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Why charm mixing?
•NO FCNC at the tree-level in the 
SM

•Increase in the experimental  
  precision 

FCNC LEGACY
•GIM-like search for heavy new 
physics (NP) coupled to up-type 
quarks
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• Absorptive part:  Γ

• Dispersive part:  M

H = M − i/2Γ

3

CP-conserving parameters 

y12 =
|Γ12 |

Γ
≃

ΓS − ΓL

2Γ

x12 =
2 |M12 |

Γ
≃

mS − mL

Γ
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• CPV in the interference between mixing and decay

4

CP-violating parameters

λM
f , λΓ

f :

• CPV in pure mixing

D0D0

H12

H21

|H12 | ≠ |H21 | ϕ12 = arg
M12

Γ12
≠ 0

D0 D0 f ϕΓ
f = arg λΓ

f + arg λΓ
f ≠ 0

ϕM
f = arg λM

f + arg λM
f ≠ 0

ϕ12 = ϕM
f − ϕΓ

f

𝒜f

𝒜f

M12, Γ12

A. Kagan, M. D. Sokoloff Y. Grossman, Y. Nir, G. Perez 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.076008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.071602
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Measuring CPV: WS/RS ratios

WS/RS = (r f
D)2 + r f

DL±t/τ + Q±
f (t/τ)2

•Exploiting CF/DCS decays of the  mesons (e.g. )D f = K−π+

•Fitting the time-dependent WS/RS ratios

UNTIL NOW NEW LHCb MEASUREMENT

D0

D0

f

WS

DCS: r f
Deiδ f

D

CF: 1RS
D0 fCF: 1

L±(x12, y12, ϕM,Γ
f )

Q±(x12, y12, ϕM,Γ
f )

L±(x12, y12, ϕM,Γ
f ) = c±

f ± Δc±
f

Q±(x12, y12, ϕM,Γ
f ) = c′￼±

f ± Δc′￼±
f

from LHCb-2018

Mixing

https://cds.cern.ch/record/2893174
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.031101


ICHEP, 20/07/2024 R. Di Palma:  mixing and  D γ 6

Measuring CPV: three-body decays
• Model-independent analysis of the 2D phase 

space of D → K0
Sπ+π−

from LHCb-2021

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
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Measuring CPV: three-body decays
• Model-independent analysis of the 2D phase 

space of D → K0
Sπ+π−

• WS/RS-like analysis

CP-conserving  
observables!!

xf
CP = x12 cos(ϕM

f )
yf

CP = y12 cos(ϕΓ
f )

Δxf = − y12 sin(ϕΓ
f )

Δyf = x12 sin(ϕM
f )

R±
ij =

dΓ∓ij(
(−)
D0 → f)

dΓ±ij( (−)
D0 → f)

CPV observables!!

from LHCb-2021

from LHCb-2021

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.111801
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Measuring CPV: SCS decays to CP eigenstates
•Time-dependent CP-conserving ratio 

•Time-dependent CP-violating ratio
Af(t) =

Γ(D0 → f ) − Γ(D0 → f )
Γ(D0 → f ) + Γ(D0 → f )

= af + ΔYft/τ

from LHCb-2018

from LHCb-2021

Rf(t) =
Γ(D0 → f ) + Γ(D0 → f )

Γ(D0 → K−π+) + Γ(D0 → K+π−)
∝ 1 − ỹ f

CPt/τ

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010
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Measuring CPV: SCS decays to CP eigenstates
•Time-dependent CP-conserving ratio 

•Time-dependent CP-violating ratio
Af(t) =

Γ(D0 → f ) − Γ(D0 → f )
Γ(D0 → f ) + Γ(D0 → f )

= af + ΔYft/τ

ΔYf = ηf(−x12 sin(ϕM
f ) + af y12)

from LHCb-2018

from LHCb-2021

Rf(t) =
Γ(D0 → f ) + Γ(D0 → f )

Γ(D0 → K−π+) + Γ(D0 → K+π−)
∝ 1 − ỹ f

CPt/τ

ỹ f
CP(x12, y12, ϕM,Γ

f ) NO CPV: ỹ f
CP ≈ y12

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072010
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Charm parameters 
Beauty observables 
More information 
about decay and 
mixing parameters

Approximate 
Universality 
Dropping the final-
state dependent parts 
of  and ϕM

f ϕΓ
f

r f
D δ f

D

x12 y12

•Decay amplitudes

•Mixing parameters

ϕM
f , ϕΓ

f UNIVERSAL

Introduced by LHCb-2021

A. Kagan, L. Silvestrini

ϕM
f , ϕΓ

f

https://link.springer.com/article/10.1007/JHEP12(2021)141
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.053008
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Off-shell 
states

ΓSM
12 = ∑

i,j=d,s

λi
ucλ

j
ucΓij
On-shell 
states

11

Approximate Universality
• Flavour structures of  and  in the SMM Γ

MSM
12 = ∑

i,j=d,s,b

λi
ucλ

j
ucMij

• Employing the Unitarity of the CKM

ΓSM
12 =

(λs
uc − λd

uc)2

4
Γ2 +

(λs
uc − λd

uc)λb
uc

2
Γ1 +

(λb
uc)2

4
Γ0

U-spin 
amplitudes
Γn ≈ 𝒪(ϵn)

Dominant
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Approximate Universality
•CPV phases w.r.t. the dominant contribution in the SM

•Approximate universality

•U-spin estimate

ϕξ
2 = arg [ ξ12

ξ2(λs
uc − λd

uc)2/4 ], ξ = M, Γ

°(ϕM,Γ
2 )U−spin ≈ 0.13

SM +  
Possible NP

Short-distance NP signal

ϕM
2 > ϕΓ

2 ≃ (ϕΓ
2 )U−spin

ϕM,Γ
2 ≈ ϕM,Γ

f ∀f
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B Cascade decays

•  decays:B → D
CKM ANGLE

γ = arg −
VudV*ub

VcdV*cb

•  mixing +  decays:D D → f r f
De−iδ f

D
B

D0

D0

[ f ]Dh
b → c

b → u

Charm  
mixing 
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B Cascade decays

•  decays:B → D
CKM ANGLE

γ = arg −
VudV*ub

VcdV*cb

•  mixing +  decays:D D → f r f
De−iδ f

D

•GLW/ADS Observables

B

D0

D0

[ f ]Dh
b → c

b → u

Charm  
mixing 

M. Gronau, D. Wyler, M. Gronau, D. London, D. Atwood, I. Dunietz, A. Soni

Γ(B → [ f ]Dh) − Γ(B → [ f ]Dh) ∝ sin γ

•GGSZ Observables Study of the phase-space 
dependent decay rates for f = K0

SK+K−, K0
Sπ+π−, K+K−π+π−

Polar Observables
xDh

± = rDh
B cos(δDh

B ± γ)
yDh

± = rDh
B sin(δDh

B ± γ)
A. Giri, Y. Grossman, A. Soffer, J. Zupan

https://www.sciencedirect.com/science/article/abs/pii/037026939190034N?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/037026939191756L?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.78.3257
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.054018
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Neutral  meson observablesB
• Exploiting the CPV phase of the interference between  mixing and 

decay to charmed mesons 
B0

(s)
D∓

(s)h
±

Beauty 
mixing

B0
(s)

B0
(s)

D(s)h

b →
u

b → c

ϕ (s)

−γ

∝ cosh(ΔΓ(s)t/2) − Gf sinh(ΔΓ(s)t/2) + Cf cos(Δm(s)t) − Sf sin(Δm(s)t)

• Fitting the time-dependent decay rates 

Observables!!
Cf Gf ∝ cos(δ f

B0
(s)

+ (ϕ(s) − γ))

Sf ∝ sin(δ f
B0

(s)
+ (ϕ(s) − γ))

Mixing 
phases

ϕ = − 2β
ϕs = 2βs
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Statistical treatment

Cascade 
decays

x12, y12

r f
D, δ f

D

Charm 
modes

γ
Neutral  

B0
(s)

P( ⃗λ |O) ∝ P(O | ⃗λ ) P0( ⃗λ )
MCMC 

Algorithm

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

Bayesian 
approach Posterior p.d.f

• Gaussian likelihood: 
P(O | ⃗λ )

• Flat priors: 
P0( ⃗λ ) ∝ const

https://bat.mpp.mpg.de/
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Results: CKM angle γ

60 70 80

]o[γ

0
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Including 
LHCb-2024

Consistency check

LHCb-combo 

Belle+Belle-II

https://link.springer.com/article/10.1007/JHEP05(2024)025
https://cds.cern.ch/record/2838029
https://arxiv.org/abs/2404.12817
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Results: CPV parameters 

2− 0 2 4 6

]o[
2

Γφ

3−

2−

1−

0

1

2

]
o [

2M
φ

Including New LHCb most precise 
measurement of D → Kπ

HFLAV

https://cds.cern.ch/record/2893174
https://hflav-eos.web.cern.ch/hflav-eos/charm/CKM23/results_mix_cpv.html
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Summary
•CPV in charm mixing can be used as a powerful probe for 

heavy NP. In the Approximate universality framework

•One order of magnitude away from testing the SM 

•Consistency between  estimates and error at the level of γ 5 %

°ϕM
2 > ϕΓ

2 ≃ (ϕM,Γ
2 )U−spin ≈ 0.13

Used as input for the new  
UT analysis by UTfit See the Talk by M. Bona

https://indico.cern.ch/event/1291157/contributions/5903548/


Thank you!
2−02468

]
o
[

2

Γ
φ

4−

2−

0

2

4

6

] o[2 M
φ

2−02468

]
o
[

2

Γ
φ

4−

2−

0

2

4

6

] o[2 M
φ



Backup slides
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Charm mixing contributions

•Short distance:  
sensitive to heavy NP

m2
i > m2

c

CKM + GIM: order of magnitude estimate

•Long distance: 
inherently non-perturbative, 
leading contribution in the SM

m2
i < m2

c

SM: ∝ (λb
ucmb)2 ≈ (θ5

Cmb)2

SM: SD∝ (λs
ucms)2 ≈ (θcms)2 ≈ 102 ×
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U-spin decomposition

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 in the SM

ϕΓ
2

SM

= arg [1 +
2λb

uc

λs
uc − λd

uc

Γ1

Γ2 ] = arg[1 −
V*ubVud

V*cbVcd
× ( 2

1 − V*usVcs

V*udVcd

)ϵ−1]

≃
λb

uc

λd
uc

sin(γ)ϵ−1 ≈ (2.2 × 10−3) × [0.3
ϵ ]

CF/DCS SCSϕM,Γ
f = ϕM,Γ

2 + 𝒪(θ6
C)

ϕM,Γ
f = ϕM,Γ

2 (1 + 𝒪(ϵ))

(ϕM,Γ
KK + ϕM,Γ

ππ )/2 = ϕM,Γ
2 (1 + 𝒪(ϵ2))
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Equivalent formalisms

|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

D 
I 
S 
P 
- 
A 
B 
S 

•CP-conserving

•CP-violating
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Charm parameters 

Final-state 
dependent

Final-state 
independent

• Decay amplitudes • Mixing parameters

r f
D δ f

D

x12
y12

CPV 
phases

ϕM
f , ϕΓ

f

Beauty observables 
More information 
about decay and 
mixing parameters

Approximate 
Universality 
Dropping the final-
state dependent parts 
of  and ϕM

f ϕΓ
f
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Results: CP-conserving parameters

5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7

y
12

≃ y[10
−3

]

2.5

3

3.5

4

4.5

5

5.5

x
1
2

≃
x
[
1
0
−
3
]
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Results: ϕ12

5− 0

]o[
12

φ

0

0.1

0.2

P
ro

b
a
b
ili

ty
 d

e
n
si

ty

°ϕ12 = (−2.3 ± 1.5)
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Results: CPV using the familiar formalism

6− 4− 2− 0 2

|q/p|-1[%]

5−

4−

3−

2−

1−

0

1

2]
o [

2
φ
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B Cascade decays: GLW/ADS

•GLW/ADS Observables

•  mixing +  decaysD D → f

• Cascade decay rate

•  decaysB → D

B

D0

D0

[ f ]Dh
b → c

b → u

Charm  
mixing 

𝒜(b → u)
𝒜(b → c)

= rDh
B ei(δDh

B −γ)

CKM ANGLE

r f
De−iδ f

D

Γ(B → [ f ]Dh) ∝ 1 + (r f
DrDh

B )2 + 2rDh
B r f

D cos(δDh
B − δ f

D − γ)
+Γmix

Γ(B → [ f ]Dh) − Γ(B → [ f ]Dh) ∝ sin γ

γ = arg −
VudV*ub

VcdV*cb

M. Gronau, D. Wyler
M. Gronau, D. London

https://www.sciencedirect.com/science/article/abs/pii/037026939190034N?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/037026939191756L?via=ihub
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GGSZ Observables
• Study of the phase-space dependent decay 

rates for f = K0
SK+K−, K0

Sπ+π−, K+K−π+π−

dΓ( (−)
B → [ f ]D

(−)
h )/dp

• Model-dependent approach 

• Model-independent : Integrating over  bins 
and solving  a system of  equations 

 for  unknowns.

2k
4k

Γ±i(
(−)
B → [ f ]D

(−)
h ) 2k + 4

Polar Observables
xDh

± = rDh
B cos(δDh

B ± γ)
yDh

± = rDh
B sin(δDh

B ± γ)

from LHCb-2021

A. Giri, Y. Grossman,  
A. Soffer, J. Zupan

https://link.springer.com/article/10.1007/JHEP02(2021)169
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.054018

