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•  Introduction 

 

² Why are we interested in charm physics? 
 

² SM predictions and phenomenology of CPV and D0 – anti-D0 mixing 
 
 

•  Measurements of mixing and CPV in charm sector at LHCb  
   (only a few last ones)  
 

² Observation of D0 – anti-D0 mixing in D0 → K+π-π+π- 
 

²  The difference of time-integrated CP asymmetry (ΔACP) in  D0 → K+K-  
and  D0 → π+π- 

 

²  The AΓ asymmetry from D0 → K+K-,   D0 → π+π- 

•  Summary and prospects 



Why charm? 
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•  Mixing and CP violation established in kaon and B sectors 
²  in charm, we observe mixing but so far there is no CPV observation 
 

•  In the SM, expected CPV in charm sector is very small, less than 10-3 (much 
smaller than it is observed in the beauty sector) but predictions vary widely  

² New Physics contributions can enhance CPV up to 10-2 
 

•  There are three ways of CPV: 
1. in mixing (indirect),  D0 → anti-D0   ≠   anti-D0 → D0  
2. in decay amplitudes (direct),  D → f   ≠   anti-D → anti-f  
3. in interference (indirect) between direct decays and decays with mixing 

 
 
 
 
 
 
 
 
•  Perfect place for New Physics searching (small background from SM) 
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Neutral mesons can oscillate between matter and anti-matter: 
  
 
 
 
 
 
 

Two parameters describe mixing: 
       mass difference Δm:                                    decay width difference ΔΓ: 
 
 
 
 
 
 
 

 
weak phase:  
 
 
 

Δm, ΔΓ, φ – measured experimentally  

Mixing of neutral mesons 
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Motivation

• Neutral mesons can oscillate between matter 

and anti-matter: mass eigenstates are different 

from flavor eigenstates

• Oscillations in K0 and B0, B0
s are well 

established and provide precision tests of the 

standard model CKM parameters

• What about charm?

• Almost completely unexplored

• Low standard model rate, potentially a 

powerful probe for new physics

• Only up-type quark where we can look for 

mixing and/or CP violation
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For charm:  
       x ≈ 0.0074  
       y ≈ 0.0048 
•  x, y very small 
•  mixing is very slow  
•  very precise 

measurements needed     
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Mixing of neutral mesons 
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B0

s
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For B0: 
x ≈ 0.775  
y ≈ 0.007 (very small) 

For B0
s: 

x ≈ 26.82 (large) 
y ≈ 0.058 (much smaller than x) 
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Γ time 

The frequency of B0
s – anti-B0

s oscillations is the highest. 
On average, a B0

s meson changes its flavor 9 times 
between production and decay 

Marseille, March 2015 T.M. Karbach / CERN / LHCb 18

New Physics in particle oscillation?

Some neutral particles can transition into their own anti-particle 
(mixing):

There are only 4 particles that can oscillate:

● D0 mesons: very, very slowly

● K0 mesons: very slowly

● B
d
 mesons: slowly

● B
s
 mesons: fast!

Significant enhancement of mixing or observation of 
CPV in charm can be an indication of New Physics   

K0 



LHCb 

Hadronic b decays

Introduction

Measuring γ

γ Combination

✚✚CP in B± → D0h

Λb →πKph

b → cc

Conclusions

C. Fitzpatrick

March 24, 2014

Introduction

! Hadronic beauty decays offer a wealth of interesting measurements
! This talk:

! [PRELIMINARY]✟✟CP in the beauty sector: CKM angle γ
! [NEW] Measurements of beauty baryons

! LHCb is uniquely positioned to make precise measurements with fully hadronic final
states:

250m
rad

100mrad

! Excellent vertex resolution

! Precise tracking

! Flexible & efficient software trigger

! Hadronic PID up to 100GeV/c

2 / 14

! LHCb is a forward spectrometer studying pp collisions 
!   Excellent vertex resolution of O(10 μm) 
!   Time Resolution of 40-50 fs (14% of Bs oscillation period) 
!   RICH detectors provide K±/π± separation 

!   Particle ID of >90% efficiency for kaons [5% pion misid] 
!   ECAL for electromagnetic particles 

 

2011 1 fb-1 

2012 2 fb-1 

 
Total 3 fb-1 

LHCb – precision detector 
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•  VELO – precision primary and secondary vertex measurements,  
                  resolution of IP: 20 µm, decay lifetime resolution ~ 45 fs: 0.1 τ(D0)  
•  Excellent tracking resolution: Δp/p = 0.4% at 5 GeV to 0.6% at 100 GeV 
•  RICH – very good particle identification for π and K 

The single-arm forward spectrometer (a new concept for HEP experiments) 

Run 1: 1/fb (2011),  
            2/fb (2012) 
Run 2: 0.3/fb (2015) 
           47/pb (2016) 
 
For each 1/fb:  
~28k  B0

s → J/ψ(µµ) φ(K+K-) 
~2M   D*± → D0(→K-K+)π±    

10 < θ < 300 mrad  (2<η<5) 

�(pp ! cc̄) =
(1419± 134)µb @ 7TeV Nucl.Phys.B871(2013)1
(2940± 240)µb @ 13TeV JHEP03(2016)159

JINST3(2008)S08005 



D0 – anti-D0 oscillation in D0 → K+π-π+π- 
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arXiv:1602.07224 

Measure the time-dependent ratio of D0 decays with Wrong Sign to Right Sign 

D0 K+π-π+π-

D0 
mixing 

DCS (λ2) 

CF (1) 

δ 

WS 
D0 K-π+π-π+ CF (1) 

RS 

D0 
mixing DCS (λ2) 

negligible 

2. Charm 6/19

First observation of D0–D0 oscillations in D0 ! K+⇡�⇡+⇡�

I NEW result - [arXiv:1602.07224]

I Tag D

0 from D

⇤+ ! D

0⇡+ decays
I Interference between right sign (RS) Cabibbo favoured (D0 ! K

�⇡+⇡�⇡+) and
wrong sign (WS) doubly Cabibbo supressed (D0 ! K

+⇡�⇡+⇡�) amplitudes is
sensitive to D

0–D0 mixing

11!D0 mixing from D0→K–π+π–π+ 

Use the decay D0→K–π+π–π+ 


from prompt D*+→D0π+.

Measure the ratio of WS to RS 

decays in bins of decay time


Sensitive to mixing, 

interference between CF and DCS 

amplitudes and their relative strength.
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Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,
beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D0 ! K+�� [1–3].1 This Letter reports the first
observation in a di�erent decay channel, D0 ! K+���+��. The analysis makes novel use
of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity
(CP ) violating parameter �.

In the Standard Model of particle physics, transitions between di�erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B+ ! DK+ (and others) where D represents a superposition
of D0 and D0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D0 and D0, allowing the necessary interference of B+ ! D0K+

and B+ ! D0K+ amplitudes. In order to constrain � using these decay modes, external
input is required to describe both the interference and relative magnitude of D0 ! f and
D0 ! f amplitudes. Previously, such input was thought to be accessible only at e+e�

colliders operating at the charm threshold, where correlated DD pairs provide well-defined
superpositions of D0 and D0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.

An observation of D0–D0 oscillations is made by measuring the time-dependent ratio
of D0 ! K+���+�� to D0 ! K��+���+ decay rates. The flavour of the D meson at
production is determined using the decays D⇤(2010)+ ! D0�+

s and D⇤(2010)� ! D0��
s ,

where the charge of the soft (low-momentum) pion, �s, tags the flavour of the meson.
The wrong-sign (WS) decay D0 ! K+���+�� has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D0–D0 oscillation followed by a Cabibbo-
favoured (CF) amplitude. The right-sign (RS) decay D0 ! K��+���+ is dominated by
the CF amplitude, and has negligible contributions of O(10�4) from D0–D0 oscillations.
Ignoring CP violation, to second order in t/� , the time-dependence of the phase-space
integrated decay rate ratio R(t) is approximated by

R(t) �
�
rK3⇡
D

�2 � rK3⇡
D RK3⇡

D · y�
K3⇡

t

�
+

x2 + y2

4

�
t

�

�2

, (1)

where t is the proper decay-time of the D0 meson (measured with respect to production), �
is the D0 lifetime, and rK3⇡

D gives the phase space averaged ratio of DCS to CF amplitudes.
The dimensionless parameters x and y describe mixing in the D0 meson system, with x
proportional to the mass di�erence of the two mass eigenstates, and y proportional to
the width di�erence [12]. Here, y�

K3⇡ is defined by y�
K3⇡ � y cos �K3⇡

D � x sin �K3⇡
D , where

�K3⇡
D is the average strong phase di�erence; this and the coherence factor, RK3⇡

D , are
defined by RK3⇡

D e�i�K3⇡
D � �cos �� + i�sin ��, where �cos �� and �sin �� are the cosine and

1Unless otherwise stated, the inclusion of charge-conjugate modes is implied throughout.
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beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D0 ! K+�� [1–3].1 This Letter reports the first
observation in a di�erent decay channel, D0 ! K+���+��. The analysis makes novel use
of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity
(CP ) violating parameter �.

In the Standard Model of particle physics, transitions between di�erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B+ ! DK+ (and others) where D represents a superposition
of D0 and D0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D0 and D0, allowing the necessary interference of B+ ! D0K+

and B+ ! D0K+ amplitudes. In order to constrain � using these decay modes, external
input is required to describe both the interference and relative magnitude of D0 ! f and
D0 ! f amplitudes. Previously, such input was thought to be accessible only at e+e�

colliders operating at the charm threshold, where correlated DD pairs provide well-defined
superpositions of D0 and D0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.

An observation of D0–D0 oscillations is made by measuring the time-dependent ratio
of D0 ! K+���+�� to D0 ! K��+���+ decay rates. The flavour of the D meson at
production is determined using the decays D⇤(2010)+ ! D0�+
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where the charge of the soft (low-momentum) pion, �s, tags the flavour of the meson.
The wrong-sign (WS) decay D0 ! K+���+�� has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D0–D0 oscillation followed by a Cabibbo-
favoured (CF) amplitude. The right-sign (RS) decay D0 ! K��+���+ is dominated by
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where t is the proper decay-time of the D0 meson (measured with respect to production), �
is the D0 lifetime, and rK3⇡

D gives the phase space averaged ratio of DCS to CF amplitudes.
The dimensionless parameters x and y describe mixing in the D0 meson system, with x
proportional to the mass di�erence of the two mass eigenstates, and y proportional to
the width di�erence [12]. Here, y�

K3⇡ is defined by y�
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First observation of D0–D0 oscillations in D0 ! K+⇡�⇡+⇡�

I NEW result - [arXiv:1602.07224]

I Tag D

0 from D

⇤+ ! D

0⇡+ decays
I Interference between right sign (RS) Cabibbo favoured (D0 ! K

�⇡+⇡�⇡+) and
wrong sign (WS) doubly Cabibbo supressed (D0 ! K

+⇡�⇡+⇡�) amplitudes is
sensitive to D

0–D0 mixing
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Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,
beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D0 ! K+�� [1–3].1 This Letter reports the first
observation in a di�erent decay channel, D0 ! K+���+��. The analysis makes novel use
of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity
(CP ) violating parameter �.

In the Standard Model of particle physics, transitions between di�erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B+ ! DK+ (and others) where D represents a superposition
of D0 and D0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D0 and D0, allowing the necessary interference of B+ ! D0K+

and B+ ! D0K+ amplitudes. In order to constrain � using these decay modes, external
input is required to describe both the interference and relative magnitude of D0 ! f and
D0 ! f amplitudes. Previously, such input was thought to be accessible only at e+e�

colliders operating at the charm threshold, where correlated DD pairs provide well-defined
superpositions of D0 and D0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.

An observation of D0–D0 oscillations is made by measuring the time-dependent ratio
of D0 ! K+���+�� to D0 ! K��+���+ decay rates. The flavour of the D meson at
production is determined using the decays D⇤(2010)+ ! D0�+

s and D⇤(2010)� ! D0��
s ,

where the charge of the soft (low-momentum) pion, �s, tags the flavour of the meson.
The wrong-sign (WS) decay D0 ! K+���+�� has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D0–D0 oscillation followed by a Cabibbo-
favoured (CF) amplitude. The right-sign (RS) decay D0 ! K��+���+ is dominated by
the CF amplitude, and has negligible contributions of O(10�4) from D0–D0 oscillations.
Ignoring CP violation, to second order in t/� , the time-dependence of the phase-space
integrated decay rate ratio R(t) is approximated by

R(t) �
�
rK3⇡
D

�2 � rK3⇡
D RK3⇡

D · y�
K3⇡

t

�
+

x2 + y2

4

�
t

�

�2

, (1)

where t is the proper decay-time of the D0 meson (measured with respect to production), �
is the D0 lifetime, and rK3⇡

D gives the phase space averaged ratio of DCS to CF amplitudes.
The dimensionless parameters x and y describe mixing in the D0 meson system, with x
proportional to the mass di�erence of the two mass eigenstates, and y proportional to
the width di�erence [12]. Here, y�

K3⇡ is defined by y�
K3⇡ � y cos �K3⇡

D � x sin �K3⇡
D , where

�K3⇡
D is the average strong phase di�erence; this and the coherence factor, RK3⇡

D , are
defined by RK3⇡

D e�i�K3⇡
D � �cos �� + i�sin ��, where �cos �� and �sin �� are the cosine and

1Unless otherwise stated, the inclusion of charge-conjugate modes is implied throughout.
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Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,
beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D0 ! K+�� [1–3].1 This Letter reports the first
observation in a di�erent decay channel, D0 ! K+���+��. The analysis makes novel use
of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity
(CP ) violating parameter �.

In the Standard Model of particle physics, transitions between di�erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B+ ! DK+ (and others) where D represents a superposition
of D0 and D0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D0 and D0, allowing the necessary interference of B+ ! D0K+

and B+ ! D0K+ amplitudes. In order to constrain � using these decay modes, external
input is required to describe both the interference and relative magnitude of D0 ! f and
D0 ! f amplitudes. Previously, such input was thought to be accessible only at e+e�

colliders operating at the charm threshold, where correlated DD pairs provide well-defined
superpositions of D0 and D0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.

An observation of D0–D0 oscillations is made by measuring the time-dependent ratio
of D0 ! K+���+�� to D0 ! K��+���+ decay rates. The flavour of the D meson at
production is determined using the decays D⇤(2010)+ ! D0�+

s and D⇤(2010)� ! D0��
s ,

where the charge of the soft (low-momentum) pion, �s, tags the flavour of the meson.
The wrong-sign (WS) decay D0 ! K+���+�� has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D0–D0 oscillation followed by a Cabibbo-
favoured (CF) amplitude. The right-sign (RS) decay D0 ! K��+���+ is dominated by
the CF amplitude, and has negligible contributions of O(10�4) from D0–D0 oscillations.
Ignoring CP violation, to second order in t/� , the time-dependence of the phase-space
integrated decay rate ratio R(t) is approximated by
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where t is the proper decay-time of the D0 meson (measured with respect to production), �
is the D0 lifetime, and rK3⇡

D gives the phase space averaged ratio of DCS to CF amplitudes.
The dimensionless parameters x and y describe mixing in the D0 meson system, with x
proportional to the mass di�erence of the two mass eigenstates, and y proportional to
the width di�erence [12]. Here, y�

K3⇡ is defined by y�
K3⇡ � y cos �K3⇡

D � x sin �K3⇡
D , where

�K3⇡
D is the average strong phase di�erence; this and the coherence factor, RK3⇡

D , are
defined by RK3⇡

D e�i�K3⇡
D � �cos �� + i�sin ��, where �cos �� and �sin �� are the cosine and

1Unless otherwise stated, the inclusion of charge-conjugate modes is implied throughout.
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R(t) = N(D0!K+⇡�⇡+⇡�)
N(D0!K�⇡+⇡�⇡+)
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First observation of D0–D0 oscillations in D0 ! K+⇡�⇡+⇡�
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Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,
beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D0 ! K+�� [1–3].1 This Letter reports the first
observation in a di�erent decay channel, D0 ! K+���+��. The analysis makes novel use
of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity
(CP ) violating parameter �.

In the Standard Model of particle physics, transitions between di�erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B+ ! DK+ (and others) where D represents a superposition
of D0 and D0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D0 and D0, allowing the necessary interference of B+ ! D0K+

and B+ ! D0K+ amplitudes. In order to constrain � using these decay modes, external
input is required to describe both the interference and relative magnitude of D0 ! f and
D0 ! f amplitudes. Previously, such input was thought to be accessible only at e+e�

colliders operating at the charm threshold, where correlated DD pairs provide well-defined
superpositions of D0 and D0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.

An observation of D0–D0 oscillations is made by measuring the time-dependent ratio
of D0 ! K+���+�� to D0 ! K��+���+ decay rates. The flavour of the D meson at
production is determined using the decays D⇤(2010)+ ! D0�+

s and D⇤(2010)� ! D0��
s ,

where the charge of the soft (low-momentum) pion, �s, tags the flavour of the meson.
The wrong-sign (WS) decay D0 ! K+���+�� has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D0–D0 oscillation followed by a Cabibbo-
favoured (CF) amplitude. The right-sign (RS) decay D0 ! K��+���+ is dominated by
the CF amplitude, and has negligible contributions of O(10�4) from D0–D0 oscillations.
Ignoring CP violation, to second order in t/� , the time-dependence of the phase-space
integrated decay rate ratio R(t) is approximated by

R(t) �
�
rK3⇡
D

�2 � rK3⇡
D RK3⇡

D · y�
K3⇡

t

�
+

x2 + y2

4

�
t

�

�2

, (1)

where t is the proper decay-time of the D0 meson (measured with respect to production), �
is the D0 lifetime, and rK3⇡

D gives the phase space averaged ratio of DCS to CF amplitudes.
The dimensionless parameters x and y describe mixing in the D0 meson system, with x
proportional to the mass di�erence of the two mass eigenstates, and y proportional to
the width di�erence [12]. Here, y�

K3⇡ is defined by y�
K3⇡ � y cos �K3⇡

D � x sin �K3⇡
D , where

�K3⇡
D is the average strong phase di�erence; this and the coherence factor, RK3⇡

D , are
defined by RK3⇡

D e�i�K3⇡
D � �cos �� + i�sin ��, where �cos �� and �sin �� are the cosine and

1Unless otherwise stated, the inclusion of charge-conjugate modes is implied throughout.
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Particle-antiparticle oscillations, also referred to as mixing, have been observed in strange,
beauty, and, most recently, charm mesons. Until now, all observations of charm oscillations
have been made in the decay mode D0 ! K+�� [1–3].1 This Letter reports the first
observation in a di�erent decay channel, D0 ! K+���+��. The analysis makes novel use
of charm mixing, and exploits the phenomenon to improve sensitivity to the charge-parity
(CP ) violating parameter �.

In the Standard Model of particle physics, transitions between di�erent quark flavours
are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. An ongoing goal in
flavour physics is to overconstrain the CKM matrix to check for internal consistency.
The phase �, related to b ! u transitions, is of particular interest. It has a relatively
large experimental uncertainty, and can be measured, with negligible uncertainty from
theory input, in the decay B+ ! DK+ (and others) where D represents a superposition
of D0 and D0 states [4–9]. Sensitivity to � arises when the final state, f , of the D decay
is accessible from both D0 and D0, allowing the necessary interference of B+ ! D0K+

and B+ ! D0K+ amplitudes. In order to constrain � using these decay modes, external
input is required to describe both the interference and relative magnitude of D0 ! f and
D0 ! f amplitudes. Previously, such input was thought to be accessible only at e+e�

colliders operating at the charm threshold, where correlated DD pairs provide well-defined
superpositions of D0 and D0 states. Recent studies [10, 11] have shown that this input
can also be obtained from a time-dependent measurement of D0–D0 oscillations. This is
the approach followed here.

An observation of D0–D0 oscillations is made by measuring the time-dependent ratio
of D0 ! K+���+�� to D0 ! K��+���+ decay rates. The flavour of the D meson at
production is determined using the decays D⇤(2010)+ ! D0�+

s and D⇤(2010)� ! D0��
s ,

where the charge of the soft (low-momentum) pion, �s, tags the flavour of the meson.
The wrong-sign (WS) decay D0 ! K+���+�� has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D0–D0 oscillation followed by a Cabibbo-
favoured (CF) amplitude. The right-sign (RS) decay D0 ! K��+���+ is dominated by
the CF amplitude, and has negligible contributions of O(10�4) from D0–D0 oscillations.
Ignoring CP violation, to second order in t/� , the time-dependence of the phase-space
integrated decay rate ratio R(t) is approximated by

R(t) �
�
rK3⇡
D

�2 � rK3⇡
D RK3⇡

D · y�
K3⇡

t

�
+

x2 + y2

4

�
t

�

�2

, (1)

where t is the proper decay-time of the D0 meson (measured with respect to production), �
is the D0 lifetime, and rK3⇡

D gives the phase space averaged ratio of DCS to CF amplitudes.
The dimensionless parameters x and y describe mixing in the D0 meson system, with x
proportional to the mass di�erence of the two mass eigenstates, and y proportional to
the width di�erence [12]. Here, y�

K3⇡ is defined by y�
K3⇡ � y cos �K3⇡

D � x sin �K3⇡
D , where

�K3⇡
D is the average strong phase di�erence; this and the coherence factor, RK3⇡

D , are
defined by RK3⇡

D e�i�K3⇡
D � �cos �� + i�sin ��, where �cos �� and �sin �� are the cosine and

1Unless otherwise stated, the inclusion of charge-conjugate modes is implied throughout.

1

arXiv:1602.07224
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The mixing parameters are determined in a fit of the function to the time 
dependence 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

δ is the strong phase difference between DCS and CF amplitudes 
RD is the coherence factor 
 

D0 – anti-D0 oscillation in D0 → K+π-π+π- 
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Charm oscillations with D0
!K+

!
-

• Exploit interference between mixing and doubly-Cabibbo-suppressed decay 
amplitudes

• Assuming |x|,|y|<<1 and no CPV

x� = x cos � + y sin � y� = y cos � � x sin �

R(t) =
NWS(t)

NRS(t)
= RD +

�
RDy�t+

x�2 + y�2

4
t2

5

_

D0

D*+ ! D0 !+

K+
!
-

D0

mix CF

DCS

K-
!
+

wrong-sign events

right-sign events

CF

the ratio of DCS to 
CF amplitudes 

the interference of  
the DCS and mixed decays 

mixing  
parameters 

arXiv:1602.07224 

R(t) = WS

RS

⇡ r2
D

� r
D

R
D

· y0 t
⌧

+ x

2+y

2

4 ( t

⌧

)
2
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arXiv:1602.07224 

•  LHCb, Run 1,  3/fb 
•  Initial flavor is tagged using:  D*+ → D0 π+

s  ,   D*-  → anti-D0 π-
s    (pion-tagged) 
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

for D0 and D

0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D

⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure
is repeated in ten independent D

0 decay-time bins. Parameters are allowed to dif-
fer between bins. The WS/RS ratio in each bin is calculated from the double ratiop
(N

WSD

0
N

WSD

0)/(N
RSD

0
N

RSD

0), where N denotes the signal yield estimated from the fit
for each of the four decay categories. Using the double ratio ensures that any D

⇤+
/D

⇤�

production asymmetries or di↵erences in ⇡

s

+

/⇡

s

� detection e�ciency largely cancel.
Several sources of systematic e↵ects are considered that could bias the measured

WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+

⇡

�
⇡

+

⇡

�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, N

ID,i

, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D

0 mass [20]. The additive correction to the WS/RS
ratio is calculated as �

ID,i

= N

ID,i

/N

RS,i

, where N

RS,i

is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.

The decay D

0 ! K

+

⇡

�
K

0

S , K
0

S ! ⇡

+

⇡

� has the same final state as signal decays,
but a small selection e�ciency due to the long flight distance of the K

0

S . Unlike signal
decays, the RS and WS categories of this decay have comparable branching fractions [20].
Assuming that the fraction of D0 ! K

�
⇡

+

K

0

S decays in the RS sample is negligible, the
additive correction to the WS/RS ratio is calculated as, �

K

0
S
= N

K

0
S
/N

RS

, where N

K

0
S
is

the number of D0 ! K

+

⇡

�
K

0

S decays in the WS sample. From a fit to both combinations
of m(⇡+

⇡

�), an estimate of N
K

0
S
= 590 ± 100 is obtained, constituting ⇠ 1.4% of the

3

Right Sign: 11.4 x 106 events Wrong Sign: 42 500 events 

Δm  ≡  m(K+π-π+π- π±
s)  –  m(K+π-π+π-)  

•  To study the time-dependence of the WS/RS ratio, the Δm fitting procedure is 
repeated in ten D0 decay-time bins 
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2. Charm 7/19

First observation of D0–D0 oscillations in D0 ! K+⇡�⇡+⇡�

I First observation of D0–D0 mixing in a decay other than D ! K⇡

τt /
2 4 6 8 10 12

W
S/

R
S

3

3.5

4

4.5

5

5.5

6
3−10×

LHCb

Data
Unconstrained fit
No-mixing fit

 [%]
πK3

y' ⋅ D
πK3R

1− 0.5− 0 0.5 1
]

-4
 1

0
×

) [2
 +

 y
2 x( 41

0.5−

0

0.5

1

1.5

LHCb

No-mixing

I Can use (x , y) values from HFAG ([arXiv:1412.7515]) and fit for the coherence, phase
and amplitude ratio K3⇡

D , �K3⇡
D , rK3⇡

D

I Important input to � combination

Matthew Kenzie (CERN) Moriond QCD 2016 CP violation in B and charm decays at LHCb

arXiv:1602.07224 

•  First observation of  D0 – anti-D0 
mixing in a decay other than      
D → Kπ

•  Fit results: 
 

     rD = (5.50 ± 0.07) x 10-2 
 

     Rdy’ = (-3.0 ± 0.7) x 10-3 
 

     x = (4.1 ± 1.7) x 10-3 
 

     y = (6.7 ± 0.8) x 10-3

•  The parameters are required to 
determine CKM angle  γ  in        
B+ → DK+ decays  (D → hh,       
D→hhπ0,  D→K0shh,  D→hπππ) 

No-mixing hypothesis is rejected at 8.2σ

R(t) = WS

RS

⇡ r2
D

� r
D

R
D

· y0 t
⌧

+ x

2+y

2

4 ( t

⌧

)
2



LHCb uses two statistically independent methods to tag the initial D0 flavor: 
 
1)  pion-tagged method (prompt D0) 
 

      D*+ → D0 π+
s 

 

      D*-  → anti-D0 π-
s 

 
 
 
 
2)  muon-tagged method (secondary D0) 
 

      B- (anti-B0) → D0 µ- anti-νµ X 
 

      B+ (B0) → anti-D0 µ+ νµ X 

We want to measure CP asymmetry between particles and antiparticles: 
 
 
 

Time-integrated CPV in D0 → K-K+ and D0 → π-π+ decays 

A.Ukleja                                   Charm mixing and CPV at LHCb 26/05/2016    11   

PRL116(2016)191601 

prompt D0 

ACP ⌘ N(D0!h�h+)�N(D̄0!h�h+)
N(D0!h�h+)+N(D̄0!h�h+)

JHEP07(2014)041 

secondary D0 



Time-integrated CPV in D0 → K-K+ and D0 → π-π+ decays 
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Measured raw asymmetry ARAW includes physics and detector effects: 
 
 
 
 
 
 
 
 
 
 
 
 
 
•  The asymmetries  Adetection(π+

s)  and  Aproduction(D*+)  are independent of the final 
state. They cancel in the difference: 

 
 

Detector asymmetries of particles 
reconstruction from D0 decays. 
They are identically zero for K-K+  
and  π-π+  since the final states 
are charge symmetric: 

CP asymmetry 
what we want 
to measure 

Detector asym-
metries of  πs  (µ) 
reconstruction. 

Production asym-
metries of D* (B)  
in primary vertex 
(different num-
bers of D*+ and 
D*- or B+ and B-) 

AD(K�K+) = AD(���+) = 0

A
raw

(f) = A
CP

(f) +A
detection

(f) +A
detection

(⇡+
s

) +A
production

(D⇤+)

�ACP ⌘ ACP (K+K�)�ACP (⇡+⇡�)
= Araw(K+K�)�Araw(⇡+⇡�)



Time-integrated CPV in D0 → K-K+ and D0 → π-π+ decays 
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1) Pion-tagged method (Run 1, 3/fb):   D*+ → D0 π+
s  ,  D*-  → anti-D0 π-

s 
 
 
 
 
 
 
 
 
 
 
 
 
     Signal yields and  Araw(K-K+)  and  Araw(π-π+)  are obtained from fits to the δm  
     distributions of the  D0 → K-K+  and  D0 → π-π+  samples 

                                  ΔACP = -0.10 ± 0.08stat ± 0.03syst % 
 

     This is the most precise measurement of a time-integrated CP asymmetry in  
     the charm sector from a single experiment 
 
2) Muon-tagged method (Run1, 3/fb):  B → D0µ-X  and  B → anti-D0µ+X 
 

                              ΔACP = 0.14 ± 0.16stat ± 0.08syst % 
 
    Both method agree 
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Figure 1: Fit to the �m spectra, where the D

0 is reconstructed in the final state (left) K�
K

+

and (right) ⇡�
⇡

+. The dashed line corresponds to the background component in the fit.

data and described by the sum of two Gaussian functions with a common mean, and a
Johnson S

U

function [39]. The background is described by an empirical function of the
form 1� exp [(�m� �m0)/↵] + �(�m/�m0 � 1), where �m0 controls the threshold of the
function, and ↵ and � describe its shape. The fits to the eight subsamples and between the
K�K+ and ⇡�⇡+ final states are independent. Fits to the �m distributions corresponding
to the whole data sample are shown in Fig. 1.

The D⇤+ signal yield is 7.7⇥106 for D0 ! K�K+ decays, and 2.5⇥106 for D0 ! ⇡�⇡+

decays. The signal purity is (88.7± 0.1)% for D0 ! K�K+ candidates, and (87.9± 0.1)%
for D0 ! ⇡�⇡+ candidates, in a range of �m corresponding to 4.0–7.5MeV/c2. The fits do
not distinguish between the signal and the backgrounds that peak in �m. Such backgrounds,
which can arise from D⇤+ decays where the correct soft pion is found but the D0 meson is
misreconstructed, are suppressed by the PID requirements to less than 4% of the number
of signal events in the case of D0 ! K�K+ decays and to a negligible level in the case
of D0 ! ⇡�⇡+ decays. Examples of such backgrounds are D⇤+ ! D0(K�⇡+⇡0) ⇡+

s

and
D⇤+ ! D0(⇡�e+⌫

e

) ⇡+
s

decays. The e↵ect on �A
CP

of residual peaking backgrounds is
evaluated as a systematic uncertainty.

The value of �A
CP

is determined in each subsample (see Table 1 in Ref. [38]). Testing
the eight independent measurements for mutual consistency gives �2/ndf = 6.2/7, corre-
sponding to a p-value of 0.52. The weighted average of the values corresponding to all
subsamples is calculated as �A

CP

= (�0.10± 0.08)%, where the uncertainty is statistical.
The central value is considerably closer to zero than �A

CP

= (�0.82±0.21)%, obtained
in our previous analysis where a data sample corresponding to an integrated luminosity
of 0.6 fb�1 was considered [27]. Several factors contribute to the change, including the
increased size of the data sample and changes in the detector calibration and reconstruction
software. To estimate the impact of processing data using di↵erent reconstruction software,
the data used in Ref. [27] is divided into three samples. The first (second) sample contains
events that are selected when using the old (new) version of the reconstruction software

4

7.7 x 106  
events 

2.5 x 106  
events δm ≡ m(h+h-π±

s) – 
      m(h+h-) – m(π+)  

PRL116(2016)191601 

JHEP07(2014)041 
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CP asymmetry is a combination of CPV components in decays and in mixing  

Lifetime of D0 (PDG) 

Mean decay time in used 
sample (acceptances are 
a function of time for K-K+ 
and π-π+ are not the same) [J.Phys. G39 (2012) 045005] 

ACP (f) ⇡ adirCP (f)(1 +
ht(f)i

⌧ yCP ) +
ht(f)i

⌧ aindCP

h̄ti is the arithmetic average of  ⟨t(K-K+)⟩  and  ⟨t(π-π+)⟩ 

The contributions from CPV in mixing is suppressed and ΔACP is 
primarily sensitive to direct CPV 

The difference and the average of the mean decay times in used samples are: 
�hti
⌧ = 0.1153± 0.0007± 0.0018%

PRL116(2016)191601 ¯hti
⌧ = 2.0949± 0.0004± 0.0159%

�ACP ⌘ ACP (K+K�)�ACP (⇡+⇡�) = �adirCP (1 +
¯hti
⌧ yCP ) +

�hti
⌧ aindCP

We can determine  Δadir
CP  since LHCb measures also  aind

CP and yCP  



The asymmetry of the decay frequencies of D0 and anti-D0 to CP eigenstates:    
K-K+  and  π-π+ 
 
 
 
 
 
 
  
 
 
 
 
                                    

AΓ makes a measurement of indirect CPV,  as the contributions from direct CPV 
are measured to be small compared to the current precision    
 
 
 

We measure AΓ in two ways: 
 

1)  in   B → D0 µ- X     and    B → anti-D0 µ+ X    (JHEP 04 (2015) 043) 
 

2)  in   D*+ → D0 π+
s    and    D*-  → anti-D0 π-

s     (PRL 112 (2014) 041801) 

AΓ asymmetry – measurement of CPV in mixing 
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M.Gersabeck et al, J.Phys.G39 (2012) 045005 

 in the mixing         in the decay amplitudes 
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•  The raw CP asymmetry (Araw) is determined from fits to the mass distributions in 
50 bins of the D0 decay-time 

 
•  The value of AΓ is determined from a fit of the function 
 
 

Run 1, L = 3/fb:   B → D0 µ- X    and    B → anti-D0 µ+ X 
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Figure 1: Invariant mass distributions for (a) D0! K�K+, (b) D0! ⇡�⇡+ and (c) D0! K�⇡+

candidates. The results of the fits are overlaid. Underneath each plot the pull in each mass bin
is shown, where the pull is defined as the di↵erence between the data point and total fit, divided
by the corresponding uncertainty.

The measured asymmetries in bins of decay time are shown in Fig. 2, including the
result of the time-dependent fit. The results in the three decay channels are

A

�

(K�
K

+) = (�0.134± 0.077)% ,

A

�

(⇡�
⇡

+) = (�0.092± 0.145)% ,

A

�

(K�
⇡

+) = ( 0.009± 0.032)% .

The values for A
�

are compatible with the assumption of no indirect CP violation. The fits
have good p-values of 54.3% (D0! K

�
K

+), 30.8% (D0! ⇡

�
⇡

+) and 14.5% (D0! K

�
⇡

+).
The measured values for the raw time-integrated asymmetries, which are sensitive to direct
CP violation, agree with those reported in Ref. [12].

6 Systematic uncertainties and consistency checks

The contributions to the systematic uncertainty on A

�

are listed in Table 1. The largest
contribution is due to the background coming from random combinations of muons and

5

D0,anti-D0 → K-K+, 2.3M events D0,anti-D0 → π-π+, 0.8M events 

Phys.Rev.D85(2012)012009 Araw
CP (t) ⇡ A0 �A�

t

⌧

JHEP 04(2015)043 



AΓ asymmetry 
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1)  L = 3/fb:   B → D0 µ- X    and    B → anti-D0 µ+ X    
D0,anti-D0 → K-K+ 

AΓ(K-K+) = (-0.035 ± 0.062 ± 0.012) % AΓ(π-π+) = (0.033 ± 0.106 ± 0.014) % 

•  No significant difference between the two final states 

•  No evidence for indirect CPV within 1 per mil 

AΓ(K-K+) = (-0.134 ± 0.077 +0.026
-0.034) % AΓ(π-π+) = (-0.092 ± 0.145 +0.025

-0.033) % 

2) Consistent with previous measurements, L=1/fb:  D*+→D0π+
s  and  D*-→anti-D0 π-

s 
    PRL 112 (2014) 041801 
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Figure 2: Raw CP asymmetry as function of D0 decay time for (a) D0! K�K+, (b) D0! ⇡�⇡+

and (c) D0! K�⇡+ candidates. The results of the �2 fits are shown as blue, solid lines with
the ±1 standard-deviation (�) bands indicated by the dashed lines. Underneath each plot the
pull in each time bin is shown.
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Figure 2: Raw CP asymmetry as function of D0 decay time for (a) D0! K�K+, (b) D0! ⇡�⇡+

and (c) D0! K�⇡+ candidates. The results of the �2 fits are shown as blue, solid lines with
the ±1 standard-deviation (�) bands indicated by the dashed lines. Underneath each plot the
pull in each time bin is shown.
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D0,anti-D0 → π-π+ 



Summary of the measurements of CPV in D0 → hh 
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•  Sensitivity of the measurement (10-4) is very close to the expectations of the 
Standard Model (≲ 10-3  but predictions vary widely) 

•  The common result is consistent with the hypothesis of CP symmetry with  
     a p-value of 0.32 

�ACP = �adirCP (1 +
¯hti
⌧ yCP ) +

�hti
⌧ aindCP

The ΔACP,  aind
CP and yCP  are measured 

at LHCb: 
 

•  ΔACP     PRL116(2016)191601 
                     JHEP07(2014)041 
 

•  AΓ ≃ -aind
CP     PRL112(2014)041801 

                                JHEP04(2015)043   
 

•  yCP     JHEP04(2012)129 

PRL116(2016)191601 

aind
CP  =  0.058  ±  0.044 % 

Δadir
CP  =  - 0.061  ±  0.076 % 



Summary and conclusions 
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So far: 
 

•  The LHCb has performed very well in Run 1 (2011+2012, 3/fb) confirming so far 
the robustness of the Standard Model 

 

•  LHCb makes many interesting charm measurements: 
 

²  first observation of D0 – anti-D0 mixing in the D0 → K+π-π+π- decay (other 
than  D → Kπ); no-mixing hypothesis is rejected at 8.2σ

 

²  all results are consistent with CP conservation in charm, but we are better 
than 1 per mil sensitivity for CP searches in (very close to the SM):  

 

    aind
CP  =  0.058  ±  0.044 %  

 

    Δadir
CP  =  Adir

CP(K-K+) – Adir
CP(π-π+)  =  - 0.061  ±  0.076 % 

 
 

Future: 
 

•  Data are being recorded (Run 2):  2015-18 > 8/fb  at  √s=13 TeV  
 

•  Expand physics programme to more modes with charm decays  
 

•  LHCb upgrade (starting 2019) plans to collect ~50/fb data in 2022 and reach 
sensitivity which are comparable or better than theoretical uncertainties 
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LHCb upgrade 

A.Ukleja                                   Charm mixing and CPV at LHCb 26/05/2016    21   

EPJ C73(2013)2373 
Table 16: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity is compared to
that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50 fb�1 by the upgraded experiment.
Systematic uncertainties are expected to be non-negligible for the most precisely measured quantities. Note that the current
sensitivities do not include new results presented at ICHEP 2012 or CKM2012.

Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb�1) uncertainty

B0
s mixing 2�s (B0

s ! J/ �) 0.10 [138] 0.025 0.008 ⇠ 0.003
2�s (B0

s ! J/ f0(980)) 0.17 [214] 0.045 0.014 ⇠ 0.01
as
sl 6.4 ⇥ 10�3 [43] 0.6 ⇥ 10�3 0.2 ⇥ 10�3 0.03 ⇥ 10�3

Gluonic 2�e↵
s (B0

s ! ��) – 0.17 0.03 0.02
penguins 2�e↵

s (B0
s ! K⇤0K̄⇤0) – 0.13 0.02 < 0.02

2�e↵(B0 ! �K0
S) 0.17 [43] 0.30 0.05 0.02

Right-handed 2�e↵
s (B0

s ! ��) – 0.09 0.02 < 0.01
currents ⌧ e↵(B0

s ! ��)/⌧B0
s

– 5% 1% 0.2%
Electroweak S3(B0 ! K⇤0µ+µ�; 1 < q2 < 6GeV2/c4) 0.08 [67] 0.025 0.008 0.02
penguins s0 AFB(B0 ! K⇤0µ+µ�) 25% [67] 6% 2% 7%

AI(Kµ+µ�; 1 < q2 < 6GeV2/c4) 0.25 [76] 0.08 0.025 ⇠ 0.02
B(B+ ! ⇡+µ+µ�)/B(B+ ! K+µ+µ�) 25% [85] 8% 2.5% ⇠ 10%

Higgs B(B0
s ! µ+µ�) 1.5 ⇥ 10�9 [13] 0.5 ⇥ 10�9 0.15 ⇥ 10�9 0.3 ⇥ 10�9

penguins B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) – ⇠ 100% ⇠ 35% ⇠ 5%

Unitarity � (B ! D(⇤)K(⇤)) ⇠ 10–12� [244,258] 4� 0.9� negligible
triangle � (B0

s ! DsK) – 11� 2.0� negligible
angles � (B0 ! J/ K0

S ) 0.8� [43] 0.6� 0.2� negligible
Charm A� 2.3 ⇥ 10�3 [43] 0.40 ⇥ 10�3 0.07 ⇥ 10�3 –

CP violation �ACP 2.1 ⇥ 10�3 [18] 0.65 ⇥ 10�3 0.12 ⇥ 10�3 –

122



Mixing parameters 
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1. Compare ratio of lifetimes in D0 decays to the CP-even eigenstate fCP (D0→K+K-) 
    with respect to decays to the CP non-eigenstate RS fnon-CP (D0→K-π+): 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
2. Asymmetry of lifetimes in decays of D0 and anti-D0 to the CP eigenstate K+K-: 
 
 
 
      

A� � �(D0⇥fCP )��(D̄0⇥fCP )
�(D0⇥fCP )+�(D̄0⇥fCP )

= �(D0⇥K+K�)��(D̄0⇥K+K�)
�(D0⇥K+K�)+�(D̄0⇥K+K�)

yCP ⇥ �(D0�fCP )
�(D0�fnon�CP ) � 1 = �(D0�K+K�)

�(D0�K��+) � 1

|D1,2� = p|D0�± q|D̄0�

x � m2�m1
� = ⇥m

�

y � �2��1
2� = ⇥�

2�

� ⇥ arg(�M12/�12)

Mass difference: 
 
 
Width difference: 
 
 

Weak phase: P
ro

ba
bi

lit
y  

e-Γt 

if D0 only decays then 
   disappearing is exponential 
but if D0-anti-D0 oscillates then 
   disappearing is non exponential 
Test deviations from exponent 

The measurement requires distinguishing the D0 flavors at the production state. 

⇥ 1
2 (Am + Ad) cos �� x sin�

= ycos �� 1
2Amx sin�

cosφ ≠ 1 : CPV in interference between mixing and decay 
   Am ≠ 0 : CPV in mixing 

M.Gersabeck et al, J.Phys.G39 (2012) 045005 



•  In the Standard Model: 
 

²  expected CPV in charm sector  
    is small  ≲ 10-3 (much smaller  
    than in the beauty sector) 
 

²  SM predictions vary widely 
 

² New Physics contributions can  
    enhance CPV up to 10-2 
    Int.J.Mod.Phys.A21(2006)5381 ; 
      Ann.Rev.Nucl.Part.Sci.58(2008)249 

 
 

•  Perfect place for New Physics searching (small background from SM) 

SM predictions for charm 
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Mixing via box-diagram, short range Mixing via hadronic intermediate states, long range 
(difficult to calculate) 

Int.J.Mod.Phys.A21(2006)5686 

triangles |x| ; squares |y| 

+ ππ + 3h… 


