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Outline 

This talk covers some recent highlights in this sector from LHCb

CPV measurements in charmless three-body 
decays involving K0S 

[JHEP 11 (2017) 027, LHCb-PAPER-2017-033] 

Searches for CP violation in b -baryon multi-
body decays and 4-body decays BR 

[i.e. Λ0b → p{K,π}, Λ0b → {Λ,K0}hh, Λ0b → p3h] 
[JHEP 098 (2018) 2018] 

Searches for CP violation in the baryonic sector 

[Preliminary: LHCb-PAPER-2018-001]
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[3 fb�1 Run-I (2011/12) at 7/8 TeV]
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Charmless three-body decays to final states        
containing a long-lived particle 

Updated branching fraction of B0(s) → K0h+h’- decays   
                 [JHEP 11 (2017) 027] 

  
Dalitz plot analysis of B0 → K0π+π-  decays   

                 [arXiv:1712.09320, LHCb-PAPER-2017-033] 

LHCb results : L = 3 fb
�1 � 2011 + 2012 dataset
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Three-body decays containing K0S

Many channels have been already explored in the B-factories which has a great range  
of interesting features
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Transitions mediated by b → u (tree) and/or             
b → d,s (penguin) diagrams 

Several comparable amplitudes can give rise to 
(via interference) large CP  violation  

Deviations of observables from their expected 
values in the SM could indicate NP contributions 

Potential to measure all three UT angles  

[e.g. 𝛽-angle Β0→ Κ0Sπ+π-,Β0→ Κ0SΚ+Κ-] 

Rich spectrum of final/resonant states can be 
further disentangled via amplitude analysis
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BF measurements updated with 3 fb-1 

Long term: time-dependent amplitude analysis 
for CKM-phases measurement  

Short term: time-integrated analysis 

 [sensitive to CP in flavour-specific contributions] 
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(4.96± 0.20)⇥ 10�5 [13, 46], the measured time-integrated branching fractions are

B(B0
!

( )

K 0K±⇡⌥) = (6.1± 0.5± 0.7± 0.3)⇥ 10�6 ,

B(B0
! K0K+K�) = (27.2± 0.9± 1.6± 1.1)⇥ 10�6 ,

B(B0
s ! K0⇡+⇡�) = (9.5± 1.3± 1.5± 0.4)⇥ 10�6 ,

B(B0
s !

( )

K 0K±⇡⌥) = (84.3± 3.5± 7.4± 3.4)⇥ 10�6 ,

B(B0
s ! K0K+K�) 2 [0.4� 2.5]⇥ 10�6 at 90% C.L. ,

where the first uncertainty is statistical, the second systematic and the last due to the
uncertainty on B(B0

! K0⇡+⇡�). These results are in agreement with the available
predictions for these channels [24–27].

The first Dalitz-plot analyses by the LHCb experiment of the dominant decays
(B0

! K0
S⇡

+⇡�, B0
s ! K0

SK
±⇡⌥, and B0

! K0
SK

+K�) are the next step of the physics
programme introduced in this work. These studies will follow and benefit from the
selection methods developed for this analysis.
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Analysis performed with ~3.2k signal 
events and purity of 85-95%

Dalitz plot analysis of B0 → K0π+π-

Backgrounds due to Combinatorial 
(3-13%) and cross-feed (2-3%)
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Signal region: µ3σ around nominal mass 
is considered for the Dalitz plot fit
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Quasi-flavour-specific final state
R. Coutinho (UZH) - Beauty 2018



Strong dynamics 
CP conserving

CP violating

cl : complex coefficients describing the relative magnitude and phase of the different isobars

Fl : dynamical amplitudes that contain the lineshape and spin-dependence of the hadronic part

Amplitude analysis most commonly performed in the „Isobar Model‰, in which the 
total amplitude is approximated as coherent sum of quasi-two-body contributions:   

Many observables can be accessed: Re(ci) and Im(ci) or |ci| and arg(ci); or derived 
quantities such as BF and ACP

Dalitz plot analysis - Isobar Model 

Fl(L,m
2
ij ,m

2
jk) = Rl(m

2
ij)⇥XL(|~p|r)⇥XL(|~q|r)⇥ Tl(L, ~p, ~q)

Resonance mass term  
(e.g. Breit–Wigner) 

Barrier factors - p, q: momenta  
of bachelor and resonance

Angular probability  
distribution 

A(m2
ij ,m

2
jk) =

NX

l=1

clFl(m
2
ij ,m

2
jk)
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Dalitz plot analysis of B0 → K0π+π-

Table 1: Components of the DP model used in the fit. The individual amplitudes are referred
to by the resonance they contain. The parameter values are given in MeV/c2 for the masses
and MeV for the widths, except for f0(980) resonance. The parameter m0 is the pole mass of
the resonance and �0 its natural width. The mass-dependent lineshapes employed to model the
resonances are indicated in the third column. Relativistic Breit-Wigner and Gounaris-Sakurai
lineshapes are denoted RBW and GS, respectively. EFKLLM is a parameterisation of the K0

S⇡
�

S-wave lineshape, (K⇡)�0 .

Resonance Parameters Lineshape Value references

K⇤(892)�
m0 = 891.66± 0.26
�0 = 50.8± 0.9

RBW [27]

(K⇡)�0

Re(�0) = 0.204± 0.103
Im(�0) = 0
Re(�1) = 1
Im(�1) = 0

EFKLLM [28] [28]

K⇤
2(1430)

� m0 = 1425.6± 1.5
�0 = 98.5± 2.7

RBW [27]

K⇤(1680)�
m0 = 1717± 27
�0 = 332± 110

Flatté [29] [27]

f0(500)
m0 = 513± 32
�0 = 335± 67

RBW [30]

⇢(770)0
m0 = 775.26± 0.25
�0 = 149.8± 0.8

GS [31] [27]

f0(980)
m0 = 965± 10

g⇡ = 0.165± 0.025 GeV
gK = 0.695± 0.119 GeV

Flatté [32]

f0(1500)
m0 = 1505± 6
�0 = 109± 7

RBW [27]

�c0
m0 = 3414.75± 0.31

�0 = 10.5± 0.6
RBW [27]

Nonresonant (NR) Phase space

background DP model is built from the DP histogram of the B0! K0
S⇡

+⇡� candidates
with an invariant mass larger than 5450 MeV/c2. The DP model of the cross-feed
background is measured from B0

s ! K0
SK

±⇡⌥ candidates, where the K± is reconstructed
under the ⇡± hypothesis [33]. The signal fraction depends on the reconstruction category;
it is determined from the fit to the invariant-mass distribution and ranges from 85%
(Downstream) to 95% (Long). The p.d.f. in Eq. 1 is modified to account for the background
components and the signal reconstruction e�ciency across the DP, as determined from
simulated events.

Two additional observables are formed from the isobar complex coe�cients and are
measured in the simultaneous DP fit. The asymmetry observables Araw are derived from
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the measured isobar parameters of an amplitude j, cj and cj

Araw =
|cj|2 � |cj|2

|cj|2 + |cj|2
. (3)

These observables are directly measured for flavour-specific final states. By contrast,
the asymmetry of the mode B

0 ! f0(980)K0
S is determined using the patterns of its

interference with flavour-specific amplitudes. The CP asymmetry is related to the raw
asymmetry by ACP = Araw � A�. The correction asymmetry is defined at first order
as A� = AP (B0) + AD(⇡), where AP (B0) is the production asymmetry between the B0

and B0 mesons and AD(⇡) is the detection asymmetry between ⇡+ and ⇡� mesons. The
production asymmetry AP (B0) has been determined to be AP (B0) = (�0.35±0.81)% [34].
Using D+

s decay modes [35], the pion detection asymmetry is measured to be consistent
with zero with a 0.25% uncertainty. The di↵erence in the nuclear cross-sections for K0

and K0 interactions in material results in a negligible bias [36]. The uncertainty due to
the correction asymmetries and the experimental systematic uncertainty are added in
quadrature.

The rate of a single process is proportional to the square of the relevant matrix element
(see Eq. 1). This involves the ensemble of its interferences with other components. It is
convenient to define the fit fraction of the process i, Fi, as

Fi =

RR
DP |ciFi(s+, s�)|2 ds+ds�

RR
DP

���
P

j cjFj(s+, s�)
���
2

ds+ds�

. (4)

Simulation is used to determine the selection e�ciency of the signal. The simulation
does not perfectly reproduce the detector response and these imperfections are corrected
for in several respects. Firstly, the particle identification and misidentification e�ciencies
are determined from a calibration sample using reconstructed D⇤+ ! D0⇡+ decays, where
the D0 meson decays to the Cabibbo-favoured K�⇡+ final state. The variation of the
PID performance with the track kinematics is included in the procedure. The calibration
is performed using samples from the same data-taking period, accounting for the variation
in the performance of the hadron identification detectors over time. Secondly, inaccuracies
of the tracking simulation are mitigated by a weighting of the simulated tracking e�ciency
to match that measured in a calibration sample [37]. Analogous corrections are applied to
the K0

S decay-products tracking and vertexing e�ciencies. Finally, a control sample of
D⇤+ ! D0(! K�⇡+)⇡+ decays is used to quantify the di↵erences of the hardware trigger
response in data and simulation for pions and kaons, separated by positive and negative
hadron charges, as a function of their transverse momentum [38]. The uncertainties
assigned to these corrections are taken as a source of systematic uncertainties.

Two categories of systematic uncertainties are considered: experimental and related to
the DP model. The former category comprises the uncertainties on the fraction of signal,
the fit biases, the variation of the signal e�ciency across the DP (including the choice of
the e�ciency binning) and the background DP models. The DP model uncertainties arise
from the limited knowledge of the fixed parameters of the resonance-lineshape models,
the marginal components neglected in the amplitude fit model and the modelling of the
K0

S⇡
� and ⇡+⇡� S-wave components.
All experimental uncertainties are estimated by means of pseudoexperiments, in which

samples for each reconstruction category are simulated and fitted exactly as for the data
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Asymmetry observable derived from 
usual isobar parameters  
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is performed using samples from the same data-taking period, accounting for the variation
in the performance of the hadron identification detectors over time. Secondly, inaccuracies
of the tracking simulation are mitigated by a weighting of the simulated tracking e�ciency
to match that measured in a calibration sample [37]. Analogous corrections are applied to
the K0

S decay-products tracking and vertexing e�ciencies. Finally, a control sample of
D⇤+ ! D0(! K�⇡+)⇡+ decays is used to quantify the di↵erences of the hardware trigger
response in data and simulation for pions and kaons, separated by positive and negative
hadron charges, as a function of their transverse momentum [38]. The uncertainties
assigned to these corrections are taken as a source of systematic uncertainties.

Two categories of systematic uncertainties are considered: experimental and related to
the DP model. The former category comprises the uncertainties on the fraction of signal,
the fit biases, the variation of the signal e�ciency across the DP (including the choice of
the e�ciency binning) and the background DP models. The DP model uncertainties arise
from the limited knowledge of the fixed parameters of the resonance-lineshape models,
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� and ⇡+⇡� S-wave components.
All experimental uncertainties are estimated by means of pseudoexperiments, in which

samples for each reconstruction category are simulated and fitted exactly as for the data
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response in data and simulation for pions and kaons, separated by positive and negative
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assigned to these corrections are taken as a source of systematic uncertainties.

Two categories of systematic uncertainties are considered: experimental and related to
the DP model. The former category comprises the uncertainties on the fraction of signal,
the fit biases, the variation of the signal e�ciency across the DP (including the choice of
the e�ciency binning) and the background DP models. The DP model uncertainties arise
from the limited knowledge of the fixed parameters of the resonance-lineshape models,
the marginal components neglected in the amplitude fit model and the modelling of the
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S⇡
� and ⇡+⇡� S-wave components.
All experimental uncertainties are estimated by means of pseudoexperiments, in which

samples for each reconstruction category are simulated and fitted exactly as for the data
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Fit fractions:

PRL 110 (2013) 221601, PLB 713 (2012) 186

8

Rj(m) = F (m)
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Dalitz plot fit results
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Figure 2: Projections of the sum of all data categories (black points) and the nominal fit function
onto the DP variables (left) m2

K0
S⇡

+ , (right) m2
K0

S⇡
� and (bottom) m2

⇡+⇡� , restricted to the

two-body low invariant-mass regions. The full fit is shown by the solid blue line and the signal
model by the dashed red line. The observed di↵erence is due to the (green) combinatorial and
(light red) cross-feed background contributions, barely visible in these projections.

ACP (K
⇤(892)�⇡+) =� 0.308± 0.060± 0.011± 0.012 ,

ACP ((K⇡)�0 ⇡
+) =� 0.032± 0.047± 0.016± 0.027 ,

ACP (K
⇤
2(1430)

�⇡+) =� 0.29 ± 0.22± 0.09± 0.03 ,

ACP (K
⇤(1680)�⇡+) =� 0.07 ± 0.13± 0.02± 0.03 ,

ACP (f0(980)K
0
S ) = 0.28 ± 0.27± 0.05± 0.14 ,

where the uncertainties are statistical, experimental systematic and from the model. The

7

First observation of CP violation 
in B0 → K*(892)π with ~ 6 sigma

A(K⇤(892)⇡) = �0.23± 0.06

Previous world average

R. Coutinho (UZH) - Beauty 2018
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Dalitz plot fit results
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sample. For each pseudoexperiment, a single parameter governing a systematic e↵ect
(e.g. the signal fraction) is varied according to its uncertainty. The standard deviation of
the distribution of the fit results in an ensemble of 500 pseudoexperiments is taken as
the corresponding systematic error estimate. The largest biases observed are at the few
percent level. The final result is corrected for any observed bias where it is significant. The
dominant contribution to the experimental uncertainty is the e�ciency determination.

The mass and the width of each resonance given in Table 1 are varied individually and
symmetrically by one standard deviation to evaluate the impact of the fixed parameters of
the isobar resonance lineshapes. The Blatt-Weisskopf radius parameter, fixed at 4GeV�1,
is varied by ±1GeV�1.

To evaluate the systematic uncertainties related to the marginal components of the DP
model, the e↵ect of adding the resonance f2(1270) (which is not retained by the previous
criteria) and removing of the f0(500) component (the least significant contribution in the
nominal model) is considered by repeating the fit with and without these components.
Based upon this new model, a pseudoexperiment with a signal yield much larger than that
of the data is then generated and fit back with the nominal model. The related systematic
uncertainty estimate is taken as the di↵erence between the generated and fitted values.

A critical part of the isobar model design is the description of K0
S⇡

± S-wave compo-
nents. Two parameterisations of these contributions have been studied: LASS [39] and
EFKLLM [28]. The latter provides the best fit to the data. The log-likelihood di↵erence
between the two model hypotheses is �2� lnL = 85. Given this large di↵erence, no
systematic uncertainty is then assigned to the choice of the EFKLLM parameterisation.
All model uncertainties are combined in quadrature to form the total model systematic
uncertainty

The Dalitz plot projections are shown in Fig. 2 with the result of the fit superimposed.
The CP -averaged fit fractions related to the quasi two-body and nonresonant amplitudes
are derived from the isobar coe�cients with Eq. 4

F(K⇤(892)�⇡+) = 9.43± 0.40± 0.33± 0.34 % ,

F((K⇡)�0 ⇡
+) = 32.7± 1.4± 1.5± 1.1 % ,

F(K⇤
2(1430)

�⇡+) = 2.45 + 0.10
� 0.08 ± 0.14± 0.12 % ,

F(K⇤(1680)�⇡+) = 7.34± 0.30± 0.31± 0.06 % ,

F(f0(980)K
0
S ) = 18.6± 0.8± 0.7± 1.2 % ,

F(⇢(770)0K0
S ) = 3.8 + 1.1

� 1.6 ± 0.7± 0.4 % ,

F(f0(500)K
0
S ) = 0.32 + 0.40

� 0.08 ± 0.19± 0.23 % ,

F(f0(1500)K
0
S ) = 2.60± 0.54± 1.28± 0.60 % ,

F(�c0K
0
S ) = 2.23 + 0.40

� 0.32 ± 0.22± 0.13 % ,

F(K0
S⇡

+⇡�)NR = 24.3± 1.3± 3.7± 4.5 % ,

where the statistical, experimental systematic and model uncertainties are split accordingly
in that order. The results are in agreement with the measurements obtained by the BaBar
and Belle collaborations with decay-time-dependent flavour-tagged analyses [17,18], insofar
as the DP model components can be compared.

The measurements of the CP asymmetries are

6

Fit fractions: The resonance state K*(1680) has 
been included in the model                    

      (not seen in previous analyses) 

No signature of f2(1270) 

Alternative LASS modelling for the 
S-wave has been examined: 

Belle PRD 79 (2009) 072004, BaBar PRD 80 (2009) 112001 

�2� lnL = 85

No systematic is assigned to the choice 
of the model, but only uncertainties 

associated to fixed parameters 

R. Coutinho (UZH) - Beauty 2018
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LHCb results : L = 3 fb
�1 � 2011 + 2012 dataset

Searches for CP violation in b -baryon decays

Searches for CP in multi-body decays    

        [JHEP 04 (2014) 087, JHEP 05 (2016) 08] 

BR measurements of Λ0b and Ξ0b decays    
  

                      [LHCb, JHEP 1802 (2018) 098] 
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Phenomenon well stablished in the meson sector, 
i.e. Kaon and Bµ,0(s) decays: no deviation from the 
SM has been seen  

As-of-yet no CP violation in b -baryons has                             
been observed, though the CKM mechanism                       
predicts sizeable amount of violation 

At LHCb b -baryons are collected in 
unprecedented quantities → opens a new field in 
flavour physics for precision measurements  

Same underlying short distance physics for                               
b-baryons and B mesons but with different spin                  
and QCD structure 

CP violation in the baryonic sector
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ū

d(u)
π−(π0)

W

u

s̄

K+

B0(B+) V ⇤
ub

Vus

(p)

(⇤0
b)

(p)

(⇤0
b)

Phenomenon well stablished in the meson sector, 

i.e. Kaon and Bµ,0
(s) decays: no deviation from the 

SM has been seen  

As-of-yet no CP violation in b -baryons has                             

been observed, though the CKM mechanism                       

predicts sizeable amount of violation 

At LHCb b -baryons are collected in 

unprecedented quantities → opens a new field in 

flavour physics for precision measurements  

Same underlying short distance physics for                               

b-baryons and B mesons but with different spin                  

and QCD structure 

CP violation in the baryonic sector

(b)

(b)

(u)

(s)

(u)

(ū)
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(ū)

R. Coutinho (UZH) - Beauty 2018



CP violation in decay: only type available in the baryonic sector (no mixing due 
to baryon number conservation)  

This observable can be measured by comparing yields between baryon/anti-baryon: 

13

Direct CPV in baryon sector

J. FU (UNIMI & INFN) CPV in baryon decays at LHCb 2016.09.27     14

• Only direct CPV in baryon sector, because no baryon mixing due 
to baryon number conservation

• CPV can be measured by comparing yields between baryon and 
anti-baryon decays

ACP = N(A!f)�N(A!f)

N(A!f)+N(A!f)
/ sin (�1 � �2) sin ('1 � '2)

�
'

: strong phase
: weak phase

✓ sensitive to baryon-antibaryon production asymmetries
✓ sensitive to charged particle reconstruction asymmetries

✓ need non-vanishing strong and weak phase difference

✓ the decay receives contributions from at least two 
amplitudes:                   ,A1ei�1ei'1 A2ei�2ei'2

strong phase   
CP conserving

weak phase 
CP violating

Contributions from at least two amplitudes: e.g. 

Need non-vanishing strong and weak phase difference 

Sensitive to baryon-antibaryon production asymmetries 

Sensitive to charged particle reconstruction asymmetries 

A1e
i�1ei�1 , A2e

i�2ei�2

CP violation in the baryonic sector

R. Coutinho (UZH) - Beauty 2018



Beauty baryon: two-body case

Simplest decay modes: Λ0b → pK-, pπ-

14
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FIG. 1: Mass distribution of reconstructed candidates, where
the charged pion mass is assigned to both tracks. The sum
of the fitted distributions and the individual components (C-
conjugate decay modes are also implied) of signal and back-
ground are overlaid on the data distribution.

ulations. The corresponding distributions for the com-
binatorial background are extracted from data [23] and
are included in the likelihood through the Lkin

c term. The
likelihood term Lkin

p describes the kinematic distributions
of the background from partially reconstructed decays of
generic b hadrons [22, 23].

To ensure the reliability of the search for small signals
in the vicinity of larger structures, the shapes of the mass
distributions assigned to each signal are modeled in de-
tail with the full simulation of the detector. Effects of
soft photon radiation in the final state are simulated by
photos [24]. The mass resolution model is tuned to the
observed shape of the 3.8×106 D0 → K−π+ and 1.7×105

D0 → π+π− candidates in a sample of D∗+ → D0π+

decays, collected with a similar trigger selection. The
accuracy of the procedure is checked by comparing the
observed mass line-shape of 9× 105 Υ(1S) → µ+µ− de-
cays to that predicted by the tuned simulation. A good
agreement is obtained when a global scale factor to the
mass resolution of 1.017 is applied to the model. Based
on this result, we conservatively assign a 2% systematic
uncertainty to the mass line-shape model.

Particle identification is achieved by means of the en-
ergy deposition measurements (dE/dx ) from the drift
chamber. The D∗+ → D0π+ sample is also used to cal-
ibrate the dE/dx response to positively and negatively
charged kaons and pions, using the charge of the pion
from the D∗± decay to determine the flavour of the neu-
tral D meson. The response for protons and antiprotons
is determined from a sample of 1.4 × 106 Λ → pπ− de-
cays, where the kinematic properties and the momentum
threshold of the trigger allow unambiguous identification

of the decay products [23]. The PID information is sum-
marized by a single observable κ, defined as follows:

κ ≡
dE/dx− dE/dx(π)

dE/dx(K)− dE/dx(π)
, (3)

in which dE/dx(π) and dE/dx(K) are the average ex-
pected specific ionizations given the particle momentum
for the pion and kaon mass hypothesis, respectively. The
statistical separation between kaons and pions with mo-
mentum larger than 2 GeV/c is about 1.4σ, while the
ionization rates of protons and kaons are quite similar.
Thus, the separation between K+π− or pπ− final states
and their charge-conjugates is about 2.0σ and 2.8σ re-
spectively, while that between pK− and p̄K+ is about
0.8σ. However, in the last case additional discrimina-
tion at the 2σ level is provided by kinematic differences
in (m2

π+π−
,β) distributions [16, 23]. The PID likeli-

hood term, which is similar for physics signals and back-
grounds, depends only on κ and on its expectation value
⟨κ⟩ (given a mass hypothesis) for the decay products.
The physics signal model is described by the likelihood
term LPID

j , where the index j uniquely identifies the fi-
nal state. The background model is described by the
two terms LPID

p and LPID
c , respectively, for the physics

and combinatorial background, that account for all pos-
sible pairs that can be formed combining only charged
pions and kaons. With the available dE/dx resolution,
muons are indistinguishable from pions with the avail-
able dE/dx resolution and are therefore included in the
pion component. Similarly, the small proton component
in the background is included in the kaon component.
Thus, the combinatorial background model allows for
independent positively and negatively charged contribu-
tions of pions and kaons, whose fractions are determined
by the fit, while the physics background model, where
charge asymmetries are negligible, only allows for charge-
averaged contributions.
To check the goodness of the fit with regard to the

PID observables, Fig. 2 shows the distributions of the
average value of κsum = κ+ + κ− and κdif = κ+ − κ− as
a function of mπ+π− , with fit projections overlaid, where
κ+(κ−) is the PID observable for positively(negatively)
charged particles. The κsum distribution is sensitive to
the identity of final-state particles, and reveals the pres-
ence of baryons as a narrow structure, where the mass
distribution lacks prominent features. Conversely, the
κdif distribution is expected to be uniformly zero, except
in the presence of a charge asymmetry coupled with a
different dE/dx response of the final particles. It is in-
sensitive to the Λ0

b → pK− signal due to the similarity
of proton and kaon dE/dx responses, but it is sensitive
to the CP asymmetries of the other decay modes, and
indeed it displays a deviation corresponding to each of
the other three decay modes object of this study. The
signal yields from the likelihood fit of Equation (2) are

[CDF, PRL 113, 242001 (2014)]

Potentially large CPV effects in charmless decays

IV. CONCLUSIONS

Based on the generalized factorization method and SU(3) flavor and SU(2) spin sym-

metries, we have simultaneously explained the recent observed decay branching ratios in

Λb → pK− and Λb → pπ− and obtained the ratio of RπK being 0.84 ± 0.09, which agrees

well with the combined experimental value of 0.84 ± 0.22 from CDF and LHCb, demon-

strating a reliable theoretical approach to study the two-body Λb decays. We have also

predicted that ACP (Λb → pK−) = (5.8 ± 0.2)% and ACP (Λb → pπ−) = (−3.9 ± 0.2)%

with well-controlled uncertainties, whereas the current data for these CPAs are consistent

with zero. We have used this approach to study the corresponding vector modes. Ex-

plicitly, we have found that B(Λb → pK∗−, pρ−) = (2.5 ± 0.5, 11.4 ± 2.1) × 10−6 with

RρK∗ = 4.6± 0.5 and ACP (Λb → pK∗−, pρ−) = (19.6± 1.6, −3.7± 0.3)%. Since our predic-

tion for ACP (Λb → pK∗−) is large and free of both mesonic and baryonic uncertainties from

the hadron sector, it would be the most promised direct CP asymmetry to be measured by

the experiments at CDF and LHCb to test the SM and search for some possible new physics.

TABLE II. Decay branching ratios and direct CP asymmetries of Λb → pM(V ), where the errors

for B(Λb → pM(V )) arise from fM(V ) and f1(g1), the CKM matrix elements and non-factorizable

effects, while those for ACP (Λb → pM(V )) are from the CKMmatrix elements and non-factorizable

effects, respectively.

our result pQCD [5] data

106B(Λb → pK−) 4.8± 0.7± 0.1 ± 0.3 2.0+1.0
−1.3 4.9± 0.9 [4]

106B(Λb → pπ−) 4.2± 0.6± 0.4 ± 0.2 5.2+2.5
−1.9 4.1± 0.8 [4]

106B(Λb → pK∗−) 2.5± 0.3± 0.2 ± 0.3 — —

106B(Λb → pρ−) 11.4 ± 1.6± 1.2± 0.6 — —

102ACP (Λb → pK−) 5.8 ± 0.2± 0.1 −5+26
− 5 −10± 8± 4 [8]

102ACP (Λb → pπ−) −3.9± 0.2± 0.0 −31+43
− 1 6± 7± 3 [8]

102ACP (Λb → pK∗−) 19.6± 1.3 ± 1.0 — —

102ACP (Λb → pρ−) −3.7± 0.3± 0.0 — —
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Ongoing analysis - expected 
approximately 10x CDF statistics

response of the final particles. It is insensitive to the
Λ0
b → pK− signal due to the similarity of proton and kaon

dE=dx responses, but it is sensitive to the CP asymmetries
of the other decay modes, and indeed it displays a deviation
corresponding to each of the other three decay modes
object of this study. The signal yields from the likelihood fit
of Eq. (2) are reported in Table I together with the physical
asymmetries, Aðb → fÞ, derived as follows:

Γðb → fÞ − Γðb̄ → f̄Þ
Γðb → fÞ þ Γðb̄ → f̄Þ

¼
Nb→f − cfNb̄→f̄

Nb→f þ cfNb̄→f̄
; ð4Þ

where cf ¼ εðfÞ=εðf̄Þ is the ratio between the efficiencies
for triggering and reconstructing the final states f and f̄.
The cf factors correct for detector-induced charge asym-
metries and are extracted from control samples in data.
Simulation is used only to account for differences between
the kinematic distributions of Hb → hþ h0− decays and
control signals.
The corrections for f ¼ Kþ π− are extracted from a

sample of 3 × 107 D0 → K−πþ decays collected without
requiring the D%þ → D0πþ decay chain [21]. By imposing
the same off-line selection to the D0 decays, we obtain
K∓π& final states in a similar kinematic regime to that of
theHb signals. We assume thatKþ π− andK−πþ final states
from charm decays are produced in equal numbers because
their production is dominated by the strong interaction and,
compared to the detector effects to be corrected, the

possible CP-violating asymmetry in D0 → K−πþ decays
is tiny (< 10−3), as predicted by the SM [25]. We also check
that possible asymmetries in D0 meson yields induced
by CP violation in B→ DX decays are small and can
be neglected [21]. Therefore, any asymmetry between
observed numbers of reconstructed K−πþ and Kþ π−

charm decays is ascribed to detector-induced effects and
used to extract the desired correction factor. The ratio
ND̄0→Kþ π−=ND0→K−πþ is measured by performing a simulta-
neous fit to the invariantK−πþ andKþ π− mass distributions
[21]. We find a significant asymmetry cKþ π− ¼ 1=cK−πþ ¼
1.011 & 0.001, consistent with expectation based on charge
asymmetries of the interaction probability with detector
material [26]. We also add a systematic uncertainty that
allows for a possible nonvanishing CP violation, using
the available experimental knowledge AðD0 → K−πþ Þ ¼
ð0.1 & 0.7Þ% [20]. For theΛ0

b → pπ− asymmetry, the factor
cpπ− is extracted from data using a similar strategy, where a
simultaneous binned χ2 fit to the Λ → pπ− and Λ̄ → p̄πþ

mass distributions is performed to estimate observed yields
[23]. We average the obtained value with the same estimate
based on simulation, taking half the difference as a system-
atic uncertainty. The final value is cpπ− ¼ 1.03 & 0.02 [23].
In the measurement of CP violation in Λ0

b → pK− decays,
instrumental charge asymmetries induced from both
kaon and proton interactions are relevant. The cpK− factor
is determined by the product cpπ−cK−πþ based on the
assumption that the efficiency εðfÞ factorizes as the product
of the single-particle efficiencies.
The dominant systematic uncertainties onAðΛ0

b → pπ−Þ
and AðΛ0

b → pK−Þ are due to the uncertainty on the
model of the momentum distributions of the combinatorial
background and the lack of knowledge on the Λ0

b spin
alignment. A polarized initial state would affect the dis-
tributions of the momentum-related variables used in the
fit. A systematic uncertainty is assessed by repeating the fit
accounting for a nonvanishing polarization, by taking the
difference with the the central fit done in the hypothesis of
no polarization. The dominant contribution to the system-
atic uncertainty on AðB0 → Kþ π−Þ originates from the
statistical uncertainty in the parameters used to model the
correlated dE=dx response of the two decay products [23].
In the case of AðB0

s → K−πþ Þ, the systematic uncertainty
mainly originates from three sources of similar importance:
the uncertainty on the background and signal kinematic
templates, the uncertainty on the dE=dx modeling dis-
cussed above, and the uncertainty on trigger efficiencies.
Table I reports the final results, which are consistent with

and supersede the previous CDF results [16]. The asym-
metries of the Λ0

b → pK− and Λ0
b → pπ− modes are now

more precisely determined by a factor of 2.3 and 2.0,
respectively. These are unique measurements. Both results
are consistent with zero, excluding a large CP asymmetry
in these decay modes, which was predicted by calculations
[11] that yielded negative asymmetries for Λ0

b → pπ− of
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FIG. 2 (color online). Distribution of the average value of κsum
(a) and κdif (b) as a function ofmπþ π− . The fit function is overlaid.
For reference, the distribution of mπþ π− is shown by the dashed
lower histogram. Dashed vertical lines indicate the position, from
left to right, of the following signals: B0 → Kþ π−, B0

s → K−πþ ,
Λ0
b → pK−, Λ0

b → pπ−.

TABLE I. CP-asymmetry results. The first quoted uncertainty
is statistical; the second is systematic. N is the number of events
determined by the fit for each decay mode.

Decay N b→f N b̄→f̄ Aðb → fÞ
B0 → Kþ π− 5313 & 109 6348 & 117 −0.083& 0.013& 0.004
B0
s → K−πþ 560 & 51 354 & 46 þ 0.22 & 0.07 & 0.02

Λ0
b → pπ− 242 & 24 206 & 23 þ 0.06 & 0.07 & 0.03

Λ0
b → pK− 271 & 30 324 & 31 −0.10 & 0.08 & 0.04
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response of the final particles. It is insensitive to the
Λ0
b → pK− signal due to the similarity of proton and kaon

dE=dx responses, but it is sensitive to the CP asymmetries
of the other decay modes, and indeed it displays a deviation
corresponding to each of the other three decay modes
object of this study. The signal yields from the likelihood fit
of Eq. (2) are reported in Table I together with the physical
asymmetries, Aðb → fÞ, derived as follows:

Γðb → fÞ − Γðb̄ → f̄Þ
Γðb → fÞ þ Γðb̄ → f̄Þ

¼
Nb→f − cfNb̄→f̄

Nb→f þ cfNb̄→f̄
; ð4Þ

where cf ¼ εðfÞ=εðf̄Þ is the ratio between the efficiencies
for triggering and reconstructing the final states f and f̄.
The cf factors correct for detector-induced charge asym-
metries and are extracted from control samples in data.
Simulation is used only to account for differences between
the kinematic distributions of Hb → hþ h0− decays and
control signals.
The corrections for f ¼ Kþ π− are extracted from a

sample of 3 × 107 D0 → K−πþ decays collected without
requiring the D%þ → D0πþ decay chain [21]. By imposing
the same off-line selection to the D0 decays, we obtain
K∓π& final states in a similar kinematic regime to that of
theHb signals. We assume thatKþ π− andK−πþ final states
from charm decays are produced in equal numbers because
their production is dominated by the strong interaction and,
compared to the detector effects to be corrected, the

possible CP-violating asymmetry in D0 → K−πþ decays
is tiny (< 10−3), as predicted by the SM [25]. We also check
that possible asymmetries in D0 meson yields induced
by CP violation in B→ DX decays are small and can
be neglected [21]. Therefore, any asymmetry between
observed numbers of reconstructed K−πþ and Kþ π−

charm decays is ascribed to detector-induced effects and
used to extract the desired correction factor. The ratio
ND̄0→Kþ π−=ND0→K−πþ is measured by performing a simulta-
neous fit to the invariantK−πþ andKþ π− mass distributions
[21]. We find a significant asymmetry cKþ π− ¼ 1=cK−πþ ¼
1.011 & 0.001, consistent with expectation based on charge
asymmetries of the interaction probability with detector
material [26]. We also add a systematic uncertainty that
allows for a possible nonvanishing CP violation, using
the available experimental knowledge AðD0 → K−πþ Þ ¼
ð0.1 & 0.7Þ% [20]. For theΛ0

b → pπ− asymmetry, the factor
cpπ− is extracted from data using a similar strategy, where a
simultaneous binned χ2 fit to the Λ → pπ− and Λ̄ → p̄πþ

mass distributions is performed to estimate observed yields
[23]. We average the obtained value with the same estimate
based on simulation, taking half the difference as a system-
atic uncertainty. The final value is cpπ− ¼ 1.03 & 0.02 [23].
In the measurement of CP violation in Λ0

b → pK− decays,
instrumental charge asymmetries induced from both
kaon and proton interactions are relevant. The cpK− factor
is determined by the product cpπ−cK−πþ based on the
assumption that the efficiency εðfÞ factorizes as the product
of the single-particle efficiencies.
The dominant systematic uncertainties onAðΛ0

b → pπ−Þ
and AðΛ0

b → pK−Þ are due to the uncertainty on the
model of the momentum distributions of the combinatorial
background and the lack of knowledge on the Λ0

b spin
alignment. A polarized initial state would affect the dis-
tributions of the momentum-related variables used in the
fit. A systematic uncertainty is assessed by repeating the fit
accounting for a nonvanishing polarization, by taking the
difference with the the central fit done in the hypothesis of
no polarization. The dominant contribution to the system-
atic uncertainty on AðB0 → Kþ π−Þ originates from the
statistical uncertainty in the parameters used to model the
correlated dE=dx response of the two decay products [23].
In the case of AðB0

s → K−πþ Þ, the systematic uncertainty
mainly originates from three sources of similar importance:
the uncertainty on the background and signal kinematic
templates, the uncertainty on the dE=dx modeling dis-
cussed above, and the uncertainty on trigger efficiencies.
Table I reports the final results, which are consistent with

and supersede the previous CDF results [16]. The asym-
metries of the Λ0

b → pK− and Λ0
b → pπ− modes are now

more precisely determined by a factor of 2.3 and 2.0,
respectively. These are unique measurements. Both results
are consistent with zero, excluding a large CP asymmetry
in these decay modes, which was predicted by calculations
[11] that yielded negative asymmetries for Λ0

b → pπ− of
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FIG. 2 (color online). Distribution of the average value of κsum
(a) and κdif (b) as a function ofmπþ π− . The fit function is overlaid.
For reference, the distribution of mπþ π− is shown by the dashed
lower histogram. Dashed vertical lines indicate the position, from
left to right, of the following signals: B0 → Kþ π−, B0

s → K−πþ ,
Λ0
b → pK−, Λ0

b → pπ−.

TABLE I. CP-asymmetry results. The first quoted uncertainty
is statistical; the second is systematic. N is the number of events
determined by the fit for each decay mode.

Decay N b→f N b̄→f̄ Aðb → fÞ
B0 → Kþ π− 5313 & 109 6348 & 117 −0.083& 0.013& 0.004
B0
s → K−πþ 560 & 51 354 & 46 þ 0.22 & 0.07 & 0.02

Λ0
b → pπ− 242 & 24 206 & 23 þ 0.06 & 0.07 & 0.03

Λ0
b → pK− 271 & 30 324 & 31 −0.10 & 0.08 & 0.04
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response of the final particles. It is insensitive to the
Λ0
b → pK− signal due to the similarity of proton and kaon

dE=dx responses, but it is sensitive to the CP asymmetries
of the other decay modes, and indeed it displays a deviation
corresponding to each of the other three decay modes
object of this study. The signal yields from the likelihood fit
of Eq. (2) are reported in Table I together with the physical
asymmetries, Aðb → fÞ, derived as follows:

Γðb → fÞ − Γðb̄ → f̄Þ
Γðb → fÞ þ Γðb̄ → f̄Þ

¼
Nb→f − cfNb̄→f̄

Nb→f þ cfNb̄→f̄
; ð4Þ

where cf ¼ εðfÞ=εðf̄Þ is the ratio between the efficiencies
for triggering and reconstructing the final states f and f̄.
The cf factors correct for detector-induced charge asym-
metries and are extracted from control samples in data.
Simulation is used only to account for differences between
the kinematic distributions of Hb → hþ h0− decays and
control signals.
The corrections for f ¼ Kþ π− are extracted from a

sample of 3 × 107 D0 → K−πþ decays collected without
requiring the D%þ → D0πþ decay chain [21]. By imposing
the same off-line selection to the D0 decays, we obtain
K∓π& final states in a similar kinematic regime to that of
theHb signals. We assume thatKþ π− andK−πþ final states
from charm decays are produced in equal numbers because
their production is dominated by the strong interaction and,
compared to the detector effects to be corrected, the

possible CP-violating asymmetry in D0 → K−πþ decays
is tiny (< 10−3), as predicted by the SM [25]. We also check
that possible asymmetries in D0 meson yields induced
by CP violation in B→ DX decays are small and can
be neglected [21]. Therefore, any asymmetry between
observed numbers of reconstructed K−πþ and Kþ π−

charm decays is ascribed to detector-induced effects and
used to extract the desired correction factor. The ratio
ND̄0→Kþ π−=ND0→K−πþ is measured by performing a simulta-
neous fit to the invariantK−πþ andKþ π− mass distributions
[21]. We find a significant asymmetry cKþ π− ¼ 1=cK−πþ ¼
1.011 & 0.001, consistent with expectation based on charge
asymmetries of the interaction probability with detector
material [26]. We also add a systematic uncertainty that
allows for a possible nonvanishing CP violation, using
the available experimental knowledge AðD0 → K−πþ Þ ¼
ð0.1 & 0.7Þ% [20]. For theΛ0

b → pπ− asymmetry, the factor
cpπ− is extracted from data using a similar strategy, where a
simultaneous binned χ2 fit to the Λ → pπ− and Λ̄ → p̄πþ

mass distributions is performed to estimate observed yields
[23]. We average the obtained value with the same estimate
based on simulation, taking half the difference as a system-
atic uncertainty. The final value is cpπ− ¼ 1.03 & 0.02 [23].
In the measurement of CP violation in Λ0

b → pK− decays,
instrumental charge asymmetries induced from both
kaon and proton interactions are relevant. The cpK− factor
is determined by the product cpπ−cK−πþ based on the
assumption that the efficiency εðfÞ factorizes as the product
of the single-particle efficiencies.
The dominant systematic uncertainties onAðΛ0

b → pπ−Þ
and AðΛ0

b → pK−Þ are due to the uncertainty on the
model of the momentum distributions of the combinatorial
background and the lack of knowledge on the Λ0

b spin
alignment. A polarized initial state would affect the dis-
tributions of the momentum-related variables used in the
fit. A systematic uncertainty is assessed by repeating the fit
accounting for a nonvanishing polarization, by taking the
difference with the the central fit done in the hypothesis of
no polarization. The dominant contribution to the system-
atic uncertainty on AðB0 → Kþ π−Þ originates from the
statistical uncertainty in the parameters used to model the
correlated dE=dx response of the two decay products [23].
In the case of AðB0

s → K−πþ Þ, the systematic uncertainty
mainly originates from three sources of similar importance:
the uncertainty on the background and signal kinematic
templates, the uncertainty on the dE=dx modeling dis-
cussed above, and the uncertainty on trigger efficiencies.
Table I reports the final results, which are consistent with

and supersede the previous CDF results [16]. The asym-
metries of the Λ0

b → pK− and Λ0
b → pπ− modes are now

more precisely determined by a factor of 2.3 and 2.0,
respectively. These are unique measurements. Both results
are consistent with zero, excluding a large CP asymmetry
in these decay modes, which was predicted by calculations
[11] that yielded negative asymmetries for Λ0

b → pπ− of
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FIG. 2 (color online). Distribution of the average value of κsum
(a) and κdif (b) as a function ofmπþ π− . The fit function is overlaid.
For reference, the distribution of mπþ π− is shown by the dashed
lower histogram. Dashed vertical lines indicate the position, from
left to right, of the following signals: B0 → Kþ π−, B0

s → K−πþ ,
Λ0
b → pK−, Λ0

b → pπ−.

TABLE I. CP-asymmetry results. The first quoted uncertainty
is statistical; the second is systematic. N is the number of events
determined by the fit for each decay mode.

Decay N b→f N b̄→f̄ Aðb → fÞ
B0 → Kþ π− 5313 & 109 6348 & 117 −0.083& 0.013& 0.004
B0
s → K−πþ 560 & 51 354 & 46 þ 0.22 & 0.07 & 0.02

Λ0
b → pπ− 242 & 24 206 & 23 þ 0.06 & 0.07 & 0.03

Λ0
b → pK− 271 & 30 324 & 31 −0.10 & 0.08 & 0.04
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response of the final particles. It is insensitive to the
Λ0
b → pK− signal due to the similarity of proton and kaon

dE=dx responses, but it is sensitive to the CP asymmetries
of the other decay modes, and indeed it displays a deviation
corresponding to each of the other three decay modes
object of this study. The signal yields from the likelihood fit
of Eq. (2) are reported in Table I together with the physical
asymmetries, Aðb → fÞ, derived as follows:

Γðb → fÞ − Γðb̄ → f̄Þ
Γðb → fÞ þ Γðb̄ → f̄Þ

¼
Nb→f − cfNb̄→f̄

Nb→f þ cfNb̄→f̄
; ð4Þ

where cf ¼ εðfÞ=εðf̄Þ is the ratio between the efficiencies
for triggering and reconstructing the final states f and f̄.
The cf factors correct for detector-induced charge asym-
metries and are extracted from control samples in data.
Simulation is used only to account for differences between
the kinematic distributions of Hb → hþ h0− decays and
control signals.
The corrections for f ¼ Kþ π− are extracted from a

sample of 3 × 107 D0 → K−πþ decays collected without
requiring the D%þ → D0πþ decay chain [21]. By imposing
the same off-line selection to the D0 decays, we obtain
K∓π& final states in a similar kinematic regime to that of
theHb signals. We assume thatKþ π− andK−πþ final states
from charm decays are produced in equal numbers because
their production is dominated by the strong interaction and,
compared to the detector effects to be corrected, the

possible CP-violating asymmetry in D0 → K−πþ decays
is tiny (< 10−3), as predicted by the SM [25]. We also check
that possible asymmetries in D0 meson yields induced
by CP violation in B→ DX decays are small and can
be neglected [21]. Therefore, any asymmetry between
observed numbers of reconstructed K−πþ and Kþ π−

charm decays is ascribed to detector-induced effects and
used to extract the desired correction factor. The ratio
ND̄0→Kþ π−=ND0→K−πþ is measured by performing a simulta-
neous fit to the invariantK−πþ andKþ π− mass distributions
[21]. We find a significant asymmetry cKþ π− ¼ 1=cK−πþ ¼
1.011 & 0.001, consistent with expectation based on charge
asymmetries of the interaction probability with detector
material [26]. We also add a systematic uncertainty that
allows for a possible nonvanishing CP violation, using
the available experimental knowledge AðD0 → K−πþ Þ ¼
ð0.1 & 0.7Þ% [20]. For theΛ0

b → pπ− asymmetry, the factor
cpπ− is extracted from data using a similar strategy, where a
simultaneous binned χ2 fit to the Λ → pπ− and Λ̄ → p̄πþ

mass distributions is performed to estimate observed yields
[23]. We average the obtained value with the same estimate
based on simulation, taking half the difference as a system-
atic uncertainty. The final value is cpπ− ¼ 1.03 & 0.02 [23].
In the measurement of CP violation in Λ0

b → pK− decays,
instrumental charge asymmetries induced from both
kaon and proton interactions are relevant. The cpK− factor
is determined by the product cpπ−cK−πþ based on the
assumption that the efficiency εðfÞ factorizes as the product
of the single-particle efficiencies.
The dominant systematic uncertainties onAðΛ0

b → pπ−Þ
and AðΛ0

b → pK−Þ are due to the uncertainty on the
model of the momentum distributions of the combinatorial
background and the lack of knowledge on the Λ0

b spin
alignment. A polarized initial state would affect the dis-
tributions of the momentum-related variables used in the
fit. A systematic uncertainty is assessed by repeating the fit
accounting for a nonvanishing polarization, by taking the
difference with the the central fit done in the hypothesis of
no polarization. The dominant contribution to the system-
atic uncertainty on AðB0 → Kþ π−Þ originates from the
statistical uncertainty in the parameters used to model the
correlated dE=dx response of the two decay products [23].
In the case of AðB0

s → K−πþ Þ, the systematic uncertainty
mainly originates from three sources of similar importance:
the uncertainty on the background and signal kinematic
templates, the uncertainty on the dE=dx modeling dis-
cussed above, and the uncertainty on trigger efficiencies.
Table I reports the final results, which are consistent with

and supersede the previous CDF results [16]. The asym-
metries of the Λ0

b → pK− and Λ0
b → pπ− modes are now

more precisely determined by a factor of 2.3 and 2.0,
respectively. These are unique measurements. Both results
are consistent with zero, excluding a large CP asymmetry
in these decay modes, which was predicted by calculations
[11] that yielded negative asymmetries for Λ0

b → pπ− of
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FIG. 2 (color online). Distribution of the average value of κsum
(a) and κdif (b) as a function ofmπþ π− . The fit function is overlaid.
For reference, the distribution of mπþ π− is shown by the dashed
lower histogram. Dashed vertical lines indicate the position, from
left to right, of the following signals: B0 → Kþ π−, B0

s → K−πþ ,
Λ0
b → pK−, Λ0

b → pπ−.

TABLE I. CP-asymmetry results. The first quoted uncertainty
is statistical; the second is systematic. N is the number of events
determined by the fit for each decay mode.

Decay N b→f N b̄→f̄ Aðb → fÞ
B0 → Kþ π− 5313 & 109 6348 & 117 −0.083& 0.013& 0.004
B0
s → K−πþ 560 & 51 354 & 46 þ 0.22 & 0.07 & 0.02

Λ0
b → pπ− 242 & 24 206 & 23 þ 0.06 & 0.07 & 0.03

Λ0
b → pK− 271 & 30 324 & 31 −0.10 & 0.08 & 0.04
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Beauty baryon: multi-body decays

Limited information available in two-body decays: i.e. BF and ACP 

Additional information can be obtained via multi-body decays (n >2) 

CPV in Λ0b → pK0π- decays [LHCb, JHEP 04 (2014) 087]   

[Note that amplitude analysis (Dalitz plot) of this mode can access the 

intermediate channel pK* - SM CP violation expected to be ~20%] 

CPV in Λ0b → Λh+h- decays [LHCb, JHEP 05 (2016) 08]   

Triple-product asymmetry in Λ0b → Λφ decays [LHCb, PLB 759 (2016) 282] 

CPV in Λ0b → J/ψpπ- and J/ψpK- decays [LHCb, JHEP 07 (2014) 103]  

CPV in Λ0b → pK-µ+µ- decays [LHCb, JHEP 06 (2017) 108] 

All measurements consistent with CP symmetry!
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Search for CP violation in 4-body decays

Integrated and triple-product asymmetry measurements in Λ0b(Ξ0b) → pπ[ππ,KK,Kπ] 

Transitions with both tree and penguin amplitudes at comparable magnitude 

First step: determine the signal yields for these channels

16

[LHCb, Nature Physics 13 (2017) 391, JHEP 1802 (2018) 098]

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
sufficient 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 Λ0

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,
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, Λ0
b → pπ−π+π− and Λ0

b → pπ−K+K−,
are mediated by the weak interaction and governed mainly by two amplitudes of similar
magnitude from different 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 differ between particle and antiparticle decays, leading to differences
in the Λ0

b and Λ0
b decay rates. The main source of this effect in the SM would be the

large phases of the CKM matrix elements Vub and Vtd, which are present in the different
diagrams depicted in Fig. 1. Parity violation (PV) is also expected in weak interactions,
but has never been observed in Λ0

b decays.
To search for CP -violating effects one needs to measure CP -odd observables, which
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Figure 1: Dominant Feynman diagrams for Λ0
b
→ pπ−π+π− and Λ0

b
→ pπ−K+K−

transitions. The two diagrams show the transitions that contribute most strongly to Λ0
b →

pπ−π+π− and Λ0
b → pπ−K+K− decays. In both cases, a pair of π+π− (K+K−) is produced

by gluon emission from the light quarks (u,d). The difference 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 comparable, and each is proportional to the product
of the CKM matrix elements involved, which are shown in the figure.
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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
sufficient 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 Λ0

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,
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, Λ0
b → pπ−π+π− and Λ0

b → pπ−K+K−,
are mediated by the weak interaction and governed mainly by two amplitudes of similar
magnitude from different 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
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Figure 1: Results of the fit to the p⇡�⇡+⇡� candidate mass spectrum with (top) linear and
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Figure 2: Results of the fit to the pK�⇡+⇡� candidate mass spectrum with (top) linear and
(bottom) logarithmic scales. The di↵erent components employed in the fit are indicated in the
legend. The ⇤0

b ! 5-body legend describes two components, the radiative partially reconstructed
background ⇤0

b ! pK�⌘0 and the partially reconstructed background ⇤0
b ! pK�⇡+⇡�⇡0 where

a ⇡0 is not reconstructed. The latter has a lower-mass endpoint.

fraction of b ! Xb with respect to b ! ⇤0
b . From left to right, the ratios of e�ciencies are

related to the geometrical acceptance, the selection criteria, the PID requirements and
the veto of charm and charmonium backgrounds. The measured signal and normalisation
channel yields are represented by NXb!phh0h00 and N⇤0

b!⇤+
c ⇡� .

The e�ciencies are determined from simulated signal events that have been generated
with an arbitrary mixture of phase-space decays and quasi-two-body amplitudes, which
feature the production of intermediate resonances close to their kinematic threshold.
For instance, the ⇤0

b ! pK�⇡+⇡� decay proceeds in the simulation of quasi-two-body
amplitudes via the decays ⇤0

b ! ⇤⇤(1520)0⇢(770)0, ⇤0
b ! ⇤⇤(1520)0f2(1270) or ⇤0

b !
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Figure 4: Results of the fit to the pK�⇡+K� candidate mass spectrum with (top) linear and
(bottom) logarithmic scales. The di↵erent components employed in the fit are indicated in the
legend.

The imperfections of the simulation are corrected for in several respects. Inaccuracies
of the tracking simulation and the PID simulation are mitigated by a weighting of
the simulation to match the e�ciencies measured in the data calibration samples [23].
The uncertainties related to these corrections are propagated to the branching fraction
measurements as systematic uncertainties. Other inaccuracies in the simulation are
addressed as systematic uncertainties and discussed in Section 6. A number of two-
or three-body invariant mass criteria have been used to veto charm and charmonium
resonances. The e�ciency of these vetoes is determined a posteriori on the data samples
by inferring the number of signal candidates vetoed by each mass criterion from a linear
interpolation of the invariant mass distribution reconstructed under the relevant mass
hypotheses of the final-state particles.
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LHCb results : L = 3 fb
�1 � 2011 + 2012 dataset

Searches for CP violation in four body b -baryon decays

Searches for CPV in Λ0b (Ξ0b) → ph+h’-h’’- decays 
    [Nature Physics 13 (2017) 391, LHCb-PAPER-2018-001]



Triple product asymmetry: use momenta of any 3 final particles in 4-body decays

19

J. FU (UNIMI & INFN) CPV in baryon decays at LHCb 2016.09.27     22CPV in baryon decays at LHCb

/ sin�

Experimental technique

⇤0
b ! p⇡�⇡+⇡�

⇤0
b ! p⇡�K+K�for

⇤0
b

•  Triple products:

use momenta of any 3 final particles in     4-body decays
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Figure 3: Definition of the Φ angle. The decay planes formed by the pπ−
fast and the π−

slowπ
+

systems in the Λ0
b rest frame. The momenta of the particles, represented by vectors, determine

the decay planes and the angle Φ measures their relative orientation.

over the whole phase space. Therefore, the asymmetries are measured in different regions
of phase space for the Λ0

b → pπ−π+π− decay using two binning schemes. Scheme A,
defined in Table 1, is designed to isolate regions of phase space according to their dominant
resonant contributions. Scheme B exploits in more detail the interference of contributions
which could be visible as a function of the angle Φ ∈ [−π, π] [19] between the decay planes
formed by the pπ−

fast and the π−
slowπ

+ systems, as illustrated in Fig. 3. Scheme B has 10
non-overlapping bins of width π/10 in |Φ|. For every bin in each of the schemes, the
Λ0

b efficiencies for CT̂ > 0 and CT̂ < 0 are compared and found to be equal within
uncertainties, and likewise the Λ0

b efficiencies for C T̂ > 0 and C T̂ < 0. The analysis
technique is validated on the Λ0

b → Λ+
c (pK

−π+)π− control sample, for which the angle
Φ is defined by the decay planes of the pK− and π+π− pairs, and on simulated signal
events.

The asymmetries measured in Λ0
b→ pπ−π+π− decays with these two binning schemes

are shown in Fig. 4 and reported in Table 2, together with the integrated measurements.
For each scheme individually, the compatibility with the CP -symmetry hypothesis is
evaluated by means of a χ2 test, with χ2 = RTV −1R, where R is the array of aT̂ -odd

CP

measurements and V is the covariance matrix, which is the sum of the statistical and
systematic covariance matrices. An average systematic uncertainty, whose evaluation is
discussed below, is assigned for all bins. The systematic uncertainties are assumed to be
fully correlated; their contribution is small compared to the statistical uncertainties. The
p-values of the CP -symmetry hypothesis are 4.9×10−2 and 7.1×10−4 for schemes A and
B, respectively, corresponding to statistical significances of 2.0 and 3.4 Gaussian standard
deviations (σ). A similar χ2 test is performed on aT̂ -odd

P measurements with p-values for
the P -symmetry hypothesis of 5.8× 10−3 (2.8σ) and 2.4× 10−2 (2.3σ), for scheme A and
B, respectively.

Since the results from schemes A and B are not statistically independent, the overall
significance for CPV in Λ0

b → pπ−π+π− decays is determined by means of a permutation
test [42]. A sample of 40,000 pseudoexperiments is generated from the data by assigning
each event a random Λ0

b/Λ
0
b flavour such that CP symmetry is enforced. The sign of CT̂ is

unchanged if a Λ0
b candidate stays Λ

0
b and reversed if the Λ0

b candidate becomes Λ0
b . The p-
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• P-odd (          ) asymmetries:

⇤0
b rest frame

T̂ -odd

, for ⇤0
b

, for ⇤
0
b

•       and      indicate P violation,AT̂ AT̂

if non zero.
Gasiorowicz, S. (1966). Elementary particle 

physics. John Wiley & Sons, New York.

AT̂ (CT̂ ) =
N(CT̂>0)�N(CT̂<0)
N(CT̂>0)+N(CT̂<0)

AT̂ (C T̂ ) =
N(�CT̂>0)�N(�CT̂<0)

N(�CT̂>0)+N(�CT̂<0)

P-odd asymmetries: CP violation 
observable
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Experimental technique

⇤0
b rest frame

• CP-violating observable:

• P-violating observable:

aT̂ -odd
P =

1

2
(AT̂ + ĀT̂ )
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Experimental technique

⇤0
b rest frame

• CP-violating observable:

• P-violating observable:

aT̂ -odd
P =

1

2
(AT̂ + ĀT̂ )

P-violating 
observable

The                                             observables are largely unaffected by AD and APAT̂ , ĀT̂ , a
T̂�odd
P and aT̂�odd

CP

CP violation in the baryonic sector

R. Coutinho (UZH) - Beauty 2018



CP violation measurements in Λ0b → pπ-[π+π-,K+K-] 
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Phase space integrated 
result consistent with P 
and CP symmetry

=(–3.71±1.45±0.32)%

=(1.15±1.45±0.32)%

aT̂ -odd
P

⇤0
b ! p⇡�⇡+⇡�

reminder:
arXiv:1609.05216, submitted to Nature Physics

aT̂ -odd
CP

AT̂ (CT̂ ) =
N(CT̂>0)�N(CT̂<0)
N(CT̂>0)+N(CT̂<0)

AT̂ (C T̂ ) =
N(�CT̂>0)�N(�CT̂<0)

N(�CT̂>0)+N(�CT̂<0)

Phase space integrated 
asymmetries for Λ0b → pπ-π+π-

Consistent with hypothesis of   
P and CP symmetry

Similar results are found for the 
less sensitive mode pπ-K+K-
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• P-odd (          ) asymmetries:
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T̂ -odd

, for ⇤0
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, for ⇤
0
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•       and      indicate P violation,AT̂ AT̂

if non zero.
Gasiorowicz, S. (1966). Elementary particle 

physics. John Wiley & Sons, New York.

AT̂ (CT̂ ) =
N(CT̂>0)�N(CT̂<0)
N(CT̂>0)+N(CT̂<0)

AT̂ (C T̂ ) =
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N(�CT̂>0)+N(�CT̂<0)

aT̂�odd
CP = (1.15± 1.45± 0.32)%

aT̂�odd
P = (�3.71± 1.45± 0.32)%

[LHCb, Nature Physics 13 (2017) 391]⇤0
b : CT̂ > 0 ⇤0

b : CT̂ < 0

⇤̄0
b : �C̄T̂ > 0 ⇤̄0

b : �C̄T̂ < 0

R. Coutinho (UZH) - Beauty 2018



Phase-space CP violation in Λ0b → pπ-π+π-
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First evidence for CP violation with 3.3 standard deviations!
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Integrated and triple-product asymmetry measurements in dominant modes 

Results are found to be compatible with P and CP symmetries 

Measurements in Λ0b → pK[ππ,KK], Ξ0b → pKπK
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Figure 1: Distributions of the pK�⇡+⇡� invariant mass in the four samples defined by the ⇤0
b

(⇤0
b) flavour and the sign of C bT (C bT ). The results of the fit are overlaid as described in the legend.

The contribution of the cross-feeds to the fit results is only just visible but is non-negligible.

K+K�
fast invariant-mass distributions, which are shown in Fig. 6 in Appendix A. The signal158

yield and the corresponding statistical uncertainty for the ⇤0
b ! pK��c0(1P )(! ⇡+⇡�)159

decay is 336±25, and for the ⇤0
b ! pK��c0(1P )(! K+K�) decay is 332±23, representing160

the first observation of these decays. The ⇤0
b ! pK��c0(1P ) candidates have identical161

final state to the ⇤0
b! pK�⇡+⇡� and ⇤0

b! pK�K+K� signal decays and can potentially162

contribute to CP violation. These events are retained, together with the charmless 4-body163

decays, for the measurements of the asymmetries described below. Similar decays from164

⇤0
b ! pK�J/ with J/ ! ⇡+⇡� are removed due to the significant background from165

misidentified J/ ! µ+µ� decays.166

Two di↵erent approaches have been used to search for P and CP violation: a measure-167

ment integrated over the phase space and measurements in specific phase space regions.168

The results of the first approach are obtained by fitting the full data sample and are169

presented in Table 2, and found to be compatible with P and CP symmetries.170

The CP -violating asymmetries may vary over the phase space due to the interference171
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Figure 2: Distributions of the pK�K+K� invariant mass in the four samples defined by the ⇤0
b

(⇤0
b) flavour and the sign of C bT (C bT ). The results of the fit are overlaid as described in the legend.

The contribution of the cross-feeds to the fit results is only just visible but is non-negligible.

between resonant contributions. Therefore, measurements in specific phase space regions172

can enhance the sensitivity to CP violation. In order to avoid introducing a bias, the173

binning schemes used to divide up the phase space were chosen before examining the174

data. Two binning schemes are used for the ⇤0
b ! pK�⇡+⇡� (⇤0

b ! pK�K+K�) decay.175

Schemes A and B (C and D) are designed to isolate regions of phase space according to176

the dominant resonant contributions and to exploit the interference of contributions that177

could be visible as a function of the angle � between the decay planes formed by the178

pK� (pK�
fast) and the ⇡+⇡� (K+K�

slow) systems, respectively. Scheme A (C) is defined in179

Table 4 (6) in Appendix B, while scheme B (D) has twelve (ten) non-overlapping bins of180

width ⇡/12 (⇡/10) in |�|. The size of the bins, and the resulting statistical uncertainty,181

is motivated by the desire to have sensitivity at the level of a few percent. The same fit182

model used for the integrated measurement is employed to fit each phase space region.183

The distribution of asymmetries for the ⇤0
b ! pK�⇡+⇡� (⇤0

b ! pK�K+K�) decay is184

shown in Fig. 4 (5), and the results are reported in Table 5 (7) in Appendix B.185
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Figure 3: Distributions of the pK�K�⇡+ invariant mass in the four samples defined by the
⌅0

b (⌅0
b) flavour and the sign of C bT (C bT ). The results of the fit are overlaid as described in

the legend. The contribution of the B0! K�K+K+⇡� cross-feed to the fit results is only just
visible but is non-negligible.

The compatibility with the CP -symmetry (P -symmetry) hypothesis is tested for each186

scheme individually by means of a �2 test, where the �2 is defined as RTV �1R, with R the187

array of abT -odd
CP (abT -odd

P ) measurements and V �1 the inverse of the covariance matrix, which188

is the sum of the statistical and systematic covariance matrices. An average systematic189

uncertainty, discussed in Section 5, is assumed for all bins. The statistical uncertainties190

are considered uncorrelated among the bins, while systematic uncertainties are assumed191

to be fully correlated. The results are consistent with the CP -symmetry hypothesis with a192

p-value of 0.93 (0.55), based on �2/ndf= 7.2/14 (10.8/12) for scheme A (B) and a p-value193

of 0.95 (0.99), based on �2/ndf= 2.1/7 (2.2/10) for scheme C (D). A similar �2 test is194

performed on the a
bT -odd
P measurements. The results are consistent with the P -symmetry195

hypothesis with a p-value of 0.53 (0.80), based on �2/ndf= 13.0/14 (7.8/12) for scheme A196

(B) and a p-value of 0.18 (0.73), based on �2/ndf= 10.1/7 (6.9/10) for scheme C (D).197
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Table 2: Measurements of the CP - and P -violating observables a
bT -odd
CP and a

bT -odd
P , together with

their statistical and systematic uncertainties.
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CP (%) �0.81± 0.84± 0.31 1.12± 1.51± 0.32 �3.58± 5.19± 0.36
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Figure 4: The asymmetries using binning schemes (left) A and (right) B for the ⇤0
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decay. For a
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Measurements in Λ0b → pK[ππ,KK] 
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Figure 7: Background-subtracted distributions of ⇤0
b (⇤0

b) candidates in di↵erent regions of phase
space of the ⇤0

b! pK�⇡+⇡� decay for di↵erent values of C bT (C bT ). The background subtraction
is performed using the sP lot technique [20].
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Binning A: dominant resonances, 
e.g. ∆++, K*(892) and f0(980)

Measurements in regions of the phase space are also found to be consistent with 
the conservation of both P and CP symmetries  

Binning B: angle between the 
decay planes pK and ππ
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General conclusions 

 Enormous wealth of physics to be found in multi-body hadronic decays 
(e.g. CKM phase measurements, CP violation) 

 First observation of CP violation in B0 → K*(892)π decays  

 Searches for CPV b - baryons are still in the early stages but with increased  
data from the LHC this area is becoming more of interest  

 CP violation is expected in the baryon sector and first evidence in          
Λ0b → pπ-π+π- decays has been seen by LHCb  

Still many interesting results are foreseen with LHCb Run-I dataset 
(e.g. B0s and b-baryon DP analyses, B+c decays) 

Run-II dataset will provide unprecedented insights in this field



LHCb detector status

25

Spectrometer mainly dedicated to heavy flavour physics
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Dalitz plot analysis features
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Intensity along bands indicates magnitude 
and the spin of the given resonance 

Amplitude analysis can access: 

Relative phases between states 

Sensitivity to CP violating effects  

Resolve ambiguities in weak phases 

Hadron spectroscopy

26

Angular distribution of resonance 
related to Legendre Polynomials 

Spin-0
Spin-1
Spin-2

Spin-3
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Toy simulation using Laura++ package:                       
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Detector acceptance modelling

Since each detector has its own acceptance, such effects need to be properly accommodated 
when performing a Dalitz plot fit 

Two general approaches: 2-D polynomial (or similar) function or a 2-D histogram
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(b)LHCb Simulation 

LHCb general strategy has been 
based on Spline these distributions 

in the squared DP
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Detector acceptance modelling

Preferential co-ordinate transformation to improve sensitivity modelling in the DP borders
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Background contributions

Contributions from different backgrounds can be presented and need to be modelled
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K*(892) resonance - Relativistic Breit-Wigner 

Kπ S-wave contribution

Kπ invariant mass modelling

Toy simulation using Laura++ package 
arXiv:1711.09854

· LASS lineshape 

·- EFKLLM lineshape 

·- κ + K*0(1430) resonance [Flatté] 

NR parametrisation 

Single model κ + K*0(1430) + K*0(1950) 

   Others (non DP), polynomial expansion

empirical Blatt-Weisskopf penetration barrier factor [103]

XL=0(z) = 1 ,

XL=1(z) =

s
1 + z

2
0

1 + z2
,

XL=2(z) =

s
z
4
0 + 3z

2
0 + 9

z4 + 3z2 + 9
,

(3.30)

where z0 represents the value of z when the invariant mass is equal to the pole mass

of the resonance. The introduction of this term preserves the angular momentum

distribution by modulating the amplitude near threshold. In this formulation, the

BW function can be expressed as 1/ cot � � i or sin �e
i�, where cot � =

m
2

0
�s

m0�
. Note

that this indicates a variation in the phase of 90� at the pole mass but also that the

phase goes from zero at the threshold to 180� far above the pole, which is consistent

with the scattering-pole description.

This parametrisation is well established for narrow and well-isolated reso-

nances such as the K
⇤0(892) contribution. However, in the event that there is more

than one overlapping resonance in the same partial wave or a significant interfer-

ence with a nonresonant component, this discussion is not valid since the sum of the

contributions in the isobar model violates unitarity. An example is seen in K⇡ scat-

terings, where a spin-0 resonance interferes strongly with a nonresonant (or “slowly

varying”) term. The so-called LASS lineshape [104] has been suggested to model

this scalar amplitude (K⇡)⇤0 as a nonresonant e↵ective range form together with

a K
⇤
0 (1430) resonance. The modified version of this parametrisation for B decays

reads

Rj(s) =

p
s

q cot �B � iq
+ e

2i�B
m0�0

m0

q0

(m2
0 � s) � im0�0

qp
s

m0

q0

, (3.31)

where cot �B = 1
aq

+ rq

2 , and a and r are the scattering length and the e↵ective

range parameters, respectively.13 It is important to notice that this approximation

is curtailed at 1.8 GeV/c
2 (around the charm mass), above which no data from the

LASS experiment is available and, therefore, the application is not valid.

Angular distribution

Prior to the discussion of the most general expression for the isobar model, it is

essential to incorporate systematically the angular information into the amplitude.

13These values are measured by the LASS experiment to to be a = 1.95 ± 0.09 (GeV/c2)�1 and
r = 1.76± 0.36 (GeV/c2)�1.
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[Nucl. Phys. B296 (1988) 493]

[PRD 79 (2009) 094005]

accounts for the ⇢K⌘0 channel opening close to the K
⇤
0 (1430) pole mass. 2

C.1.2 EFKLLM model

An alternative model for the K⇡ S-wave has been introduced in Ref. [243]. This

model implements the following to model the S-wave contribution

Rj(m) = F (m)
⇣

c0

m2
+ c1

⌘
, (C.4)

where F (m) is a form factor which is given in Ref. [243]. It is given as a magnitude

and phase at each value of m(K⇡) – these values are themselves obtained from LASS

data. The terms c0,1 are complex numbers to be determined by the fit.

C.1.3 Breit–Wigner and nonresonant terms

Another approach, albeit one that violates unitarity, consists in the use of a Breit–

Wigner shape for the K
⇤
0 (1430) and an exponential form factor (EFF) in mij to

describe the nonresonant component. Such a form factor is given by

Rj(m) = e
�↵m

2

, (C.5)

where ↵ is a shape parameter that must be determined from the data by floating

it in the fit. This functional form was introduced in Ref. [244], and therefore, is

referred to as the Belle parametrisation. Note that these parametrisations depend

on one of the invariant mass combinations, so that “K
0
S
⇡
⌥ nonresonant” and “K

±
⇡
⌥

nonresonant” can receive di↵erent terms.

C.2 Fit results

Modelling properly the K⇡ S-wave is one the most challenging features of this

amplitude analysis. This section describes the main results considering alternative

parametrisations to the nominal one. A summary comparing the main results for

these many models is given in Tables C.1 and C.2, and discussed in the following.

C.2.1 LASS shape

The LASS lineshape is useful to model the physical behaviour of a K
⇤
0 (1430) reso-

nance interfering strongly with a nonresonant term. However, the benchmark imple-

2The values of these constants are taken from Ref. [242], and are found to be m0 =
1.513GeV/c2, g1 = 0.304GeV/c2, g2 = 0.380GeV/c2, sA = 0.234GeV2/c4.

174

Rj(s) =
1

1 + s
⇤2

[PRD 92 (2015) 054010]

[PRD 93 (2016) 074025]

[arXiv:1701.04881]
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Studies of b-baryon decays is still at an early stage, although         
LHCb interesting has been significantly increasing

32

Search for CP violation in Λ0b → {Λ,K0}hh

Phase space integrated asymmetry: 

 Search for local (binned) asymmetries, 
i.e. similar to the Bµ → hµh+h-

First observation (8.6 σ) of the Λ0b → K0pπ- decay has been obtained with 1 fb-1
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Possible contribution 
from Λ0b → pK*-

[LHCb, JHEP 04 (2014) 087]
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Results for Λ0b(Ξ0b) →Λh+h- decays

First observation of the decays Λ0
b → ΛK+π- (8.1σ) and                                 

Λ0
b → ΛK+K- (15.8σ) with 3 fb-1
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[LHCb, JHEP 05 (2016) 08]

ACP (⇤
0
b ! ⇤K+⇡�) = �0.53± 0.23 (stat)± 0.11 (syst)

ACP (⇤
0
b ! ⇤K+K�) = �0.28± 0.10 (stat)± 0.07 (syst)

R. Coutinho (UZH) - Beauty 2018

[Backup]



Efforts on understanding the large asymmetries seen in B+→h+h-h+ decays

Towards [more] charmless DP analyses
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± ! ⇡±⇡+⇡�) = 0.584± 0.082± 0.027± 0.007 ACP
reg (B

± ! ⇡±K+K�) = �0.648± 0.070± 0.013± 0.007

m2
⇡+⇡� low < 0.4GeV2/c4 and m2

⇡+⇡� high > 15GeV2/c4 m2
K+K� < 1.5GeV2/c4

LHCb PRD 90, 112004 (2014), PRL 112 (2014) 011801, PRL 111 (2013) 101801
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DP analysis is clearly required, in particular to 
understand the origin of the strong phase difference 

Such analyses are currently ongoing at LHCb!  

     [i.e. (1) Bµ → πµπ∓πµ, (2) Bµ → πµK+K- ⁄]  

Unprecedented statistics (e.g. 5-200 K events for        
Bµ → πµK+K-, Kµπ+π-): simplified theoretical 
descriptions are no longer sufficient 

- How to model non-resonant contributions, final 
state interaction, re-scattering effects? Connect two 
(or all) different final states? 

- How to obtain an accurate description of the S-wave?

Towards [more] charmless DP analyses

Sign of ACP (e.g. regions I-II) 
indicate interference between 

S- and P-wave importance

Re-scattering may also play a 
role in the region between    

1 and 1.5 GeV

B± ! ⇡±⇡⌥⇡±

[e.g. for Bµ → πµK+K- already limited, 
NR+ K*0(1430) or κ + K*0(1430)?]

LHCb PRD 90, 112004 (2014)
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Many other channels that have never been  
explored in the B-factories are gradually 
being investigated 

Untagged time-integrated analysis of  
B0s→K0

SKπ decays  

- Only flavour averaged fit fractions 

- Modelling of S-wave of crucial 
relevance, i.e. LASS/EFKLLM 

Amplitude analysis of Λb→ K0
Spπ- 

- Large ACP(pK*) ~ 20% predicted

Towards [more] charmless DP analyses
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BR measurements of Λ0b, Ξ0b → p3h
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[LHCb, JHEP 1802 (2018) 098]
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Figure 1: Results of the fit to the p⇡�⇡+⇡� candidate mass spectrum with (top) linear and
(bottom) logarithmic scales. The di↵erent components employed in the fit are indicated in the
legend. The ⇤0

b ! 5-body legend describes two components, the radiative partially reconstructed
background ⇤0

b ! p⇡�⌘0 and the partially reconstructed background ⇤0
b ! p⇡�⇡+⇡�⇡0 where a

⇡0 is not reconstructed. The latter has a lower-mass endpoint.
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BR wrt the Λ0b → Λ+cπ channel [First observations]
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Figure 3: Results of the fit to the pK�K+⇡� candidate mass spectrum with (top) linear and
(bottom) logarithmic scales. The di↵erent components employed in the fit are indicated in the
legend. The ⇤0

b ! 5-body legend describes two components where a ⇡0 is not reconstructed, the
partially reconstructed background ⇤0

b ! pK�⇡+⇡�⇡0 where a pion is misidentified as a kaon
and the partially reconstructed background ⇤0

b ! pK�K+⇡�⇡0.

N⇤(1520)0K⇤(892). In principle, the selection e�ciency of each decay mode depends on
the phase-space coordinates, but the actual dynamics of the decays is a priori unknown
and a data-driven correction of the e�ciency determination with simulated events would
be required as was done in Ref. [22]. However, the candidate selection has been designed
without relying on the kinematics of the daughter particles in the decay. The candidates
selected such that the hardware trigger is satisfied independently of the signal particles,
provide a sample with an e�ciency that is, to a very good approximation, constant over
the phase space of the decays. The residual variation of the e�ciency over the phase space
is consequently addressed as a systematic uncertainty.
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N⇤(1520)0K⇤(892). In principle, the selection e�ciency of each decay mode depends on
the phase-space coordinates, but the actual dynamics of the decays is a priori unknown
and a data-driven correction of the e�ciency determination with simulated events would
be required as was done in Ref. [22]. However, the candidate selection has been designed
without relying on the kinematics of the daughter particles in the decay. The candidates
selected such that the hardware trigger is satisfied independently of the signal particles,
provide a sample with an e�ciency that is, to a very good approximation, constant over
the phase space of the decays. The residual variation of the e�ciency over the phase space
is consequently addressed as a systematic uncertainty.
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Figure 6: Results of the fit to the ⇤+
c ⇡

� candidate mass spectrum on linear scale. The di↵erent
components employed in the fit are indicated in the legend.

remaining sources of systematic uncertainties and the methods used to estimate them
are described in this section. Tables 3 and 4 provide the yields measured by the fit, the
related statistical uncertainties, the overall e�ciency, as well as the systematic uncertainty
for each decay, for 2011 and 2012 data, respectively. The other sources of systematic
uncertainty, which are not reported here, have negligible impact on the measurements.

6.1 Fit model uncertainties

Uncertainties related to the fit model result from uncertainties in the values of the
parameters taken from the simulation as well as from the choice of the functional forms
used to describe the various components of the model.

The systematic uncertainties related to the parameters fixed to values determined
from simulated events are obtained by repeating the fit with the parameters allowed to
vary according to their uncertainties using pseudoexperiments. The fixed parameters
that are driving the shape of the tails of the functional forms describing signal channels,
cross-feeds and B backgrounds distributions are estimated from a simultaneous fit of the
simulated events of these categories. The parameters are then varied according to the
covariance matrix obtained from simulated events. The nominal fit is then performed on
this ensemble of pseudoexperiments and the distribution of the di↵erence between the
yield determined in each of these fits and that of the nominal fit is in turn fitted with a
Gaussian function. The systematic uncertainty associated with the choice of the value
of each signal parameter from simulated events is then assigned as the linear sum of the
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Table 6: Measurements of the R ratio from the (first row) 2011 and the (second row) 2012
data samples for ⌅0

b decay modes expressed in per mil as well as their combination. The three
uncertainties are statistical, systematic related to the fit model and systematic related to the
e�ciency, respectively. The consistency of the two determinations for each year, denoted �, is
quantified as the ratio of the signed di↵erence of the central values over the quadratic sum of
the related uncertainties.

R (per decay) Value (10�3) � Combination (10�3)

R(⌅0
b ! pK�⇡+⇡�)

7.20± 1.40± 0.20± 0.9
0.9� 6.20 ± 0.80 ± 0.20 ± 0.80

5.80± 0.90± 0.20± 1.0

R(⌅0
b ! pK�⇡+K�)

6.40± 1.10± 0.40± 0.7
0.9� 5.60 ± 0.60 ± 0.40 ± 0.50

5.30± 0.70± 0.40± 0.6

R(⌅0
b ! pK�K+K�)

0.59± 0.49± 0.12± 0.10
0.1� 0.57 ± 0.28 ± 0.08 ± 0.10

0.56± 0.34± 0.07± 0.09

pK�⇡+)⇡�

R(⌅0
b ! pK�K+K�) 2 [4.05�8.86] · 10�4 at 90% C.L.,

R(⌅0
b ! pK�K+K�) 2 [3.82�9.81] · 10�4 at 95% C.L..

Using the world-average values B(⇤0
b ! ⇤+

c ⇡
�) = (0.430 ± 0.036)% and B(⇤+

c !
pK�⇡+) = (6.46± 0.24)% [25], the branching fractions of the ⇤0

b decay modes are

B(⇤0
b ! p⇡�⇡+⇡�) = (1.90± 0.06± 0.10± 0.16± 0.07) · 10�5,

B(⇤0
b ! pK�⇡+⇡�) = (4.55± 0.08± 0.20± 0.39± 0.17) · 10�5,

B(⇤0
b ! pK�K+⇡�) = (0.37± 0.03± 0.04± 0.03± 0.01) · 10�5,

B(⇤0
b ! pK�K+K�) = (1.14± 0.03± 0.07± 0.10± 0.05) · 10�5,

where the first uncertainty is statistical and the second comes from experimental systematic
sources. The two last uncertainties are due to the knowledge of the branching fractions
B(⇤0

b ! ⇤+
c ⇡

�) and B(⇤+
c ! pK�⇡+) in that order.

The product of the branching fractions of the ⌅0
b decay modes with the hadronisation

fraction of ⌅0
b relative to ⇤0

b are accordingly obtained

B(⌅0
b ! pK�⇡+⇡�) · f⌅0

b
/f⇤0

b
= (1.72± 0.21± 0.25± 0.15± 0.07) · 10�6,

B(⌅0
b ! pK�⇡+K�) · f⌅0

b
/f⇤0

b
= (1.56± 0.16± 0.19± 0.13± 0.06) · 10�6,

B(⌅0
b ! pK�K+K�) · f⌅0

b
/f⇤0

b
2 [0.11�0.25] · 10�6 at 90% C.L.

In summary, the four decay modes ⇤0
b ! pK�⇡+⇡�, ⇤0

b ! pK�K+K�, ⌅0
b !

pK�⇡+⇡� and ⌅0
b ! pK�⇡+K� are observed for the first time. Branching fractions

(including the ratio of hadronisation fractions in the case of the ⌅0
b baryon) of these

decay modes and the branching fractions of the two already observed decay modes
⇤0

b ! p⇡�⇡+⇡� and ⇤0
b ! pK�K+⇡� [3] are determined relative to the ⇤0

b ! ⇤+
c ⇡

�

decay. The ⌅0
b ! pK�K+K� decay mode is measured with a significance of 2.3� and 90%

and 95% confidence level intervals are set on its branching fraction relative to ⇤0
b ! ⇤+

c ⇡
�.

The establishment of these signals opens new channels in which to search for CP -violating
asymmetries in these fully charged four-body decays of ⇤0

b and ⌅0
b baryons.
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Table 6: Measurements of the R ratio from the (first row) 2011 and the (second row) 2012
data samples for ⌅0

b decay modes expressed in per mil as well as their combination. The three
uncertainties are statistical, systematic related to the fit model and systematic related to the
e�ciency, respectively. The consistency of the two determinations for each year, denoted �, is
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the related uncertainties.

R (per decay) Value (10�3) � Combination (10�3)

R(⌅0
b ! pK�⇡+⇡�)

7.20± 1.40± 0.20± 0.9
0.9� 6.20 ± 0.80 ± 0.20 ± 0.80

5.80± 0.90± 0.20± 1.0

R(⌅0
b ! pK�⇡+K�)

6.40± 1.10± 0.40± 0.7
0.9� 5.60 ± 0.60 ± 0.40 ± 0.50

5.30± 0.70± 0.40± 0.6

R(⌅0
b ! pK�K+K�)

0.59± 0.49± 0.12± 0.10
0.1� 0.57 ± 0.28 ± 0.08 ± 0.10

0.56± 0.34± 0.07± 0.09

pK�⇡+)⇡�

R(⌅0
b ! pK�K+K�) 2 [4.05�8.86] · 10�4 at 90% C.L.,

R(⌅0
b ! pK�K+K�) 2 [3.82�9.81] · 10�4 at 95% C.L..

Using the world-average values B(⇤0
b ! ⇤+

c ⇡
�) = (0.430 ± 0.036)% and B(⇤+

c !
pK�⇡+) = (6.46± 0.24)% [25], the branching fractions of the ⇤0

b decay modes are

B(⇤0
b ! p⇡�⇡+⇡�) = (1.90± 0.06± 0.10± 0.16± 0.07) · 10�5,

B(⇤0
b ! pK�⇡+⇡�) = (4.55± 0.08± 0.20± 0.39± 0.17) · 10�5,

B(⇤0
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sources. The two last uncertainties are due to the knowledge of the branching fractions
B(⇤0

b ! ⇤+
c ⇡

�) and B(⇤+
c ! pK�⇡+) in that order.

The product of the branching fractions of the ⌅0
b decay modes with the hadronisation

fraction of ⌅0
b relative to ⇤0

b are accordingly obtained

B(⌅0
b ! pK�⇡+⇡�) · f⌅0

b
/f⇤0

b
= (1.72± 0.21± 0.25± 0.15± 0.07) · 10�6,

B(⌅0
b ! pK�⇡+K�) · f⌅0

b
/f⇤0

b
= (1.56± 0.16± 0.19± 0.13± 0.06) · 10�6,

B(⌅0
b ! pK�K+K�) · f⌅0

b
/f⇤0

b
2 [0.11�0.25] · 10�6 at 90% C.L.

In summary, the four decay modes ⇤0
b ! pK�⇡+⇡�, ⇤0

b ! pK�K+K�, ⌅0
b !

pK�⇡+⇡� and ⌅0
b ! pK�⇡+K� are observed for the first time. Branching fractions

(including the ratio of hadronisation fractions in the case of the ⌅0
b baryon) of these

decay modes and the branching fractions of the two already observed decay modes
⇤0

b ! p⇡�⇡+⇡� and ⇤0
b ! pK�K+⇡� [3] are determined relative to the ⇤0

b ! ⇤+
c ⇡

�

decay. The ⌅0
b ! pK�K+K� decay mode is measured with a significance of 2.3� and 90%

and 95% confidence level intervals are set on its branching fraction relative to ⇤0
b ! ⇤+

c ⇡
�.

The establishment of these signals opens new channels in which to search for CP -violating
asymmetries in these fully charged four-body decays of ⇤0

b and ⌅0
b baryons.
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Using the world average BR(Λ0b → Λ+cπ) and 
BR(Λ+c → pKπ)
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