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Precision CP-Violation in a General-Purpose 
Detector: sin(2β) with CMS
Based on CMS-BPH-26-005 



Physics laws are the same everywhere and always 
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Cosmological observations show that matter - anti-matter 
asymmetry is  ∼ 𝒪(10−10)

Sakharov conditions for baryogenesis  

Sakharov, A. D., JETP Letters, 5 (1967) 32-35

1. Baryon number violation 


2. Interactions out of thermal equilibrium


3. C- and CP-violation
in SM But only  from SM quark sector CPV 10−20
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≠
Vub

V*ub

Weak interactions and CP-violation

• Weak interactions govern quark transitions


• Quarks transitions enable the neutral meson oscillations!


• In Standard Model CP-violation appears in weak interactions
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Neutral meson oscillations
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LHCb6 fb−1

𝐵0𝑠 → 𝐷−𝑠 𝜋+ 𝐵0𝑠 → 𝐵0𝑠 → 𝐷−𝑠 𝜋+ Untagged

LHCb Nature Phys. 18 (2022) 

neutral meson oscillations

matter anti-matter
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http://dx.doi.org/10.1038/s41567-021-01394-x


Why do we have CP-violation in Standard Model?

1.

2.

ψI ≠ ψm

3 generations of matter 

dI
sI

bI

=
|Vud| |Vus| |Vub|e−iγ

−|Vcd| |Vcs| |Vcb|

|Vtd|e−iβ −|Vts|e−iϕs/2 |Vtb|
×

dm
sm

bm

|Vud| |Vus| |Vub|e−iγ

−|Vcd| |Vcs| |Vcb|

|Vtd|e−iβ −|Vts|e−iϕs/2 |Vtb|

I II III

III
II
I

CKM matrix 
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The Unitarity triangle
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VudV*ub + VcdV*cb + VtdV*tb = 0
The Unitarity triangle:

ρ̄ + iη̄ ≡
VudV*ub

VcbV*cb

where



How to observe CP-violation?
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1. Two paths to the same final state


2. Amplitudes have a weak CP-violating and a strong 
phase CP-conserving phase 


3. Weak phases are different and strong phases are 
different 

Today: CPV in interference between 
direct decay and decay with mixing



Golden channel for : sin 2β B0 → J/ψK0
s

Direct decay

B0
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Golden channel for : sin 2β B0 → J/ψK0
s

Direct decay Decay with mixing
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Golden channel for : sin 2β B0 → J/ψK0
s

Direct decay Decay with mixing

B0 +2β
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Golden channel for : sin 2β B0 → J/ψK0
s

B0

B0 +2β

−2β
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• Time-dependent asymmetry:

aCP(t) =
ΓB0→f(t) − ΓB0→f(t)
ΓB0→f(t) + ΓB0→f(t)

=
Sf sin(Δmdt) − Cf cos(Δmdt)

cosh ( ΔΓdt
2 ) − Df sinh( ΔΓdt

2 )

Time-dependent CPV sin 2β Direct CPV

cos 2β
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Golden channel for : sin 2β B0 → J/ψK0
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• Effectively measure: 

sin 2βeff = sin(2β + Δϕd + ΔϕNP
d )

penguin NP
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Effective phase



New Physics waking up
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Space for New Physics



Penguin control
[Robert Fleischer, Krystof de Bruyn '15]

[Robert Fleischer, Krystof de 
Bruyn, Eleftheria Malami'26]

[Marten Barel, Robert Fleischer, 
Krystof de Bruyn, Eleftheria 
Malami'21]

•  is the same final state! So if I reconstruct the , penguins control 
mode comes for free!
B0

s → J/ψK0
s B0 → J/ψK0

s
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https://arxiv.org/pdf/1412.6834
https://arxiv.org/abs/2505.06102
https://arxiv.org/abs/2505.06102
https://arxiv.org/abs/2010.14423
https://arxiv.org/abs/2010.14423
https://arxiv.org/abs/2010.14423


Reconstruction with CMS



CMS detector 
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• General purpose detector

• Excellent muon reconstruction and 

momentum resolution due to the 
strong magnetic field


• Excellent performance of the 
compact silicon tracker


• But no PID or track trigger!
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Differences with LHCb
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2

3

4

Difference in S/B 

Higher pile-up 

Decay time efficiency  

Dilution due to decay time 
resolution 

X 4 
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⟨μ⟩ ≈ 5 40 fs vs 60 fs



Double Muon B-parking
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Parked B mesons

Phys. Rept. 1115 (2025) 678

μ

Trigger B
Other B
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• Collect b hadron decays triggered by low-pT dimuon pairs


• Collected in 2022-2026, 299 fb−1
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https://arxiv.org/abs/2403.16134
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Reconstruction
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1 Search for the two trigger opposite charged muons close to ; constrain 
to the  mass

J/ψ
J/ψ

μ+

μ−

J/ψ
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1 Search for the two trigger opposite charged muons close to ; constrain 
to the  mass

J/ψ
J/ψ

μ+

μ−

2

π+
π−

3 Fit the  vertex with two muons and B0 K0
s

B0
4 Find the primary vertex closest to  in 3DB0

Chosen primary vertex
PV 1

PV 2

d =
|( ⃗PV − ⃗SV ) × ⃗p|

|p|

Search for the two track close to the ; assign pion mass; constrain to 
the  mass

J/ψ
K0

s
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Statistics in 2022-2025
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 millions of  decays


 thousands of  decays

∼ 1.4 B0 → J/ψK0
s

∼ 16 B0
s → J/ψK0

s



Background subtraction 
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Background subtraction 
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Background subtraction 
Discriminating variableObservable 

Key assumption: discriminating variable and observable are statistically independent!
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• Difference:

wk(m) =
n

∑
l=0

Akl gl(m)
I(m)

Background subtraction 
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• Custom Orthogonal Weights (COW) allow to in crude non-factorizable effects in 
the signal efficiency


• Generalisation of sPlot method

COW sPlot

Variance function

Fit model

A−1
kl = Wkl = ∫ dm

gk(m) gl(m)
I(m)

Distribution for component l

I(m) = g(m) I(m) ≠ g(m)

Discriminant variable

VS

NIMT A, 1040, 167270.
21

https://www.sciencedirect.com/science/article/pii/S0168900222006076?via%3Dihub


Background subtraction 
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NIMT A, 1040, 167270.
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https://www.sciencedirect.com/science/article/pii/S0168900222006076?via%3Dihub


COWs and Variance Function NIMT A, 1040, 167270.

2D signal efficiency 2D signal efficiency weighted 
mass distribution 

Variance function I(m)
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For illustration only
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Background subtraction NIMT A, 1040, 167270.

COW-weighted decay time distributionsBa
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https://www.sciencedirect.com/science/article/pii/S0168900222006076?via%3Dihub


Asymmetry fit 
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Asymmetry in data : abin
CP =

∑i∈bin
i (−qtag,i wi Di)
∑i∈bin

i (wiD2
i )

cow-weight 

Di = Dtag
i × Dtime.res

i

tag decision

• Adoption of COWs allows to explicitly fit the matter-antimatter asymmetry :
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Decay time resolution
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Dres?
Dres = exp (−

σ2Δm2
s,d

2 )
•  oscillates 35 times 

slower than 


• ~1 for  and ~0.6 for  

B0

B0
s

B0 B0
s
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Decay time resolution
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Resolution 
effects

• Look at the candidates with reconstructed decay times close to 0.
• Calibrate measured decay time error to the true decay time resolution
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Measured decay time error

For illustration

For illustration
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Flavour tagging = neutral meson tagging

SS

Tagging algorithms distinguish           from          B0 B0

Fl
av

ou
r t

ag
gi

ng

σstat ∝
1

εtag(1 − 2ω)2N{
Ptag = εD2

tag

Defines effective size of statistics available for the asymmetry measurement:
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Flavour tagging = neutral meson tagging
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• New taggers based on ParticleTransformer jet tagger developed for Run 3


• Key idea : add variables describing relations between jet-components into the 
attention mechanism

Attention to all particles to classify jets

Attention to inter-particles relations

Flavour tagging = neutral meson tagging
30

https://arxiv.org/abs/2202.03772
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• Softmax gives a probability score for meson flavour 

Flavour tagging = neutral meson tagging

B0B0

For illustration only
• : ; s > 0.5 + δs q = + 1 ω = 1 − s

s

• : ; s < 0.5 − δs q = − 1 ω = s B0

B0

• : 0.5 − δs < s < 0.5 + δs q = 0 Untagged
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• Calibration done with  


• Not ideal for the SS tagger, but okay for OS

B+ → J/ψK+

si
n

2β

Muon

Jet

Electron

SS

Same side

Opposite Side
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Flavour tagging = neutral meson tagging
32



SS

Caveat: SS is not calibrated precisely enough 
with  for  so removed from   B+ → J/ψK+ sin 2β B0

Fl
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r t
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ng

Flavour tagging = neutral meson tagging

Combined Performance of Run 3 taggers 
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aCP(t) = Aprod + Atag +
S sin(Δmdt) − C cos(Δmdt)

cosh(ΔΓdt/2) − D sinh(ΔΓdt/2)Model :

Aprod = (0.00 ± 0.54) % measured on control mode B+ → J/ψK+

pdg

Asymmetry fits
34
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• External and reducible with updated measurements

•  Flavour tagging calibration 

Sy
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Systematical uncertainty

(Thanks, Vukan for helping us)
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B0 → J/ψK0
s B0

s → J/ψK0
s

S = 0.710 ± 0.013 (stat.) ± 0.009 (syst.)
C = 0.013 ± 0.011 (stat.) ± 0.006 (syst.)

S = 0.00 ± 0.19 (stat.) ± 0.00 (syst.)
C = − 0.18 ± 0.23 (stat.) ± 0.01 (syst.)
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t

Asymmetry fits
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• First high precision measurement of observable time-dependent CPV from CMS 

CMS

Results
37
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B0 → J/ψK0
s B0

s → J/ψK0
s
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Results
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Outlook
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Minimum ionising particle timing detector - MTD

4

1 Much more data 

2 Much more actually collected data 

× 7.5 × 7.5
Particle identification!

3 Trigger on tracks at L1!
20XX

5 Larger acceptance to |η| < 4

 peakb

CMS TEPX

× 1.5

× 6

× X

× X

× 1.35
for tagging

for S/B

for trigger 
efficiency

for b-quarks in the CMS 
acceptance



• First high precision CP-violation measurement in CMS 


• Update on the penguins contributions to 


• Much more to come: interpretation of the phase, casting with respect to external 
inputs 

sin 2β

Summary
O

ut
lo

ok
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Backup
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Selection



Tagging variables 

Jet taggers 

OSMuon OSElectron

SS-Jet OS-Jet



≈ 10−5

×
(m2

t − m2
c )(m2

u − m2
t )(m2

c − m2
u)

4 ×

(m2
b − m2

s )(m2
s − m2

d)(m2
d − m2

b)
≈ 1045MeV12

≈ 1060 MeV12T12
freeze−out

= 10−20
There is not enough CP-violation in quark sector alone 

Amount of CP-violation in Standard Model quark sector 



• The interaction of the K0 with the detector 
before decay, introduce mixing between KS 
and KL which modifies the measured CPV


• Estimated an effective CPV shift of O(10-4), 
negligible within the precision of the 
measurement (σS,C ~ 10-2)

Kaon regenerations

Point of KS decays in the tracker

Most KS decays within the first 2-3 pixel layers

Simulated Ks and the tracking system in the 
r-z plane


