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Introduction

• Study of beauty and charm hadron
decays is complementary to direct
searches for new particles

• Can discover New Physics due to the
effect of virtual new particles in
quantum loops

• Through the study of the interference of
different quantum paths → access to
the magnitude of the couplings of NP
and also to their phase (for instance, by
measuring CP asymmetries)

The CPV phase φs  from B0
s decays 

A.Ukleja                                   LHCb precision measurements 29/11/2013    10   

The measurement of  φ
s
  is crucial in LHCb: 

 
 

 
 
 

 
 
•  very well predicted in the SM:  

     φSM
s = -0.0368 ± 0.0017 rad 

 
•  measured from B0

s → J/ψ X ,   

     mainly  B0
s → J/ψ φ  (golden mode) 

 
•  interference between direct decays (D) and 

decays with mixing (M) allows us to measure 
the value of φ

s 

 

•  if new particles are exchanged in box diagram, 
then value of φM will be different s
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LHCb collected data

Proton collisions at 7-13TeV:
• huge heavy flavour production cross-sections:

1.4× 1011 bb̄-pairs per fb−1 (Run 2)
• all beauty, charm and strange hadrons produced (B0

s , Λ0
b, B+

c , D+
s , Λ+

c , Σ+, ...)
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CP violation in the Standard Model

• In SM, CPV is accommodated
in weak interactions

CP violation in Standard Model

J. FU (UNIMI & INFN) CPV in baryon decays at LHCb 2016.09.27     3

• In SM, CPV is accommodated in the weak quark current:

• Wolfenstein parametrisation: CKM matrix described by 4 
parameters 𝜆, A, 𝜌, 𝜂.

VCKM =

0
@
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• 𝜂 is the only source of CPV in the SM, and changes sign for quark 
and antiquark transitions.

• The η is the only source of CPV in the SM.

The Unitarity Triangle

J. FU (UNIMI & INFN) CPV in baryon decays at LHCb 2016.09.27     4
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Unitarity condition from 1st and 3rd columns:

Over-constrain apex coordinates 
for a stringent test of SM: 
✓ CP violation measurements 

give angles 
✓ CP conserving measurements 

give sides
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Over-constrain unitarity triangle apex coordinates for a stringent test of SM:
• CP violation measurements give angles
• CP conserving measurements give sides
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The γ angle measurements LHCb-CONF-2018-002

B decay D decay Method Ref. Dataset
†

Status since last com-
bination [3]

B+ → DK+ D → h+h− GLW [14] Run 1 & 2 Minor update
B+ → DK+ D → h+h− ADS [15] Run 1 As before
B+ → DK+ D → h+π−π+π− GLW/ADS [15] Run 1 As before
B+ → DK+ D → h+h−π0 GLW/ADS [16] Run 1 As before
B+ → DK+ D → K0

Sh
+h− GGSZ [17] Run 1 As before

B+ → DK+ D → K0
Sh

+h− GGSZ [18] Run 2 New
B+ → DK+ D → K0

SK
+π− GLS [19] Run 1 As before

B+ → D∗K+ D → h+h− GLW [14] Run 1 & 2 Minor update
B+ → DK∗+ D → h+h− GLW/ADS [20] Run 1 & 2 Updated results
B+ → DK∗+ D → h+π−π+π− GLW/ADS [20] Run 1 & 2 New
B+ → DK+π+π− D → h+h− GLW/ADS [21] Run 1 As before
B0 → DK∗0 D → K+π− ADS [22] Run 1 As before
B0→ DK+π− D → h+h− GLW-Dalitz [23] Run 1 As before
B0 → DK∗0 D → K0

Sπ
+π− GGSZ [24] Run 1 As before

B0
s → D∓

s K
± D+

s → h+h−π+ TD [25] Run 1 Updated results
B0→ D∓π± D+→ K+π−π+ TD [26] Run 1 New
† Run 1 corresponds to an integrated luminosity of 3 fb−1 taken at centre-of-mass energies of 7 and 8 TeV
. Run 2 corresponds to an integrated luminosity of 2 fb−1 taken at a centre-of-mass energy of 13 TeV .

γ =
(
74.0+5.0

−5.8
)

• Most precise determination of γ from a single experiment
• World average: γ =

(
73.5+4.2

−5.1
)
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B0
s CP violating phase φs

Mass eigenstates 6= flavour eigenstates:

|BL〉 =p
∣∣B0

s
〉

+ q
∣∣∣B0

s

〉

|BH〉 =p
∣∣B0

s
〉
− q

∣∣∣B0
s

〉⇒ mixing

The CPV phase φs  from B0
s decays 

A.Ukleja                                   LHCb precision measurements 29/11/2013    10   

The measurement of  φ
s
  is crucial in LHCb: 

 
 

 
 
 

 
 
•  very well predicted in the SM:  

     φSM
s = -0.0368 ± 0.0017 rad 

 
•  measured from B0

s → J/ψ X ,   

     mainly  B0
s → J/ψ φ  (golden mode) 

 
•  interference between direct decays (D) and 

decays with mixing (M) allows us to measure 
the value of φ

s 

 

•  if new particles are exchanged in box diagram, 
then value of φM will be different s
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∗
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≡ −2βs

φs
SM
= −0.0376± 0.0008 rad [CKMFitter]

(†) Assuming we ignore sub-leading penguin contributions

3 / 21

• CPV in mixing: |q/p| 6= 1, q/p - complex number

• CPV in decays: |Af /Af | 6= 1, Af , Af - complex aplitudes

Even with no CPV in mixing or decay, one can
generate CPV in the interference:

φs ≡ −arg(λf ) ≡ −arg
(

q
p

Af
Af

)
6= 0
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CMS 19.7 fb−1

CDF 9.6 fb−1Combined
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68% CL contours
(∆ log L = 1.15)

HFLAV
PDG 2018

9 / 24
Konrad Klimaszewski, ICPPA 2018



Two-body B0
(s) decays Phys.Rev. D 98, 032004 (2018)

Simultaneous fit to to the distributions of reconstructed candidates:
B0 → π+π−, B0

s → K +K−, B0 → K +π− and B0
s → π+K−.

• Time-integrated asymmetries for B0 → K +π− and B0
s → π+K−:

ACP =

∣∣Āf̄
∣∣2 − |Af |2∣∣Āf̄
∣∣2 + |Af |2

• Time-dependent asymmetries for B0 → π+π−and B0
s → K +K−:

ACP(t) =
ΓB̄0

(s)
→f (t)− ΓB0

(s)
→f (t)

ΓB̄0
(s)
→f (t)− ΓB0

(s)
→f (t)

=
−Cf cos(∆md,st) + Sf (∆md,st)

cosh
(

∆Γd,s
2 t

)
+ A∆Γ

f sinh
(

∆Γd,s
2 t

)

Cf - CPV in the decay, Sf - CPV in interference between decay and mixing
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Two-body B0
(s) decays Phys.Rev. D 98, 032004 (2018)

• Analysis performed using full Run 1 data sample ( ∼ 3fb−1 )
• Time-dependent asymmetries ingredients:
◦ flavour tagging
◦ decay-time resolution
◦ decay-time acceptance

• Time-independent asymmetries ingredients:
◦ final state detection asymmetries
◦ production asymmetry
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Two-body B0
(s) decays Phys.Rev. D 98, 032004 (2018)

• First measurement of A∆Γ
K+K−

• Strongest evidence of CPV in B0
s sector:

confirmed at 4σ

Cπ+π− = −0.34± 0.06± 0.01
Sπ+π− = −0.63± 0.05± 0.01

CK+K− = 0.20± 0.06± 0.02
SK+K− = 0.18± 0.06± 0.02
A∆Γ

K+K− = −0.79± 0.07± 0.10

AB0
CP = (−8.4± 0.4± 0.3)%

AB0
s

CP = (21.3± 1.5± 0.3)%
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D0 → K 0
s K 0

s decays arXiv:1806.01642

• D0 mixing is established
• CP violation yet unobserved!
◦ Small value expected from SM O(VubV ∗

cbVusV ∗
cs) ∼ O(10−3)

ACP(K 0
s K 0

s )

• Define Araw (D0 → f ) = ND0−ND0

ND0+ND0

• Measure ACP(D0 → K 0
s K 0

s )

• Tag with prompt D∗+ → D0π+
s

ACP =

Araw − AP(D∗+)− AD(π+
s )

• Eliminate detection/production asymmetries
using control channel:

∆ACP ≡
Araw (D0 → K 0

s K 0
s )− Araw (D0 → K+K−) =

ACP(D0 → K 0
s K 0

s )− ACP(D0 → K+K−)

• The ACP(D0 → K+K−) has been measured
by LHCb with a precision of 0.2%:
Phys. Lett. B767 (2017) 177
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D0 → K 0
s K 0

s decays arXiv:1806.01642

L =2 fb−1@
√

s = 13TeV ⇒
1067D0 → K 0

s K 0
s candidates

ACP(K 0
s K 0

s ) = 0.042± 0.034± 0.010

Combined with the LHCb Run 1 measurement
ACP(K 0

s K 0
s ) = 0.020± 0.029± 0.010
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CPV in Λ0
b → p3h Nature Physics 13, 391 (2017)

• Only direct CPV in baryon sector
• Test CPV by comparison of baryon and anti-baryon decay yields

ACP =
N(A→ f )− N(A→ f )

N(A→ f ) + N(A→ f )
∝ sin(δ1 − δ2)sin(ϕ1 − ϕ2)

δ−strong phase, ϕ−weak phase
• Effect visible with contributions from at least two amplitudes:

A1e iδ1e iϕ1 , A2e iδ2e iϕ2

• Requires non-vanishing strong and weak phase difference
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CPV in Λ0
b → p3h Nature Physics 13, 391 (2017)

Utilise 4-body final state to construct:

CT̂ = ~pp · ( ~ph−
1
× ~ph+

2
), C T̂ = ~pp · ( ~ph+

1
× ~ph−

2
)

AT̂ (CT̂ ) =
N(CT̂ > 0) − N(CT̂ < 0)

N(CT̂ > 0) + N(CT̂ < 0)
, for Λ0

b

AT̂ (C T̂ ) =
N(C T̂ > 0) − N(C T̂ < 0)

N(C T̂ > 0) + N(C T̂ < 0)
, for Λ

0
b

CP-violating observable:
aT̂−odd

CP = 1
2(AT̂ − AT̂ )

aT̂−odd
P = 1

2(AT̂ + AT̂ )

Largely insensitive to Aprod and Areco

Complementary approach to ACP analysis
• aP−odd

CP ∝ cos(δeven − δodd )sin(ϕeven − ϕodd ) not sensitive if δeven − δodd = π/2 or 3π/2

• ACP ∝ sin(δ1 − δ2)sin(ϕ1 − ϕ2) not sensitive if δ1 − δ2 = 0 or π
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CPV in Λ0
b → p3h Nature Physics 13, 391 (2017)

Full Run I sample: L = 3 fb−1

Nsig (pπ−π+π−) = 6646± 105
Nsig (pπ−K+K−) = 1030± 56
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• Scheme A - binning in invariant mass
combinations, to focus on dominant
resonance contributions

• Scheme B- binning in angle Φ between
decay planes
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π−
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p

Combined result from 2 binning schemes:
CP symmetry p-value=9.8× 10−4

3.3σ deviation
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Λ0
b → pK−π+π−,Λ0

b → pK−K +K−,
Ξ0

b → pK−K +π− JHEP 08 (2018) 039

• Analysis uses Triple Product Asymmetries
• TPA integrated over all phase space for Λ0

b → pK−π+π−:
aT̂−odd

P = (−0.60 ± 0.84 ± 0.31)%

aT̂−odd
CP = (−0.81 ± 0.84 ± 0.31)%

• TPA integrated over all phase space for Λ0
b → pK−K+K−:

aT̂−odd
P = (−1.56 ± 1.51 ± 0.32)%

aT̂−odd
CP = (1.12 ± 1.51 ± 0.32)%

• TPA integrated over all phase space for Ξ0
b → pK−K+π−:

aT̂−odd
P = (−3.04 ± 5.19 ± 0.36)%

aT̂−odd
CP = (−3.58 ± 5.19 ± 0.36)%

• All phase space integrated results are consistent with P and CP conservation
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Λ0
b → pK−π+π−,Λ0

b → pK−K +K−,
Ξ0

b → pK−K +π− JHEP 08 (2018) 039

• Binned analysis for Λ0
b → pK−π+π− and Λ0

b → pK−K +K− is
performed

• Two binning schemes as in previous results
• All binned measurement consistent with P and CP conservation

Search for CPV in Λ0
b → pK−π+π−,Λ0

b → pK−K+K−and Ξ0
b → pK−K+π− decays using TPA

JHEP 08 (2018) 039

Binned aCP measurements follow similar schemes

Scheme A- binning in invariant mass combinations, to focus on
dominant resonance contributions

Scheme B- binning in angle Φ between decay planes

All binned measurement consistent with P and CP conservation

Gediminas Sarpis CP violation in beauty baryons at LHCb September 16, 2018 17 / 1921 / 24
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Summary and Outlook

• Many great results from Run I and Run II
◦ First evidence of CPV in baryons

• Very successful Run II: in total LHCb already collected L = 10 fb−1

   B. Adeva,  University of  Santiago de Compostela,   LHC Days at Split              Split (Croatia) , 22 September 2016                                                                                       
22 

 LUMINOSITY PROSPECTS FOR LHCb   

n  Note the LHCb upgrade comes already at Run-2, whereas the HL (phase-2) 
ATLAS and CMS upgrades come after Run-3 

n  The LHCb upgraded detector after Run-2 will handle ×5 instantaneous luminosity, 
from 4×1032 cm-2s-1 to 2×1033 cm-2s-1.     

n  The hardware trigger stage will be eliminated, and trigger become fully software 
based. RICH photodetectors will be replaced, as well as tracking detectors 

n  LHCb is starting to consider a phase-2 upgrade for Run-5+ 
  

* assumes a future LHCb upgrade to raise the instantaneous luminosity to 2 × 1034 cm-2s-1  

In the meantime, very exciting prospects exist from the SuperKEKB machine         
(x100 luminosity) and the new Belle II detector, expected to rump up in 2019 

We are gladly anticipating further highlighting results ! 

• The LHCb upgraded detector after Run-2 will handle ×5 instantaneous
luminosity, from 4× 1032cm−2s−1 to 2× 1033cm−2s−1

• The hardware trigger stage will be eliminated, and trigger become fully
software based. Many detectors will be replaced.
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Thank You

[CERN]
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B0
s or B0

s - tagging the flavour

Same side

• s quark in B0
s is produced

with s
• ∼ 50% of s forms a

charged K
• charge of the K identifies

flavour of B0
s

Opposite side

• in pp collisions b produced
mostly in bb pairs

• flavour determined by the
charge of decay products of
opposite B:

◦ leptons
◦ kaons
◦ global charge of

secondary vertex

same side opposite side

Flavour tagging

Improving several experimental aspects – one example is flavour tagging

Can we increase the effective fraction of perfectly tagged events (ε〈D2〉 ≈ 3%)?

Statistical uncertainty on φs approximately proportional to 1/
√

ε〈D2〉
Improvements for both same-side and opposite-side tagging

neural net-based algorithms

reoptimization

Measurements of φs at LHCb LHCb implications workshop 2013 12 / 18

• Total effective tagging efficiency: ε(1− 2ω)2

• ε - efficiency of tagging algorithm
• ω - frequency of events with wrong tagging
• Eff = (3.9± 0.25)%

2 / 12
Konrad Klimaszewski, ICPPA 2018



B0
s − B0

s oscillations

∆ms measured from 1fb−1 B0
s → D−s π+ decays

Challenge of precision measurement

∆ms from B0
s → D−

s π
+

Before to fit for φs we need to make sure we can resolve B0
s − B0s oscillations.

ACP(t) = −ηCP · Dtag(ωmistag) · Dtres(σt) · sin (φs)· sin (∆ms t)

∆ms measurement performed in an analysis of 1fb
−1 B0

s → D−
s π+ decays:

]2
c) invariant mass [MeV/+π 

−

s
(D

5350 5400 5450 5500 5550

)
2

c
ca

n
d

id
at

es
 /

 (
1

5
 M

eV
/

0

2000

4000
data

fit
+π

−

s D→0
sB

+
K

−

s D→0
sB

misid bkg.

comb bkg.

a)

LHCb

−
πφ→

−
sD

[New J. Phys. 15 (2013) 053021]

High statistics:

N ∼ 34000 signal candidates

Fit to 5 different D−
s decay modes (φπ−,

K ∗K−, K−K+π−, K−π+π−, π−π+π−)

Very low background

F. Dordei (Heidelberg University) Measurements of φs at LHCb 17-09-2013 8 / 30

• High statistics:
N ∼ 34000 signal candidates

• Self tagging channel
• Five different D−

s decay modes:
(φπ−, K∗K−, K−K+π−,
K−π+π−, π−π+π−)

• Very low background

Challenge of precision measurement

∆ms from B0
s → D−

s π
+

Before to fit for φs we need to make sure we can resolve B0
s − B0s oscillations.

ACP(t) = −ηCP · Dtag(ωmistag) · Dtres(σt) · sin (φs)· sin (∆ms t)

∆ms measurement performed in an analysis of 1fb
−1 B0

s → D−
s π+ decays:
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High statistics:

N ∼ 34000 signal candidates

Fit to 5 different D−
s decay modes (φπ−,

K ∗K−, K−K+π−, K−π+π−, π−π+π−)

Very low background

F. Dordei (Heidelberg University) Measurements of φs at LHCb 17-09-2013 8 / 30
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B0
s − B0

s oscillations

The measured oscillation frequency:
∆ms = 17.768± 0.023(stat)± 0.006(syst) ps−1

• Based on L = 1fb−1 data
• The most precise

measurement to date
• Agrees with world average:

17.69± 0.08 ps−1

Challenge of precision measurement

∆ms from B0
s → D−

s π
+

Before to fit for φs we need to make sure we can resolve B0
s − B0s oscillations.

ACP(t) = −ηCP · Dtag(ωmistag) · Dtres(σt) · sin (φs)· sin (∆ms t)

∆ms measurement performed in an analysis of 1fb−1 B0
s → D−

s π+ decays:
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[New J. Phys. 15 (2013) 053021]

∆ms = 17.768 ± 0.023 (stat) ±0.006 (syst) ps−1

New result: “Observation of B0
s -B0

s mixing and measurement of mixing frequencies
using semileptonic B decays” [LHCb-PAPER-2013-036]

∆ms = 17.93 ± 0.22 (stat) ±0.15 (syst) ps−1

F. Dordei (Heidelberg University) Measurements of φs at LHCb 17-09-2013 9 / 30
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Search for CPV in Λ0
b,Ξ

0
b → p3h decays using TPA

Nature Phys. 13 (2017) 391-396

Gediminas Sarpis CP violation in beauty baryons at LHCb September 16, 2018 13 / 19
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Search for CPV in Λ0
b,Ξ

0
b → p3h decays using TPA

Nature Phys. 13 (2017) 391-396

Phase space integrated results for Λ0
b → pπ−π+π−

aT̂−oddP = (−3.71± 1.45± 0.32)%

aT̂−oddCP = (1.15± 1.45± 0.32)%

Phase space integrated results for Λ0
b → pπ−K+K−

aT̂−oddP = (3.62± 4.54± 0.42)%

aT̂−oddCP = (−0.93± 4.54± 0.42)%

Phase space integrated results consistent with P and CP conservation

Gediminas Sarpis CP violation in beauty baryons at LHCb September 16, 2018 14 / 19
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Search for CPV in Λ0
b,Ξ

0
b → p3h decays using TPA

Nature Phys. 13 (2017) 391-396

Two binning schemes used to measure aT̂−oddCP in different regions of
phase space
Scheme A- binning in two-body mass combinations
Scheme B- Uniform binning in Φ angle between decay planes
First evidence of CPV in baryons with 3.3σ significance

A
sy

m
m

et
ri

es
 [

%
]

| [rad]Φ|
1 2 3

 20
 0

20− 
/ndf=30.5/102χ  

CP

­oddTa 

 20

 0
20− 

LHCb Scheme B

/ndf=20.7/102χ  
P

­oddTa 

Gediminas Sarpis CP violation in beauty baryons at LHCb September 16, 2018 15 / 19
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./

! Two independent samples:
1. LD: one '(

% is reconstructed
from long tracks and the 
other from downstream
tracks

2. LL: both '(
% are reconstructed

from long tracks

! Different resolution
between
the two samples
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%)*)+ and 
$% & )*)+)*)+

! Selection on LL:
,-. /01

2 '(3
% 4 56 2

7 ,-. /01
2 '(2

% 4 56 2 8 59

! Selection on LD:
,-. /01

2 '(:
% ; <=>

!"#$%&'(!)&* !)+(,+'(!)-.&/0112&* 34-4&/565789:&;82<0=>21?&5@&/565789&A&#BC4

$% & )*)+)*)+

$% & '(
%)*)+

$% & '(
%)*)+

$% & '(
%'(

%

DE#F*GHGBC*'(!)*(!'

9=I2<J!)(".(!"K'

>LFM2110N 15 OEBG

9 / 12
Konrad Klimaszewski, ICPPA 2018



Introduction Main ingredients of the analysis Final results Conclusions

CPV observables

Time-integrated CPV asymmetries in B0 → K+π− and Bs → π+K−

decays are defined as:

ACP =
|Af |

2−|Af |2

|Af |2+|Af |2

The main CPV observables are the time-dependent asymmetries of
B0 → π+π− and B0

s → K+K− decays:

A(t) =
Γ

B0
(s)→f

(t)− ΓB0
(s)→f (t)

Γ
B0
(s)→f

(t) + ΓB0
(s)→f (t)

=
−Cf cos (∆md(s)t) + Sf sin (∆md(s)t)

cosh
(
∆Γd(s)

2 t
)
+ A∆Γ

f sinh
(
∆Γd(s)

2 t
)

Cf =
1−|λf |2
1+|λf |2

direct CPV

Sf =
2Imλf

1+|λf |2
mixing induced CPV

A∆Γ
f = 2Reλf

1+|λf |2

|Cf |2 + |Sf |2 + |A∆Γ
f |2 = 1 (condition not imposed)

The knowledge of the flavour of the B candidate at production is required
=⇒ flavour tagging tool is a key ingredient of the analysis
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Introduction Main ingredients of the analysis Final results Conclusions

Other sources of asymmetry

The time dependent asymmetry is measured as:

Araw (t) ≈ ACP + AD + APID + AP cos(∆md(s)t)

The production asymmetry AP can be extracted by means of the
time-dependent fit from the CP asymmetries in B0 → K+π− and
Bs → π+K− decays
A correction is required taking into account:

asymmetry induced by the PID requirements (AKπ
PID)

detection asymmetry (AKπ
D )

AKπ
PID estimated using D∗+ → D0(→ K−π+)π+

AKπ
D measured using raw asymmetries of Cabibbo-favoured charm

decays D+ → K−π+π+ and D+ → K 0π+ [JHEP 07 (2014) 041]
Asymmetries are convoluted with the B0

(s) → h+h′− phase space

AKπ
PID(B

0
(s) → K±π∓) = (−0.04± 0.25)%

AKπ
D (B0 → K+π−) = (−0.900± 0.141)%

AKπ
D (Bs → π+K−) = (−0.924± 0.142)%

[Phys. Rev. D 98 (2018) 032004]
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§ Combine with Run 1 results ( fb-1 at 

TeV) to give constraint on g:

Susan Haines 8

GGSZ

GGSZ GGSZ

JHEP 10 (2014) 097

JHEP 08 (2018) 176

Run 1: 

2015 & 2016: 

12 / 12
Konrad Klimaszewski, ICPPA 2018


	Appendix

