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Introduction

● Studying heavy quarks is crucial in experimental particle physics for
○ Testing the Standard Model
○ Probing fundamental interactions
○ Searching for New Physics

● This talk unveils two new CMS results on the physics of top and bottom quarks
○ Measurement of top quark entanglement
○ Precision measurement of CP violation in Bs meson decays
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Probing Top Quark Entanglement

CMS PAPER TOP-23-001

Fig. ref

https://www.particlebites.com/?p=3063
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Entanglement at the LHC

● Fundamental predictions of QM:
○ Entangled states cannot be described by independent superpositions:  

measuring particle spin in an entangled system immediately reveals 
the spin state of the second particle 
■ Nobel Prize in 2022 for Aspect, Clauser, and Zeilinger

 
● First observation of entanglement in tt̅ by ATLAS end of last year (see S. Wuchterl talk) 

○ Short top quark lifetime of 10-25 s allows measuring polarization (B) and spin 
correlation (C) in tt̅ production ➜ explore to proof entanglement at the LHC

○ Spin density operator ⍴ is fairly complex, but one can find the necessary conditions 
to show that it is non-separable ➜ entangled [EPJP(2021)136:907]

● Experimental goal ➜ measure D (entanglement proxy)

How to produce a top quark

not separable if
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How to measure the entanglement proxy D

● Analysis strategy: use leptonic final states to measure the 
helicity angle cos 𝜑 ≡ ℓ1⋅ℓ2 (measured in the top reference frame)
○ Experimentally well measured
○ Fully encapsulates the spin correlation information for gg 

fusion production at low mass

○ Resilient to systematic effects
● The degree of entanglement is highly phase-dependent
● Focus on low-mass region (345 < mtt < 400 GeV)

○ Dominated by gg 
○ Increased entanglement

● Cut on velocity along the beam line of the tt̅ system to increase 
gg/qq fraction

Degrees of entanglement for 
gg fusion production

Leptons from τ 

decays included

5/18

Analysis phase-space Top quark scattering angle
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Signal model and uncertainties

● Combined signal model: tt̅ + toponium (ηt)
○ Only spin-0 ηt accounted (colour singlet pseudo-scalar 

state) [PRD104(2021)034023]

○ ηt improves data modeling in the threshold region
○ 47 500 signal candidates in 35.9 fb-1 collected in 2016

● Main background sources: Z+jet (MG5_aMC@NLO + 
data-driven corrections), single top (Powheg MC), diboson 
(Pythia8 MC)

● Leading experimental uncertainties
○ Jet energy scale and resolution

● Leading theory-based uncertainties
○ Toponium normalization
○ Parton Shower

Leading systematic uncertainties
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Analysis region

https://doi.org/10.1103/PhysRevD.104.034023
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Entanglement measurement

● The entanglement proxy D is extracted with a template fit
○ All systematic effects included as nuisances

● How to create variations of D outside of SM?
1. Generate top pairs with no spin correlation (noSC, D = 0)
2. Created new samples with mixture of SM and noSC to obtain D 

∊ [DSM, 0]
3. Extend the fit for variations of [-1, DSM]

● Use samples of SC and noSC to change fraction of tt̅ with 
aligned vs opposite spins ➜ any value of D between -1 and +1 
can be reached 

  
                              D ~ 

Post-fit cos 𝜑 distribution

Mixture templates
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Results
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● Fit yields D at parton level, accounting for all detector effects

○ 5 standard deviations observation of top quarks 
being entangled at tt̅ threshold 
    

● Good agreement with SM predictions
○ Significantly improved by ηt inclusion 

● First measurement of entanglement of top quarks with CMS 
data

● Even in presence of a hypothetical toponium bound state, 
we confirm the existence of entanglement in the tt̅ system

Without ηt

With ηt



Precision measurement of CP violation in 
Bs mesons

CMS PAPER BPH-23-004
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Motivations

● Bs mesons decays allow us to study the time-dependent
CP violation generated by the interference between direct decays and 
flavor mixing
○ CPV in the interference is possible even if there is no CPV in

decay and mixing
● The weak phase ϕs is the main CPV observable

○ Predicted by the SM to be ϕs ≈ -2βs (βs ➜ angle of the Bs unit. triangle)
■ Neglecting contributions from higher-order diagrams

○ βs determined by CKM global fits to be -2βs = -37 ± 1 mrad [CKMfitter, UTfit]

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

● This work talk presents the latest CMS results with the golden channel
Bs ➜ J/ψ ϕ(1020) ➜ μ+μ- K+K- 

From: [CKMfitter]
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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/10.1103/RevModPhys.88.045002
http://ckmfitter.in2p3.fr/www/results/plots_summer19/ckm_res_summer19.html
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A time-, flavor- and angular-dependent measurement

Core ingredients

● Time-dependent angular analysis to separate the 
CP eigenstates (“transversity basis” used)

● Time-dependent flavor analysis to resolve the Bs 
mixing oscillations (T ~ 350 fs)

2π  
 Δms

ϕs ≠ 0

~ 350 fs

flavor oscillationsCP violation
final-state CP 

eigenvalue

Transversity basis

Decay rate for a CP-even final state

SM values 
assumed
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Analysis overview

● Dataset: Lint = 96 fb-1 collected in 2017-2018
● Signal candidates:  491 270 ± 950
● Two-triggers strategy

1. J/ψ ➜ μ+μ- plus an additional muon
■ Used for time resolution modeling
■ ≈50 000 signal candidates
■ Only tagging option: Opposite Side (OS) muon

2. Displaced J/ψ ➜ μ+μ- plus ϕ ➜ K+K- 
■ ≈450 000 signal candidates
■ Inclusive tagging suite: OS muon, OS electron, OS jet, Same Side

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⟂

● Background sources: combinatorial, B0 ➜ J/ψ K*0, Λb➜ J/ψ K
-p (negligible)

Invariant mass and proper decay length (ct) 
distribution for HLT JpsiTrkTrk (2018)
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Tag decision, mistag probability
Direct CPV
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Experimental effects

Time efficiency

● Modeled in B0 ➜ J/ψ K*0 control data sample with corrections from MC

Time resolution

● Estimated from the measured σ(ct) with calibration in prompt events
● Excellent agreement found (calibrations around ~5%)

Angular efficiency

● Estimated with KDE distributions in simulated events
● The simulations are corrected to match the data

Time efficiency for HLT JpsiTrkTrk 2018 data

Time resolution calibration for 2018 data

with
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δeff
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Flavor tagging overview

● A cutting-edge flavor tagging framework has been engineered to
extract the best possible results from data

● Four DNN-based algorithms are used, divided into two main 
categories
○ Same side (SS): exploits the Bs fragmentation

1. SS tagger: leverages charge asymmetries in the Bs 
fragmentation

○ Opposite side (OS): exploits decay products of the other
b-hadron in the event

2. OS muon: leverages b ➜ μ
-X decays 

3. OS electron: leverages b ➜ e
-X decays

4. OS jet: capitalizes on charge asymmetries in the OS b-jet
● All algorithms are trained on simulations and calibrated in B+ ➜ J/ψ K+ 

with special precautions to reduce systematic effects
○ The SS tagger is trained on a mixture of Bs and B+ events, with 

additional corrections to address Bs/B
+ differences in the 

hadronization
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Schematic representation of a generic HLT JpsiTrkTrk event
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Flavor tagging performance

● The SS and any one of the OS algorithms overlap in 
about 20% of the events
○ In these cases, the information is combined to 

improve the tagging inference
● The combined flavor tagging framework achieves a 

tagging power of Ptag = 5.6% when applied to the Bs 
data sample
○ Among the highest ever recorded at LHC
○ SS accounts for half of the performance

● This is the first CMS implementation of the OS jet 
and same side tagging techniques

● The flavor tagging framework is validated in the
B0 ➜ J/ψ K*0 data control channel with flavor mixing 
measurements, both integrated and time-dependent 

ωtag distribution in HLT JpsiMuon (left) and HLT JpsiTrkTrk (right) for 2018

Flavor tagging performance (mutually exclusive categories)
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Results

● These results supersede PLB816(2021)136188 and are further combined 
with those obtained CMS at 8 TeV, yielding:

● The combined value for the weak phase ϕs is consistent with the SM 
prediction, the latest world average, and with zero (no CPV) at 3.2 s.d.
○ This is the first evidence of CPV in Bs ➜ J/ψ K+K- decays

● These results helps to further constrain possible BSM effects in the Bs system

● Extremely competitive results 
comparable to the most precise 
single measurements by LHCb

○ Largest ever effective statistics 
(NBs⋅Ptag) for a ϕs measurement 
in this final state

● Leading systematic sources for 
ϕs: model bias, flavor tagging, 
and angular efficiency

Results
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Comparison with other LHC experiments

1, 2, 3 standard deviations contours

https://doi.org/10.1016/j.physletb.2021.136188
https://doi.org/10.1016/j.physletb.2016.03.046


Outlook
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Summary and outlook
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● This talk presented two high-profile new CMS results on the physics of heavy quarks
○ Measurement of the top quark entanglement

■ Measured in leptonic channels in the low mass region
■ Inclusion of toponium significantly improves the agreement with SM 
■ Entanglement observed at more than five standard deviations

○ Measurement of the CP violation in Bs mesons
■ Largest ever effective statistics (NBs⋅ Ptag) for a ϕs measurement in this f.s.
■ Pioneering flavor tagging framework with charge-based SS techniques
■ Evidences of CPV in Bs ➜ J/ψ K+K- at three standard deviations

● With the increase in statistics and the development of new techniques, the future for 
heavy quark physics at CMS looks brighter than ever

Stay tuned in the future for other exciting CMS results!



Thanks for the attention
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Top entanglement event selection

● 2 oppositely charged isolated leptons (ee, eμ and μμ)
○ pT > 25(20) GeV, for leading(trailing) lepton and |η| < 2.4
○ Electron discriminator vs fakes
○ Muon discriminator vs fakes
○ Veto events with more than two leptons

● Reject events with mℓℓ < 20 GeV
● ≥ 2 jets (R=0.4)

○ pT > 30 GeV and |η| < 2.4
○ Jet cleaning: ΔR(ℓ, jet) > 0.4

● ee, μμ channels:
○ Emiss, T :  > 40 GeV
○ Z veto: |mZ − mℓℓ| > 15 GeV

● Reject events failing kinematic reconstruction constraints
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Likelihood scan result
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Decay rate model

Conventions
● |A

∥
|2 = |A0|

2 - 
|A

⊥
|2

● δ0 = 0
● δS⊥ = δS - δ

⊥

Physics parameters
● ϕs, |λ|
● ΔΓs, Γs, Δms
● |A0|

2, |A
⊥

|2, |AS|2

● δ
∥

, δ
⊥

, δS⊥

Tag decision      Mistag probability

kSP

kSP

kSP

S-P wave effective coupling kSP ≈ 0.54
 •  Introduced since m(K+K-) is not fitted
 •  Evaluated by integrating the S- and 
P-wave lineshape interference

Sensitive to
ϕs ~ 0

Amount of 
direct CPV

Decay time

Angular 
variables

Sensitive to 
direct CPV

Sensitive to
ϕs ~ π/2
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Penguin contributions

● Penguin pollutions are expected to be small for Bs, but they are not well constrained

● Analysis of penguin and NP contributions is possible using Cabibbo-favored control channels

We 
measure 

this

Trying to 
probe this

Assuming 
this is 

negligible

Theory reference: J.Phys.G48(2021)6,065002

B-factories CPV flagship
LHC competitive

LHC CPV flagship
B-factories not competitive

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202010.14423
https://doi.org/10.1088/1361-6471/abf2a2
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Trigger strategy
HLT JPsiMuon

● J/ψ ➔ μμ candidate plus an additional muon (for tagging)
● Around 50k signal candidates
● Used for time resolution calibration as it is not displaced
● Tagging algorithms applied: OS-muon

○ Ptag ~ 10%

HLT JPsiTrkTrk

● Displaced J/ψ ➔ μ+μ- candidate + two charged tracks 
compatible with a ϕ(1020) 

● Around 450k signal candidates
● Displaced (lifetime turn-on efficiency to model)
● Possible tagging strategies: OS-muon, OS-electron, OS-jet,

Same Side
○ Ptag ~ 5% 

black circle = triggered objects

PLB816(2021)136188

(superseded)
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Offline selection

● Selection requirement optimized with the a genetic algorithm to maximize S/√(S + B)
● To avoid overlaps, HLT JPsiMuon is vetoed in the HLT JPsiTrkTrk category
● The PV of choice is the closest in 3D to the line that passes through the SV and parallel to the Bs momentum

Requirements common between the two HLTs

● 5.24 < m(μμKK) < 5.49 GeV
● pT(Bs) > 9.5 GeV
● Vertex probability > 2%
● σ(ct) < 50 μm
● |η(μ)| < 2.4
● |η(K)| < 2.5
● |m(μμ) - m(J/ψPDG)| < 150 MeV
● |m(KK) - m(ϕ(1020)PDG)| < 10 MeV

Requirements specific to HLT JPsiMuon

● pT(μ) > 3.5 GeV
● pT(K) > 1.15 GeV
● ct > 60 μm

Requirements specific to HLT JPsiTrkTrk

● HLT JPsiMuon vetoed
● pT(μ) > 4 GeV
● pT(K) > 0.9 GeV
● pT(μμ) > 6.9 GeV
● ct > 100 μm, ct/σ(ct) > 3
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Time uncertainty and resolution

● The time dependence of the decay rate is parametrized with the 
proper decay length ct

● The ct uncertainty σct is obtained by fully propagating the 
uncertainties in Lxy and pT
○ The uncertainty on Lxy dominates for most of the ct spectrum, with the 

uncertainty on pT taking over for very high values (ct > 3 mm)

● The ct resolution δct generates a dilution effect on the observed CP 
asymmetry

● In this work, we assume δct ~ σct and we improve this hypothesis 
with a data-driven calibration

ct distribution in
HLT JPsiTrkTrk 2017

σct distribution in
HLT JPsiTrkTrk 2017 

avg(σct) ~ 20 μm
            ~ 65 fs
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Time resolution calibration

● The time resolution is calibrated in a prompt data sample of
Bs ➜ J/ψ ϕ
○ Performed separately for 2017 and 2018 in 5 bins of σct

● For each bin, a fit to the ct distribution is performed to describe the 
prompt and long-lived components
○ The resolution is modeled with two gaussians

● The two widths of the gaussians are used to evaluate the effective 
time dilution, from which an effective time resolution can be extracted

● The estimated resolutions δct,eff are compared with the average 
uncertainty in each σct bin and a linear calibration is performed to 
model residual differences

● The results show an almost perfect linear relationship, with slope 
compatible with 1 and intercept ~1 μm

Time resolution calibration (2018)

Time resolution fit (inclusive, 2018)
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Time efficiency for 2018 data

Proper decay length efficiency (HLT JpsiMuon 2018) Proper decay length efficiency (HLT JpsiTrkTrk 2018)
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Common methodologies

● The tagging inference logic differs between algorithms
○ Lepton taggers (OS muon, OS electron)

■ Lepton charge ➜ ξtag; DNN ➜ ω tag (DNN trained for correct-tag vs mistag)

○  Charge-based taggers (OS jet, SS)
■ DNN ➜ P(Bs) ➜ ξtag, ω tag  (DNN trained for Bs vs    ) )

● The algorithms are optimized and trained in simulated events Bs ➜ J/ψ ϕ and calibrated
in data with self-tagging B+ ➜ J/ψ K+ with the “Platt scaling” method [ref]
○ The calibration is performed by comparing the predicted and measured ω tag
○ The Platt scaling is a linear calibration of the score before the last sigmoid layer

■ This allows the DNN score to still be treated as a probability
after the calibration

DNN score

(1, 1)

(0, 0)

OS-Jet calibration (2018)

https://www.researchgate.net/profile/John-Platt-2/publication/2594015_Probabilistic_Outputs_for_Support_Vector_Machines_and_Comparisons_to_Regularized_Likelihood_Methods/links/004635154cff5262d6000000/Probabilistic-Outputs-for-Support-Vector-Machines-and-Comparisons-to-Regularized-Likelihood-Methods.pdf
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OS-lepton taggers selection

   OS Muon

● Requirements
○ pT > 2 GeV
○ |η| < 2.4
○ |dz(PV)| < 1 cm
○ ΔR(Bs) > 0.4
○ Discriminators vs fakes

● Deployed in both HLT categories
● Dense DNN for ω tag estimation

○ Inputs: kinematics, IP, 
surrounding activity

   OS electron

● Requirements
○ No OS muon selected in the event
○ pT > 2.5 GeV
○ |η| < 2.4
○ |dz(PV)| < 0.2 cm
○ |dxy(PV)| < 0.08 cm
○ ΔR(Bs) > 0.4
○ Discriminators vs fakes

● Deployed only in the HLT_JpsiTrkTrk 
category

● Dense DNN for ω tag estimation
○ Inputs: kinematics, IP, surrounding 

activity

OS-Muon calibration
(HLT JPsiMuon 2018)

OS-Electron calibration (2018)
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OS-jet tagger

● DeepJetCharge is based on the DeepSets architecture [ref]
○ Inputs: features from signal B, OS jet, and tracks

■ The only flavor asymmetry is in the charges
● Jet selection

○ No OS-lepton candidate
○ pT > 10 GeV, |η| < 2.5
○ ≥ 2 tracks with |dz(PV)| < 1 cm
○ ΔR(Bs) > 0.5
○ b-tagging discriminator

● Additional tracks selection
○ ΔR(track, jet) < 0.5
○ |dz(PV)| < 1 cm

● The output is explicitly symmetrized due to the LHC charge imbalance

● Events with ω tag> 0.48 are labeled as untagged
● Deployed only in the HLT JpsiTrkTrk category

Signal B features Track features

Features 
engineering

Event features 
engineering

Probability
estimation

“Time” 
collapsing

Track 
charges

Charge 
features 

engineering

Schematic DNN model 
representation

20-dim

1-dim

20-dim

20-dim ➔ 1-dim

20-dim1-dim

20-dim

Jet features

1-dim

https://arxiv.org/abs/1703.06114
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SS tagger

● DeepSSTagger uses the kinematic information from up to 20 tracks (ordered by |dz|) around 
the reconstructed b-meson

● Requirements
○ ΔR(track, B) < 0.8
○ |dz(PV)| < 0.4 cm
○ |dxy(PV)|/σdxy < 1

● Overlap with signal and OS is carefully avoided
● DNN model is very similar to DeepJetCharge
● Trained with an equal-weight mixture of Bs ➜ J/ψ ϕ and B+ ➜ J/ψ K+ to make the model 

invariant for Bs ↔ B+ for calibration purposes
● Deployed only in the HLT JpsiTrkTrk category
● Output symmetrized and events with ωtag> 0.46 considered untagged
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SS-tagger calibration and performance

Comparison between Same-side 
tagger B+ and Bs calibrations

Same-side tagger calibration
(B+ data, 2018)

● Direct calibration in data with Bs mesons was found to be 
not feasible in CMS

● The DNN is calibrated in data with B+ ➔ J/ψ K+ data
● Simulated Bs and B+ samples are used to correct residual 

differences
● The correction is of the order of 10%

○ 100% of the correction size is assumed as a 
systematic uncertainty

correction
from MC

correction
from MC
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Tagging validation with B0 events

● The flavor tagging framework is validated in the B0 ➜ J/ψ K*0 
control channel (~2M events)

● The time-dependent mixing asymmetry is measured to extract the 
flavor mixing oscillation frequency Δmd with a precision of O(1%)
○ Excellent agreement with world-averages observed

➜ No bias in mixing frequency measurements
● The time-integrated mixing is also measured for each tagger and their 

dependency on the expected tagging dilution is compared
○ The dependency between the measured Amix and the estimated 

Dtag is found to be well described by a linear relationship, 
indicating that all four techniques behave in the same predictable 
way

Mixing asymmetry
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Mixing asymmetry for different tagging categories
Only OS-muon
(HLT JpsiMuon) Only OS-muon Only OS-electron Only OS-jet

Only SS SS & OS-muon SS & OS-electron SS & OS-jet

All categories are 
mutually exclusive

All but the first 
refers to
HLT JpsiTrkTrk
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Fit projections (HLT JpsiTrkTrk 2018)
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Systematic uncertainty overview

● Model bias, flavor tagging, and angular efficiency are found to be the leading systematic 
sources for ϕs

● The measurement is still heavily statistically limited for ϕs
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Fit with individual tagging techniques

● All results are evaluated with 
respect to the reference ones

● The grey area represents the 
statistical uncertainty of the 
full fit

● Only flavor-sensitive 
parameters are shown 

● Excellent agreement 
between tag categories
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Comparison with theory and world averages

[CKMfitter, UTfit]

[Lenz & Tetlalmatzi-Xolocotzi]

[Lenz & Tetlalmatzi-Xolocotzi]

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
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Flavor tagging in Phase-2 with MTD

● The MTD (Mip Timing Detector) provides time information of charged tracks at its surface
● The reconstruction algorithm utilizes compatible times of tracks from a vertex to offer time-of-flight based particle 

identification (PID) as a natural byproduct

● Same-side tagging could utilize charge correlation between the s-quark in the Bs and a nearby soft kaon for flavor 
tagging

● The PID from MTD, when integrated in the Phase-2 extrapolation of this analysis, shows a significant improvement 
of the tagging performances

Reference: CERN-CMS-DP-2022-025

Relative gain in Ptag (only SS)

(perfect PID < 3 GeV)

Simulated PID efficiencies

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202010.14423
https://cds.cern.ch/record/2815409?ln=en

