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• Flavor violation in the Standard Model

• Inputs to the unitarity triangle analysis

• Status of CKM fits: role of  Vub, Vcb and B→τν
• Parametrization of NP in K/B-mixing and B→τν and fit

• Interpretation in terms of complex NP coefficients

• Super-B/LHCb prospects

• Conclusions
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The Cabibbo -Kobayashi  -Maskawa  matrix

Gauge interactions do not violate flavor:

Yukawa interactions (mass) violate flavor:

LGauge =
∑

ψ,a,b

ψ̄a(i∂/ − gA/ δab)ψb

The Yukawas are complex 3x3 matrices:
YU = ULY diag

U UR, YD = DLY diag
D DR, YE = ELY diag

E ER
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✹ ★ ★

★ = Real Nobel Laureate
✹ =  Virtual Nobel Laureate

LYukawa =
∑

ψ,a,b

ψ̄La H Y abψRb = Q̄LHYUuR + Q̄LHYDdR + L̄LHYEER

From Gauge to Mass eigenstates

• neutral currents: 

• charged currents:

ū0
LZ/ u0

L =⇒ ūLZ/ ULU†
LuL = ūLZ/ uL

ū0
LW/ d0

L =⇒ ūLW/ ULD†
LdL = ūLW/ VCKMdL

huge potential
for NP effects

(MFV?) 
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Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





λ: β-decay, K→πlν, D→(π,K)lν, νN→μX, ....

A: B→D(*)lν, B→Xclν
=1: t→Wb (single top)

A: no direct meas. (B→Xsγ, ΔMBs, ...)

ρ,η: B→πlν, B→Xulν
       CP violation

ρ,η: no direct meas. (ΔMBd, CP violation, K mixing)
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The Cabibbo -Kobayashi  -Maskawa  matrix✹ ★ ★

✹ =  Virtual Nobel Laureate
★ = Real Nobel Laureate




1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1



Wolfenstein 
parametrization:
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• Lattice QCD presently delivers 2+1 flavors determinations for all 
the quantities that enter the fit to the UT

• Results from different lattice collaborations are often correlated

MILC gauge configurations: fBd, fBs, ξ,  Vub, Vcb, fK

use of the same theoretical tools: BK, Vcb

experimental data:  Vub

• It becomes important to take these correlation into account 
when combining saveral lattice results

• We assume all errors to be normally distributed

• Updated averages at: http://www.latticeaverages.org

Treatment of lattice inputs and errors
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[Laiho,EL,Van de Water, 0910.2928]

http://www.latticeaverages.org
http://www.latticeaverages.org
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Determining A
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• Can be extracted from tree-level processes (b→clν)

• ΔMBs is conventionally used only to normalize ΔMBd but it 
should be noted that it provides an independent 
determination of A (that might be subject to NP effects):

• Other processes are very sensitive to A but also display a 
strong ρ-η and NP dependence and are therefore usually 
discussed in the framework of a Unitarity Triangle fit:

∆MBs ∝ f2
Bs

B̂BsA
2λ4

BR(B → τν) ∝ f2
BA2λ6(ρ2 + η2)

|εK | ∝ B̂K κε A4λ10η(ρ− 1)
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Observables included in the fit

εK = eiφεsinφε

(
ImMK

12

∆MK
+

ImA0

ReA0

)

• |Vub| and |Vcb| from inclusive and exclusive semileptonic decays

• Bd and Bs mass differences:    and 

• α and γ from 

•                     :      (                                  )

•  

•       : 

B → (ππ, ρρ, ρπ, D(∗)K(∗))
BR(B → τν) fBd = fBsB̂

1/2
s /(ξB̂d)

SψK = sin 2β
εK

ξ fBsB̂
1/2
s

B̂d

B̂K , κε

Note on      : εK

from experiment
mostly short 

distance + χPT
long distance 
(use        ){ ε′/ε

κε
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Inputs to the fit: summary
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|Vcb|incl = (41.31 ± 0.76)× 10−3

fBs

√
B̂s = (275± 13) MeV

}
}

κε = 0.94± 0.017

|Vub|incl = (40.1 ± 2.7 ± 4.0)× 10−4

additional theory uncertainty

B̂K = 0.720± 0.025

ξ = 1.237± 0.032

B̂d = 1.26± 0.11

1.7σ tension
(error rescaled)

∆mBd = (0.507± 0.005) ps−1 ∆mBs = (17.77± 0.10± 0.07) ps−1

α = (89.1± 4.4)o γ = (78± 12)o

η1 = 1.51± 0.24 mt,pole = (172.4± 1.2) GeV

η2 = 0.5765± 0.0065 mc(mc) = (1.268± 0.009) GeV

η3 = 0.47± 0.04 εK = (2.229± 0.012)× 10−3

ηB = 0.551± 0.007 λ = 0.2255± 0.0007

SψKS = 0.672± 0.024 fK = (156.1± 1.2) MeV
BR(B → τν) = (1.74± 0.35)× 10−4

|Vub|excl = (30.9 ± 3.3)× 10−4

|Vcb|excl = (39.0 ± 1.2)× 10−3
(40.43± 0.86)× 10−3

(33.0± 3.7)× 10−4

1.6σ tension
(error rescaled)
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Current fit to the unitarity triangle
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[sin 2β]fit = 0.774± 0.038 ⇒ 2.2 σ

[BR(B → τν)]fit = (0.773± 0.095)× 10−4 ⇒ 2.7 σ

[B̂K ]fit = 0.918± 0.086 ⇒ 2.4 σ
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Current fit to the unitarity triangle
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?

[sin 2β]fit = 0.774± 0.038 ⇒ 2.2 σ

[BR(B → τν)]fit = (0.773± 0.095)× 10−4 ⇒ 2.7 σ

[B̂K ]fit = 0.918± 0.086 ⇒ 2.4 σ
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• Vub is the \begin{personal opinion} most controversial \end{personal opinion} input

Removing Vub
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[Lunghi,Soni 0803.4340 and 0903.5059]

[sin 2β]fit = 0.862± 0.045 ⇒ 3.3 σ

[BR(B → τν)]fit = (0.784± 0.098)× 10−4 ⇒ 2.6 σ

[B̂K ]fit = 0.914± 0.086 ⇒ 2.4 σ
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• Vub is the \begin{personal opinion} most controversial \end{personal opinion} input

Removing Vub

12

?
disturbing

1.7σ problem

[Lunghi,Soni 0803.4340 and 0903.5059]

[sin 2β]fit = 0.862± 0.045 ⇒ 3.3 σ

[BR(B → τν)]fit = (0.784± 0.098)× 10−4 ⇒ 2.6 σ

[B̂K ]fit = 0.914± 0.086 ⇒ 2.4 σ
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• The use of  Vcb seems to be necessary in order to use K 
mixing to constrain the UT:

Removing Vub and Vcb ?

|εK | = 2χεB̂Kκε ηλ6
(
A4λ4(ρ− 1)η2S0(xt) + A2

(
η3S0(xc, xt)− η1S0(xc)

))
∆MBs = χs f2

Bs
B̂BsA

2λ4

BR(B → τν) = χτf2
BA2λ6(ρ2 + η2)

|εK | ∝ B̂K (fBsB̂
1/2
s )−4 f(ρ, η)

|εK | ∝ B̂K BR(B → τν)2 f−4
B g(ρ, η)

• The interplay of these constraints allows to drop Vcb while 
still constraining new physics in K mixing:

[Lunghi,Soni 0912.002]
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• The use of  Vcb seems to be necessary in order to use K 
mixing to constrain the UT:

Removing Vcb !

ρ-η topology of the
constraint makes it 
relevant despite large 
errors on B→τν

X : B̂K |Vcb| fBsB̂
1/2
s BR(B → τν) fB

δX : 3.7% 2.5% 4.7% 21% 5%
δεK : 3.7% 10% 18.9% 42% 20%

[Lunghi,Soni 0912.002]
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Removing Vcb !

|Vcb|fit = (42.6 ± 0.8)× 10−3 ⇒ 1.7 σ

[Lunghi,Soni 0912.002]

[B̂K ]fit = 0.970± 0.17 ⇒ 1.6 σ

[BR(B → τν]fit = (0.763± 0.098)× 10−4 ⇒ 2.7 σ

[sin 2β]fit = 0.863± 0.051 ⇒ 2.8 σ
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• The tension can be interpreted as NP in Bd/K mixing or B→τν:
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Model Independent Interpretation

M12 = MSM
12 r2

d e2iφd

εK = εSM
K Cε

BR(B → τν) = BR(B → τν)SM rH

• For NP in Bd mixing:

• For NP in B→τν:

BR(B → τν)NP = BR(B → τν)SM

(
1−

tan2 β m2
B+

m2
H+(1 + ε0 tanβ)

)2

︸ ︷︷ ︸
rH

aψKs = sin 2(β + φd)
sin 2αeff = sin 2(α− φd)

Xsd = XSM
sd r−2

d



Enrico Lunghi 17

Model Independent Interpretation

• NP in K mixing:

• NP in B mixing (marginalizing over rd):

• NP in B→τν:

p
no Vqb

SM = 2.6%

Hard to reconcile with 
H+ effects: in “natural” 
configurations rH<1 
(see also B→Dτν)

(θd)fit =






−(3.8± 1.9)o (2.1σ, p = 11%) complete fit
−(8.8± 3.1)o (3.2σ, p = 68%) no Vub

−(10.5± 3.5)o (3.0σ, p = 76%) no Vqb

(Cε)fit =






1.28± 0.13 (2.4σ, p = 12%) complete fit
1.27± 0.13 (2.4σ, p = 7%) no Vub

1.35± 0.23 (1.6σ, p = 4%) no Vqb

(rH)fit =






2.30± 0.53 (2.7σ, p = 19%) complete fit
2.27± 0.53 (2.7σ, p = 12%) no Vub

2.33± 0.55 (2.7σ, p = 30%) no Vqb

pno Vub
SM = 1.4%
pSM = 2.3%
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Model Independent Interpretation

• NP in B mixing (2 dimensional [θd,rd] contours)

full fit: no Vub no Vqb

• One dimensional      ranges compatible withrd rd = 1

p
no Vqb

SM = 2.6%pno Vub
SM = 1.4%pSM = 2.3%

p = 11% p = 68% p = 76%
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• Even modest improvements on B→τν have tremendous 
impact on the UT fit (10/50 ab-1 ⇒ δτ = 10/3% )

Super-B expectations

δs = δ(fBs

√
Bs)δτ = δBR(B → τν)

• Interplay between Bs mixing and B→τν can result in 
a 5σ effect

δτ δs pSM θd ± δθd pθd θd/δθd
∗20% ∗4.6% 2.6% −(10.6± 3.5)o 75% 3.0σ
∗20% 2.5% 0.6% −(10.2± 3.3)o 71% 3.4σ
∗20% 1% 3× 10−2% −(9.9± 3.0)o 69% 3.9σ

10% ∗4.6% 6× 10−3% −(10.9± 2.4)o 74% 4.7σ
3% ∗4.6% 4× 10−5% −(11.0± 2.0)o 74% 5.6σ

10% 2.5% 1.4× 10−3% −(10.7± 2.4)o 69% 4.8σ
10% 1% 1.2× 10−4% −(10.5± 2.4)o 64% 5.1σ
3% 2.5% 1.1× 10−5% −(10.9± 2.0)o 68% 5.7σ
3% 1% 4× 10−6% −(10.8± 2.0)o 62% 5.8σ

• Reducing uncertainties on Bs mixing and B→τν :



Enrico Lunghi 20

Operator Level Analysis

• Effective Hamiltonian for Bd mixing: 

Heff =
G2

F m2
W

16π2
(VtbV

∗
td)

2

(
5∑

i=1

CiOi +
3∑

i=1

C̃iÕi

)

• Parametrization of New Physics effects:

Heff =
G2

F m4
W

16π2
(VtbV

∗
td)

2 CSM
1

(
1

m2
W

− eiϕ

Λ2

)
O1

• Analogue expressions for K mixing

O1 = (d̄LγµbL)(d̄LγµbL) Õ1 = (d̄RγµbR)(d̄RγµbR)
O2 = (d̄RbL)(d̄RbL) Õ2 = (d̄LbR)(d̄LbR)
O3 = (d̄α

Rbβ
L)(d̄β

Rbα
L) Õ3 = (d̄α

Lbβ
R)(d̄β

Lbα
R)

O4 = (d̄RbL)(d̄LbR) O5 = (d̄α
Rbβ

L)(d̄β
Lbα

R) .
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• The contribution of the LR operator O4 to K mixing is strongly 
enhanced (                              ):

C1(µL)〈K|O1(µL)|K〉 # 0.8 C1(µH)
1
3
f2

KmKB1(µL)

C4(µL)〈K|O4(µL)|K〉 # 3.7 C4(µH)
1
4

(
mK

ms(µL) + md(µL)

)2

f2
KmKB4(µL)

µL ∼ 2 GeV , µH ∼ mt

• No analogous enhancement in Bq mixing 

running from μH to μL chiral enhancement

C4(µL)〈K|O4(µL)|K〉
C1(µL)〈K|O1(µL)|K〉 # (65 ± 14)

B4(µL)
B1(µL)

C4(µH)
C1(µH)

Operator Level Analysis: Mixing

O(1)
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Operator Level Analysis: Bd Mixing

• Lower limit on Λ induced by ∆MBs/∆MBd

• 2 dimensional [Λ,φ] contours:
full fit: no Vub no Vqb

• Projections of contours yield the one-dimensional nσ regions
• Fit points to Λ in the few hundred GeV range and O(1) phase

p
no Vqb

SM = 2.6%pno Vub
SM = 1.4%pSM = 2.3%
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Operator Level Analysis: K Mixing

• 2 dimensional [Λ,φ] contours (O1):
full fit: no Vub no Vqb

• No lower limit on Λ: fitting one parameter only (Cε)
• Fit points to Λ in the few hundred GeV range and O(1) phase; fine 

tuning allow lower masses

p
no Vqb

SM = 2.6%pno Vub
SM = 1.4%pSM = 2.3%
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Operator Level Analysis: K Mixing

• 2 dimensional [Λ,φ] contours (O4):
full fit: no Vub no Vqb

• No lower limit on Λ: fitting one parameter only (Cε)
• Fit points to Λ in the few TeV range and O(1) phase; fine tuning allow 

lower masses

p
no Vqb

SM = 2.6%pno Vub
SM = 1.4%pSM = 2.3%
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• Using 2+1 lattice QCD → hint for NP in the UT fit (~3σ)

• We need better understanding of inclusive Vub and Vcb 

• The tension in the UT fit could be explained by                     
new physics in Bd mixing (preferred), K mixing or B→τν

• As long as Vqb determinations remain problematic, removing 
semileptonic decays allows to cast the UT fit as a clean & high-
precision tool to identify new physics

• Super-B precision on B→τν coupled with improvements on the 
lattice determination of               can test the SM at the 5σ level

• Interpretation of this tension in terms of SM like new physics 
contribution point to masses in the few hundred GeV range and 
complex couplings with O(1) phases.

Conclusions

25

fBs

√
Bs
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• We treat all systematic uncertainties as gaussian

• Most relevant systematic errors come from lattice QCD 
(BK,ξ) and are obtained by adding in quadrature several 
different sources of uncertainty

• Gaussian treatment seems a fairly conservative choice

Comments on systematic uncertainties

27



Enrico Lunghi

Comments on systematic uncertainties

28

Gaussian
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• We treat all systematic uncertainties as gaussian

• Most relevant systematic errors come from lattice QCD 
(BK,ξ) and are obtained by adding in quadrature several 
different sources of uncertainty

• Gaussian treatment seems a fairly conservative choice
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Comments on systematic uncertainties
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Comments on systematic uncertainties
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Gaussian
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(BK,ξ) and are obtained by adding in quadrature several 
different sources of uncertainty

• Gaussian treatment seems a fairly conservative choice
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b
→

ss̄
s {

[HFAG 2009]

0.025{
• We will consider the asymmetries in the                 modesJ/ψ, φ, η′

• A case can be made for the               final stateKsKsKs

[Beneke,Neubert]

In QCDF:

[Cheng,Chua,Soni]

arg(V ∗
td)

Other approaches find similar results
[Chen,Chua,Soni; Buchalla,Hiller,Nir,Raz]

[EL, Soni]
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Time dependent CP asymmetry in b→ qq̄s

SψKs = sin 2(β + θd) + O(0.1%)

∆Sf ≡ Sf − sin 2(β + θd)

= 2
∣∣∣∣
VubV

∗
us

VcbV
∗
cs

∣∣∣∣ cos 2β sin γ Re

(
au

f

ac
f

)

∆Sφ = 0.03± 0.01
∆Sη′ = 0.01± 0.025



Enrico Lunghi 32

K mixing (      )εK

• Buras, Guadagnoli & Isidori pointed out that also        
receives non-local corrections with two insertions of the 
ΔS=1 Lagrangian:

MK
12

u, c
s

d

d

s

K0 K0

u, cs

d

d

s

K0 K0

Figure 1: Contractions of the leading |∆S| = 1 four-quark effective operators contributing to M12 at
O(G2

F ).

diagrams in Fig. 1. In other words, the leading order result is obtained with the following substitutions
in Eq. (11):

ImM12 → ImM (6)
12 = ImMSD

12 and ξ → 0 . (15)

Going one step forward requires taking into account:

1. non-local contributions to both ImM12 and ImΓ12 generated by the O(GF ) dimension-six∆S = 1
operators,

2. local contributions to ImM12 generated by dimension-eight ∆S = 2 operators of O(G2
F ).

The structure of the subleading terms in ImM12 is very similar to the O(G2
F ) long-distance contribu-

tions to K → πνν̄, discussed in Ref. [11]. The relevant effective Hamiltonian changes substantially
if we choose a renormalization scale above or below the charm mass. Keeping the charm as explicit
degree of freedom, dimension-eight operators are safely negligible and the key quantity to evaluate is

T12 = −i

∫
d4x〈K0|T

[
H(u,c)

|∆S|=1(x)H
(u,c)
|∆S|=1(0)

]
|K̄0〉 , (16)

where the superscript in H(u,c)
∆S=1 denotes that the we have two dynamical up-type quarks. The ab-

sorptive part of T12 contributes to Γ12, while the dispersive part contributes to M12. In the latter case
the leading term in the expansion in local operators should be subtracted, being already included in

ImM (6)
12 . In principle, extracting the subleading contribution to ImM12 directly from Eq. (16) is the

best strategy: the result would be automatically scale independent. However, in practice this is far
from being trivial also on the lattice, given the disconnected diagrams in Fig. 1.

Following a purely analytical approach, we can integrate out the charm and renormalize H∆S=1

below the charm mass. This allows to identify ξ with the weak phase of the A0 amplitude, that, as
mentioned, has already been estimated in Ref. [5] (see also [12]). On the other hand, ImM12 assumes
the form

ImM12 = ImMSD
12 + ImMLD

12 , ImMLD
12 = ImMnon−local

12 + ImM (8)
12 , (17)

where ImMnon−local
12 and ImM (8)

12 are not separately scale independent. The structure of the dimension-
eight operators obtained integrating out the charm, and an estimate of their impact on εK , has been

presented in Ref. [13]. According to this estimate, ImM (8)
12 is less than 1% of the leading term.

The smallness of ImM (8)
12 can be understood by the following dimensional argument. First, it should

be noted that the CKM suppression of the dimension-eight operators is (V ∗
csVcd)2, namely the same

CKM factor of the genuine charm contribution in H(6)
∆S=2. Second, even if we are not able to precisely

evaluate the hadronic matrix elements of the dimension-eight operators, we expect

〈K̄0|Q(8)
i |K0〉 = O(1)×m2

K × 〈K̄0|Q(6)|K0〉 . (18)

According to this scaling, the contribution of ImM (8)
12 is an O(m2

K/m2
c ≈ 15%) correction of the

charm contribution (charm-charm loops) to ImM (6)
12 , which itself is a O(15%) correction of the total
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Figure 2: Tree-level and one-loop diagrams contributing to K̄0–K0 mixing in CHPT.

and F can be identified with the pion decay constant (F ≈ 92MeV). The effective coupling G8 can
be determined by K → 2π amplitudes. Neglecting the (27L, 1R) operator and evaluating the K → 2π
amplitudes at tree level leads to

A0 = A(K0 → (2π)I=0) =
√
2FG8(m

2
K −m2

π) , (25)

which implies |G8| ≈ 9× 10−6 (GeV)−2. As far as the weak phase of G8 is concerned, at this level of
accuracy we have Im(G8)/Re(G8) = ξ.

In principle L(2)
|∆S|=1 could contribute to M12 already at O(p2), via the tree-level diagram in Fig. 2

(left). However, considering the O(p2) relation among π0, η and kaon masses (i.e. the Gell-Mann
Okubo mass formula), this contribution vanishes [14]. As a result, the first non-vanishing contribution

to M12 generated by L(2)
|∆S|=1 arises only at O(p4).

At O(p4) we should evaluate loop amplitudes with two insertions of L(2)
|∆S|=1 and tree-level diagrams

with the insertion of appropriate O(p4) counterterms. Among all these O(p4) contributions, the only
model-independent, and presumably dominant, contribution to M12 is the non-analytic one generated
by the pion-loop amplitude in Fig. 2 (right),

T (ππ)
12 = A(ππ)(K̄0 → K0) = − 3

16π2
F 2(G∗

8)
2(m2

K −m2
π)

2 ×

×
[
√

1− 4r2π

(
log

1 +
√

1− 4r2π
1−

√
1− 4r2π

− iπ

)
+ log

(
m2

π

µ2

)]
, (26)

with r2π = m2
π/m

2
K and where we have absorbed all finite (mass-independent) terms in the definition

of the renormalization scale µ. This is the only contribution which has an absorptive part. As a
consequence, its weak phase can be unambiguously related to the weak phase of the K0 → (2π)I=0

amplitude to all orders in the chiral expansion. In addition, it is the only contribution that survives
in the limit of SU(2)L × SU(2)R CHPT, which is known to represent a good approximation of the
full O(p4) amplitude in several K-decay observables where contributions from counterterms are fully
under control (see e.g. Ref. [15]).

A CHPT calculation of M12 complete to O(p4) would require consideration of loops involving kaons
and η’s, as well as O(p4) local counterterms. However, all these additional pieces are not associated
with any physical cut. As such, they can effectively be treated as a local term whose overall weak
phase cannot be related to the phase of the K0 → (2π)I=0 amplitude.2 On account of the above
considerations,3 we refrain from a full O(p4) CHPT calculation, and we focus on the pion-loop non-

analytic contribution only. Using the relation T (ππ)
12 = 2mKM (ππ)

12 (µ), the result in Eq. (26) implies

M (ππ)
12 (µ) = − 3

64π2mK
(A∗

0)
2

[
log

(
m2

K

µ2

)
+O

(
m2

π

m2
K

)]
. (27)

The absorptive part in Eq. (26) is nothing but the leading |(2π)I=0〉 contribution to Γ12, which gives
rise to the relation (10). The dispersive part is the dominant contribution to M12 in the leading-log

2For a recent, elucidating discussion about the role of kaon loops in CHPT, see [16].
3The authors warmly acknowledge Jean-Marc Gérard for triggering a discussion on this point.
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