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Outline

• Physics motivations

• The LHCb detector

• Key ingredients for time-dependent measurements

• Recent LHCb results
– Time-dependent CPV in 𝐵!" → 𝐷!#𝐾$𝜋$𝜋# (LHCb-PAPER-2020-030)

– Time-dependent CPV in 𝐵(!)
" → ℎ$ℎ'# (h = K, p) (LHCb-PAPER-2020-029)

• Conclusions
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Time-dependent CPV
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B f CP
eigenstateCKM decay phase fD

B
CKM mixing phase fM

A(t) =   
!𝑪𝒇𝒄𝒐𝒔 𝚫𝐦 𝒕 )𝑺𝒇𝒔𝒊𝒏(𝚫𝐦 𝐭)

𝒄𝒐𝒔𝒉 𝚫𝚪
𝟐 𝒕 )𝑨𝒇

𝚫𝚪𝒔𝒊𝒏𝒉(𝚫𝚪𝟐 𝒕)

𝑪𝒇𝟐 + 𝑺𝒇𝟐 + 𝑨𝒇𝟐 = 𝟏

• Cf (fD) à CPV from CKM phase in decay
• Sf (fD,fM) à CPV from interference between 

mixing and decay
• Physics beyond Standard Model can appear as 

virtual contributions in the penguin and box 
diagrams



The LHCb detector
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• LHCb is a forward spectrometer
– High geometrical efficiency to collect 𝑏3𝑏 and 𝑐 ̅𝑐 quark pairs
– Great time resolution (st ~ 45 fs), momentum resolution (dp/p ~ 0.4-0.6%), 

PID performances (RICH)
– Real time calibration of detector



Key ingredients of TD measurements
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~𝑫𝒕𝒂𝒈𝑫𝒓𝒆𝒔𝑨(𝒕)
𝐵!" → 𝐷!#𝜋$

𝐵" → 𝐾$𝜋#
2015 + 2016 Data

𝜺(𝒕)

LHCb Preliminary
LHCb-PAPER-2020-029

PRD98(2018)032004

• Determination of B flavour at production
– Dilution factor 𝐷#$% = 1 − 2𝝎 of the asymmetry 
– 𝝎 = mistag fraction

• Decay time resolution

– Dilution factor 𝐷&'( = 𝑒)
𝝈𝒕
()*(

(

– 𝝈𝒕 = decay-time resolution
– Very important for 𝐵(+

• Decay-time efficiency e(t)
– Introduced by reconstruction 

and selection requirements
– Crucial for the determination of 

(effective) lifetimes



CP-violation in 𝑩𝒔𝟎 → 𝑫𝒔#𝑲$𝝅$𝝅# decays
(LHCb-PAPER-2020-030)
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To be posted on arXiv soon



• Study interference between 𝑏 → 𝑐 and 𝑏 → 𝑢
transitions achieved through 𝐵 − '𝐵 mixing

• Four decay rates with CPV parameters sensitive 
to CKM angle g and 𝐵!" mixing phase fs

• Strong phases in 𝐴#(𝑥) and 𝐴$(𝑥) in the decay 
depends on 5D phase space of 𝐷!%𝐾&𝜋&𝜋%
final state
– Sensitivity on g and fs change over the 

phase space
– Perform both model-dependent and 

model-independent analysis over the 
phase space

CP-violation in 𝑩𝒔𝟎 → 𝑫𝒔#𝑲$𝝅$𝝅# decays
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CP-violation in 𝑩𝒔𝟎 → 𝑫𝒔#𝑲$𝝅$𝝅# decays
• Analysis based on full LHCb dataset à ~9 fb-1

• Natural calibration sample is 𝐵!" → 𝐷!%𝜋&𝜋&𝜋% decay
– Used for flavour tagging and decay-time efficiency
– Large statistics allow to perform precise measurement of 𝐵!" mixing frequency Δm#

– Use mass fit to subtract background and then perform sFit [arXiv:0905.0724]
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CP-violation in 𝑩𝒔𝟎 → 𝑫𝒔#𝑲$𝝅$𝝅# decays
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CP-violation in 𝑩𝒔𝟎 → 𝑫𝒔#𝑲$𝝅$𝝅# decays
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Very good agreement between the two methods
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CP violation in charmless 
two-body 𝑩(𝒔)𝟎 decays

(LHCb-PAPER-2020-029)
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To be posted on arXiv soon



CP-violation in 𝑩(𝒔)
𝟎 → 𝒉$𝒉'# decays
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• A rich set of physics processes participates 
to the 𝐵/0 → ℎ1ℎ23 decays
– Tree and penguin decay topologies

• CPV observables are sensitive to 
CKM angles g/f3 and a/f2, and 
𝐵(/)0 mixing phases fs and fd

– presence of loop diagrams 
introduce hadronic uncertainties 
but gives sensitivity to physics 
beyond SM

Up to 50% non factorisable U-spin breaking effects

Phys. Lett. B741 (2015) 1

Compatible with tree-level determinations
Numbers based on Run1-only results

[PLB459(1999)306, PJC71(2011)1532, 
JHEP10(2012)029, PRD94(2016)113014]



CP-violation in 𝑩(𝒔)
𝟎 → 𝒉$𝒉'# decays

• Analysis based on 2015 + 2016 data à ~ 1.9 fb-1

– Time-dependent CPV in 𝐵" → 𝜋$𝜋% and 𝐵!" → 𝐾$𝐾%

– Time-integrated CPV in 𝐵" → 𝐾$𝜋% and 𝐵!" → 𝐾%𝜋$

• Two strategies are used to cross-check each other
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“Simultaneous*” “Per-event”

Fit Simultaneous fit to 𝜋+𝜋,, 
𝐾+𝐾,, 𝐾+𝜋,and 𝜋+𝐾, samples

Independent fit to background-subtracted 
𝜋+𝜋, and 𝐾+𝐾, samples

Decay Time 
Resolution

Averaged resolution for all events Per-event resolution as a function of decay time 
error

Flavour
tagging

Distinct OS and SS taggers, calibrated during 
the fit with B0àK+p- decays

Single combined tagger, calibrated before the 
fit

Acceptance 
correction

Calibrated using 𝐵- → 𝐾+𝜋, Per-event swimming method
(see backup slides)

*: results from this method are used for the combination with Run1
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• CP asymmetries of 𝐵" → 𝐾$𝜋#
and B5" → 𝐾#𝜋$ are determined
– The time-dependent fit allows to 

remove effect from production 
asymmetry

– Detection asymmetry is studied from 
prompt 𝐷, → 𝐾,𝜋,𝜋) and 
𝐷, → 𝐾-+𝜋, decays
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In agreement with previous
determinations from LHCb,

BaBar, Belle and CDF

CP-violation in 𝑩(𝒔)
𝟎 → 𝒉$𝒉'# decays

LHCb-PAPER-2020-029

LHCb Preliminary



CP-violation in 𝑩(𝒔)
𝟎 → 𝒉$𝒉'# decays
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Compatibility is measured with 
pseudoexperiments

to be below 1s

In agreement with previous 
determinations
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CP-violation in 𝑩(𝒔)
𝟎 → 𝒉$𝒉'# decays
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Compatibility measured
with pseudoexperiment

Largest difference for 𝑨𝚫𝚪𝐊𝐊 but large 
uncorrelated systematic uncertainties

Global compatibility is at 1.5s
dominated by difference in 𝑨𝚫𝚪𝐊𝐊
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CP-violation in 𝑩(𝒔)
𝟎 → 𝒉$𝒉'# decays
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CP-violation in 𝑩(𝒔)𝟎 → 𝒉$𝒉'# decays
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Combination 
with Run1

From simultaneous method

Test for the SM [PLB621(2005)126]

Should be 0 in SM à No evidence of BSM effects

𝚫 =
𝑨𝑪𝑷𝑩

𝟎

𝑨𝑪𝑷
𝑩𝒔𝟎
+
𝑩(𝑩𝒔𝟎 → 𝑲,𝝅+)
𝑩(𝑩𝟎 → 𝑲+𝝅,)

𝚪𝒔
𝚪𝒅
= −𝟎. 𝟎𝟖𝟓 ± 𝟎. 𝟎𝟐𝟓 ± 𝟎. 𝟎𝟑𝟓

LHCb-PAPER-2020-029
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CP-violation in 𝑩(𝒔)𝟎 → 𝒉$𝒉'# decays
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Combination 
with Run1

From simultaneous method LHCb-PAPER-2020-029

LHCb-PAPER-2020-029
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𝐶++ , 𝑆++ , 𝐴++,- ≠ (0,0, −1) @ 6.5s
𝐶++ , 𝑆++ ≠ (0,0) @ 6.7s

First observation of time-dependent CPV
in 𝑩𝒔𝟎 decays!!!

𝐶++0 + 𝑆++0 + 𝐴++0 = 0.93 ± 0.08



Conclusions
• Most recent time-dependent CP-violation measurement from LHCb have been presented
• Measurement of CKM angle g from time-dependent amplitude analysis of 𝐵!" → 𝐷!%𝐾&𝜋&𝜋%

decays
– Exploit full LHCb data sample
– In agreement with World Average

• Measurement of time-dependent and time-integrated CP asymmetries in 𝐵(!)
" → ℎ&ℎ,%

– No evidence of BSM effect in the direct CP asymmetries of 𝐵" → 𝐾$𝜋% and B#" → 𝐾%𝜋$

– First observation of time-dependent CP violation in 𝐵!" decays with 6.7s significance
– Analysis based on a sub-sample of LHCb data à with full dataset a factor of about x2 in statistics is 

expected

• More time-dependent CP measurement in the pipeline with the full LHCb dataset
– 𝐵!" mixing phase from 𝐵!" → 𝐽/𝜓𝐾$𝐾%, 𝐵!" → 𝐽/𝜓𝜋$𝜋% (𝐽/𝜓 → 𝑒$𝑒%, 𝜇$𝜇%)
– sin 2𝛽 from 𝐵!" → 𝐽/𝜓𝐾&"

– CKM angel g from 𝐵!" → 𝐷!%𝐾$

– 𝐵!" mixing phase from 𝐵!" → 𝜙𝜙 and 𝐵!" → (𝐾$𝜋%)(𝐾%𝜋$)
– Many other…
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Backup
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The LHCb detector
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• LHCb is a forward spectrometer
– Great time resolution (st ~ 45 fs), momentum resolution (dp/p ~ 0.4-0.6%), 

PID performances (RICH)
– Real time calibration of detector



The LHCb detector
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CP violation in 𝑩𝟎 → 𝑫∗±𝑫∓
[JHEP 03 (2020) 147]
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• Not a pure CP-eigenstate
– Four decay rates

• Receive contributions from tree and 
penguin diagrams
– Sensitive to physics beyond SM
– Sensitive to 𝐵" mixing phase
– If penguin contribution is small and no BSM physics

is present à 𝑆-∗- = −sin 2𝛽

d = ±1 à B-flavour tag
r = ±1 à Final state tag



CP violation in 𝑩𝟎 → 𝑫∗±𝑫∓
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CP violation in 𝑩𝟎 → 𝑫∗±𝑫∓
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• Use full Run1+Run2 sample à ~9 fb-1

• Final state reconstructed as 𝐵" → 𝐷∗& 𝐷"𝜋& 𝐷% with 
𝐷" → 𝐾%𝜋&, 𝐷" → 𝐾%𝜋&𝜋%𝜋&, 𝐷% → 𝐾%𝜋&𝜋%
– Simultaneous analysis of four subsamples: final state x Run1/2

• Correction for detection asymmetry between 𝐷∗&𝐷%/
𝐷∗%𝐷& using prompt 𝐷% → 𝐾%𝜋&𝜋% decays 
kinematically weighted to match signal distributions

About 6k signal candidates in total

JHEP 03 (2020) 147



CP violation in 𝑩𝟎 → 𝑫∗±𝑫∓
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• Compatible with determination from BaBar
and Belle [PRD79(2009)032002, 
PRD85(2012)091106]

• No evidence of CPV in the decay
– 𝐶(∗( ≈ 0 and 𝐴(∗( ≈ 0
– Small contribution from penguins

• Fixing 𝐶-∗- = 0 and 𝐴-∗- = 0
– 𝑆(∗( = −sin 2𝛽 = −0.839 ± 0.070à 1.9s from 

SM

About 6k signal candidates in total JHEP 03 (2020) 147

JHEP 03 (2020) 147



CP-violation in 𝑩(𝒔)
𝟎 → 𝒉$𝒉'# decays
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Per-event decay-time efficiency
(Swimming)

• Acceptance corrected on per-event basis
• B-hadrons are moved along their momentum 

vector and decay time biasing selections are re-evaluated 
(“swimming method”)

• Each hypothetical decay time is assigned a 0 (not accepted) 
or 1 (accepted). Transition times are called turning points
– Acceptance is a step function within the “start” and ”end”

turning points of the event

• Biasing selections are:
– Mother and daughter IP 𝛘2

– DIRA
– Flight distance 𝛘2

– BDT
• Additional requirements on:

– Radial flight distance
– VELO acceptance
– HLT1TrackMVA (it’s an OR of the selected tracks)
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CP-violation in 𝑩(𝒔)𝟎 → 𝒉$𝒉'# decays
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Run1 result

Input parameters

Updated input
parameters

Run1 result
LHCb-PAPER-2020-029

Run1 result

PRD98(2018)032004
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Golden modes from LHCb
• Time-dependent CPV is the golden way to 

access 𝐵+ and 𝐵(+ mixing phases
– Golden modes are 𝐵!" → 𝐽/𝜓ℎ&ℎ,%

and B" → 𝐽/𝜓𝐾/"

– Current LHCb measurements based on partial 
sample of LHCb dataset à potential to relevant 
reduction in uncertainties

– LHCb is working hard on legacy analyses of these modes 
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Total LHCb dataset is more than
twice the effective luminosity
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