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• The examples of the LHCb measurements
² CP  violation in 𝛯!" → 𝑝𝐾#𝜋" 
² CP asymmetry difference between 𝛬𝒄" → 𝑝𝐾#𝐾" and 𝑝𝜋#𝜋"
² Amplitude analysis of 𝛬!" → 𝑝𝐾#𝜋"
² Polarization of 𝛬!" → 𝑝𝐾#𝜋"
²  Polarimeter vector field in 𝛬!" → 𝑝𝐾#𝜋"

• Summary



Why are we interested in charm physics?
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• In the Standard Model (SM), the known value of  CP violation (CPV)  is too small  
to explain the observed size of matter domination over antimatter in the universe

• At LHCb, we very precisely test known CPV in the SM
     →   finding disagreement will be indirect indication of new phenomena existence 

• The new particles can appear in the loops

• Charm sector is very promising since the background from the SM is very small, 
expected CPV is only   ≲  10−4 − 10−3  (much smaller than we measure in beauty 
meson decays)

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



CP  violation in 𝛯!" → 𝑝𝐾#𝜋"
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Eur. Phys. J. C80 (2020) 986
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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

54



The binned SCP method
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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  𝛯!"  and 𝛯!# is calculated 

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

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

• The c2 = SSi
CP

2 test is calculated to obtain
     p-value for the null hypothesis (no CPV) 
     to test if  𝛯!"  and 𝛯!#  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
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The results of local CPV search using binned SCP method

A.Ukleja (LHCb)                                      CPV in charmed baryons at LHCb March 2024 6

• 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

Eur. Phys. J. C           (2020) 80:986 Page 7 of 16   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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The unbinned k-nearest neighbour method
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• More difficult to use but can be more sensitive for small statistics

• 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

           

T = 1
nk(n++n�)

Pn++n�
i=1

Pnk

k=1 I(i, k)

x

y
“-”“+”

query event nk=10

µT = n+(n+�1)+n�(n��1)
n(n�1)

limn,nk,D!1 �2
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The first searches for local CPV in 𝛯!" → 𝑝𝐾#𝜋"
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Eur. Phys. J. C80 (2020) 986

• Results are consistent with CP symmetry but in one region of the Dalitz plot the local 
effect corresponds to 2.7σ

• To be continued with Run 2 data

• Data collected in Run 1, 𝑠 = 7 TeV and 8 TeV, L ~ 3 fb-1

• The k-nearest neighbour method is used in regions of the Dalitz plot 



CP asymmetry difference between 𝛬𝒄" → 𝒑𝑲#𝑲" and 𝒑𝜋#𝜋"
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JHEP03 (2018) 182 • The 𝛬!" candidates are reconstructed from 𝛬$% → 𝛬!"𝜇#𝑋 decays

• Kinematics of the  𝑝𝐾#𝐾" and 𝑝𝜋#𝜋" are and equal and data are weighted 

CP asymmetry di�erence between
»+

c æ pK ≠K + and pfi≠fi+ decays
JHEP03 (2018) 182

• Ô
s = 7 and 8 TeV, 2011 & 2012, Lint = 3 fb

≠1,
• The »+

c candidates reconstructed from »0

b æ »+
c µ≠

X decay.

ACP = ≈ (f ) ≠ ≈ (f̄ )
≈ (f ) + ≈ (f̄ )

, Araw = N(f µ≠) ≠ N(f̄ µ+)
N(f µ≠) + N(f̄ µ+)

Araw (f ) = ACP(f ) + A
»0

b
P (f µ) + A

µ
D(µ) + A

f
D(f )

• Kinematics of the pK
≠

K
+ and pfi≠fi+ are not equal - latter data

are weighted.

∆A
wgt
CP = ACP(pK

≠
K

+) ≠ A
wgt
CP (pfi≠fi+) ¥ Araw (pK

≠
K

+) ≠ A
wgt
raw (pfi≠fi+)
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CP asymmetry di�erence between
»+

c æ pK ≠K + and pfi≠fi+ decays
JHEP03 (2018) 182

Total yields: ≥ 25k (pK
≠

K
+), ≥ 187k (pfi≠fi+) candidates

Jakub Ryżka 10th June 2022 Charmed baryons at LHCb 6

Run 1, 3 fb-1

Total yields:
 ~25k  𝑝𝐾#𝐾"
 ~187k 𝑝𝜋#𝜋" 



CP asymmetry difference between 𝛬𝒄" → 𝒑𝑲#𝑲" and 𝒑𝜋#𝜋"
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CP asymmetry di�erence between
»+

c æ pK ≠K + and pfi≠fi+ decays

Araw (pK
≠

K
+) = (3.72 ± 0.78)%

A
wgt
raw (pfi≠fi+) = (3.42 ± 0.47)%

�Awgt
CP = (0.30 ± 0.91 ± 0.61)%

• The first measurement of
the CP violation parameter
in »+

c decays,
• Central value is measured to

be consistent with zero.

JHEP03 (2018) 182
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Jakub Ryżka 10th June 2022 Charmed baryons at LHCb 7

• Central value is measured to be 
consistent with zero

• The first measurement of the CP 
violation parameter in 𝛬!" decays
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c æ pK ≠K + and pfi≠fi+ decays
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Amplitude analysis of 𝛬!" → 𝑝𝐾#𝜋"
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Phys.Rev. D108 (2023) 012023

• 𝛬𝒄" from semileptonic beauty hadron 
decays 𝛬%& → 𝛬!"𝑙#�̅�

• 𝛬!" → 𝑝𝐾#𝜋" has a complex resonant 
structure with multiple overlapping 
states in the  𝐾#𝜋", 𝑝𝐾# and  𝑝𝜋"
systems 

• A full amplitude analysis determines 
the composition of the decay amplitude

• The knowledge of the resonant 
structure is useful in searches for CP 
symmetry violation, which is still 
unobserved in baryon decays 
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Figure 2: Dalitz plot for the total sample of ⇤+
c ! pK�⇡+ candidates.

Eq. (8) using its amplitude model. Like two-body decay asymmetry parameters, S2 is
a measure of parity violation, which ranges between zero (parity-conservation) and 1/3
(maximum parity-violation). For an easier comparison to two-body decays, the sensitivity
to polarization is expressed as

p
3S, which ranges between zero and unity.

For ⇤+
c quasi two-body decays to a pair of baryon and pseudoscalar, the

p
3S quantity

is equal to the absolute value of the ↵ decay parameter computed via Eq. (7). For the
K⇤(892) contribution, characterized by a di↵erent spin structure, the

p
3S quantity is

considered.
The Dalitz plot of the total reconstructed ⇤+

c ! pK�⇡+ sample is presented in Fig. 2.
The plot contains candidates from the signal region prior to e�ciency correction. It
displays a rich structure with resonant contributions from all three possible pairs of
final state particles: ⇤ ! pK� resonances are visible as vertical bands, K⇤ ! K�⇡+ as
horizontal bands and �++ ! p⇡+ as diagonal bands. The di↵erent intensity patterns can
be explained by the spin of the resonance, by interference patterns or nonuniform detector
e�ciency. Regarding the ⇤ pattern, there are two narrow structures corresponding to
⇤(1520) and ⇤(1670) resonances, plus broader bands indicating possible ⇤(1405) and
⇤(1600) contributions. The only other vertical band is in the m2

pK� region 3.8� 4.0GeV,
where no clear resonances are reported according to Ref. [25]. Regarding K⇤ resonances,
the clear band is due to the K⇤(892) meson. Higher-mass resonances, having pole masses
outside the allowed phase-space, may contribute thanks to the lower-mass tail of their
broad distribution, possibly explaining the presence of an enhanced number of events at
high m2

K�⇡+ . Even if a spin-zero nonresonant component cannot be excluded visually,
the center of the Dalitz plot is almost empty of events. Finally, besides the apparent
diagonal band due to the �(1232)++ resonance, there is a slightly enhanced diagonal
band at higher m2

p⇡+ mass, a possible sign of additional �++ resonances. The Dalitz plot
shows interference e↵ects among resonances belonging to di↵erent decay chains, which

7



Amplitude analysis of 𝛬!" → 𝑝𝐾#𝜋"
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Figure 1: Invariant mass distribution of selected pK�⇡+ candidates from the total dataset. The
results from the fit described in the text are also shown.

the total dataset is shown in Fig. 1. An extended unbinned maximum-likelihood fit is
performed to the m(pK�⇡+) distribution in the mass range within 80MeV of the known
⇤+

c mass [25]. The ⇤+
c ! pK�⇡+ signal component is modeled with a double-sided

Crystal Ball function [54], having asymmetric power-law tails on both sides of the peak
to describe detector resolution and final-state radiation e↵ects. An exponential function
describes the combinatorial background contribution.

The signal m(pK�⇡+) region chosen for the amplitude analysis is within 15MeV of
the known ⇤+

c mass [25], containing about 95% of the signal candidates. The fraction of
background in the signal region is fb = 1.69%.

A subset of 400 000 ⇤+
c ! pK�⇡+ candidates is employed, corresponding to roughly

30% of the analyzed data set, since increasing the dataset does not reduce the leading
source of systematic uncertainty (see Sec. 5). The subset is chosen selecting an equal
number of candidates per each category of ⇤+

c baryon charge and LHCb magnet polarity.

4 Amplitude fit

The amplitude model for the ⇤+
c ! pK�⇡+ decay is written in the helicity formalism [55],

following the method and conventions of Ref. [38]. In particular, the method for the
matching of the proton spin among di↵erent decay chains is employed. The ⇤+

c polarization
is measured in the ⇤+

c rest frame in two di↵erent helicity systems defined by a boost along
the ⇤+

c momentum from the laboratory frame (lab), and from the approximate beauty
hadron rest frame (B̃). The five variables describing the ⇤+

c ! pK�⇡+ decay are chosen
to be

⌦ = (m2
pK� ,m2

K�⇡+ , cos ✓p,�p,�), (1)

where m2
pK� and m2

K�⇡+ are the squared invariant masses and ✓p,�p and � are the angles
describing the decay orientation with respect to the ⇤+

c polarization system. The angles
✓p and �p are the polar and azimuthal angles of the proton momentum, while � is the
angle between the plane formed by the proton momentum and the ⇤+

c quantization axis
and the plane formed by the kaon and pion momenta, where momenta are expressed in

4

• LHCb 2016: ~1.7 fb-1

• The signal region chosen within       
15 MeV of the known 𝛬𝒄" mass, 
containing about 95% of the 
signal candidates

• ~400 000 candidates
 
• The fraction of background in the 

signal region is 1.69%
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Figure 2: Dalitz plot for the total sample of ⇤+
c ! pK�⇡+ candidates.

Eq. (8) using its amplitude model. Like two-body decay asymmetry parameters, S2 is
a measure of parity violation, which ranges between zero (parity-conservation) and 1/3
(maximum parity-violation). For an easier comparison to two-body decays, the sensitivity
to polarization is expressed as

p
3S, which ranges between zero and unity.

For ⇤+
c quasi two-body decays to a pair of baryon and pseudoscalar, the

p
3S quantity

is equal to the absolute value of the ↵ decay parameter computed via Eq. (7). For the
K⇤(892) contribution, characterized by a di↵erent spin structure, the

p
3S quantity is

considered.
The Dalitz plot of the total reconstructed ⇤+

c ! pK�⇡+ sample is presented in Fig. 2.
The plot contains candidates from the signal region prior to e�ciency correction. It
displays a rich structure with resonant contributions from all three possible pairs of
final state particles: ⇤ ! pK� resonances are visible as vertical bands, K⇤ ! K�⇡+ as
horizontal bands and �++ ! p⇡+ as diagonal bands. The di↵erent intensity patterns can
be explained by the spin of the resonance, by interference patterns or nonuniform detector
e�ciency. Regarding the ⇤ pattern, there are two narrow structures corresponding to
⇤(1520) and ⇤(1670) resonances, plus broader bands indicating possible ⇤(1405) and
⇤(1600) contributions. The only other vertical band is in the m2

pK� region 3.8� 4.0GeV,
where no clear resonances are reported according to Ref. [25]. Regarding K⇤ resonances,
the clear band is due to the K⇤(892) meson. Higher-mass resonances, having pole masses
outside the allowed phase-space, may contribute thanks to the lower-mass tail of their
broad distribution, possibly explaining the presence of an enhanced number of events at
high m2

K�⇡+ . Even if a spin-zero nonresonant component cannot be excluded visually,
the center of the Dalitz plot is almost empty of events. Finally, besides the apparent
diagonal band due to the �(1232)++ resonance, there is a slightly enhanced diagonal
band at higher m2

p⇡+ mass, a possible sign of additional �++ resonances. The Dalitz plot
shows interference e↵ects among resonances belonging to di↵erent decay chains, which

7

The Dalitz plot displays a rich structure with resonant contributions from all possible 
pairs of final state particles: 𝛬 → 𝑝𝐾# ,   𝐾∗ → 𝐾#𝜋" ,  𝛥"" → 𝑝𝜋"

Table 1: Resonant composition of the default ⇤+
c ! pK�⇡+ amplitude model, with spin-parity

JP , and the Breit–Wigner mass and width parameters, which, in the amplitude fit, are left free
within the reported range or fixed to the given value if no interval is quoted.

Resonance JP Mass (MeV) Width (MeV)

⇤(1405) 1/2� 1405.1 50.5
⇤(1520) 3/2� 1515� 1523 10� 20
⇤(1600) 1/2+ 1630 250
⇤(1670) 1/2� 1670 30
⇤(1690) 3/2� 1690 70
⇤(2000) 1/2� 1900� 2100 20� 400

�(1232)++ 3/2+ 1232 117
�(1600)++ 3/2+ 1640 300
�(1700)++ 3/2� 1690 380

K⇤
0(700) 0+ 824 478

K⇤(892) 1� 895.5 47.3
K⇤

0(1430) 0+ 1375 190

are needed for the simultaneous measurement of helicity amplitudes and ⇤+
c polarization

vector [1]. It can be noted that the K⇤(892) band gets shifted when crossing the ⇤(1670)
contribution, while the ⇤(1520) band shows a destructive interference pattern with high
mass K⇤ contributions at the upper corner of the Dalitz plot.

The default amplitude model is built starting from the contributions visible in Fig. 2
and adding resonant states according to those listed in Ref. [25]. Contributions which
significantly improve the fit quality are added to the default model; those giving similar
qualities are considered as alternative models for systematic uncertainty evaluation.
The same criterion is employed for choosing among di↵erent descriptions of the same
contribution.

The resonances included in the default model are listed in Table 1. Most resonance
parameters are fixed to the mean values reported in Ref. [25]. The parameters of the broad
⇤(1600), �(1600)++, �(1700)++ and K⇤

0(1430) contributions are set to the edges of the
intervals quoted by Ref. [25] giving better fit quality. These are the upper values of the
⇤(1600) and �(1600)++ masses, the lower values of the �(1700)++ and K⇤

0 (1430) masses,
the upper values of the ⇤(1600), �(1600)++, �(1700)++ widths and the lower value of the
K⇤

0 (1430) width. The mass and width of the narrow ⇤(1520) state are left free to absorb
resolution e↵ects. A large contribution from a resonant state in the m(pK�) ⇡ 2GeV
region is observed and it is well described as a single JP = 1/2� state, indicated as
⇤(2000), with Breit–Wigner parameters determined from the fit. Di↵erent spin-parity
assignments are rejected by the fit.

The invariant mass dependence (lineshape) of resonant contributions is parametrized
by default with relativistic Breit–Wigner functions, whose implementation is described
in Appendix D. Some of the resonances employed in the amplitude model cannot be
parametrized by relativistic Breit–Wigner lineshapes. The spin-zero contribution in the
K⇤ decay channel is modeled as K⇤

0(700) and K⇤
0(1430) resonant states, each described

by a simplified version of the parametrization proposed in Ref. [60]. It consists of a

8
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The amplitude model is written in the helicity formalism
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Figure 3: Distributions for selected candidates together with amplitude fit projections in the lab
system for (top row) invariant mass squared projections; (bottom row) decay orientation angle
projections.

6 Results

The comparison between ⇤+
c ! pK�⇡+ data and default amplitude fit projections is

displayed in Figs. 3 and 4 for ⇤+
c polarization in the laboratory or approximate B systems,

respectively. The amplitude model distributions are obtained from the ⇤+
c ! pK�⇡+

simulation sample which reproduces detector e�ciency e↵ects. The fit qualities are good
given the large number of events.

The polarization components in the laboratory and approximate B systems are reported
in Table 7. This analysis demonstrates the possibility of a precision measurement of the
full ⇤+

c polarization vector, with absolute uncertainties of order 1% on each component. A
large polarization is measured in both ⇤+

c helicity frames considered. In the one reached
from the laboratory it has a modulus P ⇡ 65%, with a dominating positive transverse
component Px ⇡ 60% and a smaller negative longitudinal component Pz ⇡ �25%. In
the system reached from the approximate beauty hadron rest frame it has a modulus
P ⇡ 70%, with a dominating negative longitudinal component Pz ⇡ �66% and a smaller
positive transverse component Px ⇡ 22%. The latter polarization components follow
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c
⇥ p̂(p)

p̂(p)⇥ (ẑ⇤+
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c polarization system

to the decay plane reference system: (left) proton polar and azimuthal angles and (right) �
angle.

states. Three decay channels are possible: K⇤ ! K�⇡+, ⇤ ! pK� and �++ ! p⇡+.
Helicity amplitudes are obtained for each channel and summed coherently using the
method for matching proton spin states among di↵erent decay chains of Ref. [38]. The
matching step allows the transformation of proton helicity states, di↵erent for each decay
channel, to a common definition of proton spin states.

To simplify the amplitude model expression, the invariant mass and decay orientation
angle degrees of freedom can be separated applying the Dalitz plot decomposition [65],

Am
⇤+
c
,mp(⌦) =

X

⌫
⇤+
c

D⇤1/2
m

⇤+
c
,⌫

⇤+
c

(�p, ✓p,�)O⌫
⇤+
c
,mp(m

2
pK� ,m2

K�⇡+), (24)

in which the Wigner D-matrix describes the rotation of ⇤+
c spin states from the ⇤+

c

polarization system in Eq. (20), |1/2,m⇤+
c
i, to the decay plane system in Eq. (21),

|1/2, ⌫⇤+
c
i. The term O⌫

⇤+
c
,mp(m

2
pK� ,m2

K�⇡+) describes the ⇤+
c decay amplitudes in terms

of ⇤+
c spin states |1/2, ⌫⇤+

c
i and proton states defined in the canonical spin system reached

from the ⇤+
c decay plane system, |1/2,mpi. These proton states are later employed for the

matching of proton spin states among di↵erent decay chains. The decomposition allows
the definition of helicity and canonical spin states using polar rotations only, around the
y axis of the decay plane system. Therefore, the angular part of the decay amplitude
simplifies, depending solely on polar helicity angles via reduced Wigner d-matrices.

Considering the ⇤+
c ! pK⇤(! K�⇡+) decay chain, the weak ⇤+

c ! pK⇤ decay
amplitude is given by Eq. (16) applied starting from the decay plane coordinate system,

A⇤+
c !pK⇤

⌫
⇤+
c
,mp,�̄K⇤

= H⇤+
c !pK⇤

mp,�̄K⇤
�⌫

⇤+
c
,mp+�̄K⇤ , (25)

where spin states are expressed in the DP system, and the amplitude is written in terms of
the proton helicity mp and the K⇤ opposite helicity �̄K⇤ . The proton helicity states reached
from the DP system coincide with the canonical states since in the DP system the proton
momentum is already aligned to the quantization axis. Since no rotation of spin states is
involved, the D-matrix becomes a constraint on the helicity values mp + �̄K⇤ = ⌫⇤+

c
.

For spin-zero K⇤ resonances the angular momentum conservation relations in Eq. (18)
allow two complex couplings corresponding to mp = ±1/2. For higher-spin resonances,
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c polarization system

to the decay plane reference system: (left) proton polar and azimuthal angles and (right) �
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states. Three decay channels are possible: K⇤ ! K�⇡+, ⇤ ! pK� and �++ ! p⇡+.
Helicity amplitudes are obtained for each channel and summed coherently using the
method for matching proton spin states among di↵erent decay chains of Ref. [38]. The
matching step allows the transformation of proton helicity states, di↵erent for each decay
channel, to a common definition of proton spin states.

To simplify the amplitude model expression, the invariant mass and decay orientation
angle degrees of freedom can be separated applying the Dalitz plot decomposition [65],

Am
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⌫
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in which the Wigner D-matrix describes the rotation of ⇤+
c spin states from the ⇤+

c

polarization system in Eq. (20), |1/2,m⇤+
c
i, to the decay plane system in Eq. (21),

|1/2, ⌫⇤+
c
i. The term O⌫

⇤+
c
,mp(m

2
pK� ,m2

K�⇡+) describes the ⇤+
c decay amplitudes in terms

of ⇤+
c spin states |1/2, ⌫⇤+

c
i and proton states defined in the canonical spin system reached

from the ⇤+
c decay plane system, |1/2,mpi. These proton states are later employed for the

matching of proton spin states among di↵erent decay chains. The decomposition allows
the definition of helicity and canonical spin states using polar rotations only, around the
y axis of the decay plane system. Therefore, the angular part of the decay amplitude
simplifies, depending solely on polar helicity angles via reduced Wigner d-matrices.

Considering the ⇤+
c ! pK⇤(! K�⇡+) decay chain, the weak ⇤+

c ! pK⇤ decay
amplitude is given by Eq. (16) applied starting from the decay plane coordinate system,

A⇤+
c !pK⇤

⌫
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= H⇤+
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mp,�̄K⇤
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⇤+
c
,mp+�̄K⇤ , (25)

where spin states are expressed in the DP system, and the amplitude is written in terms of
the proton helicity mp and the K⇤ opposite helicity �̄K⇤ . The proton helicity states reached
from the DP system coincide with the canonical states since in the DP system the proton
momentum is already aligned to the quantization axis. Since no rotation of spin states is
involved, the D-matrix becomes a constraint on the helicity values mp + �̄K⇤ = ⌫⇤+

c
.

For spin-zero K⇤ resonances the angular momentum conservation relations in Eq. (18)
allow two complex couplings corresponding to mp = ±1/2. For higher-spin resonances,
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A significant contribution from a resonant in m(pK)~2GeV region (𝛬(2000)), where clear 
resonances have not been previously been reported

𝛬(2000)
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The 𝛬!" → 𝑝𝐾#𝜋" amplitude model can be employed to measure the polarization
of the 𝛬!" baryon

Including polarization component in the laboratory

A large averaged polarization is 
measured 65% with absolute 
uncertainty of order 1% with 
dominating transverse 
component 60% and a smaller 
longitudinal component -25% 

Phys.Rev. D108 (2023) 012023
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Figure 4: Distributions for selected candidates together with amplitude fit projections in the B̃
system for (top row) invariant mass squared projections; (bottom row) decay orientation angle
projections.

the theoretical predictions [6, 9, 10,15,18,26,27]. A precise comparison of the measured
⇤+

c polarization values with theoretical predictions is beyond the scope of the present
analysis. This would require an exclusive selection of ⇤0

b ! ⇤+
c µ

�⌫ decays from other
contributions, like those from excited charm resonances ⇤0

b ! ⇤⇤+
c (! ⇤+

c ⇡
+⇡�)µ�⌫,

and an understanding of the e↵ect of partial semileptonic decay reconstruction on the
polarization components obtained from the true beauty hadron rest frame.

The relation between the two measured polarization vectors can be explained in terms
of the di↵erent orientation in space of the two polarization systems considered, with the
rotation from mostly longitudinal to mostly transverse polarization reproduced by a study
performed on simulated events. The leading uncertainty for transverse polarization in both
systems and longitudinal polarization in the B̃ frame is that associated to the amplitude
model choice, while the main uncertainty on longitudinal polarization in laboratory
frame is due to baryon kinematic corrections. The normal polarization Py, sensitive to
time-reversal violation e↵ects and final-state interactions as explained in Appendix A,
is compatible with zero at the 1% level, for both polarization systems considered. The

16



Measuring polarimeter vector field in 𝛬!" → 𝑝𝐾#𝜋" decays 

A.Ukleja (LHCb)                                      CPV in charmed baryons at LHCb March 2024 16

LHCb-PAPER-2022-044, JHEP 2023(2023) 228

Figure 1: Definition of the decay-plane orientation angles �, ✓, and � related to polarisation of the

particle A, produced in the process P +Q ! A+X, and observed in the decay, A ! B+C +D.

The left yellow plane contains the momenta of the production process, while the right green

plane contains the momenta of the decay reaction. The central blue plane is defined by the

momenta ~pX and ~pD in the rest frame of the decay particle A. The white arrows show the

orientation of the two di↵erent quantisation axes of the particle A spin in its rest frame.

space, the configuration of the final-state particle momenta forms a rigid body that can
be rotated to the common aligned configuration [35], where one of the momenta is chosen
as reference for the z axis and the second noncollinear vector is used to establish the
direction perpendicular to the decay plane, the y axis. The entire angular dependence of
the decay amplitude is factored out explicitly,

T⌫0,{�} =
X

⌫

D
1/2⇤
⌫0,⌫ (�, ✓,�)A⌫,{�}() , (5)

where the index ⌫ is the spin projection of the decaying fermion onto the z axis of the
aligned configuration, D1/2

⌫0,⌫ is the Wigner D-function, A⌫,{�} is the transition amplitude
in the aligned configuration, and  denotes the kinematic variables which the aligned
reaction amplitude depends on. The number of variables is counted as 3n � 7, with n

being the number of the decay products, and the seven constraints originate from the
four conservation laws and the three overall rotations of the system. Notably, the Euler
angles in the Z-Y -Z convention shown in Fig. 1 coincide with the regular helicity angles
used in the construction of the decay amplitude as a sequence of two-body transitions.
Namely, for a process P +Q ! A(! B + C +D) +X, the angles (✓,�), and � are the
spherical angles of the momentum sum ~pB + ~pC in the helicity frame of A obtained from
the centre-of-momentum frame of the reaction, and the polar angle of particle B in the
helicity frame of BC obtained from the A rest frame, respectively.

By substituting Eq. (5) into Eq. (4), we get an expression for the polarised decay rate
in terms of the kinematic variables and the rotational degrees of freedom,

|M|
2 =

X

⌫0,⌫00,⌫,⌫
0

R⌫00,⌫0
D

1/2⇤
⌫00,⌫

0(�, ✓,�)D
1/2
⌫0,⌫(�, ✓,�) X⌫0,⌫() , (6)

where X is a hermitian 2⇥ 2 matrix that encapsulates the entire dependence on the decay

4

The averaged squared matrix element:

dynamics. It can be expanded in the basis of the Pauli matrices and the identity matrix,

X⌫0,⌫() =
X

{�}

A
⇤
⌫0,{�}()A⌫,{�}() , (7)

=
I0()

2

�
1 + ~↵() · ~�P

�
⌫0,⌫

.

Here, I0() is the total di↵erential decay rate, I0 =
P

⌫,{�}
��A⌫,{�}

��2. The aligned polarime-
ter vector ~↵ is computed by expanding the squared decay amplitude in the basis of the
Pauli matrices,

~↵() =
X

⌫0,⌫,{�}

A
⇤
⌫0,{�}~�⌫0,⌫A⌫,{�}

�
I0() . (8)

Equation (6) is simplified using properties of the rotation group and the Pauli matrices.
The Wigner D-matrix in Eq. (5) has 4⇡ invariance, since it belongs to the spin-1/2
representation of the rotation group. However, dependence of the physical observables on
the rotation must correspond to the physical, 2⇡-folded representations. Particularly, the
Cornwell theorem from group theory (see for example Section 3, Chapter 5 of Ref. [36])
gives the relation between the rotation of the transition amplitude (spin-1/2 representation
of the SU(2) group) and the rotation of the three-dimensional vector (spin-1 representation
of the SU(2) group). With this, the expression for the di↵erential decay rate gets a simple
form,

|M(�, ✓,�,)|2 = I0()

✓
1 +

X

i,j

PiRij(�, ✓,�)↵j()

◆
, (9)

where Rij(�, ✓,�) is a three-dimensional rotation matrix implementing the Euler transfor-
mation to a physical vector. It matches Eq. (2) with the matrix product, R ~↵, being the
polarimeter vector ~h. The quantities ~↵() give a model-agnostic representation for polari-
sation dependence of the decay rate. To incorporate the decay variables to a more complex
reaction, Eq. (7) should be used. For example, an amplitude analysis of B+

! ⇤
+
c ⇤

�
c K

+,
where ⇤

+
c and ⇤

�
c decays to pK

�
⇡
+ and p̄K

+
⇡
� final states, respectively, would greatly

benefit from the polarimeter field ~↵. The decay rate is expressed using the X⇤+
c and X⇤�

c

matrices in Appendix D.
The di↵erential decay rate remains sensitive to the initial polarisation even after

integration over the kinematic variables . In that case, the rate is only a function of the
three production angles,

8⇡2

�

d3�

d� d cos ✓ d�
= 1 +

X

i,j

PiRij(�, ✓,�)↵j , (10)

where the components of the averaged aligned polarimeter vector ~↵ are defined as,

↵j =

Z
I0↵jd

n

� Z

I0 d
n
 . (11)

The integration over the kinematic variables simplifies the analysis, but leads to an
increased uncertainty on the results. As discussed below, the method proposed in Ref. [24]
can be used to quantify this e↵ect.

5

I0(𝜅) – the unpolarized
           intensity

𝜅   denotes 
     the kinematic
     variables which 
     the aligned 
     reaction amplitude 
     depends on

P – polarization

Rij(𝜙,𝜃,𝜒) – three-dimensional rotation matrix implementing the Euler transformation to 
                   a physical vector that describe the orientation of the decay products in space

𝛼j(𝜅)  polarimeter vector
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Visualizing vector –̨

–̨ is a vector with respect to the decay plane
Ry is alignment rotation: who is z-axes (proton, kaon, or pion)
numbering (p, fi+, K

≠) vs (p, K
≠, fi+) flips the plane

Misha Mikhasenko (ORIGINS) Puzzles of Heavy Baryons April 21st 2023 26 / 30

�⃗�   – polarimeter vector with respect to the decay plane 
        it gives a model-agnostic representation for polarization dependence 
        of the decay rate

Ry  is alignment ratio: who is z axis (the sum of the pion and kaon momenta defines 
      the positive z direction) 

LHCb-PAPER-2022-044, JHEP 2023(2023) 228
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Figure 2: Aligned polarimeter vector field in Dalitz-plot coordinates. The z and x components

of the ↵ vector are shown by the horizontal and vertical projections of the arrow, respectively.

The colour indicates the length of the polarimeter vector. The sketch in the top right corner

shows the decay-plane orientation. The momentum arrows for the pion and the kaon are shown

in gray, since their orientation depends on the kinematic variables, m2
(K�⇡+

) and m2
(pK�

).

are defined to match the two ways of formulating the amplitude. The obtained model
is validated against the implementation of Ref. [15] up to di↵erences in floating-point
precision.

The distribution of the ~↵ components computed using Eq. (8) is shown in Fig. 2.
Together with the intensity distribution, the ~↵ field gives all information needed to
determine the ⇤

+
c polarisation in further analyses by means of Eq. (9). The polarimeter

vector at the phase-space point given in the Dalitz-plot coordinates, m2(K�
⇡
+) and

m
2(K�

p), is indicated with an arrow projected onto the xz plane. The length of the
polarimeter vector, shown by the colour, changes from point to point. However, it is
greater than 0.5 for most of the kinematic domain, indicating significant contributions of
both parity-conserving and parity-violating currents [40]. The structures in Fig. 2 are
driven by resonances in di↵erent subsystems and their interference. For the ⇤

+
c baryon

decaying to a baryon and a (pseudo)scalar, the aligned polarimeter vector points in
the same direction as the momentum of one of the two particles. The resonance then
decays, but this does not influence the direction of the polarimeter vector. If the z axis is
chosen parallel to the momentum of the resonance of the decay chain, the vector map is
homogeneous, i.e. the polarimeter vector is the same at every point in the phase space,
as shown on the left panel of Fig. 3. For a combination of many decay chains, ~↵ is not
aligned with any momenta. In fact, interference between the decay chains might cause
↵y 6= 0, meaning that the ~↵ vector points out of the momentum plane.

7

• The length of the polarimeter 
vector (shown by the colour) 
changes from point to point

• It is greater than 0.5 for most 
of the kinematic domain

• The structures are driven by 
resonances in different 
subsystems and their 
interferences

• The  2𝛼 field gives information 
needed to determine the 𝛬!"
polarization in future analyses

LHCb-PAPER-2022-044, JHEP 2023(2023) 228



• Charm physics measurements are providing a wealth of interesting results over the 
last few years 

• So far,  CP  violation in the charm sector is confirmed in mesons only

• In all other charm decays, results are consistent with  CP symmetry
§ statistical uncertainties dominate 
§ increasing data statistics will allow to test the SM in more details 
 

• We are running Run 3

• The goal is to reach ~23 fb-1 (Run 3) and ~50 fb-1 (Run 4)
     (Run 1+2: ~9 fb-1 )

Summary
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Back up



Three ways of  CP  violation in the Standard Model

A.Ukleja (LHCb)                                      CPV in charmed baryons at LHCb March 2024 21

P0  =  K0, B0, B0s, D0, D0
s

P± =  K±, B±, B±s, D±, D±s, 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)

Federico’s & Jolanta’s talks 

This talk



Charm-ing and beauti-ful experiment (LHCb)
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Int. J. Mod. Phys. A 30 (2015) 1530022

The single-arm forward spectrometer (a new concept for HEP experiments)

10 < q < 300 mrad (2<h<5)�(bb̄) = 75.3± 5.4± 13.0 µb

�(cc̄) = 1419± 12± 116 µb ⇠ 20⇥ �(bb̄)

Phys.Lett.B694 (2010) 209-216

Nucl.Phys.B871 (2013) 1



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

       
 

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 interfere with different 
weak phases   AND   DIFFERENT   STRONG   PHASES

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

New physics
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Lifetime measurement of 𝜴𝒄𝟎 and 𝜩𝒄𝟎
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Sci.Bull.67 (2022) 479

LHCb 2016-2018 dataset at 13TeV and 5.4 fb-1 (Prompt production) 
Two-dimensional unbinned extended maximum likelihood fits are performed to  the mass 
and log 𝜒2 distributions

The results confirm the charmed-hadron lifetime hierarchy, improve the precision 
of the previous 𝛺c lifetime by a factor of two


