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Motivations

● Decays of Bs mesons allow to study the time-dependent CP 
violation generated by the interference between direct decays 
and flavour mixing
○ CPV in the interference is possible even if no CPV in decay and mixing
○ Golden channel: Bs ➜ J/ψ ϕ(1020) ➜ μ+μ- K+K-

● The weak phase ϕs is the main CPV observable
○ Precisely predicted by the SM to be ϕs ≈ -2βs ≈ -37 ± 1 mrad, where 

βs is one of the angles of the Bs unitary triangle (determined very 
accurately by CKM global fits) [CKMfitter, UTfit]

● New physics can change the value of ϕs up to ~100% via new 
particles contributing to the flavour oscillations [RMP88(2016)045002]

From: [CKMfitter]

3/15

http://ckmfitter.in2p3.fr/www/results/plots_spring21/num/ckmEval_results_spring21.html
https://arxiv.org/abs/2212.03894
https://doi.org/10.1103/RevModPhys.88.045002
http://ckmfitter.in2p3.fr/www/results/plots_summer19/ckm_res_summer19.html
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State of the art (w. latest preliminary results from LHCb)

● Measurement statistically limited ➜ long-term commitment by multiple experimental collaborations 
● Very active theoretical community (NP limits, penguin pollutions, predictions, …)
● Precision on ϕs close to 3 s.d. sensitivity for CPV in decay/mixing interference

○ σWA(ϕs) ≈ 15 mrad (40% relative uncertainty)

From: [Ref]

This talk

Melissa’s talk
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https://indico.cern.ch/event/1281612/
https://indico.cern.ch/event/1184945/contributions/5541952/
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Measurement ingredients

● Time-dependent flavour asymmetry

● Essential ingredients
○ Time-dependent angular analysis to separate the 

different CP eigenstate
○ Excellent time resolution and flavour tagging to see 

the Bs flavour oscillations (T ~ 350 fs)
○ Time and angular efficiencies

flavour oscillations
CP violationfinal-state CP 

eigenvalue

From: [PLB816(2021)136188]
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https://doi.org/10.1016/j.physletb.2021.136188
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Why a CMS measurement?

CMS is a general-purpose detector well suited for 
studying Bs ➜ J/ψ ϕ(1020) ➜ μ+μ- K+K-

● Silicon tracking system
○ Excellent decay time resolution (σt ∼ 60 fs)
○ Large pseudorapidity range up to |η| = 2.5

● Superconducting solenoid
○ High momentum resolution for charged tracks

● Muon system
○ High efficiency in triggering/reconstructing 

J/ψ ➜ μ+μ−

○ σ(pT)/pT ∼ O(1%)
● Enormous amount of data collected at √s = 13 TeV

○ O(1M) of Bs ➜ J/ψ ϕ(1020) ➜ μ+μ- K+K- 
candidates
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Trigger strategy for Run2
HLT_JPsiMuon

● J/ψ ➔ μμ candidate plus an additional muon (for tagging)
● Around 50k signal candidates in the 2017-2018 period
● “Easy” to work with (no displacement at trigger level)
● Tagging algorithms applied: OS-muon

○ Ptag ~ 10% (when evaluated in, and only in, this dataset)

HLT_JPsiTrkTrkDisplaced

● Displaced J/ψ ➔ μ+μ- candidate + two charged tracks
near the ϕ(1020) resonance

● Higher statistics than HLT_JPsiMuon (x 8~10)
● ⚠ Displaced (lifetime turn-on efficiency to model)
● Possible tagging strategies: OS-muon, OS-electron, OS-jet,

Same Side
○ Ptag ~ ?? 

black circle = triggered objects
THIS TALK

[PLB816(2021)136188]

FUTURE
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https://doi.org/10.1016/j.physletb.2021.136188
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Latest CMS results overview

● Reference: Phys. Lett. B 816 (2021) 136188
● Dataset: 2017-2018 (Lint  = 96 fb-1)
● Trigger: J/ψ ➜ μ+μ- candidate plus an additional muon 
● Decay length cut: >70 μm (to reduce prompt bkg.)
● m(K+K-) interval: m(ϕ(1020)) ± 10 MeV
● Number of signal candidates: 48500 ± 250
● Flavour tagging: opposite-side muon 

○ εtag ≈ 50%, Dtag ≈ 0.2, Ptag ≈ 10%

Fit: unbinned multidimensional extended maximum-likelihood
● Input observables: mBs, ct, σct, θT, ψT, 𝜑T, ξtag, ωtag
● Fitted parameters

○ CPV observables: ϕs,  |λ|
○ Bs system properties: ΔΓs,  Γs,  Δms
○ Decay polarization: |A0|

2,  |A⟂|2,  |AS|2,  δ
∥

,  δ⟂,  δS⟂
● Bkg sources: combinatorial, B0 ➜ J/ψ K*0 ➜ μ+μ- K+π-

8/15

https://doi.org/10.1016/j.physletb.2021.136188
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OS-muon tagging

1. OS-muon selection (very loose)
○ pT > 2 GeV, |η| < 2.5, IPz(μ, PV) < 1 cm, ΔRη,ϕ(Bs) > 0.4

2. Tagging decision (assuming b ➔ μ- X)
○ μ- ➔ OS b ➔ signal b̅ (Bs)
○ μ+ ➔ OS b̅ ➔ signal b (B̅s)

3. Mistag probability evaluation
○ Calibrated DNN trained on Bs MC and fine-tuned

on self-tagging B+ ➜ J/ψ K+ data
○ Trained to discriminate right tags from wrong ones 
○ The output score sDNN can be interpreted as a

probability with the DNN trained to reproduce

Prob(right tag) = sDNN = 1-ωevt

Dilution sources: fakes, pileup, cascade decays, mixing of the OS-b

Estimated ωevt

Measured ωtag

2017

2018

a = -0.001 ± 0.004
b = 1.01 ± 0.01

a = 0.003 ± 0.003
b = 1.01 ± 0.01

From: [PLB816(2021)136188]
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https://doi.org/10.1016/j.physletb.2021.136188
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Systematic uncertainties

Leading systematic uncertainties

● ϕs ➜ model bias
● ∆Γs and Γs ➜ lifetime efficiency
● ∆ms ➜ lifetime uncertainty
● |λ| ➜ angular efficiency

STAT 
LIMITED
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Results

● Good agreement with SM predictions
○ ϕs

SM   = -37 ± 1 mrad [CKMfitter, UTfit]

○ ΔΓs
SM  = 0.091 ± 0.013 ps-1 [Lenz & Tetlalmatzi-Xolocotzi]

○ |λ|SM   = 1  (no direct CPV)
○ Δms

SM  =18.77 ± 0.86 ħps−1 [Lenz & Tetlalmatzi-Xolocotzi]

● First measurement by CMS of ∆ms and |λ| From: [PLB816(2021)136188]
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http://ckmfitter.in2p3.fr/www/results/plots_spring21/num/ckmEval_results_spring21.html
https://arxiv.org/abs/2212.03894
https://doi.org/10.1007/JHEP07(2020)177
https://doi.org/10.1007/JHEP07(2020)177
https://doi.org/10.1016/j.physletb.2021.136188
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Combination with Run1

● The results of this analysis are combined with
the ones obtained by CMS at √s = 8 TeVa 
○ ϕs = −21 ± 44 (stat) ± 10 (syst) mrad
○ ∆Γs = 0.1032 ± 0.0095 (stat) ± 0.0048 (syst) 

ps−1

● Results in agreement with the SM predictions
● The new trigger strategy, which trades the number 

of events for tagging power, pays off for ϕs while 
does not improve ∆Γs, which sensitivity is driven 
mainly by statistics

From: [PLB816(2021)136188]

a [PLB757(2016)9]
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https://doi.org/10.1016/j.physletb.2021.136188
http://dx.doi.org/10.1016/j.physletb.2016.03.046
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Future prospects: precision measurement

CMS is currently working on a precision measurement of ϕs with the Run2 dataset by using all 
available triggers (see SL7)

● Statistics: expected to increase the number of signal candidates by a factor of 8~10
● Flavour tagging: muon, electron, jet and same-side (first implementation without hadronic PID)

○ Large enhancement of the effective statistics NBs x Ptag
● Methodology: various refinements to deal with the peculiarities of the new dataset

○ Efficiency modelization, background estimation, lifetime resolution, simulation corrections, …
○ Not just a simple statistical scaling!

● Large improvements are expected for all physics parameters
○ Reminder: sensitivity(ϕs, ∆ms) ∝ √(PtagNBs) and sensitivity(∆Γs, Γs) ∝ √(NBs)

● This measurement will be the benchmark of several new analysis techniques, laying the 
foundations for future CMS works in the field CP violation
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Conclusions

● The CPV phase ϕs and the decay width difference ∆Γs have been measured using 48 500 
Bs ➜ J/ψ ϕ(1020) signal candidates collected at √s = 13 TeV, corresponding to Lint = 96.4 fb-1

● Events are selected using a trigger that requires an additional muon, which is exploited to infer the flavour 
of the Bs meson at production time, achieving Ptag ≈ 10% with small associated systematic uncertainties

● Results from this measurement are combined with those obtained at √s = 8 TeV, yielding

ϕs = −21 ± 44 (stat) ± 10 (syst) mrad

∆Γs = 0.1032 ± 0.0095 (stat) ± 0.0048 (syst) ps-1

● Results are found to be consistent with the Standard Model predictions, allowing to further 
constrain possible contributions from new physics in the Bs meson decay and mixing

● With the increase in statistics and the development of new techniques, the future for ϕs at LHC looks 
promising and challenging

● CMS is actively working to release an update of the Run2 measurement, adding new data sets and 
tagging strategies
○ Stay tuned in the next conference seasons!
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Thanks for the attention
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Unitary triangles
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Bs meson mixing
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CPV in mesons
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CPV in Bs ➜ J/ψ ϕ(1020) ➜ μ+μ- K+K-
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The Bs ➜ J/ψ ϕ(1020) ➜ μ+μ- K+K- decay

● Bs ➜ J/ψ ϕ(1020) ➜ μ+μ− K+K− is the golden channel for measuring ϕs
1. The final state can be reconstructed with high S/B ratio
2. J/ψ → μ+μ− is easy to trigger
3. Only one CP-violating phase (“golden mode”) if neglecting penguin contributions
4. SM predicts no direct CPV

● The final state is a mixture of CP-even and CP-odd eigenstates
○ Spin-0 pseudo-scalar meson (Bs) decaying into two spin-1 vector mesons (J/ψ ϕ(1020))
○ The CP eigenvalue of the final state depends on the value of the orbital momentum, as ηf = (−1)l

● The Bs ➜ J/ψ ϕ(1020) ➜ μ+μ− K+K−decay amplitude
can be decomposed into three polarization states
○ A0  : l = 0 ➜ CP-even
○ A

⊥
  : l = 1 ➜ CP-odd

○ Aǁ   : l = 2 ➜ CP-even
● Additional contribution (“S-wave”) from non-resonant

Bs ➜ J/ψ K+K− and Bs ➜ J/ψ f0(980) is assumed
○ AS : l = 0 ➜ CP-odd
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Decay rate model
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Angular efficiency
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DNNs as probability estimators
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Deep Neural Network for flavour tagging
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Fit model
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Fit results
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Correlations in the 13 TeV results
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Full combination results
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Correlation in the combination


