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Introduction

• CKM matrix unitarity: key test of the SM


• CKM phases responsible for  violation in quark 
transitions


• Magnitudes of CKM matrix elements determined with 
branching fractions and mixing measurements


• Sensitive to New Physics


• LHCb experiment ideal place for CKM and  
violation measurements in beauty and charm decays

CP

CP
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 violation in CP B0
s → ϕϕ

• Time-dependent  violation arises from the interference between decay and mixing, 
characterised by phase  and parameter


• In SM:  expected to be very close to 0 and very close to 1


• Sensitive to NP in the penguin decay or the   mixing


• Three linear polarisation states for   NP may be polarisation-dependent


• Strategy: measure differential decay rate

CP
ϕss̄s

s |λ |

ϕss̄s
s |λ |

B0
s

ϕϕ ⇒

4

, , , ,  are function of 
amplitude magnitudes, phases, 

 and  ( )

Nk ak bk ck dk

ϕs,i |λi | i = 0, ∥ , ⊥
 is the initial  flavourQ B0

s
 are functions of 

the helicity angles
fk(Ω)

JHEP 12 (2019) 155
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 violation in CP B0
s → ϕϕ

• LHCb Run 2 data sample


• Angular and decay-time acceptance are 
obtained from simulation  for angular 
acceptance, iterative procedure to correct for 
simulation-data differences, based on the 
agreement of 


• Flavour taggers are calibrated on 
 and  samples


• Both polarisation-dependent and 
polarisation-independent (  and 

) fits are performed


• Dominant systematics: time resolution, 
flavour tagging, angular acceptance

⇒

pT(K)

B+ → J/ψK+ B0
s → D−

s π+

ϕs,i = ϕss̄s
s

|λi | = |λ |
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 violation in CP B0
s → ϕϕ

Combination with Run 1 gives:


• Agreement with the SM


• Most precise measurement of time-dependent  asymmetry in 


• Polarisation-dependent -violation parameters are measured for the first time 
 no difference observed between different polarisation states

CP B0
s → ϕϕ

CP
⇒

6

Run 2 results
Polarisation independent

ϕss̄s
s = (−0.074 ± 0.069) rad

|λ | = 1.009 ± 0.030

NEW

Preliminary

LHCb-PAPER-2023-001

Polarisation dependent
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 of τL B0
s → J/ψη

•  violation in  mixing small  effective lifetime in -even modes 
determines 


• Stringent test of consistency between direct measurements of  and those 
inferred from effective lifetimes


• Run 2 result: 


• Combination with Run 1: 


• Future improvements expected with 
other final states with  and Run 2  

CP B0
s − B0

s ⇒ CP
τL = 1/ΓL

ΔΓs

τL = (1.445 ± 0.016 ± 0.008) ps

τL = (1.452 ± 0.014 ± 0.007 ± 0.002) ps

η(′￼)

B0
s → D+

s D−
s
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Direct measurements of γ

8

•  measured in tree-level decays sensitive to interference between  and 
  transition amplitudes


• Golden modes: 





•  coherence factor  suppresses interference and reduces sensitivity

γ b → cW
b → uW

B± → DK±

Γ(B± → fDh±) ∝ r2
D + r2

B + 2rDrBRD cos(δB + δD ± γ)

−rDRD(y cos δD − x sin δD) +
1
2

(x2 + y2)

−rB[y cos(δB ± γ) + x sin(δB ± γ)]

RD →

B+

D0K+

D0K+

fDK+

rDeiδD

rBei(δB+γ)

(y + ix)
t

2τD0

γ ≡ arg (−
VudV*ub

VcdV*cb )
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• , but in decay phase-space bins  can reach also 
1  increased sensitivity with binned measurement


• 4 bins chosen according to LHCb amplitude analysis


• LHCb Run 1 + Run 2 data sample

RK3π ≃ 0.4 Ri
K3π

⇒

Measurement of  with γ B± → [K∓π±π±π∓]Dh±

9
PLB 802 (2020) 135188

EPJC 78 (2018) 6, 443
0

10

20

30

40

50

60

70

C
a
n
d
id
a
t
e
s
/
(
1
0
M
eV
/c

2
)

B� ! DK�,Bin 1

LHCb

9 fb
�1

Data

B+ ! DK+

B+ ! D⇡+

B0
s ! DK+X

B ! DK+X
B ! D⇡+X
⇤0

b ! Dp⇡�

Crossfeed

Combinatorial

B+ ! DK+,Bin 1

LHCb

9 fb
�1

0

10

20

30

40

50

60

C
a
n
d
id
a
t
e
s
/
(
1
0
M
eV
/c

2
)

B� ! DK�,Bin 2

LHCb

9 fb
�1

B+ ! DK+,Bin 2

LHCb

9 fb
�1

0

10

20

30

40

50

60

C
a
n
d
id
a
t
e
s
/
(
1
0
M
eV
/c

2
)

B� ! DK�,Bin 3

LHCb

9 fb
�1

B+ ! DK+,Bin 3

LHCb

9 fb
�1

5.2 5.4 5.6 5.8

mDK� [ GeV/c2]

0

10

20

30

40

50

60

C
a
n
d
id
a
t
e
s
/
(
1
0
M
eV
/c

2
)

B� ! DK�,Bin 4

LHCb

9 fb
�1

5.2 5.4 5.6 5.8

mDK+ [ GeV/c2]

B+ ! DK+,Bin 4

LHCb

9 fb
�1

arXiv:2209.03692

ACP ≃ 85 %

https://www.sciencedirect.com/science/article/pii/S0370269319309104?via=ihub
https://link.springer.com/article/10.1140/epjc/s10052-018-5758-4
https://arxiv.org/abs/2209.03692
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•  obtained using external inputs for:

‣ Hadronic  decay parameters from model-independent determinations by CLEO-c 

and BESIII

‣  mixing parameters by LHCb


• 2nd most precise determination of  from single -decay mode


• Large improvement expected from incoming BESIII  data ( ) and LHCb 
measurement of  mixing with promptly-produced 

γ
D

D0 − D0

γ D

ψ(3770) 20 fb−1

D0 D0

Measurement of  with γ B± → [K∓π±π±π∓]Dh±
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JHEP 05 (2021) 164

PRL 116 (2016) 241801

arXiv:2209.03692

γ = (54.8+6.0+0.6+6.7
−5.8−0.6−4.3)

∘

https://link.springer.com/article/10.1007/JHEP05(2021)164
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.241801
https://arxiv.org/abs/2209.03692
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 + charm combinationγ

• Latest LHCb combination includes new and 
updated measurements of:

‣ 


‣ 


‣  in 


‣ , , ,  in 


‣ 


• Compatibility with indirect determinations

‣  CKMfitter


‣  UTFit

B± → [h±h′￼∓π0]Dh±

B± → [K∓π±π±π∓]Dh±

yCP D0 → h+h−

xCP yCP δx δy B → D0( → K0
s π+π−)μ−νμX

ACP(D0 → K−K+)

γ = (65.7+0.9
−2.7)∘

γ = (65.8 ± 2.2)∘
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LHCb-CONF-2022-003
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Measurement of  with γ B± → [h+h−π±π∓]Dh±

• First study of  violation in 



• LHCb Run 1 + Run 2 data sample


• Integrated analysis for  and 



• Also binned analysis for   
charm-decay parameters taken from LHCb 
amplitude analysis

CP
B± → [K+K−π±π∓]Dh±

K+K−π+π−

π+π−π+π−

K+K−π+π− →
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 violation in charmCP

13

• Charm unique laboratory for study of  violation in up-type quark decays 


• Due to smallness of involved CKM elements and GIM mechanism,  
violation in charm decays predicted to be small: 


• SM calculations dominated by long distance contributions


• LHCb huge charm data sample allowed direct  violation to be observed 
in  decays by LHCb in March 2019! 

 observed value challenges first-principles QCD calculations  
enhancement of QCD rescattering or NP?


• Further measurements are needed in charm sector

CP

CP
ACP ∼ 10−4 − 10−3

CP
D0 → h+h−

⇒ ⇒
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Search for local  violation in CP D+
(s) → K−K+K+

• Multibody decays: local  asymmetries possibly larger than integrated ones


• : Cabibbo-suppressed  might show  violation


• : Doubly-Cabibbo-suppressed  no  violation in SM

CP

D+
s → K−K+K+ → CP

D+ → K−K+K+ → CP
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Search for local  violation in CP D+
(s) → K−K+K+

• Dalitz plot divided in 21 bins that reproduce the pattern of the main 
resonances (  constant strong phase)


• Miranda method:  test to compare Dalitz distributions of  and 
 (yields obtained by mass fit in each bin)


• Control samples: Cabibbo-favoured  and 


• Sensitivity studies: possible observation of  violation if relative 
magnitude of amplitudes for  or  differs from 3% to 7% (or phase 
differs from 3° to 7°) between  and 

≃

χ2 Ni(D+
(s))

Ni(D−
(s))

D+ → K−π+π+ D+
s → K−K+π+

CP
ϕK+ f0K+

D+
(s) D−

(s)

15

Si
CP =

Ni(D+
(s)) − αNi(D−

(s))

α (δ2
Ni(D+

(s))
+ δ2

Ni(D−
(s)))

, α =
∑i Ni(D+

(s))

∑i Ni(D−
(s))

, χ2 = ∑
i

(Si
CP)2

  takes into account global 
nuisance asymmetries

α

D+

D+
s

arXiv:2303.04062

slow = m2
min(K

−K+)

shigh = m2
max(K−K+)

http://arxiv.org/abs/2303.04062
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Measurement of ACP(D0 → K−K+)

• Run 2 data sample 


• Nuisance asymmetries corrected with Cabibbo-favoured decays  two 
calibration procedures almost statistically independent

→
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Original 
method (used 
also in Run 1)

New 
method

Araw(D → f ) ≃ ACP(D → f ) + Adet( f ) + Adet(tag) + Aprod(D)
Physical  asymmetryCP Final state detection 

asymmetry
Tagging particle detection 

asymmetry

Production 
asymmetry

ACP(D → f ) =
Γ(D → f ) − Γ(D → f )
Γ(D → f ) + Γ(D → f )

https://arxiv.org/abs/2209.03179
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Measurement of ACP(D0 → K−K+)
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By combining all LHCb measurements of 
, ,  and , 

using 

ACP(K−K+) ΔACP ΔY ⟨t⟩h−h+
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h−h+ +

⟨t⟩h−h+

τD0
ΔY

Uncertainty about half of 
the previous world average

arXiv:2209.03179

ACP(K−K+) |D+
s = (2.8 ± 6.7 ± 2.0) × 10−4

• Evidence of direct  violation 
in  at  level


• Exceeds at  level SM 
expectations of U-spin 
symmetry breaking

CP
D0 → π−π+ 3.8σ

2σ

https://arxiv.org/abs/2209.03179
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Conclusions

• New precise tests of SM in  mixing


•  now known with an uncertainty  
 further improvements expected with other decay modes and also better 

knowledge of charm hadronic parameters


• First evidence of  violation in charm in single decay channel at 


• New search of local  violation in charm multi-body decays


• The LHCb Upgrade I will improve the measurements in Run 3

‣ higher integrated luminosity


‣ removal of hardware trigger  higher trigger efficiency, smaller detection asymmetries

B0
s

γ < 4∘

⇒

CP 3.8σ

CP

→

19
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Charm at LHCb

• Large  production cross section 



• More than 1 billion  decays reconstructed with the 
full LHCb data sample


• LHCb detector:


✦ Excellent vertex resolution (  in transverse plane for PV)


✦ Excellent IP resolution ( )


✦ Very good momentum resolution ( )


✦ Excellent PID capabilities


✦ Very good trigger efficiency (~90%)

cc
σ(pp → ccX) s=13 TeV = (2369 ± 3 ± 152 ± 118) μb

D0 → K−π+

13 μm

∼ 20 μm

δp/p ∼ 0.5% − 0.8 %

21
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 of τL B0
s → J/ψη

22

arXiv:2206.03088Source Uncertainty [fs]

Simulated sample sizes 5.2

AVELO 1.1

ADLS –

AIP�2 0.4

AMVA 1.7

B+
lifetime 4.0

Time resolution model 0.3

VELO half alignment 3.8

⌧ for B0

s ! �c⌘ component 0.7

Mass model 0.8

B0
component 0.4

Momentum scale –

z-scale 0.3

Data-simulation �2

IP di↵erences 0.1

Mass-time correlation 0.5

B+

c component 1.0

Quadrature sum 8.0

https://arxiv.org/abs/2206.03088
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 + charm combinationγ

23

LHCb-CONF-2022-003

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2022-003.html


Federico Betti on behalf of LHCb Moriond EW 2023 - 20/03/2023

 + charm combinationγ
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LHCb-CONF-2022-003

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2022-003.html
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Measurement of  with γ B± → [h+h−π±π∓]Dh±
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Bin B� ! DK� B+ ! DK+ B� ! D⇡� B+ ! D⇡+

8 17± 6 74± 10 312± 21 920± 34
7 21± 7 71± 10 309± 21 1160± 37
6 81± 12 173± 15 1025± 36 2422± 53
5 157± 15 271± 19 2103± 50 4226± 68
4 146± 15 230± 17 1750± 46 3899± 66
3 52± 9 143± 14 671± 30 2554± 54
2 43± 9 120± 13 468± 25 1417± 41
1 11± 6 65± 10 369± 22 1137± 37

�1 66± 10 26± 7 1009± 35 376± 23
�2 93± 12 51± 9 1477± 41 442± 25
�3 152± 15 39± 9 2424± 53 690± 30
�4 277± 19 88± 12 3800± 65 1851± 47
�5 339± 21 93± 13 4185± 68 2210± 50
�6 180± 15 46± 9 2375± 52 939± 34
�7 61± 10 34± 8 1127± 36 376± 23
�8 71± 10 29± 7 987± 34 283± 20

Uncertainty (⇥10
2
)

Source xDK
� yDK

� xDK
+ yDK

+ xD⇡
⇠ yD⇡

⇠

Mass shape 0.02 0.02 0.03 0.06 0.02 0.04
Bin-dependent mass shape 0.11 0.05 0.10 0.19 0.68 0.16
PID e�ciency 0.02 0.02 0.03 0.06 0.02 0.04
Low-mass background model 0.02 0.02 0.03 0.04 0.02 0.02
Charmless background 0.14 0.15 0.12 0.14 0.01 0.02
CP violation in low-mass background 0.01 0.10 0.08 0.12 0.07 0.26
Semi-leptonic b-hadron decays 0.05 0.27 0.06 0.01 0.07 0.19
Semi-leptonic charm decays 0.02 0.07 0.03 0.15 0.06 0.24
D ! K⌥⇡±⇡+⇡�

background 0.11 0.05 0.07 0.04 0.09 0.05
⇤
0
b ! pD⇡�

background 0.01 0.25 0.14 0.04 0.06 0.34
D ! K⌥⇡±⇡+⇡�⇡0

background 0.30 0.05 0.19 0.07 0.05 0.01
Fit bias 0.06 0.05 0.13 0.02 0.06 0.13

Total LHCb systematic 0.37 0.43 0.34 0.32 0.70 0.57

ci, si 0.35 3.64 1.74 1.29 0.14 1.10

Total systematic 0.51 3.67 1.78 1.33 0.72 1.24

Statistical 2.87 3.40 2.51 3.05 4.24 5.17

CP -violating observable Fit result (⇥102)

xDK
� 7.9± 2.9± 0.4± 0.4

yDK
� �3.3± 3.4± 0.4± 3.6

xDK
+ �12.5± 2.5± 0.3± 1.7

yDK
+ �4.2± 3.1± 0.3± 1.3
xD⇡
⇠ �3.1± 3.5± 0.7± 0.1

yD⇡
⇠ �1.7± 4.7± 0.6± 1.1

arXiv:2301.10328

https://arxiv.org/abs/2301.10328
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Measurement of  with γ B± → [h+h−π±π∓]Dh±
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CP -violating observable Fit results

AKK⇡⇡
K 0.093 ± 0.023 ± 0.002

AKK⇡⇡
⇡ �0.009 ± 0.006 ± 0.001

A⇡⇡⇡⇡
K 0.060 ± 0.013 ± 0.001

A⇡⇡⇡⇡
⇡ �0.0082± 0.0031± 0.0007

RKK⇡⇡
CP 0.974 ± 0.024 ± 0.015

R⇡⇡⇡⇡
CP 0.978 ± 0.014 ± 0.010

arXiv:2301.10328

https://arxiv.org/abs/2301.10328
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Charm formalism

• Direct  violation when 


• For oscillating neutral mesons, mass eigenstates 

‣  violation in mixing when 

‣  violation in decay-mixing interference when 

CP |Af |
2 ≠ |Af |

2

|D1,2⟩ = p |D0⟩ ± q |D0⟩
CP |q/p | ≠ 1
CP ϕf ≡ arg[(qAf)/(pAf)] ≠ 0

27

ACP(D → f ) =
Γ(D → f ) − Γ(D → f )
Γ(D → f ) + Γ(D → f )

i
d
dt (D0(t)

D0(t)) = (M −
i
2

Γ) (D0(t)
D0(t))

Phenomenological parametrisation

x ≡
2(m1 − m2)

Γ1 + Γ2
, y ≡

Γ2 − Γ1

Γ1 + Γ2
,

q
p

− 1

Theoretical parametrisation

x12 ≡
2 |M12 |
Γ1 + Γ2

, y12 ≡
|Γ12 |

Γ1 + Γ2
, ϕ12 ≡ arg ( M12

Γ12 )
PRL 103 (2009) 071602

PRD 80 (2009) 076008

PRD 103 (2021) 053008
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Search for local  violation in CP D+
(s) → K−K+K+
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D+ → K−π+π+ arXiv:2303.04062D+
s → K−K+π+

http://arxiv.org/abs/2303.04062
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Measurement of ACP(D0 → K−K+)

29

arXiv:2209.03179

Source C+
D [10�4] C+

Ds [10�4] Corr.

Fit model 1.1 1.0 0.05
Peaking backgrounds 0.3 0.4 0.74
Secondary decays 0.6 0.3 –
Kinematic weighting 0.8 0.4 –
Neutral kaon asymmetry 0.6 1.3 1.00
Charged kaon asymmetry – 1.0 –

Total 1.6 2.0 0.28

Decay mode Signal yield [106] Red. factor

C+
D C+

Ds C+
D C+

Ds

D0 ! K�K+ 37 37 0.75 0.75
D0 ! K�⇡+ 58 56 0.35 0.75
D+ ! K�⇡+⇡+ 188 – 0.25 –
D+ ! K0⇡+ 6 – 0.25 –
D+

s ! �⇡+ – 43 – 0.55
D+

s ! K0K+ – 5 – 0.70

0.002− 0 0.002 0.004
+K−K

da
0.006−

0.004−

0.002−

0

0.002

0.004

0.006

0.008

0.01+
π−

πd a

-1LHCb combination, 8.7 fb
-spin symmetryU

 = 0 CP
da∆

CPVNo direct 

LHCb

contours hold 68.3%, 99.7%, 99.9999% CL

0.001− 0 0.001 0.002 0.003
−K+K

da
0.004−

0.002−

0

0.002

0.004

0.006

−
π+

πd a LHCb+DC
+D + C+

sD
C

CPVNo direct 

contours hold 68%, 95% CL

https://arxiv.org/abs/2209.03179
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VELO vacuum incident
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