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• The Standard Model (SM) is a theory 
which describes “well” existed data,   
but there are many phenomena which 
are not understood:

Ø known value of CP violation (CPV) 
in the SM is too small to explain 
the observed size of matter domination
over antimatter in the universe

Ø 7 April ’22: the measured  W mass is different from the SM calculations!
(CDF collaboration)

• The main goal of particle physics is to search for physics beyond the SM
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• The LHCb does indirect searches for new physics via testing the Standard 
Model in very precise measurements of known processes

Ø finding disagreement will be indirect indication of new phenomena 
existence 

• The new particles can appear in the loops

• In particular, CP violation in charm sector is very promising  
Why?  → This seminar! 

box diagrams

penguin diagrams

Search for New Physics in the Flavour Sector

New Physics are corrections to Standard Model processes:

Standard Model New Physics

ABSM = A0

(

CSM

m2
W

+ CNP

λ2
NP

)

What is the scale of λNP ? How much different are CNP and CSM?
Stephanie Hansmann-Menzemer 2

b ! s``

The b ! s`+`� “industry” at the LHC
Everybody’s favorite rare “penguin” decay!

Flavor-changing-neutral-current (FCNC).

No tree-level diagram in the SM. Many
ways where NP can enter.

Several ways to explore this:

Bs ! µ+µ� BF @ LHCb/CMS

B ! K ⇤J �pol @ LHCb

Bd ! K (⇤)`�`+ @ LHCb/CMS

Bs ! �µ+µ�, ⇤b ! ⇤(⇤)µ+µ� ...

Biplab Dey Recent results from LHCb (SSI 2015) August 12
th , 2015 13 / 51

Standard Model New physics



Neutral mesons mixing (oscillation)
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Motivation

• Neutral mesons can oscillate between matter 

and anti-matter: mass eigenstates are different 

from flavor eigenstates

• Oscillations in K0 and B0, B0
s are well 

established and provide precision tests of the 

standard model CKM parameters

• What about charm?

• Almost completely unexplored

• Low standard model rate, potentially a 

powerful probe for new physics

• Only up-type quark where we can look for 

mixing and/or CP violation
2
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|D1,2� = p|D0�± q|D̄0�
Mass eigenstates are different from flavour eigenstates

• Neutral mesons can change (oscillate) into their own antiparticles, as the mass 
eigenstates are linear combinations of the flavour eigenstates 

• The flavour-changing neutral currents do not occur at tree level in the SM

• They allow for hypothetical 
particles of arbitrarily high mass
to contribute significantly 
to the process 

• This can affect the mixing of mesons and antimesons such that measurements 
of these processes can probe physics beyond the SM 

W-

c u

u c

W+

d
s
b

d
s
b

D0 D0+NP?



Neutral mesons mixing
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Two parameters describe mixing: mass difference  x  and decay with difference  y

weak phase (CP-violating phase): 

If  f ≄ 0   or   |p/q| ≄ 1   then CP violation occurs

6
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experiment theory

theory

x (Dm),  y (DG),  f – measured 
experimentally

|D1,2� = p|D0�± q|D̄0�

x, y – the dimensionless 
parameters 

So far, the current world averages: 
<latexit sha1_base64="P8073IJRkkvjcFGpX+TyiviACUo="></latexit>

x = (3.7± 1.2) · 10�3

y = (6.8+0.6
�0.7) · 10�3

|q/p| = 0.951+0.053
�0.042

� = �0.092+0.085
�0.079

HFAG, arXiv: 1909.12524

(≈ 0 !)
(≉ 0)
(≈ 1)
(≈ 0)

The data remain marginally 
compatible with x ≈ 0, and are 
consistent with CP symmetry 

In theory: x ≈ y



Three ways of CP violation in the Standard Model
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P0 =  K0, B0, B0
s, D0

P± =  K±, B±, B±s, D±, L±b, L±c, X±c …

1. In the mixing (only neutral particles)
P0 → anti-P0  ≠   anti-P0 → P0

2. In the amplitudes of direct decays 
(neutral and charge particles)
P± → f   ≠ anti-P± → anti-f 

3. In the interference between 
direct decays and decays via 
mixing (only neutral particles)

Mixing and decay processes can be mediated via loop diagrams.
New physics is likely to enter in loops where new particles can be exchanged.



CP violation in direct decays
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AT P

A = VusV*cs AT + VudV*cd Pd + VusV*cs Ps + VubV*cb Pb
~ l ~ l ~ l ~l6
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weak phases strong phases !!!
AsymCP ⇥ |A1||A2|sin(⇥1 � ⇥2)sin(�1 � �2)

λ = 0.22 

=AT =P

To observe CP violation, at least two amplitudes must interfering with 
different weak phases   AND   DIFFERENT   STRONG   PHASES

Singly Cabibbo−suppressed decay (SCS):
• a place for CP violation in the Standard Model (only)
• both: tree and penguin diagrams

New physics



Decays without CP violation
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Cabibbo−favoured decay (CF)
• no penguin contribution and no CP violation in the Standard Model
• used to check the detector effects (control decays)

K-

possible quark s: 
1→ l (SCS)

In contrast to CF and SCS, there are doubly Cabibbo−suppressed decays (DCS)
• no tree diagrams, only penguin with loops
• no CP violation in the Standard Model
• any signal of CP violation means new physics existence

c
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Re-scattering contribution 
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Re-scattering following a tree level amplitude and CP violation 
follows from tiny nonunitary of  2 x 2  CKM submatrix  

Re-scattering: d anti-d → s anti-s

In the Standard Model, CP violation is expected to be detectable only in singly 
Cabibbo-supressed decays

It may be more important than we 
thought previously



The Standard Model predictions for charm
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• Predicted CPV in charm sector is
very small  ≲ 10−4 − 10−3 (much 
smaller than in the beauty sector)

• The SM predictions vary widely
• New physics contributions can 

enhance CPV up to 10-2

Int.J.Mod.Phys.A21(2006)5381 ;
Ann.Rev.Nucl.Part.Sci.58(2008)249
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• Strong evidence of charm mixing 

from different experiments 

becomes an observation only 

when all results are combined

• Observed mixing rate (as well as 

observed direct CPV) is consistent 

only with most stretched SM 

predictions
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Mixing via box diagram, short range Mixing via hadronic intermediate states, 
long range (difficult to calculate)

Int.J.Mod.Phys.A21(2006)5686

triangles |x| ; squares |y|

+ pp + 3h…

Perfect place for new physics searching (small background from the SM)
Since CP violation, x and y are very small, we need very precise detector 
to measure observables with extremely high accuracy → LHCb at LHC 

x ~ y < 1%

+ rescat-
tering
(new 
issue)
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�(bb̄) = 75.3± 5.4± 13.0 µb (
p
s = 7 TeV)

�(cc̄) = 1419± 12± 116 µb ⇠ 20⇥ �(bb̄) (
p
s = 7 TeV)

�(cc̄) = 2369± 3± 152 µb (
p
s = 13 TeV)

LHC as a charm factory
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• LHC produces the largest number of  c – anti-c pairs in the world
• Mostly boosted at large 𝜂 ( 2 < 𝜂 < 5 )

Phys.Lett.B694 (2010) 209-216

Nucl.Phys.B871 (2013) 1

JHEP 05 (2017) 074

In the LHCb acceptance:
Run 1 (2011-2012)

Run 1 (2011-2012)

Run 2 (2015-2018)



LHCb 

Hadronic b decays

Introduction

Measuring γ

γ Combination

!!CP in B± → D0h

Λb →πKph

b → cc

Conclusions

C. Fitzpatrick

March 24, 2014

Introduction

! Hadronic beauty decays offer a wealth of interesting measurements
! This talk:

! [PRELIMINARY]""CP in the beauty sector: CKM angle γ
! [NEW] Measurements of beauty baryons

! LHCb is uniquely positioned to make precise measurements with fully hadronic final
states:

250m
rad

100mrad

! Excellent vertex resolution

! Precise tracking

! Flexible & efficient software trigger

! Hadronic PID up to 100GeV/c

2 / 14

LHCb is a forward spectrometer studying pp collisions 
  Excellent vertex resolution of O(10 μm) 
  Time Resolution of 40-50 fs (14% of Bs oscillation period) 
  RICH detectors provide K±/π± separation 

  Particle ID of >90% e#ciency for kaons [5% pion misid] 
  ECAL for electromagnetic particles 

 

2011 1 fb-1 

2012 2 fb-1 

 
Total 3 fb-1 

LHCb: charm-ing and beauti-ful experiment at LHC

The charm of charm 26/04/2022   13

• VELO – precision primary and secondary vertex measurements, 
resolution of IP: 11+23.6/pT µm, decay t resolution ~ 45 fs: 0.1 t(D0) 

• Excellent tracking resolution: Dp/p = 0.4% at 5 GeV to 0.6% at 100 GeV
• RICH – very good particle identification for p and K, misidentification < 5%

The single-arm forward spectrometer 
(a new concept for HEP experiments)
Status at the end of 2018

Run 1 (2011-2012): 3/fb
Run 2 (2015-2018): 6/fb

For each 1/fb: 
~28k  B0

s → J/y(µµ) f(K+K-)
~2M   D*±→ D0(→K-K+)p±



Measuring  CP asymmetry
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• The  D0 → K−K+ and  D0 → 𝜋−𝜋+  decays are used to measure the time integrated  
CP violation 

• The measured raw asymmetry  Araw may be written as a sum of components that 
are physics and detector effects:

CP asymmetry
what we want 
to measure

The detector asym-
metries of particle 
reconstructions

The production asym-
metry (different numbers 
of D and anti-D at the 
production vertex)

The Araw , AD and  AP are order  ~2%  or smaller  but  ACP is smaller than 10−3



The first observation of  CP violation in charm
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• The detector asymmetries for K−K+ and  𝜋−𝜋+  cancel since the final states are 
charge symmetric

• The  AP is independent of the final state and this term cancels in the first order if 
we subtract raw asymmetries

• 2015-2018,  5.7/fb

• Direct (majority) and indirect
CP asymmetries contribute

• Indirect CP asymmetry is 
smaller than 10%

PRL 122 (2019) 211803 

<latexit sha1_base64="y0162JHuI3N+WuFv9yAq/tFkW+Y="></latexit>

Araw(K+K�)�Araw(⇡+⇡�) =
= ACP (K+K�)�ACP (⇡+⇡�) ⌘ �ACP = (�1.54± 0.29) · 10�3 (5.3𝜎)

�ACP = [adir
CP (K�K+)� adir

CP (���+)] + �⇥t⇤
� aind

CP
[JHEP 1106 (2011) 089]



Mass difference between neutral charm mesons
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Phys. Rev. Lett. 127 (2021) 111801

Prompt   D* + → D0  (→ K0
s 𝜋+ 𝜋−) 𝜋+

• In the Standard Model:
o CP is negligible in CF and DCS
o CP is expected in the interference 

between mixing and decay

• The dynamics of the decay are expressed 
as a function of two squared invariant 
masses following the Dalitz-plot formalism

expected CPV

no CPV

no CPV

no CPV

<latexit sha1_base64="6w0DIG0UMGLCSNBSoDiqINyjBe4="></latexit>

m2
±(K

0
s⇡

±) for D0

m2
⌥(K

0
s⇡

⌥) for D̄0

The bin-flip method 

LHCb



The bin-flip method
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• A model-independent approach

• Data are partitioned into 8 disjoint bins 
(formed symmetrically), which are defined to 
preserve nearly constant strong phase 
differences between D0 and anti-D0

amplitudes within each bin (external inputs 
from CLEO and BES III)

• Region with  m2
+ > m2

− are dominated by  
CF  D0 decays (marked +b),  no CP

• In the opposite region (marked −b), the 
relative contribution from decays following 
an oscillation is enhanced, expected CP

Phys. Rev. Lett. 127 (2021) 111801

no CP

CP  bins

To find signal of CP violation, the ratio (R) of the number of decays in each 
negative Dalitz-plot bin  (−b)  to its positive counterpart  (+b) is measured 
in the time dependence, separately for D0 and anti-D0

LHCb



Mass difference between neutral charm mesons
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30.6 M  candidates

Phys. Rev. Lett. 127 (2021) 111801

The resolutions are smaller than the 
bin sizes: 
• for squared-mass  ~0.006 GeV2

• for decay-time  ~60 fs 

Prompt   D* + → D0  (→ K0
s 𝜋+ 𝜋−) 𝜋+

Differences of D0 (R+) and anti-D0 (R−) ratios 

Fit ratios (R) to obtain:  x,  y,  |q/p|,  f



The first observation of the mass difference in charm 
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Phys. Rev. Lett. 127 (2021) 111801

• The first observation of nonzero  x (>7𝜎)

• The uncertainty on y is worse wrt. previous 
measurements, but x is measured more 
precisely (the bin-flip method is optimized for 
the measurement of mass difference)

• Data are consistent with CP symmetry
• Is there discrepancy between x and y ?

To be continued…. 

<latexit sha1_base64="LfRiW/k+TLLt4E8s6Vs+vt8hG6c=">AAACHXicbVDLSgNBEJz1bXxFPXoZTARPYTcE9SKICnqMYDSQDaF30qtDZnaXmVkxLPsjXvwVLx4U8eBF/BsnD8FXQUNR1T3TXUEiuDau++FMTE5Nz8zOzRcWFpeWV4qraxc6ThXDBotFrJoBaBQ8wobhRmAzUQgyEHgZ9I4G/uUNKs3j6Nz0E2xLuIp4yBkYK3WKtXLmD1/JFHbz23zfDxWwLy0QKeb+MQoDVOaZfwJSQl7uFEtuxR2C/iXemJTIGPVO8c3vxiyVGBkmQOuW5yamnYEynAnMC36qMQHWgytsWRqBRN3OhjvkdMsqXRrGylZk6FD9PpGB1LovA9spwVzr395A/M9rpSbca2c8SlKDERt9FKaCmpgOoqJdrpAZ0bcEmOJ2V8quwcZjbKAFG4L3++S/5KJa8XYqtbNq6eBwHMcc2SCbZJt4ZJcckFNSJw3CyB15IE/k2bl3Hp0X53XUOuGMZ9bJDzjvn5PGo3I=</latexit>
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y = ��
2�

Obtained from fit to the measured ratios



Improvement in y measurement in 2022
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y can be probed using  D0 → K-𝜋+

and  D0 → f with f → K-K+, 𝜋-𝜋+  

via observable  yf
CP - yK𝜋

CP :

Calculated y parameter:

Improvement by more than a factor 2!

Charm oscillation parameter  y is measured 
with statistical uncertainty of  0.25×10−3

Presented at Moriond 2022
arXiv:2202.09106   (LHCb-PAPER-2021-041)

<latexit sha1_base64="aszCUtl60tMYnhqtuQKWOivAESo="></latexit>

y = (6.46+0.24
�0.25)⇥ 10�3



A first search for CP violation in 𝛯+
c → pK−𝜋+ decays 
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A search for physics beyond the Standard Model

AGH University of Science and 
Technology Press
Cracow, 2021
ISBN: 978-83-66727-27-4 

Eur.Phys.J. C80 (2020) 986



The  𝛯+
c → pK−𝜋+   decays are singly Cabibbo-suppressed decays  =  place of CP

violation in the Standard Model

Mechanism of CP violation in  𝛯+
c → pK−𝜋+ decays 
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λ = 0.22 

s
u

u

u
d

u

W-

p

𝜋+

1

1

𝛯+c
λ

c s

u
dW+ 1

K−
c

u

u
d

uW+

K−

𝜋+d
g

d,s,b

s s

u
ug

p

𝛯+c

• If tree and penguin processes interfere with different phases for  𝛯+
c and  𝛯−

c then 
CP symmetry is broken

• Penguin diagram opens possibilities for new particles exchanging



Statistics of  𝛯+
c → pK−𝜋+
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In full Run 1, there are ~ 0.2M 
prompt  𝛯±c   candidates

Purity ~80%

Eur. Phys. J. C           (2020) 80:986 Page 3 of 16   986 

Fig. 1 Invariant-mass, M(pK−π+), distributions of selected Λ+
c can-

didates are shown in the (left) 2011 and (right) 2012 data samples. Data
points are in black. The overlaid fitted model (blue continuous line) is a

sum of two Gaussian functions with the same mean and different widths
(red dashed line) and a second-order Chebyshev polynomial function
(green dotted line) describing the signal and background components

Fig. 2 Invariant-mass, M(pK−π+), distributions of selected Ξ+
c can-

didates are shown in the (left) 2011 and (right) 2012 data samples. Data
points are in black. The overlaid fitted model (blue continuous line) is a

sum of two Gaussian functions with the same mean and different widths
(red dashed line) and a second-order Chebyshev polynomial function
(green dotted line) describing the signal and background components

The distributions of the invariant-mass, M(pK−π+), of
selectedΛ+

c andΞ+
c candidates are presented in Figs. 1 and 2,

respectively, with fit curves overlaid. The fit model com-
prises a sum of two Gaussian functions describing the signal
and a second-order Chebyshev polynomial function describ-
ing the combinatorial background. No additional source of
background is found to contribute significantly, according to
studies in data reconstructed with different mass hypotheses.

The final samples used for the CPV search comprise all
candidates with M(pK−π+) within ±3σ around m(Λ+

c ) or
m(Ξ+

c ), where σ is the weighted average of the two fitted
Gaussian widths and m(Λ+

c ) and m(Ξ+
c ) are the masses of

the Λ+
c and Ξ+

c baryons [50]. There are approximately 2.0
million Λ+

c candidates (0.4 million in the 2011 and 1.6 mil-

lion in the 2012 data sample) and 0.25 million Ξ+
c candidates

(0.05 million in the 2011 and 0.2 million in the 2012 data sam-
ple). The purity for Λ+

c decays is 94% for 2011 and 98% for
2012 and that for Ξ+

c decays is 77% for 2011 and 78% for
2012, where purity is defined as the number of signal candi-
dates obtained from the fit to the invariant-mass distribution
divided by the total number of candidates.

4 Methods

The Dalitz plot for H+
c → pK−π+ is formed by the squares

of the invariant masses of two pairs of the decay products:
M2(K−π+) and M2(pK−). Comparisons of the Dalitz plots
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Figure 43: The reconstructed invariant mass of pK⇡ for ⌅c candidates in 2011 (left)
and 2012 (right) data sets after all implemented cuts: stripping, o✏ine, fiducial and
p(proton) > 25 GeV for 2011 sample and p(proton) > 20 GeV for 2012 sample. The fitted
model is overlaid. It consists of two Gauss sharing a common mean but with di↵erent
widths sigma1 and sigma2 in the signal region and the Chebyshev polynomial function
in the sidebands. The sig1frac describes the fraction of the first Gauss in a model. The
Chebyshev function is f(x) = p0+ p1 ·x, where x is the mass of pK⇡. The nsig and nbkg
are the number of signal and background events obtained from the fit, respectively.

Table 9: The final number of ⇤c and ⌅c signal candidates obtained from the fits to
the mass distribution in Down and Up samples in 2011 and 2012 data sets after all
implemented cuts: stripping, o✏ine, fiducial and p(proton) > 25 GeV for 2011 sample
and p(proton) > 20 GeV for 2012 sample.

⇤c 2011 2012
Magnet Down 237788 ± 554 770699 ± 1014
Magnet Up 159996 ± 464 755710 ± 1014

Total 376341 ± 617 1534502 ± 1436

⌅c 2011 2012
Magnet Down 22701 ± 216 78688 ± 446
Magnet Up 15007 ± 181 77930 ± 484

Total 36410 ± 297 157420 ± 658
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Methodology of CP violation search

The charm of charm 26/04/2022   24

• The decay products form many resonance 
states visible in the Dalitz plot

• The charge asymmetry (CP violation effects) 
changes from region to region

• CP asymmetry can be wash out if we measure 
it in the full phase space 

• No clear indications where CP violation 
would appear

• To find CP asymmetries, the Dalitz plots for 
𝛯+

c and  𝛯−
c are compared locally using 

model independent techniques

𝛯+
c → pK−𝜋+

Resonances:
K*, K*0(1410), K*0(1430), K*2(1430),
L1520, L1600, L1890, L1670/1690/1710, 
L1800/1820/1830, D++, D1232, D1600/1620, D1700
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Fig. 3 Definition of the Dalitz plot regions for (left) Λ+
c → pK−π+

and (right) Ξ+
c → pK−π+ decays. Additional regions are defined by

combining regions. For Λ+
c → pK−π+ R2 = R5 ∪ R6 and for Ξ+

c →

pK−π+ R2 = R8∪R9, R10 = R4∪R5 and R11 = R4∪R5∪R6∪R7.
The presented distributions correspond to the 2012 data sample

Table 1 Definitions of the
Dalitz plot regions for the
control mode, Λ+

c → pK−π+
Region Definition

R0 Full Dalitz plot

R1 M2(K−π+) < 0.7 GeV2/c4

R2 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4

R3 M2(K−π+) ≥ 0.9 GeV2/c4, M2(pK−) < 2.8 GeV2/c4

R4 M2(K−π+) ≥ 0.9 GeV2/c4, M2(pK−) ≥ 2.8 GeV2/c4

R5 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) < 3.2 GeV2/c4

R6 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) ≥ 3.2 GeV2/c4

Table 2 Definitions of the
Dalitz plot regions for
Ξ+

c → pK−π+ decays

Region Definition

R0 Full Dalitz plot

R1 M2(K−π+) < 0.7 GeV2/c4

R2 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4

R3 0.9 ≤ M2(K−π+) < 1.3 GeV2/c4

R4 M2(K−π+) ≥ 1.3 GeV2/c4, M2(pK−) < 2.4 GeV2/c4

R5 M2(K−π+) ≥ 1.3 GeV2/c4, 2.4 ≤ M2(pK−) < 3.2 GeV2/c4

R6 M2(K−π+) ≥ 1.3 GeV2/c4, 3.2 ≤ M2(pK−) < 3.8 GeV2/c4

R7 M2(K−π+) ≥ 1.3 GeV2/c4, M2(pK−) ≥ 3.8 GeV2/c4

R8 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) < 4 GeV2/c4

R9 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) ≥ 4 GeV2/c4

R10 M2(K−π+) ≥ 1.3 GeV2/c4, M2(pK−) < 3.2 GeV2/c4

R11 M2(K−π+) ≥ 1.3 GeV2/c4

low M2(pK−) region (R5). For Ξ+
c there are seven indepen-

dent regions (R1–R7), whilst the region R2 is split in mass
M2(pK−) in two regions at larger mass (R9) and smaller
mass (R8), R2 = R8∪R9, similarly for R10 and R11, where
R10 = R4 ∪ R5, and R11 = R4 ∪ R5 ∪ R6 ∪ R7. Region R0
is the full Dalitz plot.

5 Control mode, background and sensitivity studies

The SCP and kNN methods are tested using the Λ+
c →

pK−π+ control mode where the CP asymmetry is expected
to be null [22–30]. The sidebands of Ξ+

c → pK−π+

candidates in the mass regions 2320 < M(pK−π+) <

2445 MeV/c2 and 2490 < M(pK−π+) < 2650 MeV/c2
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• In each bin a significance of a difference between  𝛯+
c and  𝛯−

c   is calculated 

• To cancel global asymmetries, the Dalitz plots are normalized 

• If no CP violation (only statistical fluctuations) then SCP is Gaussian (𝜇=0, 𝜎=1)

• The 𝜒2 = 𝛴 (Si
CP)2 test is used to obtain p-value for the null hypothesis (no CP

violation): p-value  ≪ 1   in case of CP violation  (p-value  <  3·10−7 for  5𝜎)

The binned SCP method

The charm of charm 26/04/2022   25

Gettin’ local
Separate D from Dbar using final-state 
charge or D*-tag.

Divide phase-space into subregions 

Seek differences in relative density 
between D and Dbar in each region by 
constructing a pull-like variable S.

Distribution of S sensitive to CPV. 
Provides χ²-like quantity to  check 
consistency with CP symmetry

Insensitive to global asymmetries 
(physics or spurious). Truly a search -- 
no measurement or limit setting.

1o-10o sensitivity on phase differences 
and 1-10% on magnitude differences.

charm anticharm

Ni Ni

Figure 9: Top row: DPSCP for the bins in Fig. 8b that pass the statistical cut, fit to
a centred Gaussian with unit width for model ”f0”. P1 is the normalization parameter.
Bottom two rows: Distribution of top row divided into the regions shown in Fig. 5. P1
is the normalization parameter.

a nicely complementary process.

• The more unconventional channels B± → π±pp̄, K±pp̄ : the presence of the me-
son allows us to measure the proton and anti-proton polarization, probing for a
CP asymmetry, otherwise impossible in two-body decays like Bd → pp̄.

• Bd− B̄d oscillations would lead to Dalitz plots for Bd → KSπ+π−, where the weight
of different components would shift with the time of decay thus producing time
dependent Dalitz plots.

• The same will happen for Bs → KSK−π+, KSK+K−, albeit with a much faster
oscillation rate.

We will address these transitions in future work.
In this note we have shown how mirandizing the analysis of Dalitz plots – i.e., studying

the ‘significance’ distributions – can act as a powerful filter against statistical fluctuations.
Yet real data are also vulnerable to systematic experimental uncertainties. For a full

18
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The control test of the binned SCP method
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Eur. Phys. J. C80 (2020) 986
2M 𝛬+

c → pK−𝜋+

Purity ~98%
No CPV in the SM

• The two binning 
schemes are tested: with 
smaller and larger (about 
4 times) number of 
uniform bins

• The fake signals of CP
asymmetries are no 
seen, i.e. p-values are 
larger than 58% and the 
distributions are 
consistent with Gaussian

28 uniform bins

106 uniform bins



CP violation searches using the binned  SCP method
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• Uniform and adaptive 
binning schemes with 
different bin numbers 
are tested

• The SCP distributions 
agree with Gaussian

• The measured p-values 
are greater than 32%

• Results are consistent 
with no observation 
of CP asymmetry

Eur. Phys. J. C80 (2020) 986
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Fig. 6 (Top left) pulls, (µT − µT R)/∆(µT − µT R), and (top right)
the corresponding p-values, (bottom left) pull values of the test statistic
T and (bottom right) the corresponding p-values in regions for con-
trol Λ+

c → pK−π+ candidate decays obtained using the kNN method

with nk = 50 for data collected in 2011 (stars) and 2012 (dots). The
horizontal lines in the left figures represent -3 and +3 pull values. R0
corresponds to full Dalitz plot and R2 is separated into R5 and R6, and
these regions are correlated and separated by dashed lines

Fig. 7 Distributions of SiCP and
corresponding one-dimensional
distributions for
Ξ+

c → pK−π+ decays for the
combined data collected 2011
and 2012: (top row) 29 uniform
bins and (bottom row) 111
uniform bins of the Dalitz plot.
The number of analysed bins
and the p-values are given
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29 uniform bins

111 uniform bins

0.2M 𝛯+
c → pK−𝜋+

Place for CPV in the SM



• To compare “+” and “−” a test statistic T is defined, 
which is based on the counting particles with 
the same sign to each event for a given number 
of the nearest neighbour events (nk) 

I(i,k) = 1   if  ith event and its  kth nearest neighbour
have the same charge (“+ +” , “− −”)

I(i,k) = 0 if pair has opposite charge (“+ −”)

• T is the mean fraction of like pairs in the pooled sample of the two datasets

• The expected distribution can be calculated using mean 𝜇T and variance 𝜎T

• If  n+ = n− then  𝜇T ≈ 1/2 (=𝜇TR)  (mean value) and

The unbinned k nearest neighbour method

The charm of charm 26/04/2022   28

T = 1
nk(n++n�)
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The k nearest neighbour method
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• The k nearest neighbour method allows to find differences between two samples if 
they come from: 

² normalization:  10:  if  n+ = n− then 𝜇T = 𝜇TR ;   20:  if  n+ ≠ n− then  𝜇T ≠ 𝜇TR

² shape:   if  f+ ≠ f− then   T ≠ 𝜇T

⟹ there are two p-values

• The production asymmetry can be 
manifested by different normalization

• For shape, the p-value is the area 
under the expected curve from 
measured T to 1

• p-value  ≪ 1  in case of CP violation
T

0.49 0.495 0.5 0.505 0.51
0

0.02

0.04

0.06

0.08

Generated separated samples 10k

nk=10

T = 0.991500

 = 0.499953
T
µExp. 

 = 0.002236
T

!Exp. 

T
!Difference = 219.827448 

Prob = 0.000000

Expected distribution
obtained using 𝜇T,𝜎TMeasured T

p-value



The sensitivity of the measurements due to strong phase
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• The non-zero strong phase difference is necessary to observe CP violation

• A strong phase d varies with changing of a resonance mass (Argand diagram)

• To increase the sensitivity of the k nearest neighbour method, the Dalitz plot is 
divided into regions defined around resonances

The amplitude is represented as a point in the complex plane
in the interior or on the boundary of the unitarity circle 

G – decay rate
mR – resonance mass
s – total energy squared in CMS

The strong phase is given by:

If  s changes around  m2
R then  d changes rapidly from 0 to p

weak phases strong phases
AsymCP ⇥ |A1||A2|sin(⇥1 � ⇥2)sin(�1 � �2)



The Dalitz plot division
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Fig. 3 Definition of the Dalitz plot regions for (left) Λ+
c → pK−π+

and (right) Ξ+
c → pK−π+ decays. Additional regions are defined by

combining regions. For Λ+
c → pK−π+ R2 = R5 ∪ R6 and for Ξ+

c →

pK−π+ R2 = R8∪R9, R10 = R4∪R5 and R11 = R4∪R5∪R6∪R7.
The presented distributions correspond to the 2012 data sample

Table 1 Definitions of the
Dalitz plot regions for the
control mode, Λ+

c → pK−π+
Region Definition

R0 Full Dalitz plot

R1 M2(K−π+) < 0.7 GeV2/c4

R2 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4

R3 M2(K−π+) ≥ 0.9 GeV2/c4, M2(pK−) < 2.8 GeV2/c4

R4 M2(K−π+) ≥ 0.9 GeV2/c4, M2(pK−) ≥ 2.8 GeV2/c4

R5 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) < 3.2 GeV2/c4

R6 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) ≥ 3.2 GeV2/c4

Table 2 Definitions of the
Dalitz plot regions for
Ξ+

c → pK−π+ decays

Region Definition

R0 Full Dalitz plot

R1 M2(K−π+) < 0.7 GeV2/c4

R2 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4

R3 0.9 ≤ M2(K−π+) < 1.3 GeV2/c4

R4 M2(K−π+) ≥ 1.3 GeV2/c4, M2(pK−) < 2.4 GeV2/c4

R5 M2(K−π+) ≥ 1.3 GeV2/c4, 2.4 ≤ M2(pK−) < 3.2 GeV2/c4

R6 M2(K−π+) ≥ 1.3 GeV2/c4, 3.2 ≤ M2(pK−) < 3.8 GeV2/c4

R7 M2(K−π+) ≥ 1.3 GeV2/c4, M2(pK−) ≥ 3.8 GeV2/c4

R8 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) < 4 GeV2/c4

R9 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) ≥ 4 GeV2/c4

R10 M2(K−π+) ≥ 1.3 GeV2/c4, M2(pK−) < 3.2 GeV2/c4

R11 M2(K−π+) ≥ 1.3 GeV2/c4

low M2(pK−) region (R5). For Ξ+
c there are seven indepen-

dent regions (R1–R7), whilst the region R2 is split in mass
M2(pK−) in two regions at larger mass (R9) and smaller
mass (R8), R2 = R8∪R9, similarly for R10 and R11, where
R10 = R4 ∪ R5, and R11 = R4 ∪ R5 ∪ R6 ∪ R7. Region R0
is the full Dalitz plot.

5 Control mode, background and sensitivity studies

The SCP and kNN methods are tested using the Λ+
c →

pK−π+ control mode where the CP asymmetry is expected
to be null [22–30]. The sidebands of Ξ+

c → pK−π+

candidates in the mass regions 2320 < M(pK−π+) <

2445 MeV/c2 and 2490 < M(pK−π+) < 2650 MeV/c2
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𝛯+
c → pK−𝜋+

place for CP violation in the SM

11 regions
R2=R8+R9 ; R10=R4+R5 ; 
R11=R4+R5+R6+R7 

6 regions
R2=R5+R6

𝛬+
c → pK−𝜋+

no CP violation in the SM

R0 – whole Dalitz plot



The total asymmetry in the control  𝛬+
c → pK−𝜋+ decays

32

• The total asymmetry in all regions is quite similar, about −2% (characteristic 
behaviour for the expected production asymmetry)

• If sign of 𝛬+c is random then total asymmetry in all regions is zero and the detector 
effects are smaller than the errors (<0.0004 in R0)

Regions
R0 R1 R2 R3 R4 R5 R6

R
aw

A

-0.02

0

0.02

 2011: stars, 2012: dotsThe sign of 𝛬+c is random

ARAW = N��N+

N++N�

26/04/2022   The charm of charm

• The total asymmetry is a mixture of few asymmetries: production, detectors, CP

Eur. Phys. J. C80 (2020) 986

2011: stars, 2012: dots



The total asymmetry in  𝛯+
c → pK−𝜋+ (place for CP violation)

33

• The measured total asymmetry in all 
regions is quite similar, about −1.5% 
(behaviour is characteristic for the 
production asymmetry)

• The detector asymmetries are smaller 
than 10-4

• Due to the strong phase variation, CP
asymmetry should vary from region to 
region (not constant value)

• Is  −1.5%  the production asymmetry 
of  𝛯+

c ?

−1.5%

Eur. Phys. J. C80 (2020) 986

26/04/2022   The charm of charm

• The total asymmetry is a mixture of few asymmetries: production, detectors, CP



The k nearest neighbour results in the control 𝛬+
c → pK−𝜋+ decays

34

normalization

The production 
asymmetry is visible in 
the normalization part

No fake signal of CP
violation in the shape 
part

2011: starts, 2012: dots

shape

Consequence of nonzero 
production asymmetry

nk = 50

26/04/2022   The charm of charm

Eur. Phys. J. C80 (2020) 986

No  CP  violation in 
the Standard Model



CP asymmetry in  𝛯+
c → pK−𝜋+ (place for CP violation)

The charm of charm 26/04/2022   35

The production asym-
metry in the normaliza-
tion part is seen

No observation of CP
violation but one  p-value 
corresponds to  2.7s

−1.5% is the first esti-
mation of the production 
asymmetry of 𝛯+

c at LHC

Eur. Phys. J. C80 (2020) 986
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Fig. 8 (Top left) pulls, (µT − µT R)/∆(µT − µT R), and (top right)
the corresponding p-values; (bottom left) pull values of the test statistic
T and (bottom right) the corresponding p-values in regions for signal
Ξ+

c → pK−π+ candidate decays obtained using the kNN method with
nk = 50 for combined data collected 2011 and 2012. The horizontal

lines in the left figures represent −3 and+3 pull values. R0 corresponds
to full Dalitz plot and R2 is separated into R8 and R9, R10 is separated
into R4 and R5, R11 is separated into R4, R5, R6 and R7, and these
regions are correlated and separated by dashed lines
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Fig. 9 The measured ARaw in regions in signal Ξ+
c → pK−π+ can-

didate decays for the combined data collected in 2011 and 2012. R0
corresponds to full Dalitz plot and R2 is separated into R8 and R9, R10
is separated into R4 and R5, R11 is separated into R4, R5, R6 and R7,
and these regions are correlated and separated by dashed lines

34%, consistent with the hypothesis of absence of localised
asymmetries.

Following the strategy described in Sect. 4.2, the results
of the kNN method in regions of the Dalitz plot for the
Λ+

c → pK−π+ control mode are presented in Fig. 6, for
nk = 50. The pulls, (µT − µT R)/∆(µT − µT R), where
∆(µT −µT R) is the statistical uncertainty on the difference
(µT −µT R), are different from zero in all regions. The largest
pull value is observed when integrated over the full Dalitz
plot. This asymmetry is the result of the nonzero production
asymmetry that is presented in Fig. 4 and discussed above.
Pulls of the test statistic T , ((T − µT )/σT ), vary within
−3 and +3, consistent with the hypothesis of absence of
localised asymmetries in any region. The difference among
data-taking years are consistent with statistical fluctuations.
Figure 6 illustrates how the larger 2012 data sample improves
the power of the kNN method. In Run 2 (years of data taking
2016, 2017 and 2018) the yield is expected to be about three
times larger than that from Run 1.

The interaction cross-section of charged hadrons with
matter depends on the charged hadron momentum. As such,
the detection asymmetries of the proton and kaon-pion sys-
tems are momentum dependent. Pseudoexperiments are per-
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normalization

shape

Consequence of nonzero 
production asymmetry

The kNN results with nk = 50

Place for  CP violation 
in the Standard Model



• Charm is the dark horse of flavour physics

• CP violation in charm sector is confirmed only in the difference of asymmetries 

(inconclusive whether it confirms to the Standard Model or not)

• Is there discrepancy between mixing parameters  x and  y ?
• Is there possible to measure  CP  violation is any single 

charm decay ?
• Is there  CP violation in any baryon decays ? 
• Is there new physics ?

Summary
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<latexit sha1_base64="chf6rXqRz37WCzbi8VrAMQM1li8="></latexit>

�ACP ⌘ ACP (K+K�)�ACP (⇡+⇡�) = (�1.54± 0.29) · 10�3

No revolution?

Standard Model

CDF W mass 
measurement?



The nearest future
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• We need better understand  CP-violating mechanisms by measuring it in other 
channels (and perhaps find other CP violation sources)

• also in  B decays where unexpectedly in  B → hhh huge value of CP
violation is measured in regions not associated to the resonances

• local  CP violation  is  ~75%  in  B± → 𝜋±𝜋−𝜋+ (LHCb-PAPER-2021-049)
The largest CPV ever observed! 

• The LHCb upgrade (started in 2019) has just almost
finished 

• Soon we start collecting data (Run 3) 
• The goal is to reach ~50/fb (sensitivity comparable or 

better than theoretical uncertainties)
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Charm particle production in the LHCb
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Charm ! Prompt and Secondary 

" Two types of charm production: 

! Prompt:  
charm produced directly  

in the primary reaction 

! Secondary:  
charm produced in  

B decays [>50% of B->DX] 

" Prompt charm more abundant 

" Secondary can have higher purity 

" Must discriminate between them  

! Use D impact parameter  

Chris Parkes
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Effect AΓ (10−3) yCP (10−3)

Decay-time acceptance correction 0.1 0.1

Decay-time resolution 0.1 0.1

Minimum decay-time cut 0.1 0.8

Maximum decay-time cut 0.2 0.2

Combinatorial background 1.3 0.8

Secondary-like background 1.6 3.9

Total 2.1 4.1

Table 1. Summary of systematic uncertainties.
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Figure 4. lnχ2(IPD) fit projection of D0 → K+K− candidates in logarithmic scale. Shown are
data (points), the total fit (green, solid), the prompt signal (blue, short-dashed), and the secondary
signal (purple, long-dashed). The lower two plot shows the pull distribution which is defined as the
difference of data and model divided by the uncertainty.

6 Results and conclusion

The measurement of yCP is based on absolute lifetime measurements as described in sec-

tion 4. It uses flavour-tagged events reconstructed in the decay chain D∗+ → D0π+, with

D0 and D0 decays fitted simultaneously per decay mode. The lnχ2(IPD) projection of the

final fit is shown in figure 4.

The result for the lifetime measured in D0→ K−π+ decays is τ(D0) = 410.2 ± 0.9 fs

where the uncertainty is statistical only. The result for the lifetime is found to be in

agreement with the current world average [19]. Combining with the D0→ K+K− lifetime

measurement, τ(D0) = 408.0± 2.4stat fs, this leads to the final result for yCP of

yCP = (5.5± 6.3stat ± 4.1syst)× 10−3.

– 12 –

JHEP04(2012)129

prompt

secondary

Two production types:

1. prompt – produced directly in 
the primary vertex

IP ~ 0

2. secondary – produced in B, 𝛬b ,… decays
B → DX,  𝛬b → 𝛯c X ,…

IP > 0



The  D0 flavour tagging
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Flavour cannot be inferred from the final state if this is shared by D0 and anti-D0

The LHCb uses two methods to identify D0 flavour at the production state

1. pion-tagged method
the sign of slow pion from D* decays
is used to tag the initial D0 flavour
D*+ → D0 𝜋+

s

D*−  → anti-D0 𝜋−
s

2. muon-tagged method (yield ~1/6)
the sign of muon from semileptonic
B decays is used to tag D0 flavour

B− → D0 𝜇− 𝜈𝜇 X

B+ → anti-D0 𝜇+ 𝜈𝜇 X

prompt D0

secondary D0



Time integrated CP violation in  D+
(s) → h+h0
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There are seven charged  D+ meson decays that allow to test of direct CP violation 
in the amplitude decays 

D+
(s) → h+ 𝜋0 ,  h+ 𝜂 , where  h is  K or  𝜋 and the 𝜋0 and  𝜂 are reconstructed 

using the  𝛾𝛾 (the more common) or  e+e−𝛾 (one photon converts to an e+e− pair)

The measurements are made relative to the control modes  D+
(s) → K0

s h+ to cancel 
the production and detection asymmetries 

The SCS  D+ → 𝜋+𝜋0 is interest:
• the CP asymmetry in the SM 

is expected to be zero as a 
result of isospin constraints

• proceeds via an annihilation 
decay and is highly 
suppressed 

• would be an indication of 
physics beyond the SM annihilation



Time integrated CP violation in  D+
(s) → h+h0
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JHEP 06 (2021) 019

D+ → 𝜋+ 𝜋0 𝜋0 → e+e−𝛾

D+
(s) → 𝜋+ 𝜂 𝜂 → e+e−𝛾

The D+ → 𝜋+ 𝜋0 decay:
• would be an indication of 

physics beyond the SM
• ~25k candidates

D+
s → 𝜋+ 𝜋0

The CP asymmetry is not calculated 
in the  D+

s → 𝜋+ 𝜋0   decays due to 
non sufficient statistics



Time integrated CP violation in  D+
(s) → h+h0
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• These results are consistent with no  CP violation and mostly constitute the 
most precise measurements of  ACP in these decay modes to date

• Recently Belle also reported precise measurements (Phys. Rev. D103 (2021) 112005)

In agreement with LHCb

Results in  D+ → 𝜋+ 𝜋0 LHCb results, JHEP 06 (2021) 019



The power of the methods
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The toy Monte Carlo data were used to check the power of the both methods

For the same  𝛯+
c statistics (0.2M) as collected in the experiment:

² the  SCP  method is sensitive to CP asymmetry if is larger or equal to   
5%  in amplitudes of  K*  or  10%  in  D1232 resonances

² the k nearest neighbour method is sensitive to CP asymmetry if is larger 
or equal to  5%  in amplitudes of  K*  or  5%  in  D1232 resonances

100 Monte Carlo samples

• In Run 2, there are five times more the  𝛯+
c → pK−𝜋+ decays

• Hope to see the first signal of  CP violation in baryon decays
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Fig. 10 (Left) the pull values of the test statistic T and (right) the corre-
sponding p-value dependence on the nk parameter for the whole Dalitz
plot (region R0) for Ξ+

c → pK−π+ candidate decays obtained using
the kNN method for the combined data collected in 2011 and 2012.

The horizontal lines in the left figures represent −3 and +3 pull values.
The points are determined with different nk using same data sample,
therefore are correlated

formed to check whether the detection asymmetries related
to particles reconstructed in the final state can generate a spu-
riousCP asymmetry. The proton detection asymmetry varies
from about 5% at low momentum to 1% at 100 GeV/c and is
estimated using simulations. The kaon-pion detection asym-
metry is measured to vary from −1.4% at low momentum
to −0.7% at 60 GeV/c [55]. The combined effect of the two
asymmetries is found to cancel approximately and does not
generate a spurious CP asymmetry in the Dalitz plot.

These studies are repeated using the candidates in the side-
band of the Ξ+

c → pK−π+ mass distribution. No spuri-
ous CP asymmetry is found for both methods. For further
cross-checks, the control samples are divided according to
the polarity of the magnetic field. The p-values are found to
be distributed uniformly.

The expected statistical powers of both methods are
obtained by performing pseudoexperiments. One hundred
samples of Ξ+

c → pK−π+ decays are generated, each with
a yield and purity equivalent to that observed in the com-
bined 2011 and 2012 data samples, resulting in 200 000 Ξ+

c
decays generated in each pseudoexperiment. In this model,
the two-dimensional Dalitz plots are generated assuming that
the Ξ+

c baryons are produced unpolarised. This model is
built by including the resonances observed in the data, using
the same software as in Ref. [56]. The same resonances as
described in Sect. 4.2 are included. The statistical powers of
the two methods are found to be comparable. Both methods
are sensitive to a 5% CP asymmetry in the K ∗(892) and
∆(1232) resonance regions with 3 and 5 sigma significances
that would be observed in 69% and 10% of the cases for
the kNN method and 17% and 10% of the cases for the SCP
method, respectively.

6 Results

6.1 Binned SCP method

The binned SCP method is applied to look for localCP asym-
metries in Ξ+

c → pK−π+ decays following the strategy
described in Sect. 4.1. The distribution of SiCP for Ξ+

c →
pK−π+ decays considering uniform binning, and for two
granularities of the Dalitz plot: 29 and 111 bins are shown
in Fig. 7 for the combined 2011 and 2012 data samples. The
normalization factor α, defined in Eq. 1, is determined to be
1.029 ± 0.004. The measured p-values using a χ2 test are
larger than 32%, consistent with no evidence for CPV . The
obtained SCP distributions agree with a normal distribution.
It is also checked that the results in the 2011 and 2012 data
samples are consistent with each other.

6.2 Unbinned kNN method

The unbinned kNN method is applied to look for CP asym-
metry in Ξ+

c → pK−π+ decays, following the strategy
described in Sect. 4.2. The results are presented in Fig. 8
for nk = 50 for the merged 2011 and 2012 data samples.
The measured pull values, ((µT − µT R)/∆(µT − µT R)),
are different from zero. The largest value of pull is observed
integrated over the full Dalitz plot. This is due to the expected
nonzero production and detector asymmetries, that is pre-
sented in Fig. 9. The measured ARaw is constant within uncer-
tainties in all regions.

The pulls of the test statistic T , ((T − µT )/σT ), shown
in Fig. 8 vary within −3 and +3, consistent with the hypoth-
esis of absence of localised asymmetries. To check for any
systematic effects the kNN test is repeated for the individual
2011 and 2012 data samples as well as for samples separated
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The nk is the parameter which can change the results. It is similar to different 
bin numbers in the  SCP binned method 

• All points vary from −3s to  +3s (for nk from  10  to  3000)
• The results are consistent with no observation of CP violation
• Since the results are promising, the searches are continued using new data

The  nk dependence
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The results are in whole Dalitz plot (R0) and the points are correlated



The Dalitz plot division
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To increase the power of the k-nearest neighbour method, the Dalitz plot is divided 
into regions

Dalitz plot division:
X= M2(Kp) ;    Y=M2(pK)
R1: X<0.7
R2: X≥0.7  &  X<0.9                   (R2=R8+R9)
R3: X≥0.9  &  X<1.3                          
R4: X≥1.3  &  Y<2.4
R5: X≥1.3  &  Y≥2.4  &  Y<3.2
R6: X≥1.3  &  Y≥3.2  &  Y<3.8
R7: X≥1.3  &  Y≥3.8
R8: X≥0.7  &  X<0.9  &  Y<4
R9: X≥0.7  &  X<0.9  &  Y≥4
R10: X≥1.3  &  Y<3.2                 (R10=R4+R5)
R11: X≥1.3                    (R11=R4+R5+R6+R7) 

Resonances:
K*, K*0(1410), K*0(1430), K*2(1430),
L1520, L1600, L1890, L1670/1690/1710, L1800/1820/1830, 
D++, D1232, D1600/1620, D1700

Eur. Phys. J. C80 (2020) 986Eur. Phys. J. C           (2020) 80:986 Page 5 of 16   986 
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Fig. 3 Definition of the Dalitz plot regions for (left) Λ+
c → pK−π+

and (right) Ξ+
c → pK−π+ decays. Additional regions are defined by

combining regions. For Λ+
c → pK−π+ R2 = R5 ∪ R6 and for Ξ+

c →

pK−π+ R2 = R8∪R9, R10 = R4∪R5 and R11 = R4∪R5∪R6∪R7.
The presented distributions correspond to the 2012 data sample

Table 1 Definitions of the
Dalitz plot regions for the
control mode, Λ+

c → pK−π+
Region Definition

R0 Full Dalitz plot

R1 M2(K−π+) < 0.7 GeV2/c4

R2 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4

R3 M2(K−π+) ≥ 0.9 GeV2/c4, M2(pK−) < 2.8 GeV2/c4

R4 M2(K−π+) ≥ 0.9 GeV2/c4, M2(pK−) ≥ 2.8 GeV2/c4

R5 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) < 3.2 GeV2/c4

R6 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) ≥ 3.2 GeV2/c4

Table 2 Definitions of the
Dalitz plot regions for
Ξ+

c → pK−π+ decays

Region Definition

R0 Full Dalitz plot

R1 M2(K−π+) < 0.7 GeV2/c4

R2 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4

R3 0.9 ≤ M2(K−π+) < 1.3 GeV2/c4

R4 M2(K−π+) ≥ 1.3 GeV2/c4, M2(pK−) < 2.4 GeV2/c4

R5 M2(K−π+) ≥ 1.3 GeV2/c4, 2.4 ≤ M2(pK−) < 3.2 GeV2/c4

R6 M2(K−π+) ≥ 1.3 GeV2/c4, 3.2 ≤ M2(pK−) < 3.8 GeV2/c4

R7 M2(K−π+) ≥ 1.3 GeV2/c4, M2(pK−) ≥ 3.8 GeV2/c4

R8 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) < 4 GeV2/c4

R9 0.7 ≤ M2(K−π+) < 0.9 GeV2/c4, M2(pK−) ≥ 4 GeV2/c4

R10 M2(K−π+) ≥ 1.3 GeV2/c4, M2(pK−) < 3.2 GeV2/c4

R11 M2(K−π+) ≥ 1.3 GeV2/c4

low M2(pK−) region (R5). For Ξ+
c there are seven indepen-

dent regions (R1–R7), whilst the region R2 is split in mass
M2(pK−) in two regions at larger mass (R9) and smaller
mass (R8), R2 = R8∪R9, similarly for R10 and R11, where
R10 = R4 ∪ R5, and R11 = R4 ∪ R5 ∪ R6 ∪ R7. Region R0
is the full Dalitz plot.

5 Control mode, background and sensitivity studies

The SCP and kNN methods are tested using the Λ+
c →

pK−π+ control mode where the CP asymmetry is expected
to be null [22–30]. The sidebands of Ξ+

c → pK−π+

candidates in the mass regions 2320 < M(pK−π+) <

2445 MeV/c2 and 2490 < M(pK−π+) < 2650 MeV/c2
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The CP violation search procedure and cross-checks

47

• The CPV searches were performed in “blinding” way

• All stages of search techniques were developed using only control decays 
as well as generated data while region with possible signal of CPV in X±c
decays was not accessible

• The hidden region of a potential signal of CPV was shared after obtaining  
approval of the LHCb collaboration (on this stage search procedure was 
frozen without possibility of changes)

• Control channel and mass sidebands do not show localized asymmetries
² no asymmetry observed in control L+

c → p K-p+ decays
² no asymmetry observed in sidebands of  X+

c → p K-p+ decays

• The toy MC data were used to check the power of method for X+
c statistics 

collected in the experiment:
² the SCP sees CPV if is larger than 5% in K* or larger than 10% in D1232

26/04/2022   The charm of charm



Statistics of L+
c → pK-p+
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• Decays where CPV is not expected in the SM (control decays)
• Used to check possible detector effects and for simulation fake signal of CPV

Eur. Phys. J. C80 (2020) 986

2011 2012

In full Run 1 there are
~ 2M  L±c candidates

Purity ~98%
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Figure 43: The reconstructed invariant mass of pK⇡ for ⌅c candidates in 2011 (left)
and 2012 (right) data sets after all implemented cuts: stripping, o✏ine, fiducial and
p(proton) > 25 GeV for 2011 sample and p(proton) > 20 GeV for 2012 sample. The fitted
model is overlaid. It consists of two Gauss sharing a common mean but with di↵erent
widths sigma1 and sigma2 in the signal region and the Chebyshev polynomial function
in the sidebands. The sig1frac describes the fraction of the first Gauss in a model. The
Chebyshev function is f(x) = p0+ p1 ·x, where x is the mass of pK⇡. The nsig and nbkg
are the number of signal and background events obtained from the fit, respectively.

Table 9: The final number of ⇤c and ⌅c signal candidates obtained from the fits to
the mass distribution in Down and Up samples in 2011 and 2012 data sets after all
implemented cuts: stripping, o✏ine, fiducial and p(proton) > 25 GeV for 2011 sample
and p(proton) > 20 GeV for 2012 sample.

⇤c 2011 2012
Magnet Down 237788 ± 554 770699 ± 1014
Magnet Up 159996 ± 464 755710 ± 1014

Total 376341 ± 617 1534502 ± 1436

⌅c 2011 2012
Magnet Down 22701 ± 216 78688 ± 446
Magnet Up 15007 ± 181 77930 ± 484

Total 36410 ± 297 157420 ± 658
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Dependence of raw asymmetry in CF L+
c → pK-p+  on h and pT

49

The measured raw asymmetries (ARAW ) in the bins of ⌘ and pT are presented in557

Figs 71 and 72. The ARAW is defined as a di↵erence between reconstructed number of558

antiparticles (N�) and particles (N+) normalized to the total number of events, ARAW =559

(N� � N+)/(N� + N+). The clear dependences of ARAW as a function of ⌘ and pT are560

observed. The shape of ARAW in bins of ⌘ is obtained as it is expected, with more ⇤+
c561

produced at high ⌘ due to the transport of the baryon number (BN). According to the562

the Quark-Gluon String Model [14] the baryon is considered to be a bound diquarkquark563

state. Within this framework the mechanism responsible for baryon number transport is564

the break-up of this configuration. The diquark in general retains a large fraction of the565

proton momentum and therefore stays close to beam rapidity. Regarding the dependence566

on pT less ⇤+
c are produced at high pT .567

The ARAW measured in regions of the Dalitz plot are presented in Fig. 73 in five ⌘568

bins and in Fig. 74 in four pT bins. The value of ARAW changes from bin to bin of ⌘ or569

pT , but for a given bin of ⌘ or pT the ARAW is constant within errors in regions of the570

Dalitz plot.571
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Figure 71: The measured raw asymmetries ARAW in bins of pseudorapidity (left) and bins
of transverse momentum (right) in control ⇤+

c ! pK�⇡+. The 2012 data are used.
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Figure 72: The measured raw asymmetries ARAW in bins of pseudorapidity (left) and bins
of transverse momentum (right) in control ⇤+

c ! pK�⇡+. The 2011 data are used. The
scales on y axis are the same as in Fig. 71.
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5.3.4 Asymmetry checks in the Dalitz plot537

The production asymmetry of ⇤c and ⌅c can depend on pseudorapidity (⌘) or transverse538

momentum (pT ). This e↵ect in a pp machine has to be expected, for example because of539

baryon number transport. For this reason, it is important to check if the independence540

in the region of the Dalitz plot presented in Fig. 64 is maintained or not in the bins of ⌘541

and pT .542

The distributions of ⌘ and pT for ⇤c candidates are presented in Fig. 70. The ⌘ takes543

values from about 2 up to about 4.6. The pT takes values from 4 GeV up to 16 GeV,544

according to the cuts described in Sec. 2.545
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Figure 70: The distributions of pseudorapidity ⌘ (left) and transverse momentum pT

(right) for control ⇤+
c ! pK�⇡+, 2012 sample.

The phase space of ⌘ is divided into five bins as:546

• eta1: ⌘ < 2.5,547

• eta2: 2.5  ⌘ < 3,548

• eta3: 3  ⌘ < 3.5,549

• eta4: 3.5  ⌘ < 4,550

• eta5: ⌘ � 4.551

The phase space of pT is divided into four bins as:552

• pt1: pT < 5 GeV,553

• pt2: 5  pT < 6.5 GeV,554

• pt3: 6.5  pT < 9 GeV,555

• pt4: pT � 9 GeV.556
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The ARAW depends 
on h and pT

2012 2012

BinBin
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The raw asymmetry in CF L+
c → pK-p+ in bins h and pT
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Figure 73: The measured raw asymmetries in regions of the Dalitz plot and in five bins

of pseudorapidity in control ⇤+
c ! pK�⇡+ decays. The 2012 data (dots) are compared

with 2011 data (stars). Some regions are overlapped and they are separated by dashed
lines, i.e. R2=R5+R6. The region R0 is full Dalitz plot.
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Figure 74: The measured raw asymmetries in regions of the Dalitz plot and in four bins

of transverse momentum in control ⇤+
c ! pK�⇡+ decays. The 2012 data (dots) are

compared with 2011 data (stars). Some regions are overlapped and they are separated by
dashed lines, i.e. R2=R5+R6. The region R0 is full Dalitz plot.
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The constant value of ARAW in regions of the 
Dalitz plot is maintained in bins of h and pT

Regions
R0 R1 R2 R3 R4 R5 R6

R
aw

A

-0.02

0

0.02

 2011: stars, 2012: dots

26/04/2022   The charm of charm



The k nearest neighbour results in the control 𝛬+
c → pK−𝜋+ decays

The charm of charm 26/04/2022   51

The  𝛬+
c → pK−𝜋+ data are dived into 79 subsamples with 20k events in each 

The results are in shape part

• The artificial CP asymmetry is implemented in K* resonance amplitudes 
(region R2) as 10% and clearly seen as a deviation from flat distribution

• Since the p-value distribution is flat, the method does not generate fake 
signals of CP violation in data



The kNN results in CF L+
c → pK-p+

52

Even for large value of nk, there is no asymmetry larger than 3s.

The nk dependence

µT (normalization part) does not depend on the nk

The results in the whole Dalitz plot (region R0)

5.3.3 The dependence on the nk parameter539

Since a number of the nearest neighbour events nk taken for each query event in calculation540

of the test statistic T is the only parameter of the kNN method, it is interesting to study541

the dependence of the measurements on this parameter. The results of the pull values of542

T and its corresponding p-value dependence on the nk parameter for the control channel543

are shown in Fig 61, for the whole of the Dalitz plot (region R0). The values of the nk544

are tested as from 10 up to 500 events. The data for di↵erent nk are partially correlated545

since the result for nk = 10 is the subsample for nk = 20 etc. The dependence on the nk546

is seen as the expected result from Gauss distribution – the p-value distribution should547

be flat if there is no asymmetry in data. Thus all points vary from �3� to +3� level. The548

dependence of data on the nk parameter agree with no asymmetry observation. Higher549

values of nk reduce statistical fluctuations of the local population density and should550

be preferred. But on the other hand, increasing the number of the nearest neighbour551

events with limited statistics of the sample can quickly increase the radius of the local552

region under investigation. From this point of view the dependence on the nk parameter553

corresponds to a bin width in the binned method. It also worth to note that increasing554

the number of the nk also increase the CPU time consuming and for this reason for a very555

large value of nk the calculations can not be done. The dependence on the nk will be also556

checked for signal of CP asymmetry in ⌅c decays.557
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Figure 61: (left) The pull values of T and (right) the corresponding p-value dependence on
the nk parameter for the whole Dalitz plot (region R0) for control ⇤+

c ! pK�⇡+ decays
obtained using the kNN method. The 2012 data (dots) are used only. The horizontal
lines in the left figures represent -3 and +3 pull values. The data are partially correlated.
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Note: points are correlated2012
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Tests checking in the toy MC data of X+
c → pK-p+
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Table 12: The resonances and its individual amplitude components used in the generation
model.

resonance amplitude
�(1232) 0.200999
�(1600) 0.023790
�(1620) 0.163071
�(1700) 0.034367
K⇤

2(1430) 0.096963
K⇤ 0.202016

K⇤(1410) 0.000766
K⇤(1430) 0.202707
⇤(1520) 0.003633
⇤(1600) 0.013376
⇤(1670) 0.049216
⇤(1690) 0.016265
⇤(1710) 0.011306
⇤(1800) 0.005983
⇤(1810) 0.003354
⇤(1820) 0.007696
⇤(1830) 0.006324
⇤(1890) 0.008913

Sum 1.050745
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Figure 81: The squared of invariant masses M2(pK) and M2(K⇡) reconstructed in magnet
down and up 2012 sample of ⌅+

c ! pK�⇡+ data.
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The toy Monte Carlo for X+
c → pK-p+
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Figure 82: The generated squared of invariant masses M2(pK) and M2(K⇡) for 200000
toy MC ⌅+

c ! pK�⇡+ data.
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Figure 83: The generated Dalitz plot for 200000 toy MC ⌅+
c ! pK�⇡+ data.

6.2 Sensitivity of the SCP method697

The sensitivity of the SCP method is performed using toy MC generated data with statis-698

tics 200000 events comparable to analysed real data statistics.699

One of the crucial point is to check that the method does not generate artificial asym-700

metry if it does not exist. Such performance was tested using generated ⌅+
c ! pK�⇡+

701

decays without introducing CP asymmetry. For these data the results of the binned SCP702

method are presented in Fig. 84 in two cases: smaller and larger numbers of bins in the703
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Toy MC

2012 data

The essential resonances are mostly 
reproduced in the model

• The toy MC data are generated with 200000 events (similar to the data)
• The model was built using the resonances which are seen in data  

Table 12: The resonances and its individual amplitude components used in the generation
model.

resonance amplitude
�(1232) 0.200999
�(1600) 0.023790
�(1620) 0.163071
�(1700) 0.034367
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K⇤ 0.202016
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Figure 81: The squared of invariant masses M2(pK) and M2(K⇡) reconstructed in magnet
down and up 2012 sample of ⌅+

c ! pK�⇡+ data.
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Sensitivity of the SCP method

55

• Different bin numbers and sizes are tested
• The SCP method does not generate fake asymmetry
• The SCP method sees asymmetry if it is larger or equal than 5% in amplitudes 

of K* or 10% in amplitudes of D1232
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Figure 84: The SCP distributions for 200000 generated toy MC ⌅+
c ! pK�⇡+ data

without CP asymmetry in two di↵erent binning schemes of the Dalitz plot: 29 bins (left)
and 107 bins (right).
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Figure 85: The SCP distributions for 200000 generated toy MC ⌅+
c ! pK�⇡+ data with

CP asymmetry introduced as 20% di↵erence in K⇤
amplitudes. Results are presented

for two di↵erent binning schemes of the Dalitz plot: 29 bins (left) and 107 bins (right).
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20% difference in K* amplitudes
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c ! pK�⇡+ data with
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The sensitivity of the kNN method

56
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Figure 97: [Top row]: (left) the pull values of µT and (right) the corresponding p-values,
[bottom row]: (left) the pull values of T and (right) the corresponding p-values in a
given region using the kNN method with nk = 50 for toy MC generated 200000 ⌅+

c !
pK�⇡+ decays. The horizontal lines in the left figures represent -3 and +3 pull values.
Some regions are overlapped and they are separated by dashed lines. The points for the
overlapping regions are correlated. The region R0 is the full Dalitz plot.
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CP asymmetry is not 
introduced

nk=50
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Figure 98: [Top row]: (left) the pull values of µT and (right) the corresponding p-values,
[bottom row]: (left) the pull values of T and (right) the corresponding p-values in a given
region using the kNN method with nk = 50 for toy MC generated 200000 ⌅+

c ! pK�⇡+

decays with CP asymmetry introduced as 20% di↵erence in K⇤
amplitudes. The

horizontal lines in the left figures represent -3 and +3 pull values. Some regions are
overlapped and they are separated by dashed lines. The points for the overlapping regions
are correlated. The region R0 is the full Dalitz plot.
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CP asymmetry is introduced as 
20% difference in K* amplitudes

• Different bin numbers and sizes are tested
• The kNN method does not generate fake asymmetry
• The kNN method sees asymmetry if it is larger or equal than 5% in 

amplitudes of K* or 5% in amplitudes of D1232 (the SCP starts to see from 10%) 
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The sensitivity of the kNN method
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The nk dependence (R0 region)
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Figure 106: [The dependence on the nk parameter in the full Dalitz plot (region R0) for
toy MC generated 200000 ⌅+

c ! pK�⇡+ decays without CP asymmetry. (left) The pull
values of T and (right) the corresponding p-values. The horizontal lines in the left figures
represent -3 and +3 pull values. The points are overlapped.
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Figure 107: [The dependence on the nk parameter in the full Dalitz plot (region R0)
for toy MC generated 200000 ⌅+

c ! pK�⇡+ decays with CP asymmetry introduced as
5% di↵erence in the K⇤

amplitudes. (left) The pull values of T and (right) the
corresponding p-values. The horizontal lines in the left figures represent -3 and +3 pull
values. The points are overlapped.
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CP asymmetry is not introduced

• All points vary from -3s to +3s (for nk from 10 to 3000)
• The nk corresponds to the size of bin in the binned method. The nk=3000 for a 

given statistics can be compared with 33 bins 
• The method does not generate signal of CP asymmetry if it does not exist

Note: points are correlated

26/04/2022   The charm of charm


