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FCNC are absent at the tree-level in the SM and suppressed by the 
hierarchical structure of the CKM matrix elements and the GIM 
mechanism. 

Heavy New Physics coupled to the up-type quarks may enter charm 
mixing, contributing to the CP-violating parameters describing 
processes involving  mesons. 

The precision reached by modern experiments has made charm physics 
a true benchmark of the SM.

D

Motivations

New Physics
D0 D0

?
How big is this  
window today?
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Charm mixing
Short distance Long distance 

Can be calculated using a local  
Effective Hamiltonian

ΔC = 2 Inherently non perturbative  
(very hard to compute )  
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Charm mixing
Short distance Long distance 

Can be calculated using a local  
Effective Hamiltonian

ΔC = 2 Inherently non perturbative  
(very hard to compute )  

From GIM + CKM: Long distance dominate the meson-anti meson transition amplitude.
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Charm mixing
Short distance Long distance 

Can be calculated using a local  
Effective Hamiltonian

ΔC = 2 Inherently non perturbative  
(very hard to compute )  

From the Wolfenstein  
parametrization of 

the CKM

NO Physical 
phases  

up to 𝒪(λ4)

Large amounts of CP violation 
could signal the presence  

of NP  

From GIM + CKM: Long distance dominate the meson-anti meson transition amplitude.

:
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Kagan-Silvestrini parametrization
Hamiltonian formalism for neutral meson mixing

|ML,S > = p |M0 > ± q |M0 >Hamiltonian eigenstates

H = Absorptive PartM−i Γ /2Dispersive Part
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Kagan-Silvestrini parametrization
Hamiltonian formalism for neutral meson mixing

CP violating parameters 

|ML,S > = p |M0 > ± q |M0 >Hamiltonian eigenstates

Pure mixing Interference between mixing and decay

ϕ12 = arg[ M12

Γ12 ] ϕM,Γ
f

weak phases 
of

λx12
f =

x12

|x12 |

𝒜f

𝒜f x=M,Γ

A. Kagan, L. Silvestrini 2001.07207

H = Absorptive PartM−i Γ /2Dispersive Part
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Kagan-Silvestrini parametrization
Hamiltonian formalism for neutral meson mixing

CP violating parameters 

H = Absorptive PartM−i Γ /2
|ML,S > = p |M0 > ± q |M0 >Hamiltonian eigenstates

Pure mixing Interference between mixing and decay

ϕ12 = arg[ M12

Γ12 ] ϕM,Γ
f

weak phases 
of arg(λf λf) ≠ 0q

p
− 1 ≠ 0

λx12
f =

x12

|x12 |

𝒜f

𝒜f x=M,ΓMixing parameters

x12 =
2 |M12 |

Γ
y12 =

|Γ12 |
Γ

x =
MS − ML

Γ
y =

ΓS − ΓL

2Γ

A. Kagan, L. Silvestrini 2001.07207

Dispersive Part
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How to extract  and : WS/RS ratiosϕM
f ϕΓ

f

Consider the CF/DCS decays of the  meson (e.g.  )D f = K−π+
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Observables!! 

How to extract  and : WS/RS ratiosϕM
f ϕΓ

f

The so-called WS/RS time-dependent ratios are measured (e.g. 1611.06143)

WS/RS =
Approximation!!  

Second order in  
, since  x12, y12

𝒪(x12) = 𝒪(y12) ≈ 10−3

= (Γt) R±
f c±

f (Γt)2 c′ ±
f+R±

f + R±
f = r2

D[ f ](1 ± AD)
c(′ )±

f (x12, y12, ϕM
f , ϕΓ

f )

Consider the CF/DCS decays of the  meson (e.g.  )D f = K−π+
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How to extract  and : three-body final statesϕM
f ϕΓ

f

A study of ratios of decay rates can be performed also for three-body final 
states (e.g.  ) by partitioning the phase space and the decay time 
in bins  and counting the relative events  

f = K0
Sπ+π−

(i, j)

(−)
R ij =

dΓ∓ij(
(−)
D0 → f)

dΓ±ij( (−)
D0 → f)

Measuring the  
Ratios

Binning example from  2106.03744

5
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A study of ratios of decay rates can be performed also for three-body final 
states (e.g.  ) by partitioning the phase space and the decay time 
in bins  and counting the relative events  

f = K0
Sπ+π−

(i, j)

(−)
R ij =

dΓ∓ij(
(−)
D0 → f)

dΓ±ij( (−)
D0 → f)

Measuring the  
Ratios

Observables!! 
xf

CP = x12 cos(ϕM
f ) yf

CP = y12 cos(ϕΓ
f )

Δxf = − y12 sin(ϕΓ
f ) Δyf = x12 sin(ϕM

f )
Binning example from  2106.03744

5

How to extract  and : three-body final statesϕM
f ϕΓ

f

https://arxiv.org/pdf/2106.03744.pdf
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How to extract  and : exponential approximationϕM
f ϕΓ

f
Other observables rely on a first-order approximation of the decay rate

Γ(
(−)
D → f ) ∝ exp[ − Γt(Γ̂ (−)

D →f)]Exponential approximation:
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Other observables rely on a first-order approximation of the decay rate

Γ(
(−)
D → f ) ∝ exp[ − Γt(Γ̂ (−)

D →f)]Exponential approximation:
Plot from 2202.09106

Measuring 
the Ratios Rf(t) =

Γ(D0 → fCP) + Γ(D0 → fCP)
Γ(D0 → f ) + Γ(D0 → f )

∝ e−tΓ(y fCP
CP −y f

CP)

ỹCP(x12, y12, ϕM,Γ
f ) = y fCP

CP − yf
CPObservables!! 
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How to extract  and : exponential approximationϕM
f ϕΓ

f
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Other observables rely on a first-order approximation of the decay rate

Γ(
(−)
D → f ) ∝ exp[ − Γt(Γ̂ (−)

D →f)]Exponential approximation:
Plot from 2202.09106

ỹCP(x12, y12, ϕM,Γ
f ) = y fCP

CP − yf
CPObservables!! 

Measuring the 
CP Asymmetries

AfCP
(t) =

Γ(D0 → fCP) − Γ(D0 → fCP)
Γ(D0 → fCP) + Γ(D0 → fCP)

= afCP
+ tΓΔYfCP

Observables!! ΔYfCP
= ηfCP

(−x12 sin(ϕM
f ) + afCP

y12)
Plot from 2105.0988

Measuring 
the Ratios Rf(t) =

Γ(D0 → fCP) + Γ(D0 → fCP)
Γ(D0 → f ) + Γ(D0 → f )

∝ e−tΓ(y fCP
CP −y f

CP)

6

How to extract  and : exponential approximationϕM
f ϕΓ

f

https://arxiv.org/pdf/2202.09106.pdf
https://arxiv.org/pdf/2105.09889.pdf


Charm 23 Di Palma Roberto PageCharm 23 PageCharm 23 Roberto Di Palma

Subset of charm observables 
A pair of weak phases  
for each of the final states 

APPROXIMATE 
UNIVERSALITY

ϕM,Γ
f
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Subset of charm observables 
A pair of weak phases  
for each of the final states 

APPROXIMATE 
UNIVERSALITY

ϕM,Γ
f

Decay parameters  
They appear when parametrizing 

the decay amplitudes:  
: Ratios of the magnitudes 

: Strong phases  
: Coherence factors 
: CP-even fractions 

BEAUTY OBSERVABLES

rD[ f ]
Δ[ f ]

κD[ f ]
FD[ f ]

7
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Approximate Universality
The dispersive and absorptive parts of the antimeson-meson transition 
amplitude can be decomposed as

ΓSM
12 = ∑

i,j=d,s

λi
ucλ

j
ucΓij MSM

12 = ∑
i,j=d,s,b

λi
ucλ

j
ucMij

8
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Approximate Universality
The dispersive and absorptive parts of the antimeson-meson transition 
amplitude can be decomposed as

ΓSM
12 = ∑

i,j=d,s

λi
ucλ

j
ucΓij MSM

12 = ∑
i,j=d,s,b

λi
ucλ

j
ucMij

ΓSM
12 = (λs

uc − λd
uc)2

4
Γ2 +

(λs
uc − λd

uc)λb
uc

2
Γ1 +

λb2
uc

4
Γ0,

Dominant

U-spin decomposition + CKM hierarchy 

Γn = 𝒪(ϵn)

ϵ ≈ 0.3
U-spin breaking  

parameter
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Approximate Universality
The dispersive and absorptive parts of the antimeson-meson transition 
amplitude can be decomposed as

ΓSM
12 = ∑

i,j=d,s

λi
ucλ

j
ucΓij MSM

12 = ∑
i,j=d,s,b

λi
ucλ

j
ucMij

ΓSM
12 =

We can define two CP violating weak phases with respect the dominant U-spin ( ) termΔU = 2

ϕX
2 = arg [ X12

X2(λs
uc − λd

uc)2/4 ]
X=M,Γ

(λs
uc − λd

uc)2

4
Γ2 +

(λs
uc − λd

uc)λb
uc

2
Γ1 +

λb2
uc

4
Γ0,

Dominant

Good approximation for 
every final states 

 ϕM,Γ
f ≃ ϕM,Γ

2

SM estimates 
°ϕM,Γ

2 ≈ 0.13

U-spin decomposition + CKM hierarchy 

Γn = 𝒪(ϵn)

ϵ ≈ 0.3
U-spin breaking  

parameter

Universal weak phases

8
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 meson cascade decays B
We provided additional information about the decay parameters of the  mesons by 
considering also processes involving the beauty quark, as already shown by LHCb 
(LHCb-CONF-2022-002)

D

 CASCADE DECAYS B
B → [ f ]Dh

9
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D

 CASCADE DECAYS B
B → [ f ]Dh

 decays 
Parametrizing the amplitudes in terms of 

Ratio of the magnitudes:   
Strong phase:  

Mixing parameters:  

D → f

rD[ f ]
Δf
x12, y12

9

https://cds.cern.ch/record/2838029/files/LHCb-CONF-2022-002.pdf


Charm 23 Di Palma Roberto PageCharm 23 PageCharm 23 Roberto Di Palma

 meson cascade decays B
We provided additional information about the decay parameters of the  mesons by 
considering also processes involving the beauty quark, as already shown by LHCb 
(LHCb-CONF-2022-002)

D

 decays: sensitivity to  
Parametrizing the amplitudes in terms of 

Ratio of the magnitudes:   
Strong phase:  

Weak phase:  

B → D γ

rB[Dh]
δB[Dh]

arg[VubVuqV*cbV*cq] ≈ − γ

 CASCADE DECAYS B
B → [ f ]Dh

 decays 
Parametrizing the amplitudes in terms of 

Ratio of the magnitudes:   
Strong phase:  

Mixing parameters:  

D → f

rD[ f ]
Δf
x12, y12
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GLW/ADS Observables
(quasi-) GLW (quasi-) ADS

B

D0h

D0h

B

D0h

D0h

SENSITIVITY TO γ

10
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GLW/ADS Observables
(quasi-) GLW (quasi-) ADS

B

D0h

D0h

[ fCP]Dh B

D0h

D0h

[ f ]Dh
fCP = π+π−(π0), K+K−(π0),

π+π−π+π−, K+K−π+π−

f = K−π+(π0), K−π+π+π−

SENSITIVITY TO γ
SENSITIVITY TO CHARM 

DECAY PARAMETERS
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GLW/ADS Observables
(quasi-) GLW (quasi-) ADS

B

D0h

D0h

[ fCP]Dh B

D0h

D0h

[ f ]Dh
fCP = π+π−(π0), K+K−(π0),

π+π−π+π−, K+K−π+π−

f = K−π+(π0), K−π+π+π−

SENSITIVITY TO γ
SENSITIVITY TO CHARM 

DECAY PARAMETERS

Decay rates to first order in mixing and CPV parameters
Γ(B → [ fCP]Dh) ∝ 1 + r2

B[Dh] + Mixing part

Γ(B → [ f ]Dh) ∝ 1 + r2
B[Dh]r

2
D[ f ] + Mixing part

Observables!! +2κB[Dh]rB[Dh](2FD[ fCP] − 1)cos(δB[Dh] − γ)

+2κD[ f ]κB[Dh]rB[Dh]rD[ f ] cos(Δf + δB[Dh] − γ)

Ratios of decay rates  
(e.g. CP Asymmetries)

10
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GGSZ Observables
It is possible to study also  cascade decays, with a three-body final state of the  
meson (e.g. ).

B D
f = K0

s π+π−

Dalitz plot
from 2010.08483Measuring the decay rate at a phase space point

dΓ( (−)
B → [ f ]D

(−)
h )/dp

11

https://arxiv.org/pdf/2010.08483.pdf
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Model dependent approach: The decay rate is 
fitted using some model for the  decay 
amplitudes.

D
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GGSZ Observables
It is possible to study also  cascade decays, with a three-body final state of the  
meson (e.g. ).

B D
f = K0

s π+π−

Dalitz plot

Model dependent approach: The decay rate is 
fitted using some model for the  decay 
amplitudes.

D

Model independent approach: Integrating 
over the bins and solving  a system of 4  

equations  for  
unknowns.

k
Γ±i(

(−)
B → [ f ]D

(−)
h ) 2k + 4

Observables!!

dΓ( (−)
B → [ f ]D

(−)
h )/dp

xDh
± = rB cos(δB ± γ)

yDh
± = rB sin(δB ± γ)

from 2010.08483

Measuring the decay rate at a phase space point

11
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Neutral  mesonsB
Additional information on the CKM angle  comes from neutral  decays to charmed mesons 
 

γ B
B0

q → D±
q X∓

q , q = d, s, Xq = π, K, KππInterference between mixing and decay:

ϕλ = arg[
q = d :

q = s :

( −
V*tbVtq

V*cbVcq )
2

−2β

2βs

( −
VubV*ud

VcbV*cd )
−γ

−γ

( −
VcqV*uq

VcdV*ud )
π

𝒪(λ4)

]

12
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Neutral  mesonsB
Additional information on the CKM angle  comes from neutral  decays to charmed mesons 
 

γ B
B0

q → D±
q X∓

q , q = d, s, Xq = π, K, KππInterference between mixing and decay:

dΓ(
(−)
B0

q → f )
dt

∝ cosh(yΓt) − sinh(yΓt) ± cos(xΓt) ∓ sin(xΓt)Gf Cf Sf

ϕλ = arg[
q = d :

q = s :

Observables!!
Sf ∝ sin(ΔB0

q
+ ϕλ)

Gf ∝ cos(ΔB0
q

+ ϕλ)

( −
V*tbVtq

V*cbVcq )
2

−2β

2βs

( −
VubV*ud

VcbV*cd )
−γ

−γ

( −
VcqV*uq

VcdV*ud )
π

𝒪(λ4)

]
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Statistical treatment
We combine all the observables in a Bayesian framework to 
determine the posterior pdf and the marginalized distributions. 

P( ⃗λ |O)

POSTERIOR PDF
We overloaded the classes present in the BAT library,  

sampling configurations of the parameters from  
the posterior through a Metropolis algorithm. https://bat.mpp.mpg.de/

13

https://bat.mpp.mpg.de/


Charm 23 Di Palma Roberto PageCharm 23 PageCharm 23 Roberto Di Palma

Statistical treatment
We combine all the observables in a Bayesian framework to 
determine the posterior pdf and the marginalized distributions. 

P( ⃗λ |O) ∝ P(O | ⃗λ )

POSTERIOR PDF
We overloaded the classes present in the BAT library,  

sampling configurations of the parameters from  
the posterior through a Metropolis algorithm.

GAUSSIAN LIKELIHOOD
P(O | ⃗λ ) ∝

Nexp

∏
j=1

exp[ − (O( j)
i ( ⃗λ ) − O( j)

i )
T

(V( j))−1
ik (O( j)

k ( ⃗λ ) − O( j)
k )]

13
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Statistical treatment
We combine all the observables in a Bayesian framework to 
determine the posterior pdf and the marginalized distributions. 

P( ⃗λ |O) ∝ P(O | ⃗λ ) P0( ⃗λ )

POSTERIOR PDF
We overloaded the classes present in the BAT library,  

sampling configurations of the parameters from  
the posterior through a Metropolis algorithm.

FLAT PRIOR
We choose uniform priors, 
according to the physical 
ranges of the parameters

P0( ⃗λ ) = const

GAUSSIAN LIKELIHOOD
P(O | ⃗λ ) ∝

Nexp

∏
j=1

exp[ − (O( j)
i ( ⃗λ ) − O( j)

i )
T

(V( j))−1
ik (O( j)

k ( ⃗λ ) − O( j)
k )]

13

https://bat.mpp.mpg.de/

https://bat.mpp.mpg.de/


Charm 23 Di Palma Roberto PageCharm 23 PageCharm 23 Roberto Di Palma

CKM angle  using all the inputs γ

FIT RESULT 
°γ = (65.4 ± 3.3)

50 60 70 80

]o[γ

0

0.05

0.1

P
ro

b
a

b
ili

ty
 d

e
n

si
ty
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CKM angle  with subsets of beauty observablesγ

Charged B inputs only Neutral  inputs onlyBs Neutral  inputs onlyBd

°γ = (63.5 ± 3.5) °γ = (78 ± 18) °γ = (81 ± 11)

50 60 70

]o[γ

0

0.05

0.1

P
ro

b
a
b
ili

ty
 d

e
n
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ty

50 100 150

]o[γ

0

0.005

0.01

0.015

0.02

P
ro

b
a
b
ili

ty
 d

e
n
si

ty

0 50 100 150
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Charm mixing parameters

FIT RESULTS 
‰ 
‰

x12 = (4.28 ± 0.32)
y12 = (6.24 ± 0.23)

5.2 5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7 7.2

]-3=y[10
12

y

3

3.5

4

4.5

5

5.5

]
-3

=
x[

1
0

1
2

x

16



Charm 23 Di Palma Roberto PageCharm 23 PageCharm 23 Roberto Di Palma

 FIT RESULTS (familiar formalism) 
°,  ϕ2 = (−2.15 ± 0.90) |q/p | = 0.990 ± 0.015

CPV parameters

FIT RESULTS (Kagan - Silvestrini) 
°, ° ϕM

2 = (1.3 ± 1.3) ϕΓ
2 = (2.6 ± 1.2)

2− 0 2 4 6 8

]o[
2

Γφ

4−

2−

0

2

4

6

]
o [

2M
φ

0.94 0.96 0.98 1 1.02 1.04 1.06

|q/p|

6−

5−

4−

3−

2−

1−

0

1

2]
o [

2
φ
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Conclusions

Interesting prospects for the future
Waiting for the next generation of experiments (LHCb upgrades, Belle-II). 

Finding an efficient way to compute  from first principles in the SM. 

New processes for neutral  mesons to improve the precision on  (e.g. ).

ϕM,Γ
2

B γ B0
q → Dϕ

The results of the combination of charm and beauty observables have shown that: 

The parameters are compatible with the latest LHCb frequentist combination. 

The uncertainties on  are still an order of magnitude grater than the estimates 
from the SM U-spin decomposition °.  

The estimate of  from neutral  meson observables is 4/5 less precise than the one 
obtained from charged mesons. (DIFFICULT TO CHECK CONSISTENCY)

ϕM,Γ
2

ϕM,Γ
2 ≈ 0.13

γ B

18



2−02468

]
o
[

2

Γ
φ

4−

2−

0

2

4

6

] o[2 M
φ

Thank you  
for your attention!

If you have any remark, you can find 
me around or you can reach me at 

roberto.dipalma@uniroma3.it

mailto:roberto.dipalma@uniroma3.it
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Long and short distance contributions

1

Neglecting external  
momenta  

p2 ≈ 𝒪(m2
c )

m2
i

< < 1

Generating a local 
 operatorΔC = 2

i = b

Generating long  
distance 

contributions

i = d, s

∝ (λs
ucms)2 ≈ (λms)2

(λb
ucmb)2 ≈ (λ5mb)2

∝

9 × 10−3 × [( λ
0.22 )

4

×
mb

4GeV
0.1GeV

ms ]
2



Charm 23 Di Palma Roberto PageCharm 23 PageCharm 23 Roberto Di Palma

U-spin decomposition 

2

ΓSM
12 = (λs

uc − λd
uc)2

4
Γ2 ×

[1 + (0.86 + i1.8) × 10−3( 0.3
ϵ ) + (−6.4 + i7.8) × 10−7( 0.3

ϵ )
2

]

Γ2 = (ss − dd)2 = 𝒪(ϵ2)

Γ1 = (ss − dd)(ss + dd) = 𝒪(ϵ)

Γ0 = (ss + dd)2 = 𝒪(1)

λs
uc − λd

uc ≈ 0.44 − i1.2 × 10−4 λb
uc ≈ (5.7 + i12) × 10−5

Dominant  
contribution
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CPV phases 

3

ϕX
2 = arg [ X12

X2(λs
uc − λd

uc)2/4 ]
X=M,Γ

APPROXIMATE  
UNIVERSALITY

CP eigenstates CF/DCS decays

δϕf = ϕX
f − ϕX

2
X=M,Γ

δϕfCP
= 𝒪( λb

uc sin(γ)
λ ) δϕf = 𝒪( λb

uc

λd
uc )

2

≈ 5.5 × 10−6

SM rough estimates

ϕΓ
2

SM

= arg [ 2λb
uc

λs
uc − λd

uc

Γ1

Γ2 ] = arg[ −
V*ubVud

V*cbVcd
× ( 1

1 − V*usVcs

V*udVcd

)] =
λb

uc

λd
uc

sin(γ)ϵ−1 ≈ (2.2 × 10−3) × [0.3
ϵ ]

Misalignments
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Connecting the formalisms

4

|x | = 1/ 2[x2
12 − y2

12 + (x2
12 + y2

12)
2 − 4x2

12y2
12 sin2 ϕ12]

1/2

= x12 + 𝒪(ϕ2
12)

y = 1/ 2[y2
12 − x2

12 + (x2
12 + y2

12)
2 − 4x2

12y2
12 sin2 ϕ12]

1/2

= y12 + 𝒪(ϕ2
12)

q
p

= [x2
12 + y2

12 + 2x12y12 sin ϕ12

x2
12 + y2

12 − 2x12y12 sin ϕ12 ]
1/4

= 1 +
x12y12

x2
12 + y2

12
sin ϕ12 + 𝒪(ϕ2

12)

tan(2ϕλf
) = −

x2
12 sin 2ϕM

f + y2
12 sin 2ϕΓ

f

x2
12 cos 2ϕM

f + y2
12 cos 2ϕΓ

f
≈ −

x2
12

x2
12 + y2

12
ϕM

f −
y2

12

x2
12 + y2

12
ϕΓ

f + 𝒪(ϕ2
12)

F 
A 
M 
I 
L 
I 
A 
R

K 
A 
G 
A 
N 
- 
S 
I 
L 
V 
E 
S 
T
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CPV in pure mixing

5

5− 0 5

]o[
12

φ

0

0.05

0.1

0.15

0.2

P
ro

b
a
b
ili

ty
 d

e
n
si

ty

FIT RESULT 
°ϕ12 = (−1.3 ± 1.8)
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GLW/ADS Observables

6

𝔄h
fCP

=
Γ(B → [ fCP]Dh) − Γ(B → [ fCP]Dh)
Γ(B → [ fCP]Dh) + Γ(B → [ fCP]Dh)

Ωh
fCP

=
Γ(B → [ fCP]Dh) + Γ(B → [ fCP]Dh)

Γ(B → [ f ]Dh) + Γ(B → [ f ]Dh)

ℜh
fCP

( f ) =
ℬ(D0 → f )

ℬ(D0 → fCP)
Ωh

fCP
( f )

ℜ̃h1/h2
fCP

( f ) =
Ωh1

fCP
( f )

Ωh2
fCP

( f )

Asup,fav
h ( f ) =

Γ(B → [ f( f )]Dh) − Γ(B → [ f( f )]Dh)
Γ(B → [ f( f )]Dh) + Γ(B → [ f( f )]Dh)

Rsup,fav
h1/h2

( f ) =
Γ(B → [ f( f )]Dh1) + Γ(B → [ f( f )]Dh1)
Γ(B → [ f( f )]Dh2) + Γ(B → [ f( f )]Dh2)

RADS
h ( f ) =

Γ(B → [ f ]Dh) + Γ(B → [ f ]Dh)]
Γ(B → [ f ]Dh) + Γ(B → [ f ]Dh)

Rh
−( f ) =

Γ(B → [ f ]Dh)
Γ(B → [ f ]Dh)

Rh
+( f ) =

Γ(B → [ f ]Dh)
Γ(B → [ f ]Dh)

(quasi-) GLW (quasi-) ADS


