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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)
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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
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Physics motivation
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• 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

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

• New CPV sources



b-baryons production
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• Production of       is 1/5 the production of       from a naive estimate

• Production cross-section strongly depends on pT of the hadron: 
• measurement of            vs pT of b-quark is cleaner to interpret, 

expected a slow dependence in this case 
• Large production of

f⇤0
b
= P (b ! ⇤0

b)
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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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Experimental issue
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Particle-antiparticle production asymmetries
• Initial state pp 

• is not CP symmetric 
• Initial asymmetry          could mimic CPV⇡ 1%
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•  Initial state pp 
‣  is not CP symmetric 

•  Initial asymmetry ≈1% could mimic CPV 

 
 
 

•  By means of the unitary 
relation: 
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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.

132

 [GeV/c]
T

p
0 10 20 30

) b0
Λ( P

A

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

 = 7 TeVs
LHCb

 [GeV/c]
T

p
0 10 20 30

) b0
Λ( P

A

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

 = 8 TeVs
LHCb

y
2 3 4

) b0
Λ( P

A

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

 = 7 TeVs
LHCb

y
2 3 4

) b0
Λ( P

A
-0.3

-0.2

-0.1

0

0.1

0.2

0.3

 = 8 TeVs
LHCb

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.

132

Andrea Merli   –    CP violation baryons          |    12/04/2017     5 

arXiv:1703.08464!

Pseudorapidity



Experimental issue

Search for CPV in b-baryons at LHCb  6A. MERLI(UNIMI & INFN)

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%
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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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Nicola Neri CP violation in baryon decays - CERN 2016

‣ Measure ΔACP difference of CP asymmetries:

11

�ACP =Araw(⇤
0
b ! J/ p⇡�)�Araw(⇤

0
b ! J/ pK�)

=ACP (⇤
0
b ! J/ p⇡�)�ACP (⇤

0
b ! J/ pK�) +Areco(⇡

+)�Areco(K
+)

Araw(⇤
0
b ! J/ ph�) = ACP (⇤

0
b ! J/ ph�) +Aprod(⇤

0
b)�Areco(h

+) +Areco(p)

Cancel Aprod and Areco(p) Measured on data
11179± 1092102± 61 ⇤0

b ! J/ pK�
⇤0
b ! J/ p⇡�

(5.7± 2.4± 1.2)%
2.2� from zero

�ACP =
JHEP07(2014)103

Lint = 3 fb�1

Experimental approachesExperimental approaches

Search for CPV in b-baryons at LHCb  7A. MERLI(UNIMI & INFN)

Measure ΔACP difference of CP asymmetries

Cancel Aprod and Areco(p)

LHCb: JHEP 07 (2014) 103

Measured on data

Nicola Neri CP violation in baryon decays - CERN 2016
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Experimental approaches

2.2σ from zero

ℒint = 3 fb−1 ℒint = 3 fb−1

ΔACP = (5.7 ± 2.4 ± 1.2) %

Araw(Λ0
b → J/ψph−) = ACP(Λ0

b → J/ψph−) + Aprod(Λ0
b) − Areco(h+) + Areco(p)

ΔACP = Araw(Λ0
b → J/ψpπ−) − Araw(Λ0

b → J/ψpK−)
= ACP(Λ0

b → J/ψpπ−) − ACP(Λ0
b → J/ψpK−) + Areco(K+) − Areco(π+)
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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

Search for CPV in b-baryons at LHCbA. MERLI(UNIMI & INFN)

̂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)

Experimental approaches



Sensitivity to CPV

 9

  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)

Search for CPV in b-baryons at LHCbA. MERLI(UNIMI & INFN)
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Search for CPV in b-baryons at LHCb  10A. MERLI(UNIMI & INFN)

• 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

LHCb: Nature Physics 13, 391-396 (2017)

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)

u

d (s)

Vub

V ⇤
ud

W�
}p
}⇡+ (K+)

}⇡� (K�)

}⇡�

⇤0
b { t

W�
b

d

u

d

u

u

d

u

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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Λ0
b → pπ−π+π−

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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• Use 4-body topology to build P-violating asymmetries
LHCb: Nature Physics 13, 391-396 (2017)

Experimental technique 

•  Use 4-body topology to build P-violating asymmetries 
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‣  P-odd,    -odd triple products:   T̂

Search for CPV in   Λb
0 → pπ −π +π −
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Experimental technique 

•  Use 4-body topology to build P-violating asymmetries 
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• P-odd,    -odd triple products:

Λ0
b → pπ−π+π−

̂T

ℒint = 3 fb−1

C ̂T = ⃗p p ⋅ ( ⃗p π−
fast

× ⃗p π+) ∝ sin Φ,  for Λ0
b

C ̂T = ⃗p p ⋅ ( ⃗p π+
fast

× ⃗p π−) ∝ sin Φ,  for Λ0
b



First evidence of CPV in baryons

Search for CPV in b-baryons at LHCb  12A. MERLI(UNIMI & INFN)

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

LHCb: 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 
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T̂ -odd = 1
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aP

T̂ -odd = 1
2

A
T̂
+ A

T̂( )

•  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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ℒint = 3 fb−1

Refer to backup slides for bins definition
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‣ Phase space integrated 
result consistent with P 
and CP symmetry

aT̂�odd
P

aT̂�odd
CP

=(-0.60±0.84±0.31)%

=(-0.81±0.84±0.31)%

Nsig=19877±195

                               integrated asymmetries Λ0
b → pK−π+π−

Search for CPV in b-baryons at LHCbA. MERLI(UNIMI & INFN)

LHCb: JHEP08(2018)039

ℒint = 3 fb−1 ℒint = 3 fb−1

ℒint = 3 fb−1 ℒint = 3 fb−1



                           phase space measurements
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Scheme A: on dominant resonances Scheme B: on 𝚽 angle intervals

𝜒2 test: consistent with P and CP symmetry

Λ0
b → pK−π+π−

Search for CPV in b-baryons at LHCbA. MERLI(UNIMI & INFN)

LHCb: JHEP08(2018)039

ℒint = 3 fb−1 ℒint = 3 fb−1

Refer to backup slides for bins definition
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‣ Phase space integrated 
result consistent with P 
and CP symmetry

aT̂�odd
P

aT̂�odd
CP

=(-1.56±1.51±0.32)%

=(1.12±1.51±0.32)%

Nsig=5297±83

                                integrated asymmetries Λ0
b → pK−K+K−

Search for CPV in b-baryons at LHCbA. MERLI(UNIMI & INFN)

LHCb: JHEP08(2018)039

ℒint = 3 fb−1 ℒint = 3 fb−1

ℒint = 3 fb−1 ℒint = 3 fb−1



                                   phase space measurements
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Scheme C: on dominant resonances Scheme D: on 𝚽 angle intervals

𝜒2 test: consistent with P and CP symmetry

Λ0
b → pK−K+K−

Search for CPV in b-baryons at LHCbA. MERLI(UNIMI & INFN)

LHCb: JHEP08(2018)039

ℒint = 3 fb−1 ℒint = 3 fb−1

Refer to backup slides for bins definition



                              integrated asymmetries 
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‣ Phase space integrated 
result consistent with P 
and CP symmetry

aT̂�odd
P

aT̂�odd
CP

=(-3.04±5.19±0.36)%

=(-3.58±5.19±0.36)%

Nsig=709±45

Ξ0
b → pπ+K−K−

Search for CPV in b-baryons at LHCbA. MERLI(UNIMI & INFN)

LHCb: JHEP08(2018)039

ℒint = 3 fb−1 ℒint = 3 fb−1

ℒint = 3 fb−1 ℒint = 3 fb−1
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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

Search for CPV in b-baryons at LHCb  18A. MERLI(UNIMI & INFN)

LHCb: 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 ± 0.013

% 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 b-baryons at LHCb  19A. MERLI(UNIMI & INFN)

LHCb: JHEP 06(2017)108

• Rare transitions sensitive to new physics, with new particles 
contributing to loop diagrams or via new tree-level amplitudes 

• Limited CPV in the SM~10-2 (simple estimate from CKM) 
• Very high muon identification efficiency -> excellent bkg rejection 
• Possibility to compare baryon and meson (                      ) decays

Λ0
b → pK−μ+μ−

B0 → K*μ+μ−

•  Rare transitions sensitive to new physics, with new particles 
contributing to loop diagrams or via new tree-level amplitudes 

•  Limited CPV in the SM≈10-2 (simple estimate from CKM) 
•  Very high muon identification efficiency -> excellent bkg rejection 
•  Possibility to compare baryon and meson (                     ) decays 

Introduction 

Search for CPV in rare    Λb
0 → pK −µ +µ −

Nicola Neri CP violation in baryon decays - CERN 2016

Search CPV in rare 

‣ Rare FCNC decay with very small CPV in the SM, 
sensitive to new CPV sources via loop diagrams 

20

⇤0
b ! pK�µ+µ�

‣ Measure             
and  

‣ Use abundant 
control mode 

‣ Present precision 
on CPV is 5·10-2  

‣ Precision of 4·10-3 

is achievable with 
300 fb-1

Lint = 3 fb�1

�ACP

aT̂ -odd
CP

J/ pK�

LHCb-ANA-2015-055

arxiv:1703.00256,'submi:ed'to'JHEP'

  B
0 → K *µ+µ−

  Λb
0 → pK −µ +µ − Andrea Merli   –    CP violation baryons          |    12/04/2017     13 
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CPV measurement 

Search for CPV in rare  

Consistent with CP 
symmetry 

  Λb
0 → pK −µ +µ −

  N sig (Λb
0 → pK −µ+µ− ) = 600 ± 44

   ΔACP = (−4.8± 5.0 ± 0.3)%

•  Use abundant                         control mode   Λb
0 → J /ψ pK −

  N sig (Λb
0 → pK − J /ψ ) = 22900 ± 290

•  Difference in kinematics added 
as systematic error 

  Λb
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Search for CPV in b-baryons at LHCb  20A. MERLI(UNIMI & INFN)

LHCb: JHEP 06(2017)108• Use the abundant                       control mode

Λ0
b → pK−μ+μ−

Λ0
b → J/ψpK−

Nsig (Λ0
b → J/ψpK−) = 22900 ± 290

ΔACP = (−4.8 ± 5.0 ± 0.3) %

Nsig (Λ0
b → pK−μ+μ−) = 600 ± 44

• Consistent with CP symmetry 
• Difference in kinematics added 

as systematic error
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CPV measurement 

Search for CPV in rare  

Consistent with CP 
symmetry 

  Λb
0 → pK −µ +µ −

  N sig (Λb
0 → pK −µ+µ− ) = 600 ± 44

   ΔACP = (−4.8± 5.0 ± 0.3)%

•  Use abundant                         control mode   Λb
0 → J /ψ pK −

  N sig (Λb
0 → pK − J /ψ ) = 22900 ± 290

•  Difference in kinematics added 
as systematic error 
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Search for CPV in b-baryons at LHCb  21A. MERLI(UNIMI & INFN)

LHCb: JHEP 06(2017)108• Use the abundant                       control mode

Λ0
b → pK−μ+μ−

Λ0
b → J/ψpK−

a ̂T−odd
CP (Λ0

b → J/ψ pK−) = (0.48 ± 0.70) %

• Consistent with P and CP 
symmetry 

• Main systematic uncertainty 
due to selection and detector 
acceptance: 
• Estimated on control 

sample

a ̂T−odd
CP = (0.6 ± 5.0 ± 0.7) %

a ̂T−odd
P = (−3.4 ± 5.0 ± 0.7) %

Search for CPV in rare    Λb
0 → pK −µ +µ −

  

aP
T̂ −odd = (−3.4 ± 5.0 ± 0.7)%

aCP
T̂ −odd = (0.6 ± 5.0 ± 0.7)%

Preliminary 

Consistent with P & 
CP symmetry 

•  Main systematic error due 
to selection and detector 
acceptance: 
‣  Estimated on control 

sample 
  aCP

T̂ −odd (Λb
0 → pK − J /ψ ) = (0.48± 0.70)%

Preliminary 
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• Not only  
• Promising modes where to search for CPV with the additional 

statistics 
• Significant CP asymmetries have been observed in regions of phase 

space of 

• Do the equivalent b-baryon decays exhibit similar behaviour?

Search for CPV in b-baryons at LHCb  22A. MERLI(UNIMI & INFN)

LHCb: Phys. Rev. Lett. 111(2013)101801, Phys. Rev. Lett. 112(2014)011801, Phys. Rev. D D90(2014)112004

Λ0
b

B− → π+π−π−, K−π+π−, K+K−K−, K+K−π−

Decays of b hadrons to final states that do not contain any charm quark provide1

fertile ground for studies of CP violation, i.e. breaking of symmetry under the combined2

charge conjugation and parity operations. Significant asymmetries have been observed3

between B and B partial widths in the B0 ! K�⇡+ [1–4] and B0
s ! K+⇡� [3, 4] decays.4

Even larger CP violation e↵ects have been observed in regions of the phase space of5

B� ! ⇡+⇡�⇡�, K�⇡+⇡�, K+K�K� andK+K�⇡� decays [5–7]. A number of theoretical6

approaches [8–18] have been proposed to determine whether the observed e↵ects are7

consistent with the Standard Model, i.e. being solely due to the non-zero phase in the8

quark mixing matrix [19,20], or whether additional sources of asymmetry are contributing.9

Matter-antimatter asymmetry has never yet been observed above the 5� significance10

level in the properties of any baryon. Recently, however, the first evidence of CP violation11

in the b-baryon sector has been reported from an analysis of ⇤0
b ! p⇡�⇡+⇡� decays [21].12

Other measurements of CP -asymmetry parameters in ⇤0
b ! p⇡�, pK� [3], K0

Sp⇡
� [22],13

⇤K+K� and ⇤K+⇡� [23] channels are consistent with zero within the current precision;14

these comprise the only charmless hadronic b-baryon decays that have been observed to15

date. It is therefore of great interest to search for additional charmless b-baryon decays16

that may be used in future to investigate CP violation e↵ects.17

In this Letter, the first search for decays of the ⌅�
b and ⌦�

b baryons, with constituent18

quark contents of bsd and bss, to the charmless hadronic final states ph�h0�, where h(0)
19

is a kaon or pion, is presented. The inclusion of charge conjugate processes is implied20

throughout the Letter. Example decay diagrams for the ⌅�
b ! pK�K� mode are shown in21

Fig. 1. Interference between tree and loop diagrams may lead to CP violation e↵ects. The22

⌅�
b ! pK�⇡� and ⌦�

b ! pK�K� decays may proceed by tree-level diagrams similar to23

that of Fig. 1 (left). Diagrams for ⌦�
b ! pK�⇡� and both ⌅�

b and ⌦�
b ! p⇡�⇡� require24

additional weak interaction vertices and rates of these decays are therefore expected to be25

highly suppressed.26

The analysis is based on a sample of proton-proton collision data, recorded by the27

LHCb experiment at centre-of-mass energies
p
s = 7 and 8TeV, corresponding to 3 fb�1

28

of integrated luminosity. Since the fragmentation fractions, f⌅�
b
and f⌦�

b
, which quantify29

the probability for a b quark to hadronise into these particular states, have not been30

determined, it is not possible to measure absolute branching fractions. Instead, the product31

of each branching fraction multiplied by the relevant fragmentation fraction is determined32

relative to the corresponding values for the topologically-similar normalisation channel33
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Figure 1: (Left) tree and (right) loop diagrams for the ⌅�
b ! pK�K� decay channel.

1

Study of   Ξb
− → ph− ′h −

•  First charmless       decays  
•  Promising modes where to search for CPV in the future 
•  Significant CP asymmetries have been observed in regions of phase 

space of 

•  Do the equivalent b-baryon decays exhibit similar behaviour? 
  B

− →π +π −π − ,K −π +π − ,K +K −K − ,K +K −π −

Phys.&Rev.&Le>.&111&(2013)&101801,&Phys.&Rev.&Le>.&112&(2014)&011801,&Phys.&Rev.&D90&(2014)&112004&

Not only  ! Λb
0

Experimental results  Ξb
− → ph− ′h − Andrea Merli – Search for CPV in b-baryons     |    29/11/2016     16 

New result 
LHCbRPAPERR2016R050&

 Ξb
−

Study of Ξ−
b → ph−h′�−

LHCb: Phys. Rev. Lett. 118 (2017) 071801



Estimated from fit

Study of

Search for CPV in b-baryons at LHCb  23A. MERLI(UNIMI & INFN)

LHCb: Phys. Rev. Lett. 118 (2017) 071801

Ξ−
b → ph−h′�−

Nsig(Ξ−
b → pK−K−) = 82.9 ± 10.4,8.7σ

efficiency-corrected and background-subtractedmðpK−Þmin
distribution shown in Fig. 3 is obtained from Ξ−

b → pK−K−

candidates.Here,mðpK−Þmin indicates the smaller of the two
mðpK−Þ values for each signal candidate, evaluated with the
Ξ−
b and the final-state particle masses fixed to their known

values [40,44]. The distribution contains a clear peak from
the Λð1520Þ resonance, a structure that is consistent with
being a combination of theΛð1670Þ andΛð1690Þ states, and

possible additional contributions at higher mass. Compared
to the pK− structures seen in the amplitude analysis of
Λ0
b → J=ψpK− [47], the contributions from the broad

Λð1600Þ andΛð1810Þ states appear to be smaller. A detailed
amplitude analysiswill be of interestwhen larger samples are
available.
For channelswithout significant signal yields the efficiency

averaged over phase space is used in Eq. (1). A corresponding
systematic uncertainty is assigned from the variation of the
efficiency over the phase space; this is the dominant source
of systematic uncertainty for those channels. The quantities
entering Eq. (1), and the results for Rph−h0−, are reported in
Table I. When the signal significance is less than 3σ, upper
limits are set by integrating the likelihood after multiplying
by a prior probability distribution that is uniform in the
region of positive branching fraction.
The sources of systematic uncertainty arise from the fit

model and the knowledge of the efficiency. The fit model
is changed by varying the fixed parameters of the model,
using alternative shapes for the components, and by
including components that are omitted in the baseline fit.
Intrinsic biases in the fitted yields are investigated
with simulated pseudoexperiments, and are found to be
negligible. Uncertainties in the efficiency arise due to the
limited size of the simulation samples and possible residual
differences between data and simulation in the trigger and
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FIG. 2. Mass distributions for b-hadron candidates in the (top left) pK−K−, (top right) pK−π−, (bottom left) pπ−π−, and (bottom
right) Kþ K−K− final states. Results of the fits are shown with dark blue solid lines. Signals for Ξ−

b and B−ðΩ−
bÞ decays are shown with

pink (light green) dashed lines, combinatorial backgrounds are shown with gray long-dashed lines, cross-feed backgrounds are shown
with red dot-dashed lines, and partially reconstructed backgrounds are shown with dark blue double-dot-dashed lines.
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efficiency-corrected and background-subtractedmðpK−Þmin
distribution shown in Fig. 3 is obtained from Ξ−

b → pK−K−

candidates.Here,mðpK−Þmin indicates the smaller of the two
mðpK−Þ values for each signal candidate, evaluated with the
Ξ−
b and the final-state particle masses fixed to their known

values [40,44]. The distribution contains a clear peak from
the Λð1520Þ resonance, a structure that is consistent with
being a combination of theΛð1670Þ andΛð1690Þ states, and

possible additional contributions at higher mass. Compared
to the pK− structures seen in the amplitude analysis of
Λ0
b → J=ψpK− [47], the contributions from the broad

Λð1600Þ andΛð1810Þ states appear to be smaller. A detailed
amplitude analysiswill be of interestwhen larger samples are
available.
For channelswithout significant signal yields the efficiency

averaged over phase space is used in Eq. (1). A corresponding
systematic uncertainty is assigned from the variation of the
efficiency over the phase space; this is the dominant source
of systematic uncertainty for those channels. The quantities
entering Eq. (1), and the results for Rph−h0−, are reported in
Table I. When the signal significance is less than 3σ, upper
limits are set by integrating the likelihood after multiplying
by a prior probability distribution that is uniform in the
region of positive branching fraction.
The sources of systematic uncertainty arise from the fit

model and the knowledge of the efficiency. The fit model
is changed by varying the fixed parameters of the model,
using alternative shapes for the components, and by
including components that are omitted in the baseline fit.
Intrinsic biases in the fitted yields are investigated
with simulated pseudoexperiments, and are found to be
negligible. Uncertainties in the efficiency arise due to the
limited size of the simulation samples and possible residual
differences between data and simulation in the trigger and
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right) Kþ K−K− final states. Results of the fits are shown with dark blue solid lines. Signals for Ξ−

b and B−ðΩ−
bÞ decays are shown with

pink (light green) dashed lines, combinatorial backgrounds are shown with gray long-dashed lines, cross-feed backgrounds are shown
with red dot-dashed lines, and partially reconstructed backgrounds are shown with dark blue double-dot-dashed lines.
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Nsig(B− → K+K−K−) = 50490 ± 250

fΞ−
b

fu

ℬ (Ξ−
b → pK−K−)

ℬ (B− → K+K−K−)
=

N (Ξ−
b → pK−K−)

N (B− → K+K−K−)
ε (B− → K+K−K−)
ε (Ξ−

b → pK−K−)
= (245 ± 35 ± 47) × 10−5

Estimated from MC + 
Data driven for PID cuts

ℒint = 3 fb−1 ℒint = 3 fb−1
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LHCb: Phys. Rev. Lett. 118 (2017) 071801

efficiency-corrected and background-subtractedmðpK−Þmin
distribution shown in Fig. 3 is obtained from Ξ−

b → pK−K−

candidates.Here,mðpK−Þmin indicates the smaller of the two
mðpK−Þ values for each signal candidate, evaluated with the
Ξ−
b and the final-state particle masses fixed to their known

values [40,44]. The distribution contains a clear peak from
the Λð1520Þ resonance, a structure that is consistent with
being a combination of theΛð1670Þ andΛð1690Þ states, and

possible additional contributions at higher mass. Compared
to the pK− structures seen in the amplitude analysis of
Λ0
b → J=ψpK− [47], the contributions from the broad

Λð1600Þ andΛð1810Þ states appear to be smaller. A detailed
amplitude analysiswill be of interestwhen larger samples are
available.
For channelswithout significant signal yields the efficiency

averaged over phase space is used in Eq. (1). A corresponding
systematic uncertainty is assigned from the variation of the
efficiency over the phase space; this is the dominant source
of systematic uncertainty for those channels. The quantities
entering Eq. (1), and the results for Rph−h0−, are reported in
Table I. When the signal significance is less than 3σ, upper
limits are set by integrating the likelihood after multiplying
by a prior probability distribution that is uniform in the
region of positive branching fraction.
The sources of systematic uncertainty arise from the fit

model and the knowledge of the efficiency. The fit model
is changed by varying the fixed parameters of the model,
using alternative shapes for the components, and by
including components that are omitted in the baseline fit.
Intrinsic biases in the fitted yields are investigated
with simulated pseudoexperiments, and are found to be
negligible. Uncertainties in the efficiency arise due to the
limited size of the simulation samples and possible residual
differences between data and simulation in the trigger and
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efficiency-corrected and background-subtractedmðpK−Þmin
distribution shown in Fig. 3 is obtained from Ξ−

b → pK−K−

candidates.Here,mðpK−Þmin indicates the smaller of the two
mðpK−Þ values for each signal candidate, evaluated with the
Ξ−
b and the final-state particle masses fixed to their known

values [40,44]. The distribution contains a clear peak from
the Λð1520Þ resonance, a structure that is consistent with
being a combination of theΛð1670Þ andΛð1690Þ states, and

possible additional contributions at higher mass. Compared
to the pK− structures seen in the amplitude analysis of
Λ0
b → J=ψpK− [47], the contributions from the broad

Λð1600Þ andΛð1810Þ states appear to be smaller. A detailed
amplitude analysiswill be of interestwhen larger samples are
available.
For channelswithout significant signal yields the efficiency

averaged over phase space is used in Eq. (1). A corresponding
systematic uncertainty is assigned from the variation of the
efficiency over the phase space; this is the dominant source
of systematic uncertainty for those channels. The quantities
entering Eq. (1), and the results for Rph−h0−, are reported in
Table I. When the signal significance is less than 3σ, upper
limits are set by integrating the likelihood after multiplying
by a prior probability distribution that is uniform in the
region of positive branching fraction.
The sources of systematic uncertainty arise from the fit

model and the knowledge of the efficiency. The fit model
is changed by varying the fixed parameters of the model,
using alternative shapes for the components, and by
including components that are omitted in the baseline fit.
Intrinsic biases in the fitted yields are investigated
with simulated pseudoexperiments, and are found to be
negligible. Uncertainties in the efficiency arise due to the
limited size of the simulation samples and possible residual
differences between data and simulation in the trigger and
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Nsig(Ξ−
b → pK−π−) = 59.6 ± 16.0,3.4σ

ℬ (Ξ−
b → pK−π−)

ℬ (Ξ−
b → pK−K−)

= 0.98 ± 0.27 ± 0.09

Ξ−
b = 33.2 ± 17.9

Ω−
b = 20.1 ± 13.8

Study of Ξ−
b → ph−h′�−

ℒint = 3 fb−1 ℒint = 3 fb−1



Nicola Neri CP violation in baryon decays - CERN 2016

Search for CPV in     

‣ Precision on CPV at 5·10-3 is achievable with 300 fb-1 

‣ Other interesting results:                       ,                  decays 
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• Large ACP(pK*-)~20% predicted in SM  

106±22 91±15

JHEP04(2014)087
⇤0
b ! K0

sp⇡
�

ACP = 0.22± 0.13± 0.03

Lint = 1fb�1
Lint = 1fb�1

use                     as control mode

Hsiao Y.K., Phys.Rev. D91 (2015) no.11, 116007

⇤0
b ! ⇤h+h� ⇤0

b ! ⇤�

⇤0
b ! (K0

Sp)⇤+
c
⇡�

Phys. Lett. B759 (2016) 282JHEP 05 (2016) 081

Search for CPV in 

Search for CPV in b-baryons at LHCb  25A. MERLI(UNIMI & INFN)

LHCb: JHEP 04(2014)087

• Large ACP(pK*-)~20% predicted in SM

Λ0
b → K0

s pπ−

Phys. Rev. D91(2015)11, 116007

• Precision at some % is already achievable with Run2 data

ACP = 0.22 ± 0.13 ± 0.03 use                            as control modeΛ0
b → (K0

s p)Λ+
c
π−



CKM angle γ using       decays

Search for CPV in b-baryons at LHCb  26A. MERLI(UNIMI & INFN)

• Extract γ from BR of                 ,                 ,                    and charge 
conjugate decays à la GLW

• Theory clean measurement of γ using baryons 

• Small yields  

• Use                      for improved reco efficiency and higher BR

Λ0
b

Λ0
b → ΛD0 Λ0

b → ΛD0 Λ0
b → ΛD0

CP

Nicola Neri CP violation in baryon decays - CERN 2016

CKM angle ! using Λb decays 

‣ Extract ! from  BR of                                                   

and charge conjugate decays à la GLW

6

I. Dunietz, Z. Phys. C - Particles and Fields (1992) 56: 129 
A. K. Giri, R. Mohanta, and M. P. Khanna, Phys. Rev. D 65, 073029 (2002)

⇤0
b ! ⇤D0,⇤0

b ! ⇤D
0
,⇤0

b ! ⇤D0
CP

‣ Theory clean measurement of ! using baryons   

‣ Small yields                                  ,  

‣ Use                       for improved reco efficiency

Vcb

V ⇤
us V ⇤

cs

⇤0
b ! D0pK�

Vub / e�i�

BR = (⇤0
b ! ⇤D0) ⇠ 4 · 10�6 BR = (⇤0

b ! ⇤D̄0) ⇠ 8 · 10�7

BR (Λ0
b → ΛD0) ≈ 4 ⋅ 10−6, BR (Λ0

b → ΛD0) ≈ 8 ⋅ 10−7

Z. Phys. C - Particles and Fields (1992) 56: 129

Λ0
b → D0pK−

Phys. Rev. D 65, 073029 (2002)



Towards the measurement of γ 

Search for CPV in b-baryons at LHCb  27A. MERLI(UNIMI & INFN)

• Interesting decay mode for the future,  

• Hard to estimate the impact on γ 
determination at present

Λ0
b → D0pK− = 163 ± 18

ℒint = 1 fb−1

Phys. Rev. D 89, 032001 (2014)

Nicola Neri CP violation in baryon decays - CERN 2016

Towards the measurement of !

‣ Interesting decay modes 
for the future  

‣ Expect 100k D0pK-, 20k 
D0pK-,16k DCPpK- signal 
events with 300 fb-1    

‣ Hard to estimate the 
impact on ! determination 
at present

18

Phys. Rev. D 89, 032001 (2014)

⇤0
b ! D0pK� sig = 163± 18

Lint = 1fb�1

BR = (4.8± 0.9)⇥ 10�5

D0 ! K�⇡+; D0
CP ! ⇡+⇡�,K+K�

BR = (4.8 ± 0.9) × 10−5
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Conclusions

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

• First evidence for CPV in baryons is found in decays with a statistical 
significance of 3.3σ 

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

• Next step amplitude analysis to determine source of CPV. Systematic 
study of CPV in baryons, angle γ 

• Interesting to compare the results with mesons 
• Theoretical predictions are needed and more than welcome
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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)
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