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Physics motivation

 2

• CKM mechanism predicts sizeable 
amount of CPV in b-baryons that can be 
precisely measured 

• Test in baryons the transitions                   
that led to the first evidence in charm

Nicola Neri CP violation in baryon decays - CERN 2016

CPV in b-hadrons 
‣ Same underlying short distance physics for b-baryons 

and B mesons but with different spin and QCD structure
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b ! p⇡� B0
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‣ Systematic study of CPV in b-baryons and in B mesons 
for a stringent test of CKM mechanism
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Physics Motivation 

•  At LHC b-baryons are produced in unprecedented quantities ! opens 
a new field in flavour physics for precision measurements 
•  Mass, lifetimes and branching ratios measurements 
•  CP violation (CPV) 

•  CP violation (CPV) in b-baryons: 
•  CKM mechanism predicts sizeable  

 amount of CPV in b-baryons that  
 can be precisely measured 

•  Complementary means to test 
Standard Model with respect to 
B mesons 
 
 
 
 
 

•  Same underlying short distance physics as B mesons, with 
different spin and QCD structure 

•  New CPV sources 
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Nicola Neri CP violation in baryon decays - CERN 2016

CPV in b-hadrons 
‣ Same underlying short distance physics for b-baryons 

and B mesons but with different spin and QCD structure
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Physics Motivation 

•  At LHC b-baryons are produced in unprecedented quantities ! opens 
a new field in flavour physics for precision measurements 
•  Mass, lifetimes and branching ratios measurements 
•  CP violation (CPV) 

•  CP violation (CPV) in b-baryons: 
•  CKM mechanism predicts sizeable  

 amount of CPV in b-baryons that  
 can be precisely measured 

•  Complementary means to test 
Standard Model with respect to 
B mesons 
 
 
 
 
 

•  Same underlying short distance physics as B mesons, with 
different spin and QCD structure 

•  New CPV sources 
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• Same underlying short distance physics as B mesons, with different spin 
and QCD structure 

• New CPV sources

c → udd(ss)
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b-baryons production

�3

‣ Production cross-section strongly depends on pT of the hadron: 

‣ Large production of

f⇤0
b
= P (b ! ⇤0

b)
<latexit sha1_base64="TEwq5hzoP9Ms1O3BqyysDHgkHuQ=">AAACGHicbVDLSsNAFJ34rPUVdelmsAh1UxMRdKFQcOPCRQX7gCaGyWTSDp1kwsxEKSGf4cZfceNCEbfd+TdO2yxs64GBwznncuceP2FUKsv6MZaWV1bX1ksb5c2t7Z1dc2+/JXkqMGlizrjo+EgSRmPSVFQx0kkEQZHPSNsf3Iz99hMRkvL4QQ0T4kaoF9OQYqS05JmnoZc5dzofoMfMyj0/v25UfUfQXl8hIfgznHFPPLNi1awJ4CKxC1IBBRqeOXICjtOIxAozJGXXthLlZkgoihnJy04qSYLwAPVIV9MYRUS62eSwHB5rJYAhF/rFCk7UvxMZiqQcRr5ORkj15bw3Fv/zuqkKL92MxkmqSIyni8KUQcXhuCUYUEGwYkNNEBZU/xXiPhIIK91lWZdgz5+8SFpnNduq2ffnlfpVUUcJHIIjUAU2uAB1cAsaoAkweAFv4AN8Gq/Gu/FlfE+jS0YxcwBmYIx+AYNooAU=</latexit><latexit sha1_base64="TEwq5hzoP9Ms1O3BqyysDHgkHuQ=">AAACGHicbVDLSsNAFJ34rPUVdelmsAh1UxMRdKFQcOPCRQX7gCaGyWTSDp1kwsxEKSGf4cZfceNCEbfd+TdO2yxs64GBwznncuceP2FUKsv6MZaWV1bX1ksb5c2t7Z1dc2+/JXkqMGlizrjo+EgSRmPSVFQx0kkEQZHPSNsf3Iz99hMRkvL4QQ0T4kaoF9OQYqS05JmnoZc5dzofoMfMyj0/v25UfUfQXl8hIfgznHFPPLNi1awJ4CKxC1IBBRqeOXICjtOIxAozJGXXthLlZkgoihnJy04qSYLwAPVIV9MYRUS62eSwHB5rJYAhF/rFCk7UvxMZiqQcRr5ORkj15bw3Fv/zuqkKL92MxkmqSIyni8KUQcXhuCUYUEGwYkNNEBZU/xXiPhIIK91lWZdgz5+8SFpnNduq2ffnlfpVUUcJHIIjUAU2uAB1cAsaoAkweAFv4AN8Gq/Gu/FlfE+jS0YxcwBmYIx+AYNooAU=</latexit><latexit sha1_base64="TEwq5hzoP9Ms1O3BqyysDHgkHuQ=">AAACGHicbVDLSsNAFJ34rPUVdelmsAh1UxMRdKFQcOPCRQX7gCaGyWTSDp1kwsxEKSGf4cZfceNCEbfd+TdO2yxs64GBwznncuceP2FUKsv6MZaWV1bX1ksb5c2t7Z1dc2+/JXkqMGlizrjo+EgSRmPSVFQx0kkEQZHPSNsf3Iz99hMRkvL4QQ0T4kaoF9OQYqS05JmnoZc5dzofoMfMyj0/v25UfUfQXl8hIfgznHFPPLNi1awJ4CKxC1IBBRqeOXICjtOIxAozJGXXthLlZkgoihnJy04qSYLwAPVIV9MYRUS62eSwHB5rJYAhF/rFCk7UvxMZiqQcRr5ORkj15bw3Fv/zuqkKL92MxkmqSIyni8KUQcXhuCUYUEGwYkNNEBZU/xXiPhIIK91lWZdgz5+8SFpnNduq2ffnlfpVUUcJHIIjUAU2uAB1cAsaoAkweAFv4AN8Gq/Gu/FlfE+jS0YxcwBmYIx+AYNooAU=</latexit><latexit sha1_base64="TEwq5hzoP9Ms1O3BqyysDHgkHuQ=">AAACGHicbVDLSsNAFJ34rPUVdelmsAh1UxMRdKFQcOPCRQX7gCaGyWTSDp1kwsxEKSGf4cZfceNCEbfd+TdO2yxs64GBwznncuceP2FUKsv6MZaWV1bX1ksb5c2t7Z1dc2+/JXkqMGlizrjo+EgSRmPSVFQx0kkEQZHPSNsf3Iz99hMRkvL4QQ0T4kaoF9OQYqS05JmnoZc5dzofoMfMyj0/v25UfUfQXl8hIfgznHFPPLNi1awJ4CKxC1IBBRqeOXICjtOIxAozJGXXthLlZkgoihnJy04qSYLwAPVIV9MYRUS62eSwHB5rJYAhF/rFCk7UvxMZiqQcRr5ORkj15bw3Fv/zuqkKL92MxkmqSIyni8KUQcXhuCUYUEGwYkNNEBZU/xXiPhIIK91lWZdgz5+8SFpnNduq2ffnlfpVUUcJHIIjUAU2uAB1cAsaoAkweAFv4AN8Gq/Gu/FlfE+jS0YxcwBmYIx+AYNooAU=</latexit>

fd = P (b ! B0)
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Figure 4: Ratio of production fractions f⇤0
b
/fd as a function of pT of the b hadron from LHCb

data for b hadrons decaying semileptonically [45] and fully reconstructed in hadronic decays [47].
The curve represents a fit to the LHCb hadronic data [47]. The computed LEP ratio is included
at an approximate pT in Z decays, but does not participate in any fit.

yields Rs = exp {(�1.304 ± 0.024) � (0.0058 ± 0.0019)[GeV/c]�1
⇥ pT}. The two fits are nearly

indistinguishable over the pT range of the results, but the second gives a physical value for all
pT. Rs is also calculated for LEP and placed at the approximate pT for the b hadron, though
the LEP result doesn’t participate in the fit. Our world average for Rs is also included in the
figure for reference.

In order to combine or compare LHCb results with other experiments, the pT-dependent
f⇤0

b
/(fu + fd) is weighted by the pT spectrum.10 Table 4 compares the pT-weighted LHCb

data with comparable averages from CDF. The average CDF and LHCb data are in agreement
despite the b hadrons being produced in different kinematic regimes.

Ignoring pT dependence, all these published results have been adjusted to the latest branch-
ing fraction averages [5] and combined following the procedure and assumptions described in

10 In practice the LHCb data are given in 14 bins in pT and ⌘ with a full covariance matrix [45]. The weighted
average is calculated as DTC�1M/�, where � = DTC�1D, M is a vector of measurements, C�1 is the inverse
covariance matrix and DT is the transpose of the design matrix (vector of 1’s).
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‣      polarization measured to be compatible with 0: 
‣   
‣  

Λ0
b
PΛ0

b
= (−2.0 ± 2.3) % PRL 7 (2015), 115 

Phys. Lett. B 724 (2013), 27 PΛ0
b

= (6 ± 7 ± 2) %
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Status of CPV searches in  
‣ CDF (prior LHC era): 

‣   
‣   

‣ LHCb: 
‣   
‣   
‣   
‣   
‣   
‣   
‣   
‣   
‣   
‣   

�4

Λ0
b

Phys. Rev. Lett. 113 (2014) 242001 

JHEP 04 (2014) 087 

Phys. Lett. B787 (2018) 124 

JHEP 07 (2014) 103 
JHEP 05 (2016) 081 

ACP(Λ0
b → pπ−) = (6 ± 7 ± 3) %

ACP(Λ0
b → pK−) = (10 ± 8 ± 4) %

ACP(Λ0
b → K0

S pπ−) = (22 ± 13 ± 3) %
ΔACP(Λ0

b → J/ψpπ−/K−) = ACP(Λ0
b → J/ψpπ−) − ACP(Λ0

b → J/ψpK−) = (5.7 ± 2.4 ± 1.2) %

ACP(Λ0
b → ΛK+π−) = (53 ± 23 ± 11) %

ACP(Λ0
b → ΛK+K−) = (28 ± 10 ± 7) % JHEP 05 (2016) 081 

ACP(Λ0
b → pK−) = (−2.0 ± 1.3 ± 1.9) %

ACP(Λ0
b → pπ−) = (−3.5 ± 1.7 ± 2.0) % Phys. Lett. B787 (2018) 124 

a ̂T−odd
CP (Λ0

b → pK−π+π−) = (−0.81 ± 0.84 ± 0.31) % JHEP 39 (2018) 1808 

a ̂T−odd
CP (Λ0

b → pK−K+K−) = (1.12 ± 1.51 ± 0.32) %
a ̂T−odd

CP (Λ0
b → pπ−π+π−) = (1.15 ± 1.45 ± 0.32) % Nature Phys. 13 (2017) 391

a ̂T−odd
CP (Λ0

b → pK−K+π−) = (−0.93 ± 4.54 ± 0.42) %

JHEP 39 (2018) 1808 

Nature Phys. 13 (2017) 391

Phys. Rev. Lett. 113 (2014) 242001 𝒪
(1

0%
)

𝒪
(%

)
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•  Initial state pp 
‣  is not CP symmetric 

•  Initial asymmetry ≈1% could mimic CPV 

 
 
 

•  By means of the unitary 
relation: 

Experimental issue Production asymmetry 

Experimental issue 
Particle-antiparticle production asymmetries 
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Figure 61: AP (⇤0
b) as function of (top) pT and (bottom) y for (left) 2011 and (right) 2012

data sample with baseline bin-centre (black dots) and alternative bin-centre (red squares). The

alternative bin-centres are calculated as the average of the distribution of pT or y within the bins,

instead of taking the central values of the bin ranges. The results of the fits with a straight line,

using baseline (dashed line) and alternative (dotted line) bin-centres, are overlaid. No significant

di↵erences between the two fits are observed.
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data sample with baseline bin-centre (black dots) and alternative bin-centre (red squares). The

alternative bin-centres are calculated as the average of the distribution of pT or y within the bins,

instead of taking the central values of the bin ranges. The results of the fits with a straight line,

using baseline (dashed line) and alternative (dotted line) bin-centres, are overlaid. No significant

di↵erences between the two fits are observed.
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Experimental issue

�5

Particle-antiparticle production asymmetries
• Initial state pp 

• is not CP symmetric 
• Initial asymmetry          could mimic CPV⇡ 1%
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• By means of the unitary relation:
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•  Detector is made of matter 
‣  is not CP symmetric 

•  AD can be measured using “ad hoc” abundand control sample 

Experimental issue Reconstruction asymmetry 

Experimental issue 
Detector reconstruction asymmetries 
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Figure 4: Distribution of fully reconstructed signal candidates for magnet up data as a
function of pion (a) p and (b) pT.
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Figure 5: Relative detection e�ciency in bins of detected pion momentum: (red) circles
represent data taken with magnet polarity up and (blue) squares show data taken with
magnet polarity down. Only statistical errors are shown.

The relative pion e�ciencies are consistent with being independent of p and pT. The
tracking acceptance does depend, however, on the azimuthal production angle of the
particles, '. This is mostly because tracks can be swept into the beam pipe and not be
detected by the downstream tracking system. Therefore, for purposes of the production
asymmetry analysis we determine ✏(⇡+)/✏(⇡�) as a function of ' in two momentum
intervals: 2 � 20 GeV, and above 20 GeV. The r.m.s. resolution on the inferred ' is
0.25 rad, much smaller than the ⇡/4 bin size. The correction factors are shown in Fig. 7.
The average correction for magnet up and magnet down is consistent with unity. Thus
any residual biases in the D±

s yields due to ⇡+/⇡� asymmetries will also cancel in the

6

Physics'Le:ers'B'713'
(2012),'pp.'186H195'
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Experimental issue
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Detector reconstruction asymmetries
• Detector is made of matter 

• is not CP symmetric 

• AD can be measured using “ad hoc” abundant control sample
LHCb: Phys. Lett. B 713 (2012)

AD(⇡±) ⇡ 0.1%, AD(K±) ⇡ 1%, AD(p/p) ⇡ 1� 2%
<latexit sha1_base64="FucpHbQWnRfs4YtbqhbwQR9Pz2w="></latexit><latexit sha1_base64="FucpHbQWnRfs4YtbqhbwQR9Pz2w="></latexit><latexit sha1_base64="FucpHbQWnRfs4YtbqhbwQR9Pz2w="></latexit><latexit sha1_base64="FucpHbQWnRfs4YtbqhbwQR9Pz2w="></latexit>
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Introduction 

Search for CPV in 

•  Transitions governed by                tree and                penguin 
amplitudes of similar magnitude. Large relative weak phase in SM from 
the CKM elements, 

•  Potential non negligible CPV effects in the SM 

The asymmetry between matter and antimatter is related to the violation of the
CP symmetry (CPV), where C and P are the charge-conjugation and parity operators.
CP violation is accommodated in the Standard Model (SM) of particle physics by the
Cabibbo-Kobayashi-Maskawa (CKM) mechanism that describes the transitions between
up- and down-type quarks [1, 2], in which quark decays proceed by the emission of a
virtual W boson and where the phases of the couplings change sign between quarks
and antiquarks. However, the amount of CPV predicted by the CKM mechanism is not
su�cient to explain our matter-dominated Universe [3, 4] and other sources of CPV are
expected to exist. The initial discovery of CPV was in neutral K meson decays [5], and
more recently it has been observed in B0 [6, 7], B+ [8–11], and B0

s [12] meson decays,
but it has never been observed in the decays of any baryon. Decays of the ⇤0

b (bud)
baryon to final states consisting of hadrons with no charm quarks are predicted to have
non-negligible CP asymmetries in the SM, as large as 20% for certain three-body decay
modes [13]. It is important to measure the size and nature of these CP asymmetries in
as many decay modes as possible, to determine whether they are consistent with the
CKM mechanism or, if not, what extensions to the SM would be required to explain
them [14–16].

The decay processes studied in this article, ⇤0
b! p⇡�⇡+⇡� and ⇤0

b! p⇡�K+K�, are
mediated by the weak interaction and governed mainly by two amplitudes, of expected
to be of similar magnitude, from di↵erent diagrams describing quark-level b ! uud
transitions, as shown in Fig. 1. Throughout this paper the inclusion of charge-conjugate
reactions is implied, unless otherwise indicated. CPV could arise from the interference of
two amplitudes with relative phases that di↵er between particle and antiparticle decays,
leading to di↵erences in the ⇤0

b and ⇤0
b decay rates. The main source of this e↵ect in

the SM would be the large relative phase (referred to as ↵ in the literature) between the
product phases of the CKM matrix elements VubV ⇤

ud and VtbV ⇤
td Vub and Vtd, which are

present in the di↵erent diagrams depicted in Fig. 1. Parity violation (PV) is also expected
in weak interactions, but has never been observed in ⇤0

b decays.

⇤0
b {

b

d

u

u

d

u

d

u

u

d (s)
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d (s)

Vub

V ⇤
ud

W�
}p
}⇡+ (K+)

}⇡� (K�)

}⇡�

⇤0
b { t

W�
b

d

u

d

u
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u

d (s)

u

d (s)

Vtb V ⇤
td

}p
}⇡+ (K+)

}⇡� (K�)

}⇡�

Figure 1: Dominant Feynman diagrams for ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K�

transitions. The two diagrams show the transitions that contribute most strongly to ⇤0
b !

p⇡�⇡+⇡� and ⇤0
b! p⇡�K+K� decays. In both cases, a pair of ⇡+⇡� (K+K�) is produced by

gluon emission from the light quarks (u,d). The di↵erence is in the b quark decay that happens
on the left through a virtual W� boson emission (“tree diagram”) and on the right as a virtual
W� boson emission and absorption together with a gluon emission (“loop diagram”). The
magnitudes of the two amplitudes are expected to be comparable, and each is proportional to
the product of the CKM matrix elements involved, which are shown in the figure.

1

  arg VtbVtd
* /VubVud

*( ) =α
 b → udu  b → duu

!!∝Vub
*Vud ~λ3Tree 

!!
∝ Vbx

*Vxd ~λ3

x=u ,c ,t
∑Penguin 

  Λb
0 → pπ −π +π −

  Λb
0 → pπ −π +π − Andrea Merli   –    CP violation baryons          |    12/04/2017     7 
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Search for CPV in 
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• Transitions governed by                 tree and                penguin amplitudes of 
similar magnitude 

• Large relative weak phase                                 in SM from the CKM elements  

• Potential non negligible CPV effects in the SM

Λ0
b → ph−h+h−

b → udu b → duu

α/ϕ2 = Arg (
V*tbVtd

V*ubVud )

Tree ∝ V*ubVud ∼ λ3 Penguin ∝ ∑
x=u,c,t

V*xbVxd ∼ λ3
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First evidence of CPV in baryons in

‣ Large CPV effects are expected in 
charmless Λb decays, up to ACP=20%

�8

CP symmetry p-value = 9.8x10-4 
3.3 σ deviation 
P symmetry compatible at 2.2 σ

Nature Physics 13, 391-396 (2017)

• Integrated results compatible with CP 
& P conservation 

• Largely insensitive to AP & AD 
• Low systematic uncertainties <1% 
• Already triggered some theorists
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First evidence 

First evidence of CPV in baryons 

CP symmetry p-value=9.8x10-4 
3.3� deviation (possible 5� with 
RunII) 
P symmetry compatible at 2.2σ 

  
aCP

T̂ -odd = 1
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− A
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T̂ -odd = 1
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+ A
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•  Integrated results compatible with 
CP & P conservation 

•  Largely insensitive to AP & AD ! 
low systematic uncertainties <1% 

•  Already triggered some theorists 
JHEP'10'(2016)'005'
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  Λb
0 → pπ −π +π − Andrea Merli   –    CP violation baryons          |    12/04/2017     9 

Nature'Physics'13,'391–396'(2017)'Scheme A: on dominant resonancesScheme B: on 𝚽 angle intervals

ℒint = 3 fb−1

Refer to backup slides for bins definition

Λ0
b → pπ−π+π−
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!"# measurements in $%/'% → )*
arXiv: 1903.06792

• +,- measurements performed with 3 fb-1 data, complementary to triple-product 

asymmetry measurements

• Six channels studied w.r.t. control channels Λ/0 → Λ1234 and Ξ/0 → Ξ1234 , three of which 

further divided into specific regions of phase space :

��

Λ/0 → 6343234
Λ/0 → 6743234
Λ/0 → 6747234
Λ/0 → 6747274

Ξ/0 → 6743234
Ξ/0 → 6743274

• Results consistent with no CPV

Hadron 2019, Guilin, China
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Combinatorics

Experimental approaches
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Measure ΔACP difference of CP asymmetries

Cancel Aprod and Areco

Eur. Phys. J. C79 (2019) 745

Araw(Λ0
b → p3h) = ACP(Λ0

b → p3h) + Aprod(Λ0
b) + Areco(p) + . . .

ΔACP = Araw(Λ0
b → p3h) − Araw(Λ0

b → Λ+
c π)

= ACP(Λ0
b → p3h) − ACP(Λ0

b → Λ+
c π−)

• Results consistent with no CPV 
• Asymmetries measured wrt control channels Λ0

b → Λ+
c π−, Ξ0

b → Ξ+
c π−

ℒint = 3 fb−1
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Search for CPV in 

�10

• 6.6 fb-1 data analysed 
• Signal yield = x4 signal yield Run1 
• Applied 2 method to exploit CPV: Triple Product and Energy Test 
• Improved understanding of decay dynamics and reproduction in 

simulations of Run1 result

Λ0
b → pπ−π+π−

Nsig = 27600 ± 200

LHCb-PAPER-2019-028
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Experimental approaches
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•  Triple products in Λb rest frame

•    (P)-odd asymmetries:

= spin and momentum reversal operatorT̂

• CP-violating observable:

• P-violating observable:

h+

h-h’-

Measure CPV via    -violating aymmetries:̂T

̂T

C ̂T = ⃗p p ⋅ ( ⃗p h− × ⃗p h+) ∝ sin Φ

C ̂T = ⃗p p ⋅ ( ⃗p h+ × ⃗p h−) ∝ sin Φ

A ̂T =
NΛ0

b (−C ̂T > 0) − NΛ0
b (−C ̂T < 0)

NΛ0
b (−C ̂T > 0) + NΛ0

b (−C ̂T < 0)

A ̂T =
NΛ0

b (C ̂T > 0) − NΛ0
b (C ̂T < 0)

NΛ0
b (C ̂T > 0) + NΛ0

b (C ̂T < 0)

a ̂T−odd
CP =

1
2 (A ̂T − A ̂T)

a ̂T−odd
P =

1
2 (A ̂T + A ̂T)

LHCb-PAPER-2019-028
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• Update wrt the previous result

Λ0
b → pπ−π+π−

a1 region a1 region

Scheme A: based on helicity angles Scheme B: on 𝚽 angle intervals

N* region N* region

• Integrated measurements: 
• CPV at the level of 2.9σ, no CPV integrated in phase space 
• First observation of P violation in b-baryon decay at the level of 5.5σ 

a ̂T−odd
CP = (−0.70 ± 0.70 ± 0.17) %

a ̂T−odd
P = (3.98 ± 0.70 ± 0.17) %

LHCb-PAPER-2019-028

Stat. unc.

Syst. unc.
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Experimental approach
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P	

C	

I 
Particle, CT>0 

II 
Particle, CT<0 

IV 
Anti-Particle, -CT<0 

III 
Anti-Particle, -CT>0 

Figure 4: Symmetry transformation relationships of the four data sub-samples used in the
Energy Test CP violation tests.

The P -odd CP asymmetry can be tested by comparing the combined sample I + IV359

with the combined sample II+III. This comparison may be performed in the same phase360

space as the default P -even approach (which simply compares matter and anti-matter, or361

sample I + II with sample III + IV ) and allows the probing of the P -odd contribution362

to any CP asymmetry; the P -even contribution cancels out. The P -even and P -odd tests363

search for di↵erent forms of CP violation, and the results of the two searches should not364

be combined into an overall significance. A test for parity violation can also be made by365

comparing the combined Sample I+III with the sample II + IV.366

4.0.2 The e↵ect of background367

The presence of background is problematic when studying local CP violation in the case368

that the purity (or the expected background contribution) is significantly di↵erent in369

the two samples that are being compared. This was not the case in previous studies at370

LHCb [4, 5]. Di↵erent background fractions in the two samples can be introduced, for371

example, through the presence of global production asymmetries between the two samples372

that are di↵erent for signal and background, even if no CP violation is present. Similarly373

problematic is the case where the background process itself exhibits CP violation. In these374

scenarios the local densities of events will di↵er between the two samples, since background375

populates the phase space di↵erently to signal, or the background in the two samples376

has itself di↵erent local densities in the phase space. Such asymmetric behaviour in the377

background will not be reproduced when events are randomly assigned a flavour, since the378

purities and local event densities will be consistent for the permuted samples; the densities379

of samples used in the permutation studies will not accurately model di↵erences in density380

between the two ‘real’ data samples. Consequently if the local densities of background381

events are di↵erent between the two samples one can find significant T values and p-values382

being calculated, even when the signal process exhibits no CP violation. In such cases383

it is therefore important to consider techniques to remove the e↵ect of background from384

the Energy Test, so that any significant T value can be associated with CP violation in385

the studied decay.3 Such an approach was demonstrated for the first time in Ref. [3],386

3We also note that there is no obvious way to apply sWeights based techniques here to correct for
background e↵ects. Because the fundamental constituents used to find the T -value are pairs of candidates,

11

Energy Test

•                     : distance function 
•       : number of particle (antiparticle) candidates 
•     : distance in phase space 
•    : parameter to optimize

ψ(dij) = e−d2
ij /δ2

n, n
dij

δ

• P violation: 
• CP-even P-odd: [I]+[III] vs [II]+[IV] 

• CP violation:  
• CP-odd P-even test: [I+II] vs [III+IV] 
• CP-odd P-odd test: [I+IV] vs [II+III]

LHCb-PAPER-2019-028
114 CHAPTER 9. SEARCHES FOR CPV IN MULTI-BODY DECAYS

Figure 9.3: An illustration of an isolated system containing particles carrying
opposite signed charges. If the distributions of particles are identical for the
opposite charges (left), the electrical energy would be smallest and in the
limit of a large number of particles would tend to zero. If the distributions of
particles are different (right), the electrical energy would be larger than 0.

where  ij is a distance function of pairs of events ij, belonging to two samples,
and �~x = |~x� ~x0| is the distance between two events in phase space. The first
and second terms correspond to a weighted average distance of events within the
n events of the first sample and the n events of the second sample, respectively.
The third term measures the weighted average distance of events in one flavour
sample to events of the opposite flavour sample. The normalisation factors in
the denominator remove the impact of global asymmetries between the two
samples.

The  (�~x) function plays the role of translating the distance between
events into the strength of their correlations, and it can be chosen as any
monotonically decreasing function. The closer the events are, the stronger
corrections between the events will be, therefore the larger impact on the
T value will be.. The original proposal suggested the use of 1/|�~x| as a
possible function, leading to the calculation of T values having the form of
the calculation of the electrical potential energy of the system. Consider an
isolated system which contains particles carrying two oppositely signed charges,
if the distribution of both charges is identical, the electrical energy will be
zero. If any difference in the distributions of opposite charges is observed
the electrical energy would increase. An illustration of this kind of system is
illustrated in Fig. 9.3. This property can be used in the CP violation searches
where the system is considered to be in a multi-dimensional phase space and
the opposite signed charges are considered to be decays from two opposite
flavoured samples. The discussion above results in the method being named
the energy test method.

In the analyses described in Chapter 10 and Chapter 11, Gaussian functions
are used as  (�~x) function:

 (�~x) = e��~x
2
/2�2

. (9.4)

The characteristic width, in this the case the �, plays a role analogous to the

T =
1

n(n − 1)

n

∑
i, j>1

ψ(dij) +
1

n(n − 1)

n

∑
i, j>1

ψ(di, j) −
1

nn

n,n

∑
i, j

ψ(dij)

Test Statistic:

Λ0
b − Λ0

b Λ0
b − Λ0

b Λ0
b − Λ0

b
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Energy Test results
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Figure 2: Measured asymmetries for the binning scheme (left) A1 and A2 and (right) B1 and B2.
The error bars represent the sum in quadrature of the statistical and systematic uncertainties.
The �2/ndof is calculated with respect to the null hypothesis and it includes statistical and
systematic uncertainties.

to be at the level of 2.6 standard deviations including systematic uncertainties. The same202

binning scheme B now provides a deviation of 2.8 standard deviations. However, the203

observed p-value for the P -symmetry hypothesis corresponds to a statistical significance204

of 5.1 standard deviations for the binning scheme B. The p-values measured in the case205

of binning schemes B1 and B2 indicate that the P -violation has a large contribution from206

the ⇤0
b ! pa�1 (1260) decay, for which the statistical significance reaches the level of 5.5207

standard deviations.208

The p-values obtained for di↵erent configurations of the energy test are summarised209

in Table 1. All CP -violation searches using the energy test result in p-values with a210

significance of 3 standard deviations or smaller. The P -even test for this distance scale211

yields only marginal consistency with the CP -conserving hypothesis, but multiple tests are212

run and so a global p-value is also determined for CP -symmetry when running the energy213

test in the P -even configuration. The p-values are combined using a new test statistic214

Q = p1p2p3, where pi is the p-value found for distance scale i. The value of Q observed in215

data is then compared to the corresponding values occurring in the permuted samples,216

considering correlations between the di↵erent distance scales. Using this approach, the217

p-value for the consistency of the sample with the absence of CP -violation, when the test218

is run in the P -even configuration, is 4.6⇥ 10�3. In addition, the test for parity violation219

is also performed using the same three distance scales with the energy test. The results220

are reported in Table 1. The p-values found with this study correspond to the observation221

of local parity violation for the two smaller distance scales probed.222

Table 1: The p-values from the energy test.

� 1.6 GeV2/c4 2.7 GeV2/c4 13 GeV2/c4

p-value (CP -conservation, P -even) 3.1⇥ 10�2 2.7⇥ 10�3 1.3⇥ 10�2

p-value (CP -conservation, P -odd) 1.5⇥ 10�1 6.9⇥ 10�2 6.5⇥ 10�2

p-value (P -conservation) 1.3⇥ 10�7 4.0⇥ 10�7 1.6⇥ 10�1

6
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Figure 1: Invariant-mass distributions: (top left) mpK� , (top right) mpK+ , (bottom left) mp⇡�

and (bottom right) mp⇡+ for candidates passing the (top) SpK� and (bottom) Sp⇡� selections.
The results of the fits are superimposed.

maximum-likelihood fit with a bin width of 5MeV/c2 is performed simultaneously to
the eight two-body invariant-mass spectra for each of the two selections, SpK� and Sp⇡� .
The mpK� and mp⇡� invariant-mass distributions are shown in Fig. 1, with the results
of the fits superimposed. The values of the raw asymmetries and of the signal yields
obtained from the fits to the candidates passing the respective SpK� or Sp⇡� selection

are ApK�
raw = (1.0 ± 1.3)%, Ap⇡�

raw = (0.5 ± 1.7)%, NpK�

sig + NpK+

sig = 8847 ± 125 and

Np⇡�

sig +Np⇡+

sig = 6026± 105.
The fit is validated by generating a large number of pseudoexperimental data samples

according to the total probability density function of the model and performing an
extended binned maximum-likelihood fit to each sample. The resulting pull distributions
for ApK�

raw and Ap⇡�
raw are found to be Gaussian with zero means and unitary widths.
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Search for CPV in                  and
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Phys. Lett. B 787 (2018) 124-133
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Figure 1: Invariant-mass distributions: (top left) mpK� , (top right) mpK+ , (bottom left) mp⇡�

and (bottom right) mp⇡+ for candidates passing the (top) SpK� and (bottom) Sp⇡� selections.
The results of the fits are superimposed.

maximum-likelihood fit with a bin width of 5MeV/c2 is performed simultaneously to
the eight two-body invariant-mass spectra for each of the two selections, SpK� and Sp⇡� .
The mpK� and mp⇡� invariant-mass distributions are shown in Fig. 1, with the results
of the fits superimposed. The values of the raw asymmetries and of the signal yields
obtained from the fits to the candidates passing the respective SpK� or Sp⇡� selection

are ApK�
raw = (1.0 ± 1.3)%, Ap⇡�

raw = (0.5 ± 1.7)%, NpK�

sig + NpK+

sig = 8847 ± 125 and

Np⇡�

sig +Np⇡+

sig = 6026± 105.
The fit is validated by generating a large number of pseudoexperimental data samples

according to the total probability density function of the model and performing an
extended binned maximum-likelihood fit to each sample. The resulting pull distributions
for ApK�

raw and Ap⇡�
raw are found to be Gaussian with zero means and unitary widths.
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Λ0
b → pπ− Λ0

b → pK−

Aph−

CP = Aph−

raw − Ap
D − Ah−

D − Aph−

PID − AΛ0
b

P − Aph−

trigger

6000 signal events8800 signal eventsΛ0
b → pK− Λ0

b → pπ−

Measured on data From simulation Estimated from 
control samples

External input

Apπ−

CP = − 0.035 ± 0.017 ± 0.020
ApK−

CP = − 0.020 ± 0.013 ± 0.019
ΔACP = ApK−

CP − Apπ−

CP = 0.014 ± 0.022 ± 0.010

% level of precision 
No sign of CPV

ℒint = 3 fb−1 ℒint = 3 fb−1 ℒint = 3 fb−1 ℒint = 3 fb−1
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Search for CPV in 
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• Test the same transitions                     
that led to the first observation of CPV in 
charm 

• Integrated over the phase space search 
for global CP-violating effects 

• Selected                        to reduce bkg 
• Measure            

• Reweighted to match the Λb, μ and p 
kinematics to cancel                 and    I            
in the difference 

• Result compatible with no CPV

JHEP 03(2018) 182

Λ+
c → ph−h+

ΔACP = ACP(Λ+
c → pK+K−) − Awgt

CP (Λ+
c → pπ+π−)

c → udd(ss)
ℒint = 3 fb−1

ℒint = 3 fb−1

Aprod(Λ0
b)

Areco( f )

ΔACP

= (0.30 ± 0.91 ± 0.61) %

Λ0
b → Λ+

c μ−X
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Conclusions
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• LHCb opens a new window to search CPV in baryon decays. Many 
b-baryon decays are observed for the first time 

• Updated measurement for                        : first observation of P 
violation at 5.5σ integrated over phase space and CP violation at 2.9σ 
in regions of phase space 

• CPV searches ongoing in several b-baryon decays. With additional 
data new b-baryons and new decays will be studied 

• Not only b-baryons: effort to find CPV also in charm baryon decays 

• Work ongoing in       decay

Λ0
b → pπ−π+π−

Ξ+
c



 CPV in baryons at LHCb - 18th October 2019Andrea Merli - INFN Milano �18

Backup
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Sensitivity to CPV
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  are insensitive to• By construction,
✓ particle/antiparticle production asymmetries
✓ detector-induced charge asymmetries

aT̂ -odd
P

⟹ reduced systematic uncertainties

• Complementary approach to ΔACP analysis

• Sensitive to potential new physics effects
W. Bensalem, A. Datta, and D. London, New physics effects on triple product 
correlations in Λb decays,  Phys. Rev. D66 (2002) 094004, arXiv:hep-ph/0208054

,      ,          and

not sensitive if 𝛿even–𝛿odd = π/2 or 3π/2

not sensitive if 𝛿1–𝛿2 = 0 or π

̂T-even
̂T-odd

A1

A2

amplitudes

amplitudes

δ: strong phase 
φ: weak phase

a ̂T−odd
CP ∝ cos (δeven − δodd) sin (ϕeven − ϕodd)

ACP ∝ sin (δ1 − δ2) sin (ϕ1 − ϕ2)
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• Most precise measurement of            using                        decays 

• First observation of pentaquark using                          decays  

• Observation of        and        in            mode 

• Observation of two orbitally excited        states 

• Mass, lifetimes and branching ratios measurements 

• Search for CPV 

• At LHCb b-baryons are produced in unprecedented quantities 
• Opens a new field in flavour physics for precision measurements

Beauty baryons at LHCb (a bit of history)

LHCb: Nature Physics 10(2015) 1038

LHCb: Phys. Rev. Lett. 115, 072001 (2015)

LHCb: Phys. Rev. Lett. 114, 062004 (2015)

LHCb: Phys. Rev. Lett. 109, 172003 (2012)

CDF: Phys. Rev. Lett. 113, 242001
And other from LHCb presented here

|Vub| Λ0
b → pμ−νμ

Λ0
b → J/ψpK−

Ξ′�−
b Ξ′�*b Ξ0

bπ
−

Λ*0
b

 20
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Figure 4: Distributions of the asymmetries. The results of the fit in each region of binning

schemes A and B are shown. The asymmetries aT̂ -odd
P and aT̂ -odd

CP for Λ0
b → pπ−π+π− decays

are represented by open boxes and filled circles, respectively. The error bars indicate the total
uncertainties, calculated as the sum in quadrature of the statistical uncertainty resulting from
the fit to the invariant mass distribution and the systematic uncertainties estimated as described
in the main text. The values of the χ2/ndf are quoted for the P - and CP -conserving hypotheses
for each binning scheme.

respectively. The overall significance for CPV in Λ0
b→ pπ−π+π− decays from the results

Table 1: Definition of binning scheme A for the decay mode Λ0
b
→ pπ−π+π−. Binning

scheme A is defined to exploit interference patterns arising from the resonant structure of the
decay. Bins 1-4 focus on the region dominated by the ∆(1232)++ → pπ+ resonance. The other
eight bins are defined to study regions where pπ− resonances are present (5–8) on either side of
the ρ(770)0 → π+π− resonances (5–12). Further splitting for |Φ| lower or greater than π/2 is
done to reduce potential dilution of asymmetries, as suggested in Ref. [19]. Masses are in units
of GeV/c2.

Phase space bin m(pπ+) m(pπ−
slow) m(π+π−

slow), m(π+π−
fast) |Φ|

1 (1.07, 1.23) (0, π2 )
2 (1.07, 1.23) (π2 ,π)
3 (1.23, 1.35) (0, π2 )
4 (1.23, 1.35) (π2 ,π)
5 (1.35, 5.34) (1.07, 2.00) m(π+π−

slow) < 0.78 or m(π+π−
fast) < 0.78 (0, π2 )

6 (1.35, 5.34) (1.07, 2.00) m(π+π−
slow) < 0.78 or m(π+π−

fast) < 0.78 (π2 ,π)
7 (1.35, 5.34) (1.07, 2.00) m(π+π−

slow) > 0.78 and m(π+π−
fast) > 0.78 (0, π2 )

8 (1.35, 5.34) (1.07, 2.00) m(π+π−
slow) > 0.78 and m(π+π−

fast) > 0.78 (π2 ,π)
9 (1.35, 5.34) (2.00, 4.00) m(π+π−

slow) < 0.78 or m(π+π−
fast) < 0.78 (0, π2 )

10 (1.35, 5.34) (2.00, 4.00) m(π+π−
slow) < 0.78 or m(π+π−

fast) < 0.78 (π2 ,π)
11 (1.35, 5.34) (2.00, 4.00) m(π+π−

slow) > 0.78 and m(π+π−
fast) > 0.78 (0, π2 )

12 (1.35, 5.34) (2.00, 4.00) m(π+π−
slow) > 0.78 and m(π+π−

fast) > 0.78 (π2 ,π)

6

                          phase space regions

�21

∆++

N*

ρ0 peak

Scheme A: division based on dominant resonant structures

Scheme B: based on 𝚽 angle intervals
( i�1

12 ⇡, i
12⇡)i (i=1,2,…,12)

π-fast

π+

π-slow

Λ0
b → pπ−π+π−

Nature Physics 13, 391-396 (2017)
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Definition of a    -odd (P-odd) 
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‣  Using the momenta

= spin and momentum reversal operatorT̂

Definition of a    -odd observablêT

C ̂T = p1 ⋅ (p2 × p3)

Tecnica sperimentale Osservabile T-dispari 

Tecnica sperimentale 

Usando i momenti Usando gli spin e momenti 

CT = p1 ⋅ (p2 × p3)

!!CT = p1 ⋅(p2 × p3)
CT = s0 ⋅ (s1 × p)

!!CT = s0 ⋅(s1 × p)
Noi costruiamo le osservabili    -dispari 
con i momenti delle particelle finali 

Definizione di una osservabile   -dispari !!: t→ −t! ̂T

Andrea Merli – Ricerca di CPV in       e      | 25/09/2015     2 Λb
0 Ξb

0

! ̂T

! T̂

Tecnica sperimentale Osservabile T-dispari 

Tecnica sperimentale 

Usando i momenti Usando gli spin e momenti 

CT = p1 ⋅ (p2 × p3)

!!CT = p1 ⋅(p2 × p3)
CT = s0 ⋅ (s1 × p)

!!CT = s0 ⋅(s1 × p)
Noi costruiamo le osservabili    -dispari 
con i momenti delle particelle finali 

Definizione di una osservabile   -dispari !!: t→ −t! ̂T

Andrea Merli – Ricerca di CPV in       e      | 25/09/2015     2 Λb
0 Ξb

0

! ̂T

! T̂

‣  Using spin and momenta

C ̂T = p1 ⋅ (p2 × p3)
C ̂T = s0 ⋅ (s1 × p)
C ̂T = s0 ⋅ (s1 × p)

‣ We build the    -odd asymmetries 
using the momenta of the final state 
particles

̂T

̂T



 CPV in baryons at LHCb - 18th October 2019Andrea Merli - INFN Milano

Symmetries violation
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518 Elementary Particle Physics 

C o n s i d e r n o w a n o b s e r v a b l e o f t h e t y p e 0 ' + ' , s u c h a s S • P i x p j . I t h a s 
t h e p r o p e r t y t h a t 

0{-p, -s, - a ) = -0(p, s, a) ( 3 0 . 4 3 ) 
F r o m t h i s i t f o l l o w s : 

1 . I n t h e s e c o n d a n d t h i r d t e r m s , t h e s u m o v e r p i n v o l v e s t h r e e t e r m s , 
t w o o f w h i c h a r e e v e n w h e n p < - ^ — p , a n d o n e o f w h i c h i s o d d . T h u s t h e 
c o e f f i c i e n t s o f t h e t e r m s c o n t a i n i n g a n i n t e r f e r e n c e t e r m C ^ C / * ( o r c o m p l e x 
c o n j u g a t e ) vanish. T h e r e f o r e , a m e a s u r e m e n t o f a n 0 ' + * - c o r r e l a t i o n y i e l d s 
n o i n f o r m a t i o n a b o u t p a r i t y c o n s e r v a t i o n , a s a l r e a d y p o i n t e d o u t b y L e e 
a n d Y a n g . 

2 . T h e r e m a i n i n g t w o t e r m s m a y b e r e w r i t t e n , w i t h t h e h e l p o f ( 3 0 . 4 3 ) 
i n t h e f o r m 

( 0 < + ' ) oc J e ' " - ' " ' ' - ' ' * I ; Q C ^ * X -J,0^+\p,s, a) ' 

J J' \i3 2pS(T 

x{Ml+XJ,p,s,a)Mf\j',-p,-s,-a) 

- M < + ' ( J , -p, - s , -a) Mf\j', p, s,a)+ J C / C , ' * • • • ) 
. ii I 

^lll(cosidj-dj.) + ism(dj-dj.)) 
4 J J ' a 
X [ ( Q C , * + C , * C , ) + ( Q C , * - Q * C , ) ] 2 0 ' + ' ( p , 5, a) 

X {Ml+\j,p,s,a)M\+\j',-p,-s,-a) , , 

- Ml+\J, -p, -s, -a) Mf\j', p, s, c r )} + • • • 

T h e i m p o r t a n t t h i n g t o n o t i c e a b o u t t h i s e x p r e s s i o n i s t h a t t h e 2 i s 

a n t i s y m m e t r i c u n d e r t h e s i m u l t a n e o u s i n t e r c h a n g e J^^J'. 
C o n s e q u e n t l y , t h e c o e f f i c i e n t s o f t h a t s u m a r e 

a n d 
s i n {dj - dj.){Cfi,* + C*C,) 

T h u s a n o b s e r v a t i o n o f a c o r r e l a t i o n l i k e S • P i x Pa i m p l i e s e i t h e r t h a t 
t i m e r e v e r s a l i n v a r i a n c e i s v i o l a t e d , ( C , C , * — C*C,) n o n v a n i s h i n g , or 
t h a t t h e r e i s n o v i o l a t i o n o f t i m e r e v e r s a l , b u t (dj — dj,) i s n o n v a n i s h i n g , 
i . e . , t h e r e i s a final s t a t e i n t e r a c t i o n . I n p i o n - n u c l e o n s c a t t e r i n g , w h e r e 
s u c h a c o r r e l a t i o n i s o b s e r v e d , i t i s t h e l a t t e r c o n c l u s i o n t h a t m u s t b e 
d r a w n . I f , o n t h e o t h e r h a n d , s u c h a c o r r e l a t i o n w e r e o b s e r v e d i n t h e 
d e c a y 

T T " + p,+ + v 

t h e n o n e w o u l d h a v e t o c o n c l u d e t h a t r i s v i o l a t e d . 
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O t h e r o b s e r v a b l e s c a n b e t r e a t e d i n a s i m i l a r f a s h i o n . W e s u m m a r i z e 
t h e r e s u h s i n a T a b l e 3 0 - 1 , i n w h i c h t h e e n t r i e s i n d i c a t e w h i c h s y m m e t r y 
i s v i o l a t e d , a s f a r a s o n e c a n t e l l f r o m a n o b s e r v a t i o n o f t h e c o r r e l a t i o n 
a t t h e h e a d o f t h e c o l u m n . T h e t w o r o w s i n d i c a t e w h e t h e r t h e o b s e r v a t i o n 
d e p e n d s o n t h e p r e s e n c e o f a final s t a t e i n t e r a c t i o n o r n o t . 

T a b l e 30-1 

£ ( + ) 

c o s {dj - dj') 
( p r e s e n t e v e n i n a b s e n c e o f 
final s t a t e i n t e r a c t i o n ) 

— P, C r , c P, T 

s i n {dj - 8J') 
( d e p e n d s o n t h e s t r e n g t h o f 
t h e final s t a t e i n t e r a c t i o n ) 

T,C P, T — P, C 

T h i s d i s c u s s i o n c o v e r s a l l t h e t e s t s w h i c h h a v e b e e n c a r r i e d o u t , e x c e p t 
f o r t h o s e b a s e d o n t h e c u r i o u s b e h a v i o r o f t h e K ° a n d K" u n d e r d e c a y ; 
t h i s s u b j e c t w i l l b e c o v e r e d i n C h a p t e r 3 2 . W e m u s t n o w t u r n t o t h e r e s u l t s 
o f t h e e x p e r i m e n t s s u g g e s t e d b y L e e a n d Y a n g , a n d o t h e r s f o l l o w i n g t h e i r 
l e a d . 

1 

Stephen Gasiorowicz - Elementary Particle Physics-John Wiley & Sons (1966)

‣ E = event under  
‣ O = odd under  
‣ (+) = even under parity 
‣ (-) = odd under parity

̂T
̂T
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Test the symmetries

�24

‣ P violation 
Compare P-odd quantities of the same decay 
In particular: 

 Co60

Madame Wu et al., Phys. Rev. 105 (1957) 1413

s

e− ≠ Co60

s e−< ⃗s ⋅ ⃗p e− > ≠ 0

⃗s ⋅ ⃗p e− < 0 ⃗s ⋅ ⃗p e− > 0

‣ P violation in our case

⃗p 2

⃗p 3

⃗p 1

⃗p 2 × ⃗p 3

C ̂T > 0 − ⃗p 2− ⃗p 3

− ⃗p 1

− ⃗p 2 × − ⃗p 3

C ̂T < 0
=?
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Test the symmetries

�25

‣ P-odd CP violation in our case

⃗p 2

⃗p 3

⃗p 1

⃗p 2 × ⃗p 3

C ̂T > 0 − ⃗p 2− ⃗p 3

− ⃗p 1

− ⃗p 2 × − ⃗p 3

C ̂T < 0
≠For       particle:Λ0

b

⃗p 2

⃗p 3

⃗p 1

⃗p 2 × ⃗p 3

C ̂T > 0 − ⃗p 2− ⃗p 3

− ⃗p 1

− ⃗p 2 × − ⃗p 3

C ̂T < 0
≠For       antiparticle:Λ0

b

‣ Is the P violation different between particle and antiparticle?

P-even CP
‣ Compare P-even quantities for particle and antiparticle: =?ΓΛ0

b
ΓΛ0

b

P-odd CP


