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CP Violating Phase φs

φs = φmixing − 2φdecay ≈ −2βs = −2arg(
VtsV

∗
tb

VcsV ∗
cb

)

B0
s mesons have the possibility to oscillate into their anti-particles

before decaying into CP eigenstates fCP

CP violating phase φs : phase difference due to interference between
b → cc̄s decays directly and via oscillation

φs is precisely predicted assuming the SM, so New Physics particles
could significantly affect the measurement
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Current Results

Standard Model φφφSM
s = −36.9+1.0

−0.7 mrad [CKM Fitter] very precise

Pre-Moriond World Average φφφWA
s = −21± 31 mrad [HFLAV]

consistent with SM prediction and dominated by LHCb
At Moriond added Run 2 B0

s → J/ψK+K− [LHCb-PAPER-2019-013 (in
preparation)]
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Ingredients

Fast B0
s − B̄0

s oscillation
(P = 2π/∆ms ∼ 350 fs)

Clearly visible in B0
s → D−

s π
+

What we measure
experimentally:

sin(φs)(1− 2ωtag)D(σt) sin(∆mst)sin(φs)(1− 2ωtag)D(σt) sin(∆mst)sin(φs)(1− 2ωtag)D(σt) sin(∆mst)

sin(φs)sin(φs)sin(φs) proportional to amplitude of the oscillation

Diluted by wrong tagging probability ωωωtag

Good flavour tagging crucial to distinguish B0
s from B̄0

s

Diluted by decay time resolution σtσtσt

∆ms∆ms∆ms = mH −mL mass difference between heavy and light B0
s mass

eigenstates
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Angular Analysis

Final state B0
s → J/ψ(→ µ+µ−)φ(→ K+K−) is an admixture of

CP-even and CP-odd final states → need analysis of decay angle
distribution

Three helicity angles, Ω = (cos θK , cos θµ, φh)

Separating even and odd states gives access to heavy ΓH and light ΓL

B0
sB
0
sB
0
s lifetimes and the measurement of

Γs =
ΓH + ΓL

2
∆Γs = ΓH − ΓL

Jennifer Zonneveld, University of Edinburgh φs from B0
s → J/ψK+K− with Run 2 APP&HEPP, 10 April 2019 5 / 13



Analysis Strategy

B0
s → J/ψK+K− has a large branching fraction and a large

reconstruction efficiency

Analyse 2015 (∼ 0.3 fb−1) and 2016 (∼ 1.6 fb−1) data to measure
main parameters φsφsφs , ∆Γs∆Γs∆Γs , Γs − ΓdΓs − ΓdΓs − Γd

Use BDT trained avoiding variables that could introduce decay-time
bias and model efficiencies as a function of time and decay angles
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Decay Time Efficiency

Reconstruction efficiency not constant as a function of B0
s decay time

Use control channel B0
d → J/ψK∗(→ K+π−)

Well-known lifetime, high yield and similar kinematics

Determine decay time efficiency ε
B0
d

data(t) using known lifetime τ(B0
d )

Correction from simulation for kinematic differences between decays

ε
B0
s

data(t) = εB
0

data(t)× ε
B0
s

sim(t)

εB
0

sim(t)

Final fit parameter Γs − ΓdΓs − ΓdΓs − Γd , where Γd = 1/τ(B0
d )
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Angular Efficiency

LHCb geometry and selection introduce efficiency as function of
decay angles, Ω = (cos θK , cos θµ, φh)

Effect is modelled with normalisation weights for each individual
polarisation final state determined from fully simulated events

Simulation iteratively reweighted to correct for kinematic
differences simulation/data
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Flavour Tagging

Flavour tagging crucial to determine B0
sB
0
sB
0
s flavour at production

bb̄ pair from pp will create signal B0
sB
0
sB
0
s and OS BBB decay

s-partner from B0
s ss̄ pair will create SS K (s̄u)K (s̄u)K (s̄u)

Taggers optimised using Neural Nets

OS taggers calibrated using B+ → J/ψK+

SSK tagger calibrated using B0
s → D−s π

+
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Decay Time Resolution

Need well determined resolution to resolve fast B0
s oscillation (∼ 350 fs)

Extract resolution from prompt J/ψJ/ψJ/ψ data coming from pp interaction
In 10 bins of uncertainty δt fit with triple Gaussian plus wrong PV and long
lived components
Dilution D translated into effective single Gaussian width σeff

D =
3∑

i=1

fie
−σ2

i ∆m2
s /2 σeff =

√
(−2/∆m2

s ) lnD

Final resolution δt = 45.54± 0.04± 0.05δt = 45.54± 0.04± 0.05δt = 45.54± 0.04± 0.05 fs

0 0.5
[ps]t

210

310

410

510

610

E
ve

nt
s 

/ (
 0

.0
15

 p
s 

)

LHCb Preliminary Data
Total fit
Resolution 1
Resolution 2
Resolution 3
Wrong PV
Long lived 1
Long lived 2

0 0.05 0.1 0.15
[ps]tδ

0

0.05

0.1

[p
s]

ef
f

σ

LHCb Preliminary

Jennifer Zonneveld, University of Edinburgh φs from B0
s → J/ψK+K− with Run 2 APP&HEPP, 10 April 2019 10 / 13



Results

Decay-time and decay angle distributions for background
subtracted B0

s → J/ψKK decays
All CP eigenvalues are entangled for the fit: CP-even, CP-odd and
S-wave (small fraction ∼ 2%)
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Results

Results using 2015 (0.3 fb−1) and 2016 (1.6 fb−1) data
[LHCb-PAPER-2019-013 (in preparation)] :

φs = −0.080± 0.041± 0.006 rad

Γs − Γd = −0.0041± 0.0024± 0.0015 ps−1

∆Γs = 0.0772± 0.0077± 0.0026 ps−1

Most precise single measurement of φs
To be compared to Run 1 (3 fb−1) statistical uncertainties:

σstat(φs) = 0.049 rad
σstat(Γs) = 0.0027 ps−1

σstat(∆Γs) = 0.0091 ps−1
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Summary

Run 2 B0
s → J/ψK+K− most precise single measurement of φs

φs = −0.080± 0.041± 0.006 rad

Γs − Γd = −0.0041± 0.0024± 0.0015 ps−1

∆Γs = 0.0772± 0.0077± 0.0026 ps−1

Post-Moriond result (HFLAV, Preliminary) consistent with SM

Stay tuned for coming results!
2017 and 2018 data yet to be analysed!
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https://www.cppm.in2p3.fr/~oleroy/pro/hfag/Spring2019/v4/


Thank you!
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Combination of all LHCb φs Analyses

Want to combine all available Run 1 (3 fb−1) and Run 2 (1.9 fb−1)
LHCb results, e.g. B0

s → J/ψπ+π−, B0
s → ψ(2S)φ

Analyses sometimes overlap with methods and datasets used

Prompt J/ψ sample for decay-time resolution
B0
d → J/ψK∗(892) for decay-time efficiency

Potential systematic correlations taken into account

Combination of all LHCb results yields:

φs = −0.040± 0.025 rad

Γs = 0.6563± 0.0021 ps−1

∆Γs = 0.0812± 0.0048 ps−1

φLHCb
s 0.1σ away from SM prediction φSMs = −0.0369+0.0010

−0.0007 rad

φLHCb
s 1.6σ away from zero → consistent with no CPV in interference

between direct decay and after mixing
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Selection

BDT variables

max(χ2
TR(K))
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ln(χ2
VX (J/ψ))

pT (φ)
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Selection

HLT1 selection: Jpsi Hlt1DiMuonHighMassDecision TOS ||
B Hlt1TrackMuonDecision TOS ||
B Hlt1TwoTrackMVADecision TOS

HLT2 selection: Jpsi Hlt2DiMuonDetachedJPsiDecision TOS

Trigger efficiency ∼98% on signal MC

Stripping: S28r1 (S24r1)
StrippingBetaSBs2JpsiPhiDetachedLine for 2016 (2015)

PIDCalib to match PID variables of MC with data

Gradient Boosting Reweight MC in pT (B0
s ), η(B0

s ) χ2
TR(µ±),

χ2
TR(K±), nLongTracks

BDT trained with 2016 MC (signal) and data sideband
[5450,5550] MeV/c2 (background)
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Systematics

Systematics under control (most are < 10% of stat. uncertainty)
φs mostly affected by mass factorisation and time resolution, Γs − Γd by
decay time efficiency, ∆Γs by mass factorisation
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Expected Precision φcc̄ss at LHCb

Run 1 + 2015 and 2016 a total of 4.9 fb−1. After Run 3 anticipate
23 fb−1 and after Run 5 (after Upgrade II) 500 fb−1

arXiv:1808.08865v3

Expected precision after Upgrade II from B0
s → J/ψφ(→ K+K−)

only σstat = 4 mrad and from all modes combined σstat = 3 mrad
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HFLAV plot

φφφSM
s = −36.9+1.0

−0.7 mrad [CKM Fitter]

φφφWA
s = −49± 23 mrad [HFLAV, preliminary]

LHCb

J/ψφ [PRL114, 041801 (2015)] and
[LHCb-PAPER-2019-013 (in preparation)]
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[arXiv:1903.05530]

J/ψK+K− [Phys. Lett. B736, 186 (2014)]
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D+
s D
−
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CMS

J/ψφ [Phys. Lett. B757, 97
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ATLAS
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