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Why are we interested in flavour physics?

• 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 CPV in the SM is too small to explain the observed 
size of matter domination over antimatter in universe

Ø expected CPV in charm sector is small  ≲ 10-3 (much smaller than in 
the beauty sector)

• The main goal of particle physics is to search for physics beyond the SM

There are two ways of searches for New Physics:

• direct searches for produced new objects 
(Atlas and CMS)

• indirect searches via testing the SM in precise
measurements of known processes, finding 
disagreement will be indirect indication of new
phenomena existence (BaBar,  Belle,  LHCb,…) 
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Eksperyment LHCb

LHCb specjalnie zbudowany do badań fizyki B przy LHC

badanie łamania parzystości przestrzenno-ładunkowej CP
i rzadkich rozpadów cząstek pięknych

wykrycie niezgodności z przewidywaniami Modelu Standardowego 
są pośrednim wskazaniem na istnienie nowych zjawisk fizycznych

eksperymenty ATLAS/CMS – bezpośrednie poszukiwania cząstek Nowej Fizyki
                                               przy coraz wyższych energiach

eksperyment LHCb – poszukiwania Nowej Fizyki w dokładniejszych pomiarach
                                   znanych procesów w Modelu Standardowym,
                                   potrzebne duże statystyki przypadków z cząstkami pięknymi

                                        (⇒ duże energie)

Zakładana świetlność (√s=14 TeV):
     ~   2 fb-1/rok (107 s) → ( N = σ L  ; σ

bb
 = 0.5 mb )   1012 par  bb

     ~ 10 fb-1 w 5 lat

Na początku – rok 2010 (√s=7 TeV; p-p: 3.5-3.5 TeV):
Przewidywana świetlność: 0.2 – 0.3 fb-1



CP violation
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Violation of charg-space parity CPV means that the laws of physics change if
• we replace a particle with an antiparticle (C) 

and
• we change the directions of all coordinates (x,y,z) → (-x,-y,-z)  (P)

(the observed process is not a mirror image of the initial ones)

There are three ways of CPV:
1. in mixing (D0 → anty-D0 ¹ anty-D0 → D0)
2. direct (in decay amplitudes) 
3. interference between direct decays

and decays with mixing

D                                f = anty-f

anty-D

• In the Standard Model, CPV is described by the CKM matrix
• So far, CPV is confirmed in K, B, Bs, D, but not in baryons (beauty and charm)
• Searches in X+c → pK-p+ :  only direct CPV  
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Statistics X+c → pK-p+

Table 1: The final number of ⇤+
c ! pK�⇡+ and ⌅+

c ! pK�⇡+ candidates obtained from the
fits to the mass distribution in magnet down and magnet up samples collected in 2011 and 2012
data sets at centre-of-mass energy of 7 TeV and 8 TeV, respectively.

⇤+
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

selected candidates for ⇤+
c and ⌅+

c are presented in Figs 1 and 2, respectively. The fitted87

model is overlaid consisted of a sum of two Gaussian function describing the signal and88

two-order Chebyshev polynomial functions describing background. The total yields of89

⇤+
c ! pK�⇡+ and ⌅+

c ! pK�⇡+ obtained from the fits to the mass distribution in magnet90

down and magnet up samples are summarized in Tab. 1. In total there are 376341± 61791

and 1534502± 1436 ⇤+
c ! pK�⇡+ candidates in 2011 and 2012 data sets and 36410± 29792

and 157420± 658 ⌅+
c ! pK�⇡+ candidates in 2011 and 2012 data sets, respectively.93

Since it is impossible to separate signal from background events, all candidates94

reconstructed in the region defined as ±15MeV (about ±3�1 obtained from the fit, where95

�1 is a di↵erential width of first Gaussian fitted to the mass distribution) around the96

expected PDG mass value of ⇤+
c or ⌅+

c are used. In this region there are 1968187 events of97

⇤+
c decays (2011: 40548 events and 2012: 1566639 events) and 249495 events of ⌅+

c decays98

(2011: 47265 events and 2012: 202230 events). The purity is defined as the number of99

events of pure product divided by the total number of events of impure product obtained100

depends of data taking year and the channel. The purity for ⇤+
c is 94% for 2011 and 98%101

for 2012 and for ⌅+
c decays is 77% for 2011 and 78% for 2012.102

4 Methods103

4.1 Binned SCP method104

The binned SCP method is based on dividing the whole phase space into a given number105

of bins. The best way to visualize the phase space of three-body decays is the Dalitz plot.106

In each bin, a direct comparison between Dalitz plots for particles and antiparticles is107

performed. To look for local CP asymmetry, the significance of the di↵erence between108

the numbers of decays for particles and antiparticles is computed for each bin, using the109

following expression:110

Si
CP =

ni
+ � ↵ni

�p
↵(ni

+ + ni
�)

. (1)

In the above expression ni
+ and ni

� are the numbers of decays of the particles and111

antiparticles in the ith bin, respectively. Since the LHC is the charge asymmetric proton-112

4

Xc: 193 830 candidates
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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

123

2011 2012
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• Decay products form many resonance states visible in Dalitz plot  
⇒ strong phases vary from region to region

• The charge asymmetry can be measured 
locally in the regions of Dalitz plots

• No clear indications where CPV would 
appear

• To find asymmetries the Dalitz plots 
for X+c and X-c are compared locally
(searches are based on techniques 
that are model-independent)

ACP / sin(�1 � �2)sin(�1 � �2)
weak phases strong phases

CP violation in Dalitz plot 

K*

K*0(1430)

L1520
L1670/1690

D++ X+c → pK-p+
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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

• In each bin a significance of a difference 
between X+c and X-c is calculated

• To cancel global asymmetries (production 
asymmetry, etc.) the Dalitz plots are normalized 

• If no CPV (only statistical fluctuations) 
then SCP is Gauss distributed (µ=0, s=1)

• The c2 = SSiCP2 test is calculated to obtain
p-value for the null hypothesis to test 
if X+c and X-c distributions are statistically 
compatible

p-value ≪ 1  in case of CPV

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

if asymmetry Monte Carlo

Bediaga et al. 
Phys.Rev.D80(2009)096006

The binned SCP method

<latexit sha1_base64="PVzCOR5q8AzlwrML5LUfh0AZtDE="></latexit>

Si
CP ⌘ Ni

+�↵Ni
�p

↵(Ni
++Ni

�)

<latexit sha1_base64="Ix9Wu8AwB7bvCdFpv1blzjPajb8=">AAACDnicbVBNS8MwGE7n15xfVY9egttAEEc7EL0IQy+eZIL7gLWONE23sDQtSSqM0l/gxb/ixYMiXj1789+YdTvo5gMJD8/zvm/ePF7MqFSW9W0UlpZXVteK66WNza3tHXN3ry2jRGDSwhGLRNdDkjDKSUtRxUg3FgSFHiMdb3Q18TsPREga8Ts1jokbogGnAcVIaalvViupk09JBfEzB7F4iLILJxAIpzf3x5m+TrJK3yxbNSsHXCT2jJTBDM2++eX4EU5CwhVmSMqebcXKTZFQFDOSlZxEkhjhERqQnqYchUS6ab5IBqta8WEQCX24grn6uyNFoZTj0NOVIVJDOe9NxP+8XqKCczelPE4U4Xj6UJAwqCI4yQb6VBCs2FgThAXVu0I8RDoKpRMs6RDs+S8vkna9Zp/WrNt6uXE5i6MIDsAhOAI2OAMNcA2aoAUweATP4BW8GU/Gi/FufExLC8asZx/8gfH5A1mlnEQ=</latexit>

↵ = N+

N�



A.Ukleja                                   New Physics searches in LHCb 27/11/2015   7

• Uniform and adaptive 
binning schemes with 
different bin numbers 
are tested

• SCP distributions agree 
with the normal 
Gaussian function

• The p-values are 
greater than 32%

• Results are consistent 
with no observation of 
CP asymmetry. 

Results using binned SCP method

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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• 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  

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 sT

A.Ukleja                                   New Physics searches in LHCb 27/11/2015   8

T = 1
nk(n++n�)

Pn++n�
i=1

Pnk

k=1 I(i, k)

Idea and analysis done 
by the Warsaw Group

The unbinned k-nearest neighbour method

x

y
“-”“+”

query event nk=10

µT = n+(n+�1)+n�(n��1)
n(n�1)

limn,nk,D!1 �2
T = 1

nnk
(n+n�

n2 + 4
n2
+n2

�
n4 )



9

The kNN method

• The kNN method allows to find differences between two samples if they 
come from: 

² normalization:  if  n+ ≠ n- then  µT ≠ µTR = (n-2) / 2(n-1)

Ø Production asymmetry can be manifested by different 
normalization

² shape:  if  f+ ≠ f- then T ≠ µT

⟹ the two numbers of standard deviations and corresponding   
p-values are calculated 

p-value ≪ 1  in case of CPV
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To increase the power of the kNN 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

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

123
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One p-value 
corresponds to
2.7s of agreement

Results using kNN method
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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-

123

normalization

shape

• Nonzero asymmetry in normalization part is an effect of nonzero production 
asymmetry

• No observation of CPV using the kNN method

production 
asymmetry

For the first time 
the X+c production 
asymmetry of X+c
is estimated at 
LHC:  Aprod~1.5 %
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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 dependence (whole Dalitz plot, R0)

• All points vary from -3s to +3s (for nk from 10 to 3000)
• The results are consistent with no observation of CPV

Note: points are correlated



Significance of the measurements

13

• The first searches for CPV in X+
c decays.

• Model-independent searches.

• For the first time the X+
c production asymmetry of X+

c is estimated at LHC:  
Aprod~1.5 %

• A unique search method for CPV in HEP – the k-nearest neighbour method.

• Monte Carlo studies give hope for the effectiveness of the kNN method. The 
sensitivity is not worse than the other methods, and sometimes it can be 
even better.

• The analysis is being continued with the collaboration of AGH LHCb Group. 
In Run 2 the yield of X+

c is four times larger than in Run 1. The other 
methods are going to be used: Energy Test, Kernel Density Estimator.
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• The work would not be 
possible without the 
enormous support of the 
Warsaw LHCb Group  

• Thanks to everyone who 
supported me and gave 
me helpful advices
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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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Figure 132: The measured raw asymmetries in regions in signal ⌅+
c ! pK�⇡+ decays.

The 2012 data (dots) are compared with 2011 data (stars). Some regions are overlapped
and they are separated by dashed lines. The region R0 is full Dalitz plot.
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Figure 133: (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 signal ⌅+

c ! pK�⇡+ decays
obtained using the kNN method. The 2012 data (dots) are compared with 2011 data
(stars). The horizontal lines in the left figures represent -3 and +3 pull values. The
points are correlated.
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Within errors, the raw asymmetry in all regions is quite similar (negative ~ -1.5%). 
It has a characteristic behavior for the expected production asymmetry

² It was checked that the constant value of ARAW in regions of the Dalitz
plot is maintained in bins of h and pT

2011 and 2012 merged

Aprod


