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(s) → KSh+h’-  branching fractions [JHEP 11 (2017) 027] 

  Amplitude analysis of B0
 → KSπ+π- decays and first observation of CP 

asymmetry in B0→K*(892)+π- [PRL. 120, 261801 (2018)] 
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(s) → K0h+h’- decay modes 
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  In LHCb 
  Large bb production cross section  
  Simultaneous analysis of B0

s and B0
d decays to KSh+h’- (h(’) = K / π) 

  Transitions mediated by b → u (tree) and/or b → d,s (penguin) diagrams 

  Comparable amplitudes à interference that may result in large CP-violation effects 
  In particular, these modes give access to the CKM angles 𝛽 (ΚSπ+π-, ΚSK+K-), 
𝛽s (B0

s decays ), and γ (e.g., see talks from E. Bertholet and B. Bhattacharya) 

Motivations (I) 
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Motivations (II) 
  New physics contributions may be present in loops 

and could significantly alter measured observables 

 
  Challenge: small theoretical & experimental uncertainties for powerful comparison 

Dalitz-plot analyses allow to: 
  disentangle between intermediate (non) resonant contributions 
  measure their specific observables 
  measure phases between these contributions with no trigonometric ambiguities 
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Comparison of  measurements with standard model (SM) 
predictions may indicate new physics (NP) contributions  
and in any case constrain the parameter space of NP models  

? 

Access to many observables!  



General strategy 

  First, measure branching fractions to prepare, and provide input for, the 
Dalitz-plot analyses of all B0

(s) → KSh+h’-  modes 

  Time-integrated Dalitz-plot analyses, with no flavour tagging 

  Full time-dependent Dalitz-plot analyses, giving access to CKM phases  
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Proceed in steps of increasing complexity, 
as allowed by the available dataset. 

Larger data sample à 
more complete model  
giving access to more 

observables 



KS reconstruction 
  KS mesons are reconstructed via their decay to π+π-, either two “Long” 

or two “Downstream” π tracks (2 KS “categories”) 
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Updated branching fraction measurements of 
B0

(s) → KSh+h’- 
 

(with 3 fb-1) 
 

[JHEP 11 (2017) 027] 
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Introduction of the analysis 
Bd,s→ KSh+h-’, with h(’) = K / π → 8 decays (6, considering KSK±π∓)  
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  Goals of the analysis using 3fb-1: 

  update measurement of BFs 
  search for Bs→KSK+K- 

  Dataset divided into: 
  4 final states 
  2 KS reconstruction categories 
  3 data-taking periods 

      à 24 invariant-mass distributions 

 
 
 

Bd→KSπ+π- Bd→KSK+π- Bd→KSK-π+ Bd→KSK+K- 

Bs→KSπ+π- Bs→KSK+π- Bs→KSK-π+ Bs→KSK+K- 

Favoured 

Observed 

Observed 

(in previous LHCb analysis (1fb-1)  Previous LHCb analysis (1fb-1) 
[JHEP 10 (2013) 143] 

l  Observed Bs→KSπ
+π-. 

l  Confirmed Bd →KSK±π±. 
l  Observed Bs→KSK±π±. 

Favoured 
decay 

Suppressed 
decay 



Analysis strategy 

  Shapes taken from Monte-Carlo, except for combinatorial background 
Bd and Bs masses and widths from fit to data 

  Gaussian constraints on yields of misidentified signal and partially reconstructed 
background 

  Fast Monte-Carlo developed for partially reconstructed background modelling 
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[JHEP 11 (2017) 027] 
  Simultaneous fit of the 24 invariant mass spectra  

24 x 

Bd signal (favoured) 

Bs signal (suppressed) 

Combinatorial background 

Misidentified signals 

Partially reconstructed 
backgrounds 
(Bd,s →KSπ+π- + X) 



Results 
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Five BFs are measured relative to that 
of B0→ KSπ+π- 
All are compatible with previous results 

Significance: 2.5σ  

3 fb-1 

3 fb-1 

3 fb-1 
[JHEP 11 (2017) 027] 

[JHEP 11 (2017) 027] 
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Amplitude analysis of B0
 → KSπ+π- decays 

and first observation of CP asymmetry in 
B0→K*(892)+π- 

 
(using 3 fb-1) 

 
[PRL. 120, 261801 (2018)] 
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Isobar model and formalism 
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  Intermediate resonances in P à 1 2 3 appear as 
structures in the Dalitz plot, characterized by their  
mass, width and spin 

 

  Parameterization of  amplitudes (isobar model): 
      A = Σ ci Fi (m2

13,m2
23)        B decays 

 A = Σ ci Fi (m2
23m2

13)        B decays 
 
   complex          decay dynamics    (i = intermediate state) 
   coeffs.             (e.g. Breit-Wigner) 
   CP-violating     CP-conserving 

 
 
 

Directly extracted parameters: isobar coefficients ci 
Many observables (ACP , BFs, …) are derived from these 

m2
13 

m2
23 

spin=0 
spin=1 
spin=2 

 

3

13 23
d pdm dm
E

∝

“Cartoon” DP 

Overlapping resonant 
contributions 

à  interference 
à  access to relative phases 

 with no ambiguity such as 
 sin2β eff = sin(180° - 2β eff) 
 (time dependent analysis)  

|ci| ≠ |ci| 
   ⇒ CP violation in decay 

ci 

ci 



Introduction of the analysis 
  This mode contains intermediate states such as B0→K*-π+, which could shed light 

on the “Kπ puzzle”  (difference between ACP in B0→K-π+ and B-→K-π0) 
Eur. Phys. J. C51 (2007) 55, Phys.Lett. B675 (2009) 59, Phys. Rev.D83 (2011) 034023, Phys. Lett. B682 (2009) 74 

 

  Current statistics do not allow to use flavour tagging (power ~ 5% in LHCb) 
     à analysis is time-integrated à involves incoherent sum of B0 and B0 amplitudes 
 
  CKM phases are thus not accessible, but  

direct CP asymmetries between flavour- 
specific (FS) states such as B0→K*-π+ 
and B0→K*+π-  are measured 
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JHEP 11 (2017) 027 
(sPlot) 

Flavour-specific states 



Signal and background 

  Signal region for the 
Dalitz-plot fit:  
±3σ around nominal mass 

  ~3.2K signal events 
  Event selection allows to 

obtain purity of 85-95% 
  Backgrounds due to 

combinatorial (3-13%) 
and cross-feed (2-3%) 
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Signal model and observables 
  Baseline model inspired by analysis 

from B-factories 
         [Phys. Rev. D79 (2009) 072004, Phys. Rev. D80 (2009) 112001] 
  Evaluated by add/remove algorithm 
  Critical role of the (Kπ) S-wave 
àEFKLLM model 

 

  From the raw asymmetry: 
 
 
 

is derived the CP asymmetry: 
 

 

  Fit fractions (CP averaged): 
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the measured isobar parameters of an amplitude j, c
j

and c
j

Araw =
|c

j

|2 � |c
j
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j

|2 + |c
j
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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 A

CP

= Araw � A�. The correction asymmetry is defined at first order
as A� = A

P

(B0) + A
D

(⇡), where A
P

(B0) is the production asymmetry between the B0

and B0 mesons and A
D

(⇡) is the detection asymmetry between ⇡+ and ⇡� mesons. The
production asymmetry A

P

(B0) has been determined to be A
P

(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, F

i

, as

F
i

=

RR
DP |ciFi

(s+, s�)|2 ds+ds�
RR

DP

���
P

j
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j
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���
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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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(-0.35 ± 0.81)% (0 ± 0.25)% 
 [Ds

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

Fj(m) = F (m)

✓
�0

m2
+ �1

◆
EFKLLM: 

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
g
K

= 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

4

Kπ S-wave 

ππ S-wave 
RBW 

(Bugg model) 

EFKLLM 



Results: fit fractions 
  The resonances K*(1680) and 

f0(1500) were not included in this 
mode by B-factories 

Belle PRD 79 (2009) 072004, BaBar PRD 80 (2009) 112001 
  On the other hand, we see no 

significant sign of f2(1270) 

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

 
 

  No systematic uncertainty is 
assigned to the choice of the 
Kπ S-wave model 

  Dominant model uncertainty is 
related to the ππ S-wave model 
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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

�2� lnL = 85

[PRL. 120, 261801 (2018)] 

Results in agreement with the 
measurements from the B factories 

(for components that can be compared) 

stat.     syst.    model 
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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

K

0
S⇡

+ , (right) m2
K

0
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.

A
CP

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

A
CP

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

A
CP

(K⇤
2(1430)

�⇡+) =� 0.29 ± 0.22± 0.09± 0.03 ,

A
CP

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

A
CP

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

Consistent with SM predictions* 
and previous world average:  
 A(K⇤(892)⇡) = �0.23± 0.06

Apparent CP violation in 
the KSπ spectrum 

[PRL. 120, 261801 (2018)] 

[PRL. 120, 261801 (2018)] 

stat.      syst.      model 

FS 

FS 

*[JHEP09 (2008) 038; PRD78 034011 (2008), 
                  PRD91, 014011 (2015)] 



Summary, status and prospects 
An updated measurement of the B0

(s) → KSh+h’-  BFs with 3 fb-1 is available  
à Only mode that is not yet observed: Bs → KSK+K-  (significance: 2.5 σ) 

First amplitude analysis of B0
 → KSπ+π-  decays in a hadron collider  

à First observation (6 σ) of direct CP violation in B0 → K*+(892)π- 

  Upcoming Dalitz-plot analyses 
  About to be published with Run-I (3 fb-1): 

Bs → KSK±π∓ time-integrated, untagged 
  Analyses under way using Run-II data 

  B0
 → KSK+K- time-dependent (+ search for Bs → KSK+K- decays) 

  B0
 → KSπ+π- time-dependent  

Bs → KSπ+π- time-integrated, untagged 

 

Eli Ben-Haim                                               CKM workshop, September 18th 2018 19 

Run-II dataset (and beyond) will provide 
unprecedented insights for these modes 

First ever 

First ever 
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Extras 

20 



Measured branching fractions 
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BF of B0
(s) → KSh+h’-  

Using world average for B0
 → KSπ+π-    



BABAR signal model 
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PRD 80, 112001 (2009) 

B0
 → KSπ+π-  



m2(ππ) 
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B0
 → KSπ+π-  

[PRL. 120, 261801 (2018)] 



Analysis strategy 
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B0
 → KSπ+π-  

  Define a signal window around B0 signal peak (3 standard deviations of the 
resolution model) in the invariant mass spectrum of KSππ candidates 

  Determine from the mass fit the signal fraction and build the distribution of 
combinatorial backgrounds in the DP of B0 →KSππ, from the RHSB.  

  Determine, in addition, from the invariant mass distribution fits, the 
empirical data-driven Bs →KSKπ DP distribution to model the cross-feed 
background component in the B0 →KSππ DP.  

  Obtain the histogram of the whole selection efficiency variation across the 
DP, evaluated from simulated events.  

  Fit simultaneously the six category data samples and educate the final 
model by adding relevant new contributions to the baseline and decide on 
the basis of a tentatively objective algorithm to keep the resonance or not.  



Systematic uncertainties 
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  Quantified effects from: 
  biases related to the Dalitz fit to the data, 
  the fraction of signal/background extracted from the mass fit, 
  uncertainties on the selection and tracking efficiency across the SDP,  
èdominant (MC statistics) 

  uncertainty on the combinatorial background across the SDP.  

  Signal model uncertainties 
  Fixed parameters of the line shapes 
  Addition /removal of marginal components to the nominal model 
  alternative models for the ππ S-wave 
èdominant 

B0
 → KSπ+π-  


