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What’s the matter with the matter?



⚫ It is violation of CP-symmetry

➢ C – charge conjugation
symmetry

➢ P – parity symmetry

⚫ Three types of CP-violation

a) Mixing

b) Direct

c) Interference (mixing + direct)

CP-violation

AsymCP ~ |A1||A2|sin(φ1 – φ2)sin(δ1 - δ2)

⚫ CP-symmetry states that laws
of physics should be the same if
a particle is interchanged with
its antiparticle and under
spacial inversion
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Three types of CP-violation
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Cabibbo-Kobayashi-Maskawa Matrix 
(CKM)

𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

𝑑 𝑠 𝑏

𝑢

𝑐

𝑡

𝑉𝐶𝐾𝑀:

• Wolfenstein parametrisation: 𝑉𝐶𝐾𝑀 =

𝟏 − ൗ𝟏 𝟐𝝀
𝟐 𝝀 𝑨𝝀𝟑 𝝆 − 𝒊𝜼

−𝝀 𝟏 − ൗ𝟏 𝟐𝝀
𝟐 𝑨𝝀𝟐

𝑨𝝀𝟑 𝟏 − 𝝆 − 𝒊𝜼 −𝑨𝝀𝟐 𝟏

➔ phase that breaks CP symmetry

𝑉𝑢𝑑 𝑉𝑢𝑠
𝑉𝑐𝑑 𝑉𝑐𝑠

𝑉𝐶𝐾𝑀: 𝑑 𝑠

𝑢

𝑐

𝑉𝐶𝐾𝑀 =

𝟏 − ൗ𝟏 𝟐𝝀
𝟐 𝝀

−𝝀 𝟏 − ൗ𝟏 𝟐𝝀
𝟐

➔ CP is conserved

• At least 3 generations are needed to make it possible for the CP symmetry to be broken



CP-violation key dates



Motivation

⚫ First observation of CP-violation in charmed particles
decays in 2018 (but not in charmed baryons!)

⚫ Huge sample of charmed hadrons from Run I and Run II

⚫ New model-independent approach

Jakub Ryżka











Signal decays – charmed baryon ΞC

A
T

~ λT

P ~ λP
d

+ λP
s

+ λ5P
b



Control decay – charmed baryon ΛC

A
T

~ 1T



Input sample

Jakub Ryżka

Dalitz plot for sample with no CP-violation Dalitz plot for sample with 20% CP-violation

Two simulated Monte Carlo data sets, containing 200 000 events from Ξ
c
→ pKπ decays have

been considered. The first one was generated according to a CP-conserving model and the

other with a moderate amount of CP-violation (20%) in the vector resonance K*.

LHCb simulation LHCb simulation
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Towards new approach

● To test the methods and study their sensitivity and statistical rejection power when
estimating the CPV a dedicated Monte-Carlo toy experiments are generated

● The core idea is based on the "isobar ansatz" where the Dalitz phase-space for a selected 3-
body decay (may be extended to n-body) is described by a coherent sum of N isobar (2-
body systems, resonances) amplitudes with a small admixture of continuum (non-
resonant) event:

● Usually, the number of resonances that enter the fit (model) is motivated by the concrete
experiment (observed decay modes) The asymmetry is introduced in an "effective" way by
reducing the fit fraction of a dominating resonance

● The final "observed" probability distribution defined over the Dalitz phase space is
calculated using the formula:

Jakub Ryżka



S
CP

binned method

The binned method is based on dividing the phase space into n bins. For each bin,  comparison 
between Dalitz plots for particles and antiparticles is performed.

Significance of the difference between number
of particles (N+) and antiparticles (N-) is
computed, using the following expression:

α = N+/N- Accounts for global asymmetries

Without local asymmetries S
CP

is Gaussian
distribution with μ = 0 and σ = 1.

Calculate a

Obtain p-value

Jakub Ryżka

p-value < 0.0000003 (5σ)

Artur Ukleja, EB Meeting 2018



S
CP

for sample with 0% CP-violation
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LHCb simulation

LHCb simulation



S
CP

for sample with 20% CP-violation
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LHCb simulation
LHCb simulation



S
CP

– results for 100 pseudoexperiments

Black squares: p-value for samples with no CP-violation
Green square: p-value for samples with 20% CP-violation

LHCb simulation



Kernel Density Estimation

Kernel Density Estimation is a non-
parametric way to estimate the probability
density function f of a random variable.

where:

is the weighting function. K is the kernel, which
determines the shape of the weighting function and h
is the smoothing parameter.

In this analysis triangle kernel was used:

Jakub Ryżka

Commonly used kernels

KDE example with Gaussian Kernel



Bandwidth optimalization

Jakub Ryżka

The bandwidth parameter h has a significant
impact on the KDE method performance. For
invariant functions one can use a globally
determined bandwidth:

For distribution with more complicated shape a
bandwidth parameter should depend on local
features of the data. Hence, an adaptive h

opt
, which

takes into account properties of the analysed data
should be considered:

KDE with different bandwidths of 
a random sample



KDE – 1D results

Jakub Ryżka

Density function with triangle kernel for chosen regions for the sample with no CP-violation

Preliminary

LHCb simulation

LHCb simulation LHCb simulation

LHCb simulation



KDE – 1D results

Jakub Ryżka

Density function with triangle kernel for chosen regions for the sample with 20% CP-violation

LHCb simulation

LHCb simulation LHCb simulation

LHCb simulation



Data

⚫ 2018 sample Run II

⚫ First estimations based on 10 Ntuples – MagUp and 
MagDown

⚫ ~ 300 mln candidates with Ξc decays in 2016 - 2018 
samples

⚫ Cuts:

− proton/kaon/pion:

⚫ PID, ProbNN, IPX2, TRACK_GhostProb, momentum,

− charm baryon

⚫ Vertex Χ2/ndof, IPΧ2, transverse momentum, DIRA, η
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Mass distributions – before cuts

Ξ
cΛ

C

Figure of Merit (FoM): S/√(S+B)

FoM = 46

LHCb Preliminary
LHCb Preliminary



Proton momentum

10 < p < 100 [GeV]

15 < p < 100 [GeV] 

10 [GeV] < p
15 [GeV] < p

p < 100 [GeV]

FoM = 45

FoM = 44.5

LHCb Preliminary

LHCb Preliminary LHCb Preliminary

LHCb Preliminary

LHCb Preliminary

𝐸𝑓𝑓 =
#𝑒𝑛𝑡𝑟𝑖𝑒𝑠 𝑙𝑒𝑓𝑡 𝑎𝑓𝑡𝑒𝑟 𝑐𝑢𝑡

#𝑎𝑙𝑙 𝑒𝑛𝑡𝑟𝑖𝑒𝑠



cut 10 & 80 
[GeV]

15 & 80 
[GeV]

10 &100 
[GeV]

15 & 100 
[GeV]

S 36k 33k 37.5k 34k

B 627k 533k 651k 556k

FoM 44.3 43.5 45 44.5

proton, momentum

Tested cuts



Ξ
c

mass distribution - before & after cuts

Before cuts:
S = 38.5k

B = 670.5k
FoM = 46

After cuts:
S = 8.4k
B = 17k

FoM = 53

LHCb Preliminary LHCb Preliminary



Analysis – other plans

⚫ Krakow – Warsaw Collaboration

⚫ Run I completed (dr. Artur)

⚫ K-Nearest Neighbours unbinned method (kNN)

⚫ Krakow – UK Cooperation

⚫ Developing and applying energy test



Conclusion

⚫ The preliminary results show that the Kernel Density
Estimation technique may potentially be sensitive to CPV and
works properly when there is no asymmetry to be found

⚫ Further studies will be carried out in order to improve
performance of KDE method

⚫ First computations on real data were performed

⚫ Selection cuts are chosen:

− FoM (before) = 46, FoM (after) = 53

⚫ Expectation for whole real data sample:

− ~1.3 mln Ξc canditates and ~100 mln Λc canditates in Run II
data
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Thank you for your 
attention!


