ∆mK

√
zcu 1× 103 TeV ∆mD

√
zbd 4× 102 TeV ∆mB

√
zbs 7× 101 TeV ∆mBs

(49)

and, for maximal phases,

ΛNP ∼>























√
zsd 2× 104 TeV εK

√
zcu 3× 103 TeV AΓ

√
zbd 8× 102 TeV SψK√
zbs 7× 101 TeV Sψφ

(50)

If the new physics has a generic flavour structure, that is zij = O(1), then its scale must be above
103–104 TeV (or, if the leading contributions involve electroweak loops, above 102–103 TeV).3

If indeed ΛNP ' TeV, it means that we have misinterpreted the hints from the fine-tuning problem
and the dark matter puzzle. There is, however, another way to look at these constraints:

zsd ∼< 8× 10−7 (ΛNP/TeV)2,
zcu ∼< 5× 10−7 (ΛNP/TeV)2,
zbd ∼< 5× 10−6 (ΛNP/TeV)2,
zbs ∼< 2× 10−4 (ΛNP/TeV)2, (51)

zIsd ∼< 6× 10−9 (ΛNP/TeV)2,
2The PDG [11] quotes the following values, extracted from leptonic charged meson decays: fK ≈ 0.16 GeV, fD ≈

0.23 GeV, fB ≈ 0.18 GeV. We further use fBs
≈ 0.20 GeV.

3The bounds from the corresponding four-fermi terms with LR structure, instead of the LL structure of Eq. (45), are even
stronger.
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Fig. 4: Constraints in the (a) r2d–2θd plane, and (b) hd–σd plane, assuming that new physics contributions to
tree-level processes are negligible [12]

5 The new physics flavour puzzle
It is clear that the Standard Model is not a complete theory of Nature:

1. It does not include gravity, and therefore it cannot be valid at energy scales above mPlanck ∼
1019 GeV.

2. It does not allow for neutrino masses, and therefore it cannot be valid at energy scales above
mseesaw ∼ 1015 GeV.

3. The fine-tuning problem of the Higgs mass and the puzzle of dark matter suggest that the scale
where the SM is replaced with a more fundamental theory is actually much lower, ΛNP ! 1 TeV.

Given that the SM is only an effective low-energy theory, non-renormalizable terms must be added to
LSM of Eq. (4). These are terms of dimension higher than four in the fields which, therefore, have
couplings that are inversely proportional to the scale of new physics ΛNP. For example, the lowest-
dimension non-renormalizable terms are dimension five:

− Ldim−5
Yukawa =

Zν
ij

ΛNP
LI
LiL

I
Ljφφ+ h.c. (44)

These are the seesaw terms, leading to neutrino masses. We shall return to the topic of neutrino masses
in Section 8.

Exercise 5: How does the global symmetry breaking pattern (14) change when (44) is taken into
account?

Exercise 6: What is the number of physical lepton flavour parameters in this case? Identify these
parameters in the mass basis.

As concerns quark flavour physics, consider, for example, the following dimension-six, four-
fermion, flavour-changing operators:

L∆F=2 =
zsd
Λ2
NP

(dLγµsL)
2 +

zcu
Λ2
NP

(cLγµuL)
2 +

zbd
Λ2
NP

(dLγµbL)
2 +

zbs
Λ2
NP

(sLγµbL)
2. (45)

Each of these terms contributes to the mass splitting between the corresponding two neutral mesons.
For example, the term L∆B=2 ∝ (dLγµbL)2 contributes to ∆mB, the mass difference between the two
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neutral B-mesons. We useMB
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m2

Bf
2
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Analogous expressions hold for the other neutral mesons2. This leads to ∆mB/mB = 2|MB
12|/mB ∼

(|zbd|/3)(fB/ΛNP)2. Experiments give, for CP conserving observables (the experimental evidence for
∆mD is at the 3σ level):

∆mK/mK ∼ 7.0× 10−15,
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and for CP violating ones

εK ∼ 2.3× 10−3,

AΓ/yCP ∼< 0.2,

SψKS
= 0.67± 0.02,

Sψφ ∼< 1. (48)
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If the new physics has a generic flavour structure, that is zij = O(1), then its scale must be above
103–104 TeV (or, if the leading contributions involve electroweak loops, above 102–103 TeV).3

If indeed ΛNP ' TeV, it means that we have misinterpreted the hints from the fine-tuning problem
and the dark matter puzzle. There is, however, another way to look at these constraints:

zsd ∼< 8× 10−7 (ΛNP/TeV)2,
zcu ∼< 5× 10−7 (ΛNP/TeV)2,
zbd ∼< 5× 10−6 (ΛNP/TeV)2,
zbs ∼< 2× 10−4 (ΛNP/TeV)2, (51)

zIsd ∼< 6× 10−9 (ΛNP/TeV)2,
2The PDG [11] quotes the following values, extracted from leptonic charged meson decays: fK ≈ 0.16 GeV, fD ≈

0.23 GeV, fB ≈ 0.18 GeV. We further use fBs
≈ 0.20 GeV.

3The bounds from the corresponding four-fermi terms with LR structure, instead of the LL structure of Eq. (45), are even
stronger.
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zIcu ∼< 1× 10−7 (ΛNP/TeV)2,
zIbd ∼< 1× 10−6 (ΛNP/TeV)2,
zIbs ∼< 2× 10−4 (ΛNP/TeV)2. (52)

It could be that the scale of new physics is of order TeV, but its flavour structure is far from generic.
One can use that language of effective operators also for the SM, integrating out all particles

significantly heavier than the neutral mesons (that is, the top, the Higgs, and the weak gauge bosons).
Thus the scale is ΛSM ∼ mW . Since the leading contributions to neutral meson mixings come from
box diagrams, the zij coefficients are suppressed by α2

2. To identify the relevant flavour suppression
factor, one can employ the spurion formalism. For example, the flavour transition that is relevant to
B0–B0 mixing involves dLbL which transforms as (8, 1, 1)SU(3)3q

. The leading contribution must then
be proportional to (Y uY u†)13 ∝ y2t VtbV ∗

td. Indeed, an explicit calculation (using VIA for the matrix
element and neglecting QCD corrections) gives4

2MB
12

mB
≈ −α2

2

12

f2
B

m2
W

S0(xt)(VtbV
∗
td)

2, (53)

where xi = m2
i /m

2
W and

S0(x) =
x

(1− x)2

[

1− 11x

4
+

x2

4
− 3x2 lnx

2(1 − x)

]

. (54)

Similar spurion analyses, or explicit calculations, allow us to extract the weak and flavour suppression
factors that apply in the SM:

Im(zSMsd ) ∼ α2
2y

2
t |VtdVts|2 ∼ 1× 10−10,

zSMsd ∼ α2
2y

2
c |VcdVcs|2 ∼ 5× 10−9,

zSMbd ∼ α2
2y

2
t |VtdVtb|2 ∼ 7× 10−8,

zSMbs ∼ α2
2y

2
t |VtsVtb|2 ∼ 2× 10−6. (55)

(We did not include zSMcu in the list because it requires a more detailed consideration. The naively leading
short distance contribution is∝ α2

2(y
4
s/y

2
c )|VcsVus|2 ∼ 5×10−13. However, higher dimension terms can

replace a y2s factor with (Λ/mD)2 [18]. Moreover, long distance contributions are expected to dominate.
In particular, peculiar phase space effects [19, 20] have been identified which are expected to enhance
∆mD to within an order of magnitude of its measured value.)

It is clear then that contributions from new physics at ΛNP ∼ 1 TeV should be suppressed by
factors that are comparable to or smaller than the SM ones. Why does that happen? This is the new
physics flavour puzzle.

The fact that the flavour structure of new physics at the TeV scale must be non-generic means that
flavour measurements are a good probe of the new physics. Perhaps the best-studied example is that of
supersymmetry. Here, the spectrum of the superpartners and the structure of their couplings to the SM
fermions will allow us to probe the mechanism of dynamical supersymmetry breaking.

6 Lessons for supersymmetry fromD0–D0 mixing
Interesting experimental results concerning D0–D0 mixing have recently been achieved by the BELLE
and BaBar experiments. For the first time, there is evidence for width splitting [21,22] and mass splitting

4A detailed derivation can be found in Appendix B of Ref. [17].
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neutral B-mesons. We useMB
12 =

1
2mB

〈B0|L∆F=2|B
0〉 and

〈B0|(dLaγµbLa)(dLbγµbLb)|B
0〉 = −1

3
m2

Bf
2
BBB. (46)

Analogous expressions hold for the other neutral mesons2. This leads to ∆mB/mB = 2|MB
12|/mB ∼

(|zbd|/3)(fB/ΛNP)2. Experiments give, for CP conserving observables (the experimental evidence for
∆mD is at the 3σ level):

∆mK/mK ∼ 7.0× 10−15,

∆mD/mD ∼ 8.7× 10−15,

∆mB/mB ∼ 6.3× 10−14,

∆mBs/mBs ∼ 2.1× 10−12, (47)

and for CP violating ones

εK ∼ 2.3× 10−3,

AΓ/yCP ∼< 0.2,

SψKS
= 0.67± 0.02,

Sψφ ∼< 1. (48)

These measurements give then the following constraints:

ΛNP ∼>























√
zsd 1× 103 TeV ∆mK

√
zcu 1× 103 TeV ∆mD

√
zbd 4× 102 TeV ∆mB

√
zbs 7× 101 TeV ∆mBs

(49)

and, for maximal phases,

ΛNP ∼>























√
zsd 2× 104 TeV εK

√
zcu 3× 103 TeV AΓ

√
zbd 8× 102 TeV SψK√
zbs 7× 101 TeV Sψφ

(50)

If the new physics has a generic flavour structure, that is zij = O(1), then its scale must be above
103–104 TeV (or, if the leading contributions involve electroweak loops, above 102–103 TeV).3

If indeed ΛNP ' TeV, it means that we have misinterpreted the hints from the fine-tuning problem
and the dark matter puzzle. There is, however, another way to look at these constraints:

zsd ∼< 8× 10−7 (ΛNP/TeV)2,
zcu ∼< 5× 10−7 (ΛNP/TeV)2,
zbd ∼< 5× 10−6 (ΛNP/TeV)2,
zbs ∼< 2× 10−4 (ΛNP/TeV)2, (51)

zIsd ∼< 6× 10−9 (ΛNP/TeV)2,
2The PDG [11] quotes the following values, extracted from leptonic charged meson decays: fK ≈ 0.16 GeV, fD ≈

0.23 GeV, fB ≈ 0.18 GeV. We further use fBs
≈ 0.20 GeV.

3The bounds from the corresponding four-fermi terms with LR structure, instead of the LL structure of Eq. (45), are even
stronger.
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Fig. 4: Constraints in the (a) r2d–2θd plane, and (b) hd–σd plane, assuming that new physics contributions to
tree-level processes are negligible [12]

5 The new physics flavour puzzle
It is clear that the Standard Model is not a complete theory of Nature:

1. It does not include gravity, and therefore it cannot be valid at energy scales above mPlanck ∼
1019 GeV.

2. It does not allow for neutrino masses, and therefore it cannot be valid at energy scales above
mseesaw ∼ 1015 GeV.

3. The fine-tuning problem of the Higgs mass and the puzzle of dark matter suggest that the scale
where the SM is replaced with a more fundamental theory is actually much lower, ΛNP ! 1 TeV.

Given that the SM is only an effective low-energy theory, non-renormalizable terms must be added to
LSM of Eq. (4). These are terms of dimension higher than four in the fields which, therefore, have
couplings that are inversely proportional to the scale of new physics ΛNP. For example, the lowest-
dimension non-renormalizable terms are dimension five:

− Ldim−5
Yukawa =

Zν
ij

ΛNP
LI
LiL

I
Ljφφ+ h.c. (44)

These are the seesaw terms, leading to neutrino masses. We shall return to the topic of neutrino masses
in Section 8.

Exercise 5: How does the global symmetry breaking pattern (14) change when (44) is taken into
account?

Exercise 6: What is the number of physical lepton flavour parameters in this case? Identify these
parameters in the mass basis.

As concerns quark flavour physics, consider, for example, the following dimension-six, four-
fermion, flavour-changing operators:

L∆F=2 =
zsd
Λ2
NP

(dLγµsL)
2 +

zcu
Λ2
NP

(cLγµuL)
2 +

zbd
Λ2
NP

(dLγµbL)
2 +

zbs
Λ2
NP

(sLγµbL)
2. (45)

Each of these terms contributes to the mass splitting between the corresponding two neutral mesons.
For example, the term L∆B=2 ∝ (dLγµbL)2 contributes to ∆mB, the mass difference between the two
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SM (ΛSM~v)

neutral B-mesons. We useMB
12 =

1
2mB

〈B0|L∆F=2|B
0〉 and

〈B0|(dLaγµbLa)(dLbγµbLb)|B
0〉 = −1

3
m2

Bf
2
BBB. (46)

Analogous expressions hold for the other neutral mesons2. This leads to ∆mB/mB = 2|MB
12|/mB ∼

(|zbd|/3)(fB/ΛNP)2. Experiments give, for CP conserving observables (the experimental evidence for
∆mD is at the 3σ level):

∆mK/mK ∼ 7.0× 10−15,

∆mD/mD ∼ 8.7× 10−15,

∆mB/mB ∼ 6.3× 10−14,

∆mBs/mBs ∼ 2.1× 10−12, (47)

and for CP violating ones

εK ∼ 2.3× 10−3,

AΓ/yCP ∼< 0.2,

SψKS
= 0.67± 0.02,

Sψφ ∼< 1. (48)

These measurements give then the following constraints:

ΛNP ∼>























√
zsd 1× 103 TeV ∆mK

√
zcu 1× 103 TeV ∆mD

√
zbd 4× 102 TeV ∆mB

√
zbs 7× 101 TeV ∆mBs

(49)

and, for maximal phases,

ΛNP ∼>























√
zsd 2× 104 TeV εK

√
zcu 3× 103 TeV AΓ

√
zbd 8× 102 TeV SψK√
zbs 7× 101 TeV Sψφ

(50)

If the new physics has a generic flavour structure, that is zij = O(1), then its scale must be above
103–104 TeV (or, if the leading contributions involve electroweak loops, above 102–103 TeV).3

If indeed ΛNP ' TeV, it means that we have misinterpreted the hints from the fine-tuning problem
and the dark matter puzzle. There is, however, another way to look at these constraints:

zsd ∼< 8× 10−7 (ΛNP/TeV)2,
zcu ∼< 5× 10−7 (ΛNP/TeV)2,
zbd ∼< 5× 10−6 (ΛNP/TeV)2,
zbs ∼< 2× 10−4 (ΛNP/TeV)2, (51)

zIsd ∼< 6× 10−9 (ΛNP/TeV)2,
2The PDG [11] quotes the following values, extracted from leptonic charged meson decays: fK ≈ 0.16 GeV, fD ≈

0.23 GeV, fB ≈ 0.18 GeV. We further use fBs
≈ 0.20 GeV.

3The bounds from the corresponding four-fermi terms with LR structure, instead of the LL structure of Eq. (45), are even
stronger.
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zIcu ∼< 1× 10−7 (ΛNP/TeV)2,
zIbd ∼< 1× 10−6 (ΛNP/TeV)2,
zIbs ∼< 2× 10−4 (ΛNP/TeV)2. (52)

It could be that the scale of new physics is of order TeV, but its flavour structure is far from generic.
One can use that language of effective operators also for the SM, integrating out all particles

significantly heavier than the neutral mesons (that is, the top, the Higgs, and the weak gauge bosons).
Thus the scale is ΛSM ∼ mW . Since the leading contributions to neutral meson mixings come from
box diagrams, the zij coefficients are suppressed by α2

2. To identify the relevant flavour suppression
factor, one can employ the spurion formalism. For example, the flavour transition that is relevant to
B0–B0 mixing involves dLbL which transforms as (8, 1, 1)SU(3)3q

. The leading contribution must then
be proportional to (Y uY u†)13 ∝ y2t VtbV ∗

td. Indeed, an explicit calculation (using VIA for the matrix
element and neglecting QCD corrections) gives4

2MB
12

mB
≈ −α2

2

12

f2
B

m2
W

S0(xt)(VtbV
∗
td)

2, (53)

where xi = m2
i /m

2
W and

S0(x) =
x

(1− x)2

[

1− 11x

4
+

x2

4
− 3x2 lnx

2(1 − x)

]

. (54)

Similar spurion analyses, or explicit calculations, allow us to extract the weak and flavour suppression
factors that apply in the SM:

Im(zSMsd ) ∼ α2
2y

2
t |VtdVts|2 ∼ 1× 10−10,

zSMsd ∼ α2
2y

2
c |VcdVcs|2 ∼ 5× 10−9,

zSMbd ∼ α2
2y

2
t |VtdVtb|2 ∼ 7× 10−8,

zSMbs ∼ α2
2y

2
t |VtsVtb|2 ∼ 2× 10−6. (55)

(We did not include zSMcu in the list because it requires a more detailed consideration. The naively leading
short distance contribution is∝ α2

2(y
4
s/y

2
c )|VcsVus|2 ∼ 5×10−13. However, higher dimension terms can

replace a y2s factor with (Λ/mD)2 [18]. Moreover, long distance contributions are expected to dominate.
In particular, peculiar phase space effects [19, 20] have been identified which are expected to enhance
∆mD to within an order of magnitude of its measured value.)

It is clear then that contributions from new physics at ΛNP ∼ 1 TeV should be suppressed by
factors that are comparable to or smaller than the SM ones. Why does that happen? This is the new
physics flavour puzzle.

The fact that the flavour structure of new physics at the TeV scale must be non-generic means that
flavour measurements are a good probe of the new physics. Perhaps the best-studied example is that of
supersymmetry. Here, the spectrum of the superpartners and the structure of their couplings to the SM
fermions will allow us to probe the mechanism of dynamical supersymmetry breaking.

6 Lessons for supersymmetry fromD0–D0 mixing
Interesting experimental results concerning D0–D0 mixing have recently been achieved by the BELLE
and BaBar experiments. For the first time, there is evidence for width splitting [21,22] and mass splitting

4A detailed derivation can be found in Appendix B of Ref. [17].
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neutral B-mesons. We useMB
12 =

1
2mB

〈B0|L∆F=2|B
0〉 and

〈B0|(dLaγµbLa)(dLbγµbLb)|B
0〉 = −1

3
m2

Bf
2
BBB. (46)

Analogous expressions hold for the other neutral mesons2. This leads to ∆mB/mB = 2|MB
12|/mB ∼

(|zbd|/3)(fB/ΛNP)2. Experiments give, for CP conserving observables (the experimental evidence for
∆mD is at the 3σ level):

∆mK/mK ∼ 7.0× 10−15,

∆mD/mD ∼ 8.7× 10−15,

∆mB/mB ∼ 6.3× 10−14,

∆mBs/mBs ∼ 2.1× 10−12, (47)

and for CP violating ones

εK ∼ 2.3× 10−3,

AΓ/yCP ∼< 0.2,

SψKS
= 0.67± 0.02,

Sψφ ∼< 1. (48)

These measurements give then the following constraints:

ΛNP ∼>























√
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and, for maximal phases,
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zsd 2× 104 TeV εK

√
zcu 3× 103 TeV AΓ

√
zbd 8× 102 TeV SψK√
zbs 7× 101 TeV Sψφ

(50)

If the new physics has a generic flavour structure, that is zij = O(1), then its scale must be above
103–104 TeV (or, if the leading contributions involve electroweak loops, above 102–103 TeV).3

If indeed ΛNP ' TeV, it means that we have misinterpreted the hints from the fine-tuning problem
and the dark matter puzzle. There is, however, another way to look at these constraints:

zsd ∼< 8× 10−7 (ΛNP/TeV)2,
zcu ∼< 5× 10−7 (ΛNP/TeV)2,
zbd ∼< 5× 10−6 (ΛNP/TeV)2,
zbs ∼< 2× 10−4 (ΛNP/TeV)2, (51)

zIsd ∼< 6× 10−9 (ΛNP/TeV)2,
2The PDG [11] quotes the following values, extracted from leptonic charged meson decays: fK ≈ 0.16 GeV, fD ≈

0.23 GeV, fB ≈ 0.18 GeV. We further use fBs
≈ 0.20 GeV.

3The bounds from the corresponding four-fermi terms with LR structure, instead of the LL structure of Eq. (45), are even
stronger.
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�(zSMsd ) ∼ λ2
t

64π2
|VtdV

∗
ts|2 ∼ 10−10

�(zSMsd ) ∼ λ2
c

64π2
|VcdV

∗
cs|2 ∼ 5× 10−9

|zSMbd | ∼ λ2
t

64π2
|VtdV

∗
tb|2 ∼ 9× 10−8

|zSMbs | ∼ λ2
t

64π2
|VtsV

∗
tb|2 ∼ 3× 10−6
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|ySMsd | ∼ λ2
t

64π2
|VtdV

∗
ts| ∼ 5× 10−7

|ySMbd | ∼ λ2
t

64π2
|VtdV

∗
tb| ∼ 10−5

|ySMbs | ∼ λ2
t

64π2
|VtsV

∗
tb| ∼ 6× 10−5

L∆F=1 = ysd
v2

Λ2
NP

g

cW
d̄L /ZsL + ycu

v2

Λ2
NP

g

cW
ūL /ZcL + ybd

v2

Λ2
NP

g

cW
d̄L /ZbL + ybs

v2

Λ2
NP

g

cW
s̄L /ZbL

B(K+ → π+νν̄) ∼ 8× 10−11 ,

B(Bd → µ+µ−) ∼ 10−10 ,

B(Bs → µ+µ−) ∼ 4× 10−9 .
⇒


