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Suppressed decays in the Standard Model (SM)

b→ u transitions are mediated by tree diagrams

b→ d, s procceed through diagrams with loops (penguins)

|Vub| makes both amplitudes of similar magnitude

Relative weak phase difference between these diagrams within the
SM framework is γCKM

Rich scenario to search for New Physics (NP) effects:

New particles may contribute in the loops

Rare modes, sensitive to variations of B w.r.t. SM predictions

Similar amplitudes lead to sizeable CP violation effects

NP could also provide additional sources of CP violation

Flavor symmetries can be exploited to deal with QCD
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LHCb-PAPER-2016-036 in preparation
Motivation

The B0 → K+K− decay mode was never observed

B0 → K+K− and B0
s → π+π− are U-spin partners

The relation B(B0→K+K−)

B(B0
s→π+π−)

may bring information

on the U-spin symmetry
Both are very suppressed decays (PA, E)

Final states containing hadrons → complicated QCD

phenomenology

Huge efforts have been put in this area...
But several QCD computations remain affected
with sizeable uncertainties → experimental input
very useful
Both decays affected by final state reescattering

Penguin Annihilation (PA)

The understanding of the dynamics governing the decays of heavy-flavoured hadrons is1

a fundamental ingredient in the search for new particles and new interactions beyond those2

included in the Standard Model of particle physics (SM). The comparison of theoretical3

predictions and experimental measurements enables the validity of the SM to be tested up4

to energy scales well beyond those accessible by current particle accelerators. In the last5

two decades, the development of e↵ective theories significantly improved the accuracy of6

theoretical predictions for the partial widths of such decays. Several approaches are used7

to deal with the complexity of quantum chromodynamics (QCD) computations, e.g. QCD8

factorization (QCDF) [1–3], perturbative QCD (pQCD) [4, 5] and soft collinear e↵ective9

theory (SCET) [6]. Despite the general progress in the field, calculations for a specific10

set of decay amplitudes governed by so-called annihilation transitions are still a↵ected11

by large uncertainties. The rare decay modes B0! K+K� and B0
s ! ⇡+⇡� can proceed12

only through penguin-annihilation and W -exchange transitions, whose Feynman graphs13

are shown in Fig. 1. The precise determination of their branching fractions is a powerful14

tool to improve our understanding of QCD in this field.15

While the B0
s ! ⇡+⇡� signal has already been established by LHCb [7], the16

B0! K+K� signal has been escaping detection so far, despite significant experimental en-17

deavours by the BaBar [8], CDF [9], Belle [10] and LHCb [7] collaborations. In this Letter,18

the results of a search for the B0! K+K� decay and an update of the branching fraction19

measurement of the B0
s ! ⇡+⇡� decay, performed using a data sample corresponding to20

1 fb�1 at
p

s =7 TeV and 2 fb�1 at
p

s =8 TeV of pp collisions collected with the LHCb21

detector, are presented. Prior knowledge of the branching fractions of these two decays is22

given by the averages performed by the Heavy Flavor Averaging Group (HFAG), yielding23

B(B0! K+K�) = (0.13+ 0.06
� 0.05) ⇥ 10�6 and B(B0

s ! ⇡+⇡�) = (0.76 ± 0.13) ⇥ 10�6 [11].24

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity25

range 2 < ⌘ < 5, described in detail in Refs. [12, 13]. The online event selection is26

performed by a trigger [14], which consists of a hardware stage, based on information27

from the calorimeter and muon systems, followed by a software stage, which applies a full28

event reconstruction. The hadronic hardware trigger accepts events with large transverse29

energy clusters in the hadronic calorimeter. The software trigger requires a two-, three-30

or four-track secondary vertex (SV) with a significant displacement from the primary pp31

interaction vertices (PVs). At least one charged particle must have transverse momentum32

and impact parameter (IP) �2 with respect to all PVs above given thresholds. The IP33

is defined as the distance between the reconstructed trajectory of a particle and a given34

PV. The IP �2 is the di↵erence between the �2 of the PV reconstructed with and without35
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Figure 1: Dominant Feynman graphs contributing to the B0! K+K� and B0
s ! ⇡+⇡� decay

amplitudes: (left) penguin annihilation and (right) exchange topologies.
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Figure 1: Dominant Feynman graphs contributing to the B0! K+K� and B0
s ! ⇡+⇡� decay

amplitudes: (left) penguin annihilation and (right) exchange topologies.

1Previous knowledge on B(B0 → K+K−) and B(B0
s → π+π−) (B × 106):

References
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Analysis Strategy

Analized data: full LHCb Run 1 data sample, corresponding to an integrated luminosity
of 1fb−1 at

√
s = 7TeV and 2fb−1 at

√
s = 8TeV

The regions 5.22 < mKK < 5.34[GeV/c2] and 5.33 < mππ < 5.45[GeV/c2] are
disregarded during selection optimization → blind analysis

Event selection is performed in several steps:

Pre-selection (trigger): mainly using track and vertex fit qualities, kinematic
information and decay topology

Offline selection: boosted decision tree (BDT) multivariate classifier and particle
identification (PID) criteria

Simultaneous optimization of the BDT and PID requeriments aiming at the best
sensitivity on the signal yields → 2 selections (A: B0 → KK and B: B0 → ππ)

Signal yields are obtained from a simultaneous 2-body invariant mass fit to several
mutually exclusive subsamples (PID requeriments): Kπ, pK , pπ, ππ and KK

PID calibration is done via a data-driven method, using D∗+, Λ and Λ+
c decays

B(B→ K+π−) is used as normalization for the measurements

M. Vieites D́ıaz (USC) ICHEP2016 6
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Figure 2: Distributions of (left) mK+K� and (right) m⇡+⇡� for events selected applying the
criteria of Selection A or B, respectively. The continuous (blue) curves represent the results of
the best fits to the data points. The most relevant contributions to the invariant mass spectra
are reported and indicated. The vertical scales are chosen to magnify the relevant signal regions.
The bin-by-bin residual di↵erences between the fits and the data, in units of standard deviations
(pull), are also shown.

Table 1: Systematic uncertainties on the yields of the B0! K+K� and B0
s ! ⇡+⇡� decays.

Systematic uncertainty N(B0! K+K�) N(B0
s ! ⇡+⇡�)

Final state radiation 6.05 5.42
Signal mass shape 10.10 3.16

Comb. back. mass shape 5.48 2.58
Part. reco. back. mass shape 1.33 23.06
Crossfeed back. mass shape negligible negligible

PID e�ciencies 3.43 2.52
Sum in quadrature 13.50 24.17

The significance of the B0! K+K� signal to di↵er from the null hypothesis is then130

determined by performing a likelihood scan in the signal yield, i.e. repeating the fit for131

each value of the yield and computing the value of the likelihood at each point. The132

account for systematic uncertainties, the likelihood function is convolved with with a133

Gaussian function having width equal to the systematic uncertainty. The final significance134

is found to correspond to 5.8 standard deviations, thus yielding the first observation of135

the B0! K+K� decay. The likelihood profile is shown in Fig. 3.136

The corresponding branching fractions of B0! K+K� and B0
s ! ⇡+⇡� are determined137

relative to the B0 ! K+⇡� branching fractions, in order to cancel systematic e↵ects138

related to the bb̄ production cross section, the luminosity calibration and the knowledge139

4
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s ! ⇡+⇡� decays.

Systematic uncertainty N(B0! K+K�) N(B0
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Comb. back. mass shape 5.48 2.58
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The significance of the B0! K+K� signal to di↵er from the null hypothesis is then130

determined by performing a likelihood scan in the signal yield, i.e. repeating the fit for131

each value of the yield and computing the value of the likelihood at each point. The132

account for systematic uncertainties, the likelihood function is convolved with with a133

Gaussian function having width equal to the systematic uncertainty. The final significance134

is found to correspond to 5.8 standard deviations, thus yielding the first observation of135

the B0! K+K� decay. The likelihood profile is shown in Fig. 3.136

The corresponding branching fractions of B0! K+K� and B0
s ! ⇡+⇡� are determined137

relative to the B0 ! K+⇡� branching fractions, in order to cancel systematic e↵ects138

related to the bb̄ production cross section, the luminosity calibration and the knowledge139

4

NB0→K+K− = 201.1± 32.7± 13.5
NB0→K+π− = 105010± 430± 990

→ 5.8σ significance achieved!

(inc. systematics)

NB0
s→π+π− = 455.0± 35.2± 24.2

NB0→K+π− = 71300± 310± 610

Uncertainties: ± stats. ± syst.
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Table 1: Systematic uncertainties on the yields of the B0! K+K� and B0
s ! ⇡+⇡� decays.

Systematic uncertainty N(B0! K+K�) N(B0
s ! ⇡+⇡�)

Final state radiation 6.05 5.42
Signal mass shape 10.10 3.16
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determined by performing a likelihood scan in the signal yield, i.e. repeating the fit for131

each value of the yield and computing the value of the likelihood at each point. The132

account for systematic uncertainties, the likelihood function is convolved with with a133

Gaussian function having width equal to the systematic uncertainty. The final significance134

is found to correspond to 5.8 standard deviations, thus yielding the first observation of135

the B0! K+K� decay. The likelihood profile is shown in Fig. 3.136

The corresponding branching fractions of B0! K+K� and B0
s ! ⇡+⇡� are determined137

relative to the B0 ! K+⇡� branching fractions, in order to cancel systematic e↵ects138

related to the bb̄ production cross section, the luminosity calibration and the knowledge139

4

B(B0→ K+K−) =
(7.80± 1.27± 0.81± 0.21)× 10−8

B(B0
s → π+π−) = (6.91± 0.54±

0.63± 0.19± 0.40)× 10−7

Uncertainties: ± stats. ± syst. ± B(B0 → K+π−) ± fs/fd
HFAG LHCb

http://arxiv.org/abs/1412.7515
http://arxiv.org/abs/1301.5286
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Motivation

Direct CP violation (CPV) has never been observed in baryon decays

Large CPV effects are expected in charmless Λb decays (ACP ∼ 20%) Y. K. Hsiao et al.

Both tree and penguin diagrams contribute with similar amplitudes

Measurements of CPV on these decays can be used to test the SM and to place
constraints on SM extensions.

Tree ∝ |Vub| ∼ λ3

1 Introduction1

1.1 Physics motivations2

CP violation (CPV ) has never been observed in the baryon sector. Its search is an3

important test of the Standard Model (SM), in particular when compared to predictions4

from the theory. A significant excess of CPV with respect to the theoretical predictions5

would be a signature of physics beyond the SM (BSM) [1].6

The ⇤0
b baryon (udb) is the lightest baryon containing the b quark with a mass7

of 5619.5 ± 0.4 MeV. The ⌅0
b baryon (usb) is heavier with a mass of 5793.1 ± 2.58

MeV [2]. A measurable amount of CPV is expected in the decays of bottom baryons. The9

⇤0
b(⌅

0
b ) ! ph+h�h+ decays proceed via tree b ! uqq transitions and penguin b ! sqq,10

b ! dqq transitions and CPV could arise from the interference of tree and penguin11

amplitudes as shown in Figure 1. In addition, new physics e↵ects could be originated from
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The study of triple product asymmetries in ⇤0
b decays is particularly sensitive to new14

physics e↵ects [3]. Triple product asymmetries which are expected to vanish in the SM can15

be very large (up to 50%) in the presence of new physics. This technique is very promising16
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Analized data → full LHCb Run 1

Search for CPV in Λb → pπ−h+h−(h = π,K) using triple product asymmetries

Look at regions of phase space for increased sensitivity to localised CPV effects (strong
phases variations)

Λ0
b → Λ+

c (pK−π+)π− decay (no CPV is expected) is used as control sample

Event selection: trigger, BDT, charm vetoes, and PID requeriments

Signal yields are obtained from a simultaneous fit to M(pπ−h+h−)

Observables construction

Triple products in the Λb rest frame:

CT̂ = ~pp · (~ph− × ~ph+ ) ∝ sin Φ

C T̂ = ~pp · (~ph+ × ~ph− ) ∝ sin Φ

T̂-odd asymmetries:

AT̂ =
N

Λ0
b

(C
T̂
>0)−N

Λ0
b

(C
T̂
<0)

N
Λ0
b

(C
T̂
>0)+N

Λ0
b

(C
T̂
<0)

AT̂ =
N

Λ0
b

(−C
T̂
>0)−N

Λ0
b

(−C
T̂
<0)

N
Λ0
b

(−C
T̂
>0)+N

Λ0
b

(−C
T̂
<0)

Φ

0

p

π-
fast

π-
slow

π+

CP-violating observable:

aT̂−odd
CP = 1

2
(AT̂ − AT̂)

P-violating observable:

aT̂−odd
P = 1

2
(AT̂ + AT̂)
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5.85 and 6.40 GeV/c2. The ⇤0
b ! ⇤+

c (! p⇡+⇡�)⇡� and ⇤0
b ! ⇤+

c (! pK�K+)⇡� decays,79

with identical final state particles to the signal, are used for the optimisation of particle80

identification criteria. When multiple candidates are reconstructed, one candidate per81

event is retained, by random choice.82

The mass distribution of the ⇤0
b signal is modelled with the sum of two Crystal Ball83

(CB) functions [33] with identical mean but di↵erent width parameters determined from84

data. The tail parameters are determined from a fit to simulated signal events. The85

combinatorial background is modeled with an exponential function. Partially reconstructed86

⇤0
b decays are described by using an ARGUS function [34] convoluted with a Gaussian87

function to account for mass resolution e↵ects. The contamination due to incorrectly88

identified particles from ⇤0
b ! pK�⇡+⇡� and B0 ! K+⇡�⇡�⇡+ decays in ⇤0

b ! p⇡�⇡+⇡�89

signal sample, and from ⇤0
b ! pK�⇡+⇡�, ⇤0

b ! pK�K+K�, B0 ! K�K+K+⇡�, and90

B0
s ! K+K�⇡+⇡� decays in ⇤0

b ! p⇡�K+K� signal sample are modeled from simulations.91

Gaussian constraints on these background yields, obtained from fits to data when using92

di↵erent mass hypotheses, are applied. From an extended maximum likelihood fit to the93

⇤0
b mass distribution, the signal yields are 6646 ± 105 and 1030 ± 56 for ⇤0

b ! p⇡�⇡+⇡�94

and ⇤0
b ! p⇡�K+K� decays respectively. The fit results are shown in Fig. 1.
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Figure 1: Reconstructed invariant mass distribution for ⇤0
b ! p⇡�⇡+⇡� (left) and ⇤0

b !
p⇡�K+K� (right) signal candidates. A fit is overlaid, as described in the text. The normalised
residuals (pulls) of the di↵erence between the fit results and the data points, divided by their
uncertainties, are shown on top of each distribution.

95

Signal candidates are split into four categories according to the ⇤0
b flavour, and the sign96

of C bT (C bT ). The reconstruction e�ciency for signal candidates with C bT > 0 (�C bT > 0) is97

identical to C bT < 0 (�C bT < 0) within the uncertainties and it has been studied using both98

high statistics Monte Carlo simulated events, and the ⇤0
b ! ⇤+

c ⇡
� control sample. The99

AbT , AbT asymmetries are extracted using a simultaneous unbinned maximum likelihood fit100
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Figure 1: Reconstructed invariant mass distribution for ⇤0
b ! p⇡�⇡+⇡� (left) and ⇤0

b !
p⇡�K+K� (right) signal candidates. A fit is overlaid, as described in the text. The normalised
residuals (pulls) of the di↵erence between the fit results and the data points, divided by their
uncertainties, are shown on top of each distribution.
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Signal candidates are split into four categories according to the ⇤0
b flavour, and the sign96

of C bT (C bT ). The reconstruction e�ciency for signal candidates with C bT > 0 (�C bT > 0) is97

identical to C bT < 0 (�C bT < 0) within the uncertainties and it has been studied using both98

high statistics Monte Carlo simulated events, and the ⇤0
b ! ⇤+

c ⇡
� control sample. The99

AbT , AbT asymmetries are extracted using a simultaneous unbinned maximum likelihood fit100

3

NΛ0
b→pπ−π+π− = 6646±105(stat) NΛ0

b→pπ−K+K− = 1030± 56(stat)

Definition of the signal categories:

NΛ0
b
(CT̂ > 0) = 1

2
NΛ0

b
(1 + AT̂ )

N
Λ

0
b
(−C T̂ > 0) = 1

2
N

Λ
0
b
(1 + AT̂ )

NΛ0
b
(CT̂ < 0) = 1

2
NΛ0

b
(1− AT̂ )

N
Λ

0
b
(−C T̂ < 0) = 1

2
N

Λ
0
b
(1− AT̂ )
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1.- Measurement integrated over the phase space:

aT̂−odd
CP obtained from the fits in the previous slide

Results are compatible with P and CP conservation

to the invariant mass distributions of the di↵erent signal categories as follows,101

N⇤0
b
(C bT > 0) =

1

2
N⇤0

b
(1 + AbT ), N⇤0

b
(C bT < 0) =

1

2
N⇤0

b
(1 � AbT )

N⇤0
b
(�C bT > 0) =

1

2
N⇤0

b
(1 + AbT ), N⇤0

b
(�C bT < 0) =

1

2
N⇤0

b
(1 � AbT ), (3)

while a
bT -odd
CP is determined from the di↵erence of AbT and AbT that are found to be uncor-102

related. The asymmetries extracted from the fits integrated in phase space are reported103

in Table 1 and are consistent with CP conservation. Measurements in di↵erent regions

Table 1: Results for the AbT , ĀbT asymmetries and the CP -violating observable a
bT�odd
CP obtained

from the phase space integrated fits to ⇤0
b ! p⇡�⇡+⇡� and ⇤0

b ! p⇡�K+K� decays.

Decay AbT (%) ĀbT (%) a
bT�odd
CP (%)

⇤0
b ! p⇡�⇡+⇡� �2.56 ± 2.06 ± 0.45 �4.86 ± 2.06 ± 0.44 1.15 ± 1.45 ± 0.32

⇤0
b ! p⇡�K+K� 2.68 ± 6.76 ± 0.85 4.55 ± 6.07 ± 0.52 �0.93 ± 4.54 ± 0.42

104

of phase space have been performed for the ⇤0
b ! p⇡�⇡+⇡� decay using two di↵erent105

binning schemes. In one case, the sample is divided in 10 identical intervals of �, the106

angle between the planes described by the p⇡�fast and ⇡+⇡�slow pairs, folded between107

(0, ⇡). This choice is motivated by the possibility of observing CP asymmetry in the108

angular distributions of quasi-two-body decay amplitudes. The reconstruction e�ciency109

as a function of � for signal candidates with di↵erent C bT (C bT ) sign is identical within110

uncertainties, and AbT , AbT , a
bT -odd
CP asymmetries are measured to be consistent with zero111

on a high statistics signal Monte Carlo sample. Using identical binning scheme in �, a112

measurement of a
bT -odd
CP is performed on the ⇤0

b ! ⇤+
c (! pK�⇡+)⇡� control sample. In113

this case the � angle is defined by the planes of pK� and ⇡+⇡� pairs. The measured114

average value is a
bT -odd
CP (⇤+

c ⇡
�) = (0.15 ± 0.31) ⇥ 10�2, compatible with CP conservation115

with p-value=10% according to a �2 test, as described below. The measured asymmetries116

on the ⇤0
b ! p⇡�⇡+⇡� sample are shown in Fig. 2 and are also reported in Table 3 in117

Appendix A. The compatibility with the CP conservation hypothesis is tested by means of118

a �2 test, with �2 = RT V �1R, where R is the array of a
bT -odd
CP measurements, and V �1 is119

the inverse of the covariance matrix V , defined as the sum of the statistical and systematic120

covariance matrices. An average systematic uncertainty, whose evaluation is discussed in121

the following, is assumed for the di↵erent bins. Systematic uncertainties are assumed to122

be fully correlated, and their contribution to the total uncertainty is small compared to123

the statistical ones. The CP conservation hypothesis for scheme A measurements has an124

associated p-value of 7.1 ⇥ 10�4, corresponding to a statistical significance of 3.4 Gaussian125

standard deviations. Consistent results are obtained with a permutation test based on126

pseudo experiments as described in Appendix B. A similar �2 test is performed for a
bT -odd
P127

measurements and obtain a p-value for the P conservation hypothesis of 1.7⇥ 10�2 (2.4�).128

In Fig. 3 are shown the results for the simultaneous fit to ⇤0
b ! p⇡�⇡+⇡� candidates129

with � 2 ( 3
10
⇡, 4

10
⇡) which present the largest deviations from zero for a

bT -odd
CP asymmetries.130

4

2.- Local measurements:

Limited statistics on the Λ0
b → pπ−K+K− allows for 2 divisions only:

Λ∗0 dominated interval: 1.0 < m(pK−) < 2.0GeV /c2

Its complementary region: 2.0 < m(pK−) < 5.0GeV /c2

→ results are compatible with P and CP conservation

For the Λ0
b → pπ−π+π− two different schemes are studied:

Scheme A: 12 regions dominated by 2-body resonances (ρ0(770),∆++,N∗)

Scheme B: 10 uniform bins in Φ

→ 3.3σ evidence for CPV is found when combining both schemes
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← aT̂−odd
P and aT̂−odd

CP measurements in Φ bins

for the Λ0
b → pπ−π+π− decay
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Figure 2: Distributions of the asymmetries (a) a
bT -odd
P , (b) a

bT -odd
CP in ten di↵erent � regions. The

values of the �2/ndf for the P and CP conservation hypotheses, represented by a dashed line,

are also quoted for a
bT -odd
P and a

bT -odd
CP , respectively.

The measured asymmetries in this bin are AbT = (19.47 ± 6.96 ± 0.86)% , AbT = (�20.11 ±131

7.04 ± 0.85)%, and a
bT -odd
CP = (19.79 ± 4.95 ± 0.60)% corresponding to a significance132

for localised CP violation 4.0� according to a likelihood ratio test based on statistical133

uncertainty only.
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Figure 3: Fit projections for the four signal categories according to ⇤0
b , ⇤

0
b flavour and C bT , C bT

sign for the ⇤0
b ! p⇡�⇡+⇡� candidates with � 2 ( 3

10⇡, 4
10⇡), corresponding to the phase space

region with largest deviation of asymmetries from zero. The normalised residuals (pulls) of the
di↵erence between the fit results and the data points, divided by their uncertainties, are shown
on top of each distribution.

134

Measurements in 12 di↵erent regions of ⇤0
b ! p⇡�⇡+⇡� phase space are performed135

using an alternative binning scheme with potential di↵erent sensitivity to manifestations136

of CPV . The phase space divisions, based mostly on invariant mass regions dominated137

5

� CPV patterns have been searched for, and
several cross-checks have been studied, but no
specific amplitude could be associated to this
effect.

↓ Fit projections for the four signal categories
for the candidates in the bin where the largest
CPV effect is observed ( 3

10
π < Φ < 4

10
π)
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7.04 ± 0.85)%, and a
bT -odd
CP = (19.79 ± 4.95 ± 0.60)% corresponding to a significance132

for localised CP violation 4.0� according to a likelihood ratio test based on statistical133

uncertainty only.
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Figure 3: Fit projections for the four signal categories according to ⇤0
b , ⇤

0
b flavour and C bT , C bT

sign for the ⇤0
b ! p⇡�⇡+⇡� candidates with � 2 ( 3

10⇡, 4
10⇡), corresponding to the phase space

region with largest deviation of asymmetries from zero. The normalised residuals (pulls) of the
di↵erence between the fit results and the data points, divided by their uncertainties, are shown
on top of each distribution.

134

Measurements in 12 di↵erent regions of ⇤0
b ! p⇡�⇡+⇡� phase space are performed135

using an alternative binning scheme with potential di↵erent sensitivity to manifestations136

of CPV . The phase space divisions, based mostly on invariant mass regions dominated137
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Introduction B0 → K+K− and B0
s → π+π− Λb → pπ−h+h− Summary

Summary

Two of the latest results by LHCb were presented

B0
(s) → h+h− modes:

First observation of the rarest fully hadronic decay ever seen, the B0 → K+K−

decay (5.8σ significance, including systematical uncertainties)

Most precise measurements of B(B0
s → π+π−) and B(B0 → K+K−)

B(B0 → K+K−) determination provides a very useful reference for a better
understanding of the QCD effects involving PA diagrams.

Λb → pπ−h+h− decays:

Search for P and CP violation using triple products asymmetries

Λb → pπ−K+K− measurements are compatible with P and CP conservation

Λb → pπ−π+π− channel shows evidence for localised CP violation, with a
significance up to 3.3σ (when combining results from different binning schemes)

Both results are in agreement with SM predictions for CPV in charmless Λ0
b decays

First evidence of CPV in baryon decays!

Thanks for your attention!
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Introduction B0 → K+K− and B0
s → π+π− Λb → pπ−h+h− Summary

References (B0
(s) → h+h−)

1 Introduction1

We search for the yet unobserved B0 ! K+K� decay, and we update the measurement of2

the branching fraction of the B0
s ! ⇡+⇡� decay. The peculiarity of these decay modes3

is that all final state quarks di↵er from those in the initial state. For this reason such4

decays can only proceed via annihilation-type diagrams, as shown in Fig. 1. The present5

experimental status for the values of the branching fractions is reported in Table 1.6

b

d, s

W

s, d

s, d

u

u

W

b

d, s

s, d

s, d

u

u

Figure 1: Feynman graphs contributing to the B0 ! K+K� and B0
s ! ⇡+⇡� decay amplitudes:

(left) penguin annihilation and (right) exchange topologies.

Table 1: Present knowledge of B0 ! K+K� and B0
s ! ⇡+⇡� branching fractions (⇥106), as

reported by HFAG [1]. References to the single experiment measurements are [2–6].

Decay mode BaBar Belle CLEO CDF LHCb Average
B0! K+K� < 0.5 0.10 ± 0.08 ± 0.04 < 0.8 0.23 ± 0.10 ± 0.10† 0.12+0.08

�0.07 ± 0.01† 0.13+0.06
�0.05

B0
s ! ⇡+⇡� � < 12 � 0.60 ± 0.17 ± 0.04† 0.98+0.23

�0.19 ± 0.07† 0.76 ± 0.13

2 Analysis strategy7

The analysis presented in this document aims at searching and hopefully observing for8

the first time the rare decay B0 ! K+K� exploiting the data sample presented in9

Section 3. The measurement of the branching ratio of the B0
s ! ⇡+⇡� decay will also10

be updated. Signal yields are determined from a simultaneous fit to all invariant mass11

spectra of h+h� final states, namely ⇡+⇡�, K+⇡�, ⇡+K�, K+K�, pK�, K+p, p⇡� and12

⇡+p. The yields will be converted into absolute branching ratios exploiting the well known13

B (B0! K+⇡�) [1] as a reference, using14

B(B0! K+K�) =
✏(B0! K+⇡�)

✏(B0! K+K�)
· N(B0! K+K�)

N(B0! K+⇡�)
· B(B0! K+⇡�), (1)

B(B0
s ! ⇡+⇡�) =

✏(B0! K+⇡�)

✏(B0
s ! ⇡+⇡�)

· N(B0
s ! ⇡+⇡�)

N(B0! K+⇡�)
· fd

fs

· B(B0! K+⇡�), (2)

1

BaBar collaboration, B. Aubert et al., Improved Measurements of the Branching Fractions for B0 → π+π− and

B0 → K+π−, and a search for B0 → K+K−, Phys. Rev. D75 (2007) 012008

Belle collaboration, Y. T. Duh et al., Measurements of branching fractions and direct CP asymmetries for

B0 → K+π−, B0 → π+π− and B0 → K+K− decays, Phys. Rev. D87 (2013) 031103

CLEO collaboration, A. Bornheim et al., Measurements of charmless hadronic two body B meson decays and the ratio
B(B0 → DK)/B(B0 → Dπ), Phys. Rev. D68 (2003) 052002

CDF collaboration, T. Aaltonen et al., Evidence for the charmless annihilation decay mode B0
s → π+π−, Phys. Rev.

Lett. 108 (2012) 211803

LHCb collaboration, R. Aaij et al., Measurement of b-hadron branching frac- tions for two-body decays into charmless
charged hadrons, JHEP 10 (2012) 037

Heavy Flavor Averaging Group, Y. Amhis et al., Averages of b-hadron, c-hadron, and τ -lepton properties as of summer
2014
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Introduction B0 → K+K− and B0
s → π+π− Λb → pπ−h+h− Summary

Systematical uncertaities in the B0
(s) → h+h− analyses

B → h+h− yields: toys are generated with the baseline model and fitted back with
alternative models

PID efficiencies: their systematic is assessed again by running pseudoexperiments, and
then fitting the output distributions using PID efficiencies randomly extracted according
to their estimated uncertainties
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Figure 2: Distributions of (left) mK+K� and (right) m⇡+⇡� for events selected applying the
criteria of Selection A or B, respectively. The continuous (blue) curves represent the results of
the best fits to the data points. The most relevant contributions to the invariant mass spectra
are reported and indicated. The vertical scales are chosen to magnify the relevant signal regions.
The bin-by-bin residual di↵erences between the fits and the data, in units of standard deviations
(pull), are also shown.

Table 1: Systematic uncertainties on the yields of the B0! K+K� and B0
s ! ⇡+⇡� decays.

Systematic uncertainty N(B0! K+K�) N(B0
s ! ⇡+⇡�)

Final state radiation 6.05 5.42
Signal mass shape 10.10 3.16

Comb. back. mass shape 5.48 2.58
Part. reco. back. mass shape 1.33 23.06
Crossfeed back. mass shape negligible negligible

PID e�ciencies 3.43 2.52
Sum in quadrature 13.50 24.17

The significance of the B0! K+K� signal to di↵er from the null hypothesis is then130

determined by performing a likelihood scan in the signal yield, i.e. repeating the fit for131

each value of the yield and computing the value of the likelihood at each point. The132

account for systematic uncertainties, the likelihood function is convolved with with a133

Gaussian function having width equal to the systematic uncertainty. The final significance134

is found to correspond to 5.8 standard deviations, thus yielding the first observation of135

the B0! K+K� decay. The likelihood profile is shown in Fig. 3.136

The corresponding branching fractions of B0! K+K� and B0
s ! ⇡+⇡� are determined137

relative to the B0 ! K+⇡� branching fractions, in order to cancel systematic e↵ects138

related to the bb̄ production cross section, the luminosity calibration and the knowledge139

4

(Preliminary results)
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Binning schemes for the Λ0
b → pπππ measurements

Supplementary material for LHCb-PAPER-20XX-178

YYY179

A Measurement of asymmetries in phase space re-180

gions181

In Table 2 are defined the phase space regions of Scheme A and Scheme B used for182

measurements of AbT , AbT , and a
bT -odd
CP asymmetries. Results of asymmetry measurements in

Table 2: For ⇤0
b ! p⇡�⇡+⇡� decay mode, definition of regions of phase space in scheme A and

scheme B, used for the measurement of the asymmetries. Mass is in GeV/c2 unit.

Scheme A mp⇡+ mp⇡�
slow

m⇡+⇡�
slow

, m⇡+⇡�
fast

�

Region ( GeV/c2) ( GeV/c2) ( GeV/c2, GeV/c2)
1 (1.00, 1.23) (0, ⇡

2
)

2 (1.00, 1.23) (⇡
2
, ⇡)

3 (1.23, 1.35) (0, ⇡
2
)

4 (1.23, 1.35) (⇡
2
, ⇡)

5 (1.35, 5.40) (0.90, 2.00) (m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (0, ⇡
2
)

6 (1.35, 5.40) (0.90, 2.00) (m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (⇡
2
, ⇡)

7 (1.35, 5.40) (0.90, 2.00) !(m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (0, ⇡
2
)

8 (1.35, 5.40) (0.90, 2.00) !(m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (⇡
2
, ⇡)

9 (1.35, 5.40) (2.00, 4.00) (m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (0, ⇡
2
)

10 (1.35, 5.40) (2.00, 4.00) (m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (⇡
2
, ⇡)

11 (1.35, 5.40) (2.00, 4.00) !(m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (0, ⇡
2
)

12 (1.35, 5.40) (2.00, 4.00) !(m⇡+⇡�
slow

< 0.78||m⇡+⇡�
fast

< 0.78) (⇡
2
, ⇡)

Scheme B
Region

i (i = 1, 2, ..., 10) ( i�1
10

⇡, i
10
⇡)

183

phase space regions of ⇤0
b ! p⇡�⇡+⇡� decays are reported in Table 3 for binning scheme184

A and scheme B. The measured asymmetries for ⇤0
b ! p⇡�⇡+⇡� decays in phase space185

regions defined in scheme B are shown in Fig. 2. The resulting a
bT -odd
CP asymmetries are186

compatible with the CP conservation hypothesis with a p-value of 4.9% (2.0�) according187

to the �2 test. Measurements of a
bT -odd
P asymmetries present a p-value of 4.3 ⇥ 10�3 with188

respect to P symmetry (2.9�). In Table 4 are reported the results of the measurements of189

AbT , AbT , and a
bT -odd
CP asymmetries in two regions of phase space of ⇤0

b ! p⇡�K+K� decays.190

The distribution of the measured asymmetries is shown in Fig. 5 and are found to be191

compatible with the P and CP conservation hypotheses.192
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