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Introduction
- Direct CP asymmetries arise from interference between different amplitudes
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1 Introduction

In the Standard Model of particle physics, the decay B+! J/ ⇢+ proceeds predominantly
via a b ! ccd transition involving tree and penguin amplitudes,1 as shown in Fig. 1.
Interference between these two amplitudes can lead to direct CP violation that is measured
through an asymmetry defined as

ACP ⌘ B(B�! J/ ⇢�)� B(B+! J/ ⇢+)

B(B�! J/ ⇢�) + B(B+! J/ ⇢+)
. (1)

No precise prediction for ACP exists, though it is expected to have an absolute value
. 0.35 [1] assuming isospin symmetry between the B0 ! J/ ⇢0 and the B+ ! J/ ⇢+

decays. Measurements of ACP provide an estimate of the imaginary part of the penguin-
to-tree amplitude ratio for the b ! ccd transition. Similarly to the B0! J/ ⇢0 decay [2],
the CP asymmetry is expected to be enhanced in this decay compared to the decay
B0

s ! J/ � [3, 4]. Therefore its value can be used to place constraints on penguin e↵ects
in measurements of the CP -violating phase �s from the decay B0

s ! J/ �, assuming
approximate SU(3) flavour symmetry and neglecting exchange and annihilation diagrams.
The branching fraction and the value of ACP for B+ ! J/ ⇢+ decays were measured
previously by the BaBar collaboration to be (5.0±0.7±0.3)⇥10�5 and �0.11±0.12±0.08,
respectively [5].

In this paper, the branching fraction and the direct CP asymmetry of the decay
B+ ! J/ ⇢+ are measured using proton-proton (pp) collision data collected with the
LHCb detector at centre-of-mass energies of 7 TeV (in 2011) and 8 TeV (in 2012),
corresponding to a total integrated luminosity of 3 fb�1. The B+ ! J/ ⇢+ decay is
analysed using the J/ ! µ+µ�, ⇢+! ⇡+⇡0 and ⇡0! �� decays. Its branching fraction
is measured relative to that of the abundant decay B+! J/ K+, which has the same
number of charged final-state particles and contains a J/ meson as the decay of interest.
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Figure 1: Leading-order Feynman diagrams for the (left) tree and (right) penguin amplitudes
contributing to the decay B+! J/ ⇢+.

2 Detector and simulation

The LHCb detector [6,7] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex

1Charge conjugation is implied throughout this paper, unless otherwise stated.
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Tree Level Loop Level

- The interference is largest when the competing amplitudes are of a similar size 

- For suppressed decays, loop level processes can compete with tree level processes 

- Decays with contributions from loop level amplitudes give access to processes 
beyond the standard model 

- Heavy particles may produce effects that are observable with current sensitivities 
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Introduction
- This talk will cover three recent measurements of quasi-two-body decays with 

contributions from loop level processes   
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B0 ! ⇢(770)0K⇤(892)0
<latexit sha1_base64="ZT06b5rOOJf1x/dqM3e2LeuB+mg=">AAACD3icbVA7T8MwGHTKq5RXgJHFogIVhiopSC1bVRYkliLRh9SkleM6rVXnIdtBqqL8Axb+CgsDCLGysvFvcNMM0HKSpfPd98m+c0JGhTSMby23srq2vpHfLGxt7+zu6fsHbRFEHJMWDljAuw4ShFGftCSVjHRDTpDnMNJxJtczv/NAuKCBfy+nIbE9NPKpSzGSShrop41+bCTQkgG0+DgoVavGWarc9uPzpFS7qqTXgV40ykYKuEzMjBRBhuZA/7KGAY484kvMkBA90wilHSMuKWYkKViRICHCEzQiPUV95BFhx2meBJ4oZQjdgKvjS5iqvzdi5Akx9Rw16SE5FoveTPzP60XSrdkx9cNIEh/PH3IjBlX6WTlwSDnBkk0VQZhT9VeIx4gjLFWFBVWCuRh5mbQrZfOiXLm7LNYbWR15cASOQQmYoArq4AY0QQtg8AiewSt40560F+1d+5iP5rRs5xD8gfb5A76DmfE=</latexit>

B0
(s) ! K⇤0K

⇤0
<latexit sha1_base64="qYTLoGw8uZ8jNbvOuPS6OvWO8pM=">AAACEXicbVDNS8MwHE39nPOr6tFLcAjTw2inoMcxL8IuE9wHbF1Js2wLS9OSpMIo/Re8+K948aCIV2/e/G9Mux5080Hg8X6/l+Q9L2RUKsv6NlZW19Y3Ngtbxe2d3b198+CwLYNIYNLCAQtE10OSMMpJS1HFSDcUBPkeIx1vepPOOw9ESBrwezULieOjMacjipHSkmuW64PYSty4LM8S2FcBbAzic0vTQLvSS+NGkimuWbIqVga4TOyclECOpmt+9YcBjnzCFWZIyp5thcqJkVAUM5IU+5EkIcJTNCY9TTnyiXTiLFECT7UyhKNA6MMVzNTfjhj5Us58T2/6SE3k4iwV/5v1IjW6dmLKw0gRjucPjSIGdfK0HjikgmDFZpogLKj+K8QTJBBWusSiLsFejLxM2tWKfVGp3l2WavW8jgI4BiegDGxwBWrgFjRBC2DwCJ7BK3gznowX4934mK+uGLnnCPyB8fkD4Lacbw==</latexit>

B+ ! J/ ⇢+
<latexit sha1_base64="J/AZNXwfZZVzR8Duwwc48xcy2m8=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQagzVdBlqRtxVcE+oDOWTJppQzPJkGSEMhQ3/oobF4q49Svc+Tdm2llo9UDgcM693JwTxIwq7ThfVmFhcWl5pbhaWlvf2Nyyt3daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoMvPb90QqKvitHsfEj9CA05BipI3Us/fqd+nxBHpawOsTL1YUenIoMq1nl52KMwX8S9yclEGORs/+9PoCJxHhGjOkVNd1Yu2nSGqKGZmUvESRGOERGpCuoRxFRPnpNMIEHhqlD0MhzeMaTtWfGymKlBpHgZmMkB6qeS8T//O6iQ4v/JTyONGE49mhMGHQBM76gH0qCdZsbAjCkpq/QjxEEmFtWiuZEtz5yH9Jq1pxTyvVm7NyrZ7XUQT74AAcARecgxq4Ag3QBBg8gCfwAl6tR+vZerPeZ6MFK9/ZBb9gfXwDpwWWUg==</latexit>

A measurement of direct CP asymmetry and branching fraction 

An amplitude analysis that determines CP asymmetries of contributing 
amplitudes

An amplitude analysis of a loop-mediated Flavour Changing Neutral Current 
process

+ + …

+ + …

+ + …

All three analyses are performed using the 3 fb-1 Run 1 data set 
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Other talks
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Time-dependent charmless B decays

B0
s ! (K+⇡�)(K�⇡+)

<latexit sha1_base64="l5QUJaC2Wg6k2E23C0Ptmg3S2Rk=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VoKS1JFXRZ6kZwU8E+oE3DZDpph04ezEyEEvIVbvwVNy4UcSvu/BunaRbaemDg3HPu5c49TsiokIbxreXW1jc2t/LbhZ3dvf0D/fCoI4KIY9LGAQt4z0GCMOqTtqSSkV7ICfIcRrrO9Hrudx8IFzTw7+UsJJaHxj51KUZSSbZebQ5jI7FjkcCBDGDpdhhXFA3pMK4m5bSuZnUlKdt60agZKeAqMTNSBBlatv41GAU48ogvMUNC9E0jlFaMuKSYkaQwiAQJEZ6iMekr6iOPCCtOz0rgmVJG0A24er6Eqfp7IkaeEDPPUZ0ekhOx7M3F/7x+JN0rK6Z+GEni48UiN2JQBTDPCI4oJ1iymSIIc6r+CvEEcYSlSrKgQjCXT14lnXrNPK/V7y6KjWYWRx6cgFNQAia4BA1wA1qgDTB4BM/gFbxpT9qL9q59LFpzWjZzDP5A+/wBRbmdjA==</latexit>

B0
s ! ��

<latexit sha1_base64="Mx5Chgd9FxdlTt8WdMv9R4yPsUM=">AAACAHicbVC7TsMwFL0pr1JeAQYGFosKialKChKMVVkYi0RLpSZEjuu0Vp2HbAepirLwKywMIMTKZ7DxN7hpBmg5kq2jc+6VfY6fcCaVZX0blZXVtfWN6mZta3tnd8/cP+jJOBWEdknMY9H3saScRbSrmOK0nwiKQ5/Te39yPfPvH6mQLI7u1DShbohHEQsYwUpLnnnUfsis3MtkjhwVIycZs+LyzLrVsAqgZWKXpA4lOp755QxjkoY0UoRjKQe2lSg3w0Ixwmlec1JJE0wmeEQHmkY4pNLNigA5OtXKEAWx0CdSqFB/b2Q4lHIa+noyxGosF72Z+J83SFVw5WYsSlJFIzJ/KEg50lFnbaAhE5QoPtUEE8H0XxEZY4GJ0p3VdAn2YuRl0ms27PNG8/ai3mqXdVThGE7gDGy4hBbcQAe6QCCHZ3iFN+PJeDHejY/5aMUodw7hD4zPH/drlgA=</latexit>

Talk presented by Adam Morris 
12:20 11th July 

Talk presented by Louis Henry 
11:40 11th July 

CP violation in multibody charmless b-hadron decays 

- Many other talks related to quasi-two-body decays are being presented by LHCb in 
this conference:

including modes:

including modes:
B0

s ! K0
SK

±⇡±
<latexit sha1_base64="8S3a9EjA9OftCFqbHgX/jnh+xUo=">AAACGHicbZDLSsNAFIYnXmu9VV26GSyCq5pUQZelbgQ3Fe0Fmhgm00k7dHJh5kQsIY/hxldx40IRt935Nk7aLrT1h4GP/5zDmfN7seAKTPPbWFpeWV1bL2wUN7e2d3ZLe/stFSWSsiaNRCQ7HlFM8JA1gYNgnVgyEniCtb3hVV5vPzKpeBTewyhmTkD6Ifc5JaAtt3Rad1OVPaRmhm2I8E1ObmoDe4L0Lstyw46DzI75FNxS2ayYE+FFsGZQRjM13NLY7kU0CVgIVBClupYZg5MSCZwKlhXtRLGY0CHps67GkARMOenksAwfa6eH/UjqFwKeuL8nUhIoNQo83RkQGKj5Wm7+V+sm4F86KQ/jBFhIp4v8RGAdQZ4S7nHJKIiRBkIl13/FdEAkoaCzLOoQrPmTF6FVrVhnlerteblWn8VRQIfoCJ0gC12gGrpGDdREFD2jV/SOPowX4834NL6mrUvGbOYA/ZEx/gHQ6KDo</latexit>

B± ! ⇡±K+K�
<latexit sha1_base64="psKuGsbDlQbMwvlgs+r18YhJ07U=">AAACCnicbVBNS8MwGE7n15xfVY9eokMQxNFOQY9jXgQvE9wHrN1Is3QLS9uQpMIoPXvxr3jxoIhXf4E3/41Z14NuvpDw5HnelzfP43FGpbKsb6OwtLyyulZcL21sbm3vmLt7LRnFApMmjlgkOh6ShNGQNBVVjHS4ICjwGGl74+up3n4gQtIovFcTTtwADUPqU4yUpvrmYb2XODxIoaMi6HCav257yWl2n6V9s2xVrKzgIrBzUAZ5NfrmlzOIcByQUGGGpOzaFldugoSimJG05MSScITHaEi6GoYoINJNMispPNbMAPqR0CdUMGN/TyQokHISeLozQGok57Up+Z/WjZV/5SY05LEiIZ4t8mMGte1pLnBABcGKTTRAWFD9V4hHSCCsdHolHYI9b3kRtKoV+7xSvbso1+p5HEVwAI7ACbDBJaiBG9AATYDBI3gGr+DNeDJejHfjY9ZaMPKZffCnjM8fJJqZ5w==</latexit>

B0
(s) ! h+h

0�
<latexit sha1_base64="X1zX4Piw7r+wdpwS36GctkiXHyE=">AAACBXicbVDNS8MwHE3n15xfVY96CA5xIo52Cnoc8+JxgvuArStplm1haVqSVBilFy/+K148KOLV/8Gb/43p1oNuPkh4vPf7kbznhYxKZVnfRm5peWV1Lb9e2Njc2t4xd/eaMogEJg0csEC0PSQJo5w0FFWMtENBkO8x0vLGN6nfeiBC0oDfq0lIHB8NOR1QjJSWXPOw1outxI1L8jSBXRXAUS8+S9L75DxxzaJVtqaAi8TOSBFkqLvmV7cf4MgnXGGGpOzYVqicGAlFMSNJoRtJEiI8RkPS0ZQjn0gnnqZI4LFW+nAQCH24glP190aMfCknvqcnfaRGct5Lxf+8TqQG105MeRgpwvHsoUHEoE6bVgL7VBCs2EQThAXVf4V4hATCShdX0CXY85EXSbNSti/KlbvLYrWW1ZEHB+AIlIANrkAV3II6aAAMHsEzeAVvxpPxYrwbH7PRnJHt7IM/MD5/AHXol0Q=</latexit>

Talk presented by Jeremy Dalseno 
12:00 11th July 

Observation of several sources of CP violation in B+ → π+ π+ π- decays at LHCb

https://indico.cern.ch/event/577856/contributions/3422393/
https://indico.cern.ch/event/577856/contributions/3422391/
https://indico.cern.ch/event/577856/contributions/3419939/


Recent results in quasi-two-body decays
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- Amplitude analysis of the B(s)0→K*0 K*0 decays and measurement of 
the branching fraction of the B0 → K*0 K*0 decay

LHCb-PAPER-2018-036 
Eur. Phys. J. C79 (2019) 537 

- Measurement of the branching fraction and CP asymmetry in 
B+ → J/ψ ρ+ decays

- Study of the B0 → ρ(770)0 K*(892)0 decay with an amplitude analysis 
of B0 → (π+π-) (K-π+)

https://cds.cern.ch/record/2652406
https://doi.org/10.1140/epjc/s10052-019-6698-3


Tom Hadavizadeh

B+ → J/ψ ρ+

- This decay process via tree and penguin topology processes 

- The value of Acp provides an estimate of the penguin-to-tree amplitude ratio for 
b → ccd processes 

- This can place constraints on penguin contributions in the determination of φs
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Run 1 3 fb-1

Eur. Phys. J. C79 (2019) 537

B+ ! J/ ⇢+
<latexit sha1_base64="J/AZNXwfZZVzR8Duwwc48xcy2m8=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQagzVdBlqRtxVcE+oDOWTJppQzPJkGSEMhQ3/oobF4q49Svc+Tdm2llo9UDgcM693JwTxIwq7ThfVmFhcWl5pbhaWlvf2Nyyt3daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoMvPb90QqKvitHsfEj9CA05BipI3Us/fqd+nxBHpawOsTL1YUenIoMq1nl52KMwX8S9yclEGORs/+9PoCJxHhGjOkVNd1Yu2nSGqKGZmUvESRGOERGpCuoRxFRPnpNMIEHhqlD0MhzeMaTtWfGymKlBpHgZmMkB6qeS8T//O6iQ4v/JTyONGE49mhMGHQBM76gH0qCdZsbAjCkpq/QjxEEmFtWiuZEtz5yH9Jq1pxTyvVm7NyrZ7XUQT74AAcARecgxq4Ag3QBBg8gCfwAl6tR+vZerPeZ6MFK9/ZBb9gfXwDpwWWUg==</latexit>

J/ ! µ+µ�
<latexit sha1_base64="HlcTmgYKaTH9kcUiOiPwFk0cczg=">AAACA3icbVBLSwMxGMz6rPW16k0vwSIIYt2tgh6LXsRTBfuA7lqyabYNTbJLkhXKsuDFv+LFgyJe/RPe/Dem7R60dSBkmPk+kpkgZlRpx/m25uYXFpeWCyvF1bX1jU17a7uhokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4GvnNByIVjcSdHsbE56gnaEgx0kbq2Ls3J16sKPR0BD2e3KdH2eQ+zjp2ySk7Y8BZ4uakBHLUOvaX141wwonQmCGl2q4Taz9FUlPMSFb0EkVihAeoR9qGCsSJ8tNxhgweGKULw0iaIzQcq783UsSVGvLATHKk+2raG4n/ee1Ehxd+SkWcaCLw5KEwYdAEHhUCu1QSrNnQEIQlNX+FuI8kwtrUVjQluNORZ0mjUnZPy5Xbs1L1Mq+jAPbAPjgELjgHVXANaqAOMHgEz+AVvFlP1ov1bn1MRuesfGcH/IH1+QO9apbz</latexit>

⇢+ ! ⇡+(⇡0 ! ��)
<latexit sha1_base64="JhOoFOo8Nquj286yPBx5d7uRl04=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyxCRSgzVdBl0Y3LCvYCnVoyaaYNzWVIMkIZ+hpufBU3LhRxqSvfxnQ6C209EPLxn3NI/j+MGdXG876dpeWV1bX1wkZxc2t7Z9fd229qmShMGlgyqdoh0oRRQRqGGkbasSKIh4y0wtH1tN96IEpTKe7MOCZdjgaCRhQjY6We6wVqKO/T0wkMjIRBTDMuZ+Dl4gBxjvLrpOeWvIqXFVwEP4cSyKvecz+DvsQJJ8JghrTu+F5suilShmJGJsUg0SRGeIQGpGNRIE50N82cTeCxVfowksoeYWCm/t5IEdd6zEM7yZEZ6vneVPyv10lMdNlNqYgTQwSePRQlDFq/05hgnyqCDRtbQFhR+1eIh0ghbGyYRRuCP295EZrVin9Wqd6el2pXeRwFcAiOQBn44ALUwA2ogwbA4BE8g1fw5jw5L8678zEbXXLynQPwp5yvH6kCn3M=</latexit>

Decays are reconstructed using three 
charged tracks and two photons

The branching fraction is measured 
relative to B+ → J/ψ K+ decays  

1 Introduction
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via a b ! ccd transition involving tree and penguin amplitudes,1 as shown in Fig. 1.
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No precise prediction for ACP exists, though it is expected to have an absolute value
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in measurements of the CP -violating phase �s from the decay B0

s ! J/ �, assuming
approximate SU(3) flavour symmetry and neglecting exchange and annihilation diagrams.
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In this paper, the branching fraction and the direct CP asymmetry of the decay
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Figure 1: Leading-order Feynman diagrams for the (left) tree and (right) penguin amplitudes
contributing to the decay B+! J/ ⇢+.

2 Detector and simulation

The LHCb detector [6,7] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex

1Charge conjugation is implied throughout this paper, unless otherwise stated.

1

 (See talk by Veronika Chobanova)

https://doi.org/10.1140/epjc/s10052-019-6698-3
https://indico.cern.ch/event/577856/contributions/3419808/
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B+ → J/ψ ρ+

Selection 
- Preselection 

- Kinematic, geometrical and vertex requirements  

- Vetoes for specific backgrounds 
- Invariant mass vetoes remove B+ → J/ψ π+ and B+ → J/ψ K+ with a random π0 

- Vertex quality requirements remove backgrounds with additional charged tracks 

- Multi-variate analysis 
- A neural network is trained on simulations and data sidebands 
- Reweighing is used to ensure good data-MC agreement 

- A kinematic fit is used to constrain the B+ candidate to originate at the primary 
interaction, as well as the J/ψ and π0 mass to known values

 7

Eur. Phys. J. C79 (2019) 537

https://doi.org/10.1140/epjc/s10052-019-6698-3
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Mass fit 
- A 2D fit to m(B+) vs. m(ρ+) is performed, 

simultaneous for 2011 and 2012 data 

- The production asymmetry of B+ mesons 
determined in other measurements is 
subtracted 

B+ → J/ψ ρ+
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Figure 3: The J/ ⇡+⇡0 invariant mass distributions for the (left) 2011 and (right) 2012 data
sets. In the legend, “non res” stands for non-resonant background, “part reco” for partially
reconstructed background and “mis ID” for background involving a misidentification of a kaon.
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Figure 4: The ⇡+�� invariant mass distributions for the (left) 2011 and (right) 2012 data sets
for mJ/ ⇡+⇡0 between 5250MeV/c2 and 5310 MeV/c2.

and 2012 data set are shown in Fig. 3 for mJ/ ⇡+⇡0 and in Fig. 4 for m⇡+��, where only
events between 5250MeV/c2 and 5310MeV/c2 in mJ/ ⇡+⇡0 are considered. For the full fit
regions in mJ/ ⇡+⇡0 and m⇡+�� a total of 489± 32 (1090± 70) signal decays are observed
in 2011 (2012). The fraction of B+ ! J/ ⇡+⇡0 decays that do not proceed via the
⇢+ resonance is measured to be (8.4+6.1

�6.2)% in the m⇡+�� interval from 400MeV/c2 to
1100MeV/c2.

The value of ACP is calculated using

ACP = ACP
raw �Aprod, (5)

where ACP
raw is the raw asymmetry, determined from a fit to the 2011 and 2012 data sets,

split by the charge of the B meson, where all fit components are modelled as in the
branching fraction measurement; and Aprod is the production asymmetry of B+ mesons
in LHCb. For 2011 and 2012 they were measured to be (�0.41 ± 0.49 ± 0.11)% and
(�0.53± 0.31± 0.10)%, respectively [29], with the first uncertainty being statistical and
the second systematic.

For the background contribution from the B+! J/ K⇤+ decay with K⇤+! K0
S⇡

+,
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in LHCb. For 2011 and 2012 they were measured to be (�0.41 ± 0.49 ± 0.11)% and
(�0.53± 0.31± 0.10)%, respectively [29], with the first uncertainty being statistical and
the second systematic.
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S⇡

+,

7

Results 
- The results are the most precise to date

Table 2: Systematic uncertainties on the direct CP asymmetry of B+! J/ ⇢+ decays.

Source of uncertainty Uncertainty
B+ production asymmetry and background asymmetry 0.006
Signal fit function 0.005
Quadratic sum 0.008

adding all individual components in quadrature.

7 Results and Summary

Using Eq. (2) the ratio of the branching fractions of the decays B+ ! J/ ⇢+ and
B+! J/ K+ is determined to be

B(B+! J/ ⇢+)

B(B+! J/ K+)
= 0.0378+0.0025

�0.0024 ± 0.0035

in a combined fit to the 2011 and 2012 data sets, where the first uncertainty is statistical
and the second systematic. The ratio of e�ciencies

"B+!J/ K+

"B+!J/ ⇢+
is 27.2 ± 2.0 for the

combination of both data sets, it is dominated by the low e�ciency to select a ⇡0 with a
su�ciently high transverse momentum. The branching fraction for the decay B+! J/ ⇢+

is

B(B+! J/ ⇢+) = (3.81+0.25
�0.24 ± 0.35)⇥ 10�5.

The CP asymmetry is measured to be

ACP (B+! J/ ⇢+) = �0.045+0.056
�0.057 ± 0.008.

Both results are the most precise to date and are consistent with previous measurements.
Furthermore, the measured value of ACP is consistent with the corresponding measurement
using B0! J/ ⇢0 decays, as expected from isospin symmetry [2].
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The value of ACP is calculated using

ACP = ACP
raw �Aprod, (5)

where ACP
raw is the raw asymmetry, determined from a fit to the 2011 and 2012 data sets,

split by the charge of the B meson, where all fit components are modelled as in the
branching fraction measurement; and Aprod is the production asymmetry of B+ mesons
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(�0.53± 0.31± 0.10)%, respectively [29], with the first uncertainty being statistical and
the second systematic.
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Systematics 
- BF measurement is limited by π0 reconstruction 

efficiency, dominated by BF(B+ → J/ψ K*+) 
Eur. Phys. J. C79 (2019) 537

https://doi.org/10.1140/epjc/s10052-019-6698-3


Recent results in quasi-two-body decays
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- Amplitude analysis of the B(s)0→K*0 K*0 decays and measurement of 
the branching fraction of the B0 → K*0 K*0 decay

- Measurement of the branching fraction and CP asymmetry in 
B+ → J/ψ ρ+ decays

- Study of the B0 → ρ(770)0 K*(892)0 decay with an amplitude analysis 
of B0 → (π+π-) (K-π+)

LHCb-PAPER-2018-042 
JHEP 05 (2019) 026 

https://cds.cern.ch/record/2652296
https://doi.org/10.1007/JHEP05(2019)026
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B0 → ρ0 K*0

- Direct CP asymmetries are measured in this final state by determining the 
differences in partial widths of different amplitudes 

 10

B0 ! (⇡+⇡�)(K+⇡�)
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Run 1 3 fb-1

JHEP 05 (2019) 026

- The tree-level contribution to this decay is doubly Cabibbo-suppressed so gluonic 
and electroweak penguins compete  

- In this P→VV decay, the electroweak penguin amplitudes contribute with different 
signs for different helicity eigenstates 
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Figure 1: Leading Feynman diagrams in the B0! ⇢0K⇤0 decay, from left to right: doubly
Cabibbo-suppressed tree, gluonic-penguin and electroweak-penguin diagrams.

decay to be f 0 = 0.40± 0.08± 0.11. The measurement of the CP -averaged longitudinal
polarisation of B0! !(! ⇡+⇡�⇡0)K⇤0 decays has been performed by both BaBar and
Belle collaborations yielding f 0 = 0.72± 0.14± 0.02 [16] and f 0 = 0.56± 0.29+0.18

�0.08 [17],
respectively.

In this paper an amplitude analysis of the B0 decay to (⇡+⇡�)(K+⇡�) final
state in the two-body invariant mass windows 300 < m(⇡+⇡�) < 1100MeV/c2 and
750 < m(K+⇡�) < 1200MeV/c2 is presented. The analysis uses the data sample col-
lected during the LHC Run I, corresponding to an integrated luminosity of 1 fb�1 of pp
collisions taken by the LHCb experiment in 2011 at a centre-of-mass energy of

p
s = 7TeV

and to 2 fb�1 recorded during 2012 at
p
s = 8TeV. In the considered (⇡+⇡�) invariant-

mass range the vector resonances ⇢0 and ! are expected to contribute, together with the
scalar resonances f0(500), f0(980) and f0(1370). The (K+⇡�) spectrum is dominated
by the vector K⇤(892)0 resonance, but contributions due to the nonresonant (K+⇡�)
interaction and the K⇤

0(1430)
0 state are also accounted for. A measurement of the CP

asymmetries for the di↵erent amplitudes is made, whereas no attempt is done to measure
the overall branching fraction or the global direct CP asymmetry. The focus of the analysis
is on the polarisation fractions of the vector-vector modes as well as the relative phases of
the di↵erent contributions.

2 Detector and simulation

The LHCb detector [18, 19] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes placed downstream of the
magnet. The tracking system provides a measurement of the momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at
200GeV/c. The minimum distance of a track to a primary vertex (PV), the impact param-
eter (IP), is measured with a resolution of (15 + 29/pT)µm, where pT is the component
of the momentum transverse to the beam, in GeV/c. Di↵erent types of charged hadrons
are distinguished using information from two ring-imaging Cherenkov detectors. Photons,
electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad

2

Electroweak penguinTree level Gluonic penguin

https://doi.org/10.1007/JHEP05(2019)026
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Selection 
- Preselection: kinematic, geometric and particle identification requirements 
- Multi-variate analysis  

- A BDT is trained on simulations and data side bands 
- Vetoes for specific backgrounds 

- Particle identification requirements remove Λb0 → pπππ decays 
- D0 veto to remove incorrectly paired B0 → D0 ππ decays  
- Three body modes including B0 → D-π+ removed with angular cut
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Figure 2: Fit to the invariant-mass distribution of selected (left) B0 and (right) B0 candidates
after the subtraction of B0

s ! K⇤0K⇤0 background decays. The four trigger and data-taking
year categories are aggregated in the figures. The contributions due to the B0! (⇡+⇡�)(K+⇡�)
signal, B0

s! (⇡+⇡�)(K+⇡�) background and combinatorial background are represented by the
solid green, red and grey lines, respectively. Data are shown using black dots and the overall fit
is represented by the solid blue line.

on one of the final-state pions is changed to select (K+⇡�)(K�⇡+) candidates instead of
the nominal (⇡+⇡�)(K+⇡�) final state. The (K+⇡�)(K�⇡+) four-body invariant-mass
spectrum is fitted to obtain the yield of this background, which is then corrected by the
ratio of PID e�ciencies, computed using data, to obtain its final contribution to the
analysed data sample. The reason for this particular treatment is that, when the kaon is
misidentified as a pion, the reconstructed mass of these candidates spans widely in the
spectrum underneath the B0 and B0

s signal peaks. To ensure a proper cancellation of this
background, the injected B0

s ! (K+⇡�)(K�⇡+) simulated events are weighted according
to a probability density function (PDF) whose physical parameters (describing the V V ,
V S and SS amplitudes) are taken from a previous measurement [31].

The resulting data samples are fitted to a model where the signal peak is described
with an Hypatia distribution [32], consisting of a Gaussian-like core and asymmetric
tails. Its parameters, except for the mean and width values which are free to vary, are
determined from a fit to the distribution of signal candidates obtained from simulation. The
contribution from the B0

s! (⇡+⇡�)(K+⇡�) mode is described by the same distribution
used for the signal, except for its mean value that is shifted by the known B0

s and B0 mass
di↵erence [3]. Finally, an exponential function accounts for the combinatorial background.
Figure 2 shows the simultaneous four-body invariant-mass fit result separated for B0 and
B0 samples. Table 1 shows the yields obtained in each of the eight fitting categories.

5 Amplitude fit

An amplitude analysis is performed on the background-subtracted samples obtained as
described in Sect. 4. The isobar model [33–35], in which an overall rate is built from the
coherent sum over the considered contributions, is used to build the total decay amplitude
under the quasi-two-body assumption. In the nominal fit, a total of fourteen components,
listed in Table 2, are accounted for in the analysed region of the (⇡+⇡�) and (K+⇡�)
two-body invariant masses.

5

Mass fit 
- Data split into 8 simultaneous categories 

(trigger, year and charge) 

- Bs0 → (Kπ) (Kπ) background is subtracted by 
injecting simulations with negative weights 

- sPlot method used to extract signal components 
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Amplitude model
- The amplitude model is made up from different contributions within the (ππ) and 

(Kπ) mass windows
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K*(892)0  scalar Kπ

ρ VV SV

ω VV SV
f0(500)0 SV SS
f0(980)0 SV SS

f0(1370)0 SV SS

- Three helicity amplitudes contribute from 
each VV combination  

- For VV amplitudes the polarisation 
fraction is defined to be:

ππ
 re

so
na

nc
es

f0,k,?
V V =

|A0,k,?
V V |2

|A0
V V |2 + |Ak

V V |2 + |A?
V V |2

<latexit sha1_base64="9BejjX49v9qX9eoP0t0DbZnvtjQ="></latexit>

- CP averages and asymmetries are constructed for particle and antiparticle decays

f̃V V =
1

2
(fV V + fV V )

<latexit sha1_base64="2ikZE4AxkncRSruMDKu3CY+zqfU=">AAACInicbVDLSsNAFJ34rPUVdelmsAgVoSRVUBdC0Y3LCjYtNCFMJpN26OTBzEQoId/ixl9x40JRV4If46SNoK0XBg7nnHvv3OMljAppGJ/awuLS8spqZa26vrG5ta3v7FoiTjkmHRyzmPc8JAijEelIKhnpJZyg0GOk642uC717T7igcXQnxwlxQjSIaEAxkopy9QtbUuaTLMjdzLJyeAntgCOcmXnWzGE9mLLH0I7VlGLJj/PI1WtGw5gUnAdmCWqgrLarv9t+jNOQRBIzJETfNBLpZIhLihnJq3YqSILwCA1IX8EIhUQ42eTEHB4qxodBzNWLJJywvzsyFAoxDj3lDJEcilmtIP/T+qkMzp2MRkkqSYSni4KUQRnDIi/oU06wZGMFEOZU/RXiIVIRSZVqVYVgzp48D6xmwzxpNG9Pa62rMo4K2AcHoA5McAZa4Aa0QQdg8ACewAt41R61Z+1N+5haF7SyZw/8Ke3rG+wZo+Y=</latexit>

AV V =
fV V � fV V

fV V + fV V
<latexit sha1_base64="lbHA4De672cTvFNCv0NGRF8KBYM=">AAACL3icbVBbS8MwGE3nbc5b1UdfgkMQxNFOQV+EqSA+TnDdYC0jzdItLL2QpMIo/Ue++Ff2IqKIr/4L066CbjsQOJxzviTfcSNGhTSMN620tLyyulZer2xsbm3v6Lt7lghjjkkLhyzkHRcJwmhAWpJKRjoRJ8h3GWm7o9vMbz8RLmgYPMpxRBwfDQLqUYykknr63XUvsawUXkHb4wgndqjS2WWJl06dU+jlJF3gnfx6Pb1q1IwccJ6YBamCAs2ePrH7IY59EkjMkBBd04ikkyAuKWYkrdixIBHCIzQgXUUD5BPhJPm+KTxSSh96IVcnkDBX/04kyBdi7Lsq6SM5FLNeJi7yurH0Lp2EBlEsSYCnD3kxgzKEWXmwTznBko0VQZhT9VeIh0j1JlXFFVWCObvyPLHqNfOsVn84rzZuijrK4AAcgmNgggvQAPegCVoAg2cwAe/gQ3vRXrVP7WsaLWnFzD74B+37B4uoqgA=</latexit>

- Additionally, phase differences and T-odd quantities are measured
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Figure 4: Projections of the amplitude fit to the (left) B0 and (right) B0 data samples. The
four trigger and data-taking year categories are aggregated in the figures. Data are shown by
black points with uncertainties and the overall fit is represented by the solid blue line. The
contributions of the partial waves sharing the same angular dependence are shown as (V V ) solid
green, (V S) dash-dotted violet, (SV ) dashed dark magenta and (SS) dotted orange lines. Direct
CP -violating e↵ects are most visible in the projections of the V V component over cos ✓K⇡ and
cos ✓⇡⇡ and in the di↵erent oscillation frequency in �.
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Figure 4: Projections of the amplitude fit to the (left) B0 and (right) B0 data samples. The
four trigger and data-taking year categories are aggregated in the figures. Data are shown by
black points with uncertainties and the overall fit is represented by the solid blue line. The
contributions of the partial waves sharing the same angular dependence are shown as (V V ) solid
green, (V S) dash-dotted violet, (SV ) dashed dark magenta and (SS) dotted orange lines. Direct
CP -violating e↵ects are most visible in the projections of the V V component over cos ✓K⇡ and
cos ✓⇡⇡ and in the di↵erent oscillation frequency in �.
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Figure 4: Projections of the amplitude fit to the (left) B0 and (right) B0 data samples. The
four trigger and data-taking year categories are aggregated in the figures. Data are shown by
black points with uncertainties and the overall fit is represented by the solid blue line. The
contributions of the partial waves sharing the same angular dependence are shown as (V V ) solid
green, (V S) dash-dotted violet, (SV ) dashed dark magenta and (SS) dotted orange lines. Direct
CP -violating e↵ects are most visible in the projections of the V V component over cos ✓K⇡ and
cos ✓⇡⇡ and in the di↵erent oscillation frequency in �.
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Figure 4: Projections of the amplitude fit to the (left) B0 and (right) B0 data samples. The
four trigger and data-taking year categories are aggregated in the figures. Data are shown by
black points with uncertainties and the overall fit is represented by the solid blue line. The
contributions of the partial waves sharing the same angular dependence are shown as (V V ) solid
green, (V S) dash-dotted violet, (SV ) dashed dark magenta and (SS) dotted orange lines. Direct
CP -violating e↵ects are most visible in the projections of the V V component over cos ✓K⇡ and
cos ✓⇡⇡ and in the di↵erent oscillation frequency in �.
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Figure 4: Projections of the amplitude fit to the (left) B0 and (right) B0 data samples. The
four trigger and data-taking year categories are aggregated in the figures. Data are shown by
black points with uncertainties and the overall fit is represented by the solid blue line. The
contributions of the partial waves sharing the same angular dependence are shown as (V V ) solid
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Figure 3: Definition of the helicity angles in the B0! ⇢0K⇤0 decay.

with a Flatté parametrisation [37]. Also included are the vector (V ) resonances !,
described with a relativistic spin-1 Breit–Wigner shape, and ⇢0, described with the
Gounaris–Sakurai parametrisation [38]. The functional forms of these parametrisations
are given in Appendix C.

The analysed invariant mass region of (K+⇡�) candidates is dominated by two contri-
butions: the vector K⇤(892)0 resonance, described with a relativistic spin-1 Breit–Wigner,
and scalar states, which are comprised of the resonant state K⇤

0 (1430)
0 and a nonresonant

component. The phase evolution of the scalar amplitude is parametrised by the LASS func-
tion [39], while its modulus is modified with a real exponential form factor obtained from
a one-dimensional fit to the (K+⇡�) invariant-mass spectrum of the e�ciency-corrected
data sample.

Depending on the spin of the resonant states, di↵erent possible amplitudes can
contribute to the final state: the combination of two scalars or of a scalar with a
vector resonance proceeds via one possible configuration, while in case of two vector
resonances three transversity amplitudes contribute to the decay rate (A0, A|| and A?).
The transversity (0, ||,?) basis is obtained from a linear transformation of the helicity
(00,++,��) states that results in amplitudes with defined P eigenvalues. Table 2 gathers
the list of considered amplitudes with their corresponding parity and the angular and
two-body invariant mass dependence for each term.

The fit PDF is defined as the di↵erential decay rate,

d5�

dm2
⇡⇡dm

2
K⇡d cos ✓⇡⇡d cos ✓K⇡d�

/ �(m⇡⇡,mK⇡)⇥ (2)

14X

i=1

14X

j=1

[Aigi(✓⇡⇡, ✓K⇡,�)Ri(m⇡⇡,mK⇡)][Ajgj(✓⇡⇡, ✓K⇡,�)Rj(m⇡⇡,mK⇡)]
⇤,

where indices i and j run over the list given by the first column of Table 2.
The normalisation of the PDF implies that one of these quantities must be fixed to a

reference value. For convenience, each amplitude is described in the fit by two parameters
representing the real and imaginary parts. The cartesian representation of these complex
quantities is preferred to avoid degeneracies in the determination of the phases in case of
amplitudes with small magnitudes. The A⇢(K⇡)(V S) component has a sizeable fit fraction,
so it is picked as the reference for the normalisation of the PDF in both B0 and B0 models,
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Appendices

A Legend

Total PDF.

 + interf. *Kω +  *Kρ = VV

) + interf.πK( ω) + πK( ρ = VS

 + interf. *K3S +  *K2S +  *K1S =  SV

) + interf.πK(3S) + πK(2S) + πK(1S =  SS

(1370)
0

f(980) and 
0

f(500), 
0

f ≡ 3S, 2S, 1SWhere: 

Figure 5: Legend for the plots. The partial waves sharing the same angular dependence are
represented as (V V ) solid green, (V S) dash-dotted violet, (SV ) dashed dark magenta and (SS)
dotted orange lines. The overall fit is shown by a solid blue line.

B Breakdown of the systematic uncertainties

In Tables 5 and 6 the break-up of systematic uncertainty contributions for the reported
observables is shown.

16Results 
- A small polarisation fraction and significant direct CP asymmetry is 

measured for the B0 → ρ0 K*0 component  

- This is the first observation of CP asymmetry in angular distributions 
of B0 → VV decays 

three sets di↵er in the phase di↵erence between the a1(1260)� contribution and the
reference amplitude, covering di↵erent interference patterns (0, 2⇡/3 and 4⇡/3).
The maximum shift induced in the fit parameters is assigned as the corresponding
systematic uncertainty. Other three-body decaying resonance contributions, such as
B0! K1(1270)+⇡�, are found to be fully rejected by the two-body invariant-mass
requirements.

Symmetrised (⇡⇡) contribution in the model. The two same-charge pions in the
final state may be exchanged and the PDF re-evaluated. This combination does
not fulfil the invariant-mass requirements on both quasi-two-body systems but the
interference between both configurations might give rise to some e↵ect on the fit
parameters, which is evaluated by generating four hundred pseudoexperiments and
comparing the results of fitting with and without this contribution.

Simulation corrections. Di↵erences in the distributions of the B0 momentum, event
multiplicity and the PID variables are observed between data and simulation and
corrected for. Data is employed to obtain bidimensional e�ciency maps, in bins
of track pseudorapidity and momentum, for each year of data taking and magnet
polarity. These maps are used to evaluate the PID track e�ciency and to assign
to each candidate a global PID e�ciency weight. Furthermore, a second iterative
method [45], is used to weight the simulated events and improve the description
of the track multiplicity and B0 momentum distributions. The final fit results are
obtained with the weights from the last iteration, and their di↵erence with respect
to those obtained using the weights from the previous to last iteration is assigned as
the systematic uncertainty.

The resulting systematic uncertainties are reported in Tables 5 and 6 in Appendix B.
The pollution due to B0! a1(1260)�K+ decays represents the largest source of systematic
uncertainty for the parameters related to the V V waves, while the uncertainty on the
parameters used in the mass propagators and the resolution e↵ects dominate the systematic
uncertainties of the parameters related to the various S-waves.

8 Summary and conclusions

The first full amplitude analysis of B0! (⇡+⇡�)(K+⇡�) decays in the two-body invariant
mass windows of 300 < m(⇡+⇡�) < 1100MeV/c2 and 750 < m(K+⇡�) < 1200MeV/c2 is
presented. The fit model is built using the isobar approach and accounts for 10 decay
channels leading to a total of 14 interfering amplitudes. A remarkably small longitudi-
nal polarisation fraction and a significant direct CP asymmetry are measured for the
B0! ⇢(770)0K⇤(892)0 mode, hinting at a relevant contribution from the colour-allowed
electroweak-penguin amplitude,

f̃ 0
⇢K⇤ = 0.164± 0.015± 0.022 and A0

⇢K⇤ = �0.62± 0.09± 0.09 ,

where the first uncertainty is statistical and the second, systematic. The significance of
the CP asymmetry is obtained by dividing the value of the asymmetry by the sum in
quadrature of the statistical and systematic uncertainties and is found to be in excess of 5
standard deviations. This is the first significant observation of CP asymmetry in angular
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three sets di↵er in the phase di↵erence between the a1(1260)� contribution and the
reference amplitude, covering di↵erent interference patterns (0, 2⇡/3 and 4⇡/3).
The maximum shift induced in the fit parameters is assigned as the corresponding
systematic uncertainty. Other three-body decaying resonance contributions, such as
B0! K1(1270)+⇡�, are found to be fully rejected by the two-body invariant-mass
requirements.

Symmetrised (⇡⇡) contribution in the model. The two same-charge pions in the
final state may be exchanged and the PDF re-evaluated. This combination does
not fulfil the invariant-mass requirements on both quasi-two-body systems but the
interference between both configurations might give rise to some e↵ect on the fit
parameters, which is evaluated by generating four hundred pseudoexperiments and
comparing the results of fitting with and without this contribution.

Simulation corrections. Di↵erences in the distributions of the B0 momentum, event
multiplicity and the PID variables are observed between data and simulation and
corrected for. Data is employed to obtain bidimensional e�ciency maps, in bins
of track pseudorapidity and momentum, for each year of data taking and magnet
polarity. These maps are used to evaluate the PID track e�ciency and to assign
to each candidate a global PID e�ciency weight. Furthermore, a second iterative
method [45], is used to weight the simulated events and improve the description
of the track multiplicity and B0 momentum distributions. The final fit results are
obtained with the weights from the last iteration, and their di↵erence with respect
to those obtained using the weights from the previous to last iteration is assigned as
the systematic uncertainty.

The resulting systematic uncertainties are reported in Tables 5 and 6 in Appendix B.
The pollution due to B0! a1(1260)�K+ decays represents the largest source of systematic
uncertainty for the parameters related to the V V waves, while the uncertainty on the
parameters used in the mass propagators and the resolution e↵ects dominate the systematic
uncertainties of the parameters related to the various S-waves.

8 Summary and conclusions

The first full amplitude analysis of B0! (⇡+⇡�)(K+⇡�) decays in the two-body invariant
mass windows of 300 < m(⇡+⇡�) < 1100MeV/c2 and 750 < m(K+⇡�) < 1200MeV/c2 is
presented. The fit model is built using the isobar approach and accounts for 10 decay
channels leading to a total of 14 interfering amplitudes. A remarkably small longitudi-
nal polarisation fraction and a significant direct CP asymmetry are measured for the
B0! ⇢(770)0K⇤(892)0 mode, hinting at a relevant contribution from the colour-allowed
electroweak-penguin amplitude,

f̃ 0
⇢K⇤ = 0.164± 0.015± 0.022 and A0

⇢K⇤ = �0.62± 0.09± 0.09 ,

where the first uncertainty is statistical and the second, systematic. The significance of
the CP asymmetry is obtained by dividing the value of the asymmetry by the sum in
quadrature of the statistical and systematic uncertainties and is found to be in excess of 5
standard deviations. This is the first significant observation of CP asymmetry in angular
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- Amplitude analysis of the B(s)0→K*0 K*0 decays and measurement of 
the branching fraction of the B0 → K*0 K*0 decay

- Measurement of the branching fraction and CP asymmetry in 
B+ → J/ψ ρ+ decays

- Study of the B0 → ρ(770)0 K*(892)0 decay with an amplitude analysis 
of B0 → (π+π-) (K-π+)

LHCb-PAPER-2019-004 
Submitted to JHEP
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Tom Hadavizadeh

B0 → K*0 K*0

- This analysis performs an untagged, time-integrated amplitude analysis
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Run 1 3 fb-1B0
(s) ! (K�⇡+)(K+⇡�)
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- Can be used to measure the unitarity  
angle βs, relevant in Bs0 processes  

- High precision measurements require 
control of sub-leading amplitudes 

- Previous measurement suggest no 
CP asymmetry, small polarisation 
fraction and small S-wave 
contribution

- Flavour changing neutral current  

- Helps control higher-order 
contributions to Bs0 mode  

- There is a 2.2 sigma difference 
between Belle and BaBar branching 
fraction measurements 

- Both find large polarisation fraction
 arXiv:1712.08683

- This analysis updates polarisation fractions, S-wave contributions and measures B0 
branching fraction

http://arxiv.org/abs/1905.06662
http://arxiv.org/abs/1712.08683
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Mass fit 
- A simultaneous fit is performed to 2011 and 

2012 data 

- B0 → ρ0 K*0 background is subtracted by 
injecting simulations with negative weights 

- sPlot method used to extract signal components

Selection 
- Preselection:  

- Kinematic, geometrical and particle identification requirements  
- Multi-variate analysis:  

- Gradient boosted BDT trained on MC and data sidebands 
- Vetoes for specific Backgrounds: 

- Invariant mass windows and PID selections suppress many peaking backgrounds
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bΛ
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Figure 3: Aggregated four-body invariant-mass fit result of the 2011 and 2012 data. The solid
red distribution corresponds to the B0

s ! (K+⇡�)(K�⇡+) decay, the solid cyan distribution
to B0! (K+⇡�)(K�⇡+), the dotted dark blue line to ⇤0

b! (p⇡�)(K�⇡+), the dotted yellow
line to B0! (K+⇡�)(K�K+) and the dotted cyan line represents the partially reconstructed
background. The tiny combinatorial background contribution is not represented. The black
points with error bars correspond to data to which the B0! ⇢0K⇤0 contribution has been
subtracted with negatively weighted simulation, and the overall fit is represented by the thick
blue line.

Table 3: Signal and background yields for the 2011 and 2012 data samples, obtained from
the fit to the four-body mass spectrum of the selected candidates. Statistical and systematic
uncertainties are reported, the latter are estimated as explained in Sect. 8.

Yield 2011 sample 2012 sample
B0! (K+⇡�)(K�⇡+) 99± 12± 3 249± 19± 5
B0

s ! (K+⇡�)(K�⇡+) 617± 26± 8 1337± 39± 12
Misidentified B0! (K+⇡�)(K�K+) 145± 17± 2 266± 27± 8
Partially reconstructed background 100± 15± 4 230± 25± 6
Combinatorial background 7± 5± 11 48± 25± 25

either the B0! (K+⇡�)(K�⇡+) or the B0

s ! (K+⇡�)(K�⇡+) decays. The contribution
from ⇤0

b! (p⇡�)(K�⇡+), for which the yield is fixed, is treated using extended weights
according to Appendix B.2 of Ref. [33]. The sPlot method suppresses the background
contributions using their relative abundance in the four-body invariant mass spectrum
and, therefore, no assumption is required for their phase-space distribution.

10

arXiv:1905.06662

http://arxiv.org/abs/1905.06662


Tom Hadavizadeh

Amplitude Model

 17

K+π- resonances

K*(892)0 K0*(1430)0 K0*(700)0 (Kπ)0

K*(892)0 VV VS VS VS
K0*(1430)0 SV SS SS SS
K0*(700)0 SV SS SS SS

(Kπ)0 SV SS SS SSK-
π+

 re
so

na
nc

es

- The amplitude model is made up from S-wave and P-wave Kπ resonances 

f0,k,?
V V =

|A0,k,?
V V |2

|A0
V V |2 + |Ak

V V |2 + |A?
V V |2

<latexit sha1_base64="9BejjX49v9qX9eoP0t0DbZnvtjQ="></latexit>

- Additionally the S-wave fraction can be determined from the amplitudes of the SS, 
SV and VS contributions 

arXiv:1905.06662

- The polarisation fraction is measured for the VV contribution

http://arxiv.org/abs/1905.06662
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Results 
- The longitudinal polarisation fractions confirm previous 

measurements  

- The branching fraction of B0 → K*0 K*0 decays is determined to be  

Table 9: Parameters used to determine B(B0! K⇤0K⇤0)/B(B0
s ! K⇤0K⇤0). When two uncer-

tainties are quoted, the first is statistical and the second systematic. The value of fs/fd is taken
from Ref. [41].

Parameter 2011 TOS MagUp 2011 TOS MagDown 2011 noTOS MagUp 2011 noTOS MagDown
NB0 21.8± 4.8± 1.2 33.7± 5.5± 1.4 10.8± 3.6± 0.9 33.5± 5.4± 1.4
NB0

s
145.0± 10.9± 3.3 177.3± 11.6± 3.5 131.9± 10.5± 3.2 162.5± 11.3± 3.4

"B0
s
/"B0 1.127± 0.018± 0.022 1.074± 0.017± 0.030 1.102± 0.029± 0.029 1.144± 0.030± 0.026

B0 1.88± 0.17± 0.06 2.11± 0.21± 0.08
B0

s
3.25± 0.16± 0.19 3.27± 0.16± 0.19

Parameter 2012 TOS MagUp 2012 TOS MagDown 2012 noTOS MagUp 2012 noTOS MagDown
NB0 73.0± 8.7± 2.3 58.7± 8.1± 2.1 64.1± 8.4± 2.2 53.7± 7.9± 2.1
NB0

s
311 ± 16 ± 5 344 ± 17 ± 5 346 ± 17 ± 5 336 ± 17 ± 5

"B0
s
/"B0 1.102± 0.014± 0.053 1.100± 0.014± 0.048 1.180± 0.022± 0.065 1.108± 0.021± 0.060

B0 1.92± 0.18± 0.06 2.07± 0.21± 0.07
B0

s
3.27± 0.16± 0.17 3.14± 0.15± 0.18

fs/fd 0.259± 0.015

It is worth noticing that, since the B0

s ! K⇤0K⇤0 branching fraction was determined with
the B0! K⇤0� decay as a reference [6], the uncertainty on fs/fd, which appears in the
ratio of Eq. (13), does not contribute to the absolute branching fraction measurement.

9 Summary and final considerations

The first study of B0! (K+⇡�)(K�⇡+) decays is performed with a data set recorded
by the LHCb detector, corresponding to an integrated luminosity of 3.0 fb�1 at centre-of-
mass energies of 7 and 8TeV. The B0! K⇤0K⇤0 mode is observed with 10.8 standard
deviations. An untagged and time-integrated amplitude analysis is performed, taking
into account the three helicity angles and the (K+⇡�) and (K�⇡+) invariant masses in a
150MeV/c2 window around the K⇤0 and K⇤0 masses. Six contributions are included in
the fit: three correspond to the B0! K⇤0K⇤0 P–wave, and three to the S–wave, along
with their interferences. A large longitudinal polarisation of the B0! K⇤0K⇤0 decay,
fL = 0.724± 0.051 (stat)± 0.016 (syst), is measured. The S–wave fraction is found to be
0.408± 0.050 (stat)± 0.023 (syst).

A parallel study of the B0

s ! (K+⇡�)(K�⇡+) mode within 150MeV/c2 of the K⇤0

mass is performed, superseding a previous LHCb analysis [6]. A small longitudinal
polarisation, fL = 0.240± 0.031 (stat)± 0.025 (syst) and a large S–wave contribution of
0.694± 0.016 (stat)± 0.012 (syst) are measured for the B0

s ! K⇤0K⇤0 decay, confirming
the previous LHCb results of the time-dependent analysis of the same data [7].

The ratio of branching fractions

B(B0! K⇤0K⇤0)

B(B0

s ! K⇤0K⇤0)
= 0.0758± 0.0057 (stat)± 0.0025 (syst)± 0.0016

✓
fs
fd

◆
,

is determined. With this ratio the B0! K⇤0K⇤0 branching fraction is found to be

B(B0! K⇤0K⇤0) = (8.0± 0.9 (stat)± 0.4 (syst))⇥ 10�7.
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Figure 4: Projections of the amplitude fit results for the B0! K⇤0K⇤0 decay mode on the
helicity angles (top row: cos ✓1 left, cos ✓2 centre and � right) and on the two-body invariant
masses (bottom row: M(K+⇡�) left and M(K�⇡+) centre). The contributing partial waves:
V V (dashed red), V S (dashed green) and SS (dotted grey) are shown with lines. The black
points correspond to data and the overall fit is represented by the blue line.

standard deviation of the distribution of the fit results for each observable is assigned
as a systematic uncertainty.

Resolution. The fit performed assumes a perfect resolution on the phase-space variables.
The impact of the detector resolution on these variables is estimated with sets of
pseudoexperiments adding per-event random deviations according to the resolution
estimated from simulation. For each observable, the mean deviation of the result
from the measured value is assigned as a systematic uncertainty.

P–wave mass model. The amplitude analysis is repeated with alternative values of the
parameters that define the P–wave mass propagator, detailed in Table 1, randomly
sampled from their known values [5]. The standard deviation of the distribution of
the amplitude fit results for each observable is assigned as a systematic uncertainty.

S–wave mass model. In addition to the default S–wave propagator, described in Sect. 2,
two alternative models are used: the LASS lineshape with the parameters of Table 5,
obtained with B0! J/ K+⇡� decays within the analysis of Ref. [36], and the
propagator proposed in Ref. [37]. The amplitude fit is performed with these two
alternatives and, for each observable, the largest deviation from the baseline result
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Figure 4: Projections of the amplitude fit results for the B0! K⇤0K⇤0 decay mode on the
helicity angles (top row: cos ✓1 left, cos ✓2 centre and � right) and on the two-body invariant
masses (bottom row: M(K+⇡�) left and M(K�⇡+) centre). The contributing partial waves:
V V (dashed red), V S (dashed green) and SS (dotted grey) are shown with lines. The black
points correspond to data and the overall fit is represented by the blue line.

standard deviation of the distribution of the fit results for each observable is assigned
as a systematic uncertainty.

Resolution. The fit performed assumes a perfect resolution on the phase-space variables.
The impact of the detector resolution on these variables is estimated with sets of
pseudoexperiments adding per-event random deviations according to the resolution
estimated from simulation. For each observable, the mean deviation of the result
from the measured value is assigned as a systematic uncertainty.

P–wave mass model. The amplitude analysis is repeated with alternative values of the
parameters that define the P–wave mass propagator, detailed in Table 1, randomly
sampled from their known values [5]. The standard deviation of the distribution of
the amplitude fit results for each observable is assigned as a systematic uncertainty.

S–wave mass model. In addition to the default S–wave propagator, described in Sect. 2,
two alternative models are used: the LASS lineshape with the parameters of Table 5,
obtained with B0! J/ K+⇡� decays within the analysis of Ref. [36], and the
propagator proposed in Ref. [37]. The amplitude fit is performed with these two
alternatives and, for each observable, the largest deviation from the baseline result
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K⇤0

K⇤0
B0
(s)

K�

⇡+

K+

⇡�

✓2 ✓1

�

Figure 2: Definition of the helicity angles, employed in the angular analysis of the B0

(s)! K⇤0K⇤0

decays. Each angle is defined in the rest frame of the decaying particle.

of the K+(�) meson and the direction opposite to the B-meson momentum in the rest
frame of the K⇤0 (K⇤0) resonance, and �, the angle between the decay planes of the two
vector mesons in the B-meson rest frame. From angular momentum conservation, three
relative polarisations of the final state are possible for V V final states that correspond
to longitudinal (0 or L), or transverse to the direction of motion and parallel (k) or
perpendicular (?) to each other. For the two-body invariant mass of the (K+⇡�) and
(K�⇡+) pairs, noted as m1 ⌘ M(K+⇡�) and m2 ⌘ M(K�⇡+), a range of 150MeV/c2

around the known K⇤0 mass [5] is considered. Therefore, (K⇡) pairs may not only
originate from the spin-1 K⇤0 meson, but also from other spin states. This justifies that,
besides the helicity angles, a phenomenological description of the two-body invariant mass
spectra, employing the isobar model, is adopted in the analytic model. In the isobar
approach, the decay amplitude is modelled as a linear superposition of quasi-two-body
amplitudes [14].

For the S–wave (J = 0), the K⇤
0
(1430)0 resonance, the possible K⇤

0
(700)0 (or ) and a

non-resonant component, (K⇡)0, need to be accounted for. This is done using the LASS
parameterisation [15], which is an e↵ective-range elastic scattering amplitude, interfering
with the K⇤

0
(1430)0 meson,

M0(m) / m

q

✓
1

cot �� � i
+ e2i��

M0�0(m)

M2

0
�m2 � iM0�0(m)

◆
, (1)

where

�0(m) = �0

M0

m

✓
q

q0

◆
(2)

represents the K⇤
0
(1430)0 width. In Eq. (1) and Eq. (2) q is the (K⇡) centre-of-mass decay

momentum, and M0, �0 and q0 are the K⇤
0
(1430)0 mass, width and centre-of-mass decay

momentum at the pole, respectively. The e↵ective-range elastic scattering amplitude
component depends on

cot �� =
1

aq
+

1

2
bq,

where a is the scattering length and b the e↵ective range.
For the P–wave (J = 1), only the K⇤(892)0 resonance is considered. Other P–wave

resonances, such as K⇤(1410)0 or K⇤(1680)0, with pole masses much above the fit region,
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Figure 4: Projections of the amplitude fit results for the B0! K⇤0K⇤0 decay mode on the
helicity angles (top row: cos ✓1 left, cos ✓2 centre and � right) and on the two-body invariant
masses (bottom row: M(K+⇡�) left and M(K�⇡+) centre). The contributing partial waves:
V V (dashed red), V S (dashed green) and SS (dotted grey) are shown with lines. The black
points correspond to data and the overall fit is represented by the blue line.

standard deviation of the distribution of the fit results for each observable is assigned
as a systematic uncertainty.

Resolution. The fit performed assumes a perfect resolution on the phase-space variables.
The impact of the detector resolution on these variables is estimated with sets of
pseudoexperiments adding per-event random deviations according to the resolution
estimated from simulation. For each observable, the mean deviation of the result
from the measured value is assigned as a systematic uncertainty.

P–wave mass model. The amplitude analysis is repeated with alternative values of the
parameters that define the P–wave mass propagator, detailed in Table 1, randomly
sampled from their known values [5]. The standard deviation of the distribution of
the amplitude fit results for each observable is assigned as a systematic uncertainty.

S–wave mass model. In addition to the default S–wave propagator, described in Sect. 2,
two alternative models are used: the LASS lineshape with the parameters of Table 5,
obtained with B0! J/ K+⇡� decays within the analysis of Ref. [36], and the
propagator proposed in Ref. [37]. The amplitude fit is performed with these two
alternatives and, for each observable, the largest deviation from the baseline result
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points correspond to data and the overall fit is represented by the blue line.
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Summary
- LHCb has produced measurements of CP asymmetries, branching fractions and 

polarisation fractions in quasi-two-body decays including:
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The most precise measurement of CP asymmetry and 
branching fraction of B+ → J/ψ ρ+ decays

This is the first observation of CP asymmetry in angular 
distributions of B0 → ρ0 K*0 decays 

Polarisation fraction and branching fraction 
measurements in B0 → K*0 K*0 decays 

- LHCb has a large sample of Run 2 data, so expect more exciting results in the near 
future 
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Branching fraction systematics Table 1: Systematic uncertainties on the branching fraction B(B+! J/ ⇢+).

Source of uncertainty Relative uncertainty [%]
Trigger e�ciency 1.4
Charged particle reconstruction e�ciency 0.5
⇡0 reconstruction e�ciency 6.3
Hadron identification e�ciency 2.1
Muon identification e�ciency 0.4
Selection e�ciency B+! J/ K+ 0.1
Selection e�ciency B+! J/ ⇢+ 1.8
Removal of multiple candidates 1.2
Fit function 4.0
B+! J/ ⇢+ polarization 2.2
Fit ranges 1.6
Nonresonant line shape 1.5
Neglecting interference 2.8
Quadratic sum 9.1

including the interference term, where for each sample a di↵erent fixed phase for the
nonresonant contribution is chosen. The shape of the angular acceptance is taken from
the full simulation of B+ ! J/ ⇢+ decays. Each sample is fitted with the baseline
description, which does not include the interference term. The largest relative di↵erence
in the signal yield with respect to the generated value is taken as a systematic uncertainty.
To investigate possible exotic resonance contributions, the invariant masses of J/ ⇡+ and
J/ ⇡0 are inspected and no excess compared to the expectation is found.

Given the nature of the systematic uncertainties on the ⇡0 and charged-particle
reconstruction e�ciencies, the selection e�ciency and the removal of multiple candidates,
their correlation in 2011 and 2012 is set to 1. All other uncertainties either result from a
common fit to the combined data sets of 2011 and 2012 or are treated as uncorrelated.

6.2 Uncertainties on the CP asymmetry

Most systematic uncertainties cancel when calculating the ACP ratio. The remaining
contributions are listed in Table 2. The largest contributions come from the uncertainty
on the knowledge of the direct CP asymmetry of the B+! J/ K⇤+ decay for the partially
reconstructed background, and the limited knowledge of the production asymmetry for
B+ mesons in the 2011 and 2012 data sets. The signal model is again replaced by a
two-dimensional kernel density estimator to take possible correlations into account, taking
the di↵erence in the CP -asymmetry results as a systematic uncertainty.

To evaluate a possible bias on the asymmetry result, a permutation test is performed
where the data set is split 1000 times randomly, instead of by the charge of the B+ meson,
and the asymmetry is evaluated. As an additional check, simulated decays are added
to each of these randomly split samples, corresponding to ±5% and ±10% asymmetry,
to assess the robustness of the asymmetry fit for a non-zero ACP value. No bias in the
resulting distributions is observed. The total systematic uncertainty for ACP is formed by

10

Table 2: Systematic uncertainties on the direct CP asymmetry of B+! J/ ⇢+ decays.

Source of uncertainty Uncertainty
B+ production asymmetry and background asymmetry 0.006
Signal fit function 0.005
Quadratic sum 0.008

adding all individual components in quadrature.

7 Results and Summary

Using Eq. (2) the ratio of the branching fractions of the decays B+ ! J/ ⇢+ and
B+! J/ K+ is determined to be

B(B+! J/ ⇢+)

B(B+! J/ K+)
= 0.0378+0.0025

�0.0024 ± 0.0035

in a combined fit to the 2011 and 2012 data sets, where the first uncertainty is statistical
and the second systematic. The ratio of e�ciencies

"B+!J/ K+

"B+!J/ ⇢+
is 27.2 ± 2.0 for the

combination of both data sets, it is dominated by the low e�ciency to select a ⇡0 with a
su�ciently high transverse momentum. The branching fraction for the decay B+! J/ ⇢+

is

B(B+! J/ ⇢+) = (3.81+0.25
�0.24 ± 0.35)⇥ 10�5.

The CP asymmetry is measured to be

ACP (B+! J/ ⇢+) = �0.045+0.056
�0.057 ± 0.008.

Both results are the most precise to date and are consistent with previous measurements.
Furthermore, the measured value of ACP is consistent with the corresponding measurement
using B0! J/ ⇢0 decays, as expected from isospin symmetry [2].
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Mass fit 
- Shapes:  

- Signal B+ mass: Sum of two Crystal Ball functions with tails fixed from simulation 
- Signal rho+ mass: Relativistic Breit-Wigner with parameters fixed to simulation  
- Part-Reco: two-dimensional kernel density estimations 
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Full results 
Table 3: Numerical fit results for the CP averages and asymmetries in the (top) modulus and
(bottom) phase di↵erences of all the contributing amplitudes and among the V V polarisation
fractions. For the numbers in the table, the first and second uncertainties correspond to the
statistical and total systematic, respectively. The total systematic uncertainty is obtained
from the sum in quadrature of the individual sources detailed in Sect. 7, accounting for 100%
correlation of the common systematic uncertainties for B0 and B0.

Parameter CP average, f̃ CP asymmetry, A
|A0

⇢K⇤ |2 0.32 ± 0.04 ± 0.07 �0.75 ± 0.07 ± 0.17

|A||
⇢K⇤ |2 0.70 ± 0.04 ± 0.08 �0.049± 0.053± 0.019

|A?
⇢K⇤ |2 0.67 ± 0.04 ± 0.07 �0.187± 0.051± 0.026

|A0
!K⇤ |2 0.019 ± 0.010 ± 0.012 �0.6 ± 0.4 ± 0.4

|A||
!K⇤ |2 0.0050± 0.0029± 0.0031 �0.30 ± 0.54 ± 0.28

|A?
!K⇤ |2 0.0020± 0.0019± 0.0015 �0.2 ± 0.9 ± 0.4

|A!(K⇡)|2 0.026 ± 0.011 ± 0.025 �0.47 ± 0.33 ± 0.45
|Af0(500)K⇤ |2 0.53 ± 0.05 ± 0.10 �0.06 ± 0.09 ± 0.04
|Af0(980)K⇤ |2 2.42 ± 0.13 ± 0.25 �0.022± 0.052± 0.023
|Af0(1370)K⇤ |2 1.29 ± 0.09 ± 0.20 �0.09 ± 0.07 ± 0.04
|Af0(500)(K⇡)|2 0.174 ± 0.021 ± 0.039 0.30 ± 0.12 ± 0.09
|Af0(980)(K⇡)|2 1.18 ± 0.08 ± 0.07 �0.083± 0.066± 0.023
|Af0(1370)(K⇡)|2 0.139 ± 0.028 ± 0.039 �0.48 ± 0.17 ± 0.15

f 0
⇢K⇤ 0.164 ± 0.015 ± 0.022 �0.62 ± 0.09 ± 0.09

f ||
⇢K⇤ 0.435 ± 0.016 ± 0.042 0.188± 0.037± 0.022
f?
⇢K⇤ 0.401 ± 0.016 ± 0.037 0.050± 0.039± 0.015

f 0
!K⇤ 0.68 ± 0.17 ± 0.16 �0.13 ± 0.27 ± 0.13

f ||
!K⇤ 0.22 ± 0.14 ± 0.15 0.26 ± 0.55 ± 0.22
f?
!K⇤ 0.10 ± 0.09 ± 0.09 0.3 ± 0.8 ± 0.4

Parameter CP average, 1
2(�B + �B) [rad] CP di↵erence, 1

2(�B � �B) [rad]

�0⇢K⇤ 1.57 ± 0.08 ± 0.18 0.12 ± 0.08 ± 0.04

�||⇢K⇤ 0.795 ± 0.030 ± 0.068 0.014± 0.030± 0.026
�?⇢K⇤ �2.365 ± 0.032 ± 0.054 0.000± 0.032± 0.013
�0!K⇤ �0.86 ± 0.29 ± 0.71 0.03 ± 0.29 ± 0.16

�||!K⇤ �1.83 ± 0.29 ± 0.32 0.59 ± 0.29 ± 0.07
�?!K⇤ 1.6 ± 0.4 ± 0.6 �0.25 ± 0.43 ± 0.16
�!(K⇡) �2.32 ± 0.22 ± 0.24 �0.20 ± 0.22 ± 0.14

�f0(500)K⇤ �2.28 ± 0.06 ± 0.22 �0.00 ± 0.06 ± 0.05
�f0(980)K⇤ 0.39 ± 0.04 ± 0.07 0.018± 0.038± 0.022
�f0(1370)K⇤ �2.76 ± 0.05 ± 0.09 0.076± 0.051± 0.025
�f0(500)(K⇡) �2.80 ± 0.09 ± 0.21 �0.206± 0.088± 0.034
�f0(980)(K⇡) �2.982 ± 0.032 ± 0.057 �0.027± 0.032± 0.013
�f0(1370)(K⇡) 1.76 ± 0.10 ± 0.11 �0.16 ± 0.10 ± 0.04

�||�?
⇢K⇤ 3.160 ± 0.035 ± 0.044 0.014± 0.035± 0.026

�||�0
⇢K⇤ �0.77 ± 0.09 ± 0.06 �0.109± 0.085± 0.034
�?�0
⇢K⇤ �3.93 ± 0.09 ± 0.07 �0.123± 0.085± 0.035

�||�?
!K⇤ �3.4 ± 0.5 ± 0.7 0.84 ± 0.52 ± 0.16

�||�0
!K⇤ �1.0 ± 0.4 ± 0.6 0.57 ± 0.41 ± 0.17
�?�0
!K⇤ 2.4 ± 0.5 ± 0.8 �0.28 ± 0.51 ± 0.24
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Comparison to theory 
Table 4: Comparison of theoretical predictions for the B0! ⇢(770)0K⇤(892)0 mode with the
results obtained from this analysis. It should be noted that the theoretical predictions involving
the CP averaged value of �?⇢K⇤ have been shifted by ⇡ on account of the di↵erent phase conventions
used in the theoretical and experimental works.

Observable QCDF [4] pQCD [11] This work

f
0 ⇢
K

⇤ CP average 0.22+0.03+0.53
�0.03�0.14 0.65+0.03+0.03

�0.03�0.04 0.164± 0.015± 0.022

CP asymmetry �0.30+0.11+0.61
�0.11�0.49 0.0364+0.0120

�0.0107 �0.62 ± 0.09 ± 0.09

f
? ⇢
K

⇤ CP average 0.39+0.02+0.27
�0.02�0.07 0.169 +0.027

�0.018 0.401± 0.016± 0.037

CP asymmetry � �0.0771+0.0197
�0.0186 0.050± 0.039± 0.015

�|
|�

0
⇢
K

⇤ CP average [rad] �0.7 +0.1+1.1
�0.1�0.8 �1.61 +0.02

�3.06 �0.77 ± 0.09 ± 0.06

CP di↵erence [rad] 0.30+0.09+0.38
�0.09�0.33 �0.001+0.017

�0.018 �0.109± 0.085± 0.034

�|
|�

?
⇢
K

⇤ CP average [rad] ⌘ ⇡ 3.15 +0.02
�4.30 3.160± 0.035± 0.044

CP di↵erence [rad] ⌘ 0 �0.003+0.025
�0.024 0.014± 0.035± 0.026

distributions of B0! V V decays. A determination of the equivalent parameters for the
B0! !K⇤0 mode is also made, resulting in

f̃ 0
!K⇤ = 0.68± 0.17± 0.16 and A0

!K⇤ = �0.13± 0.27± 0.13 .

The phase di↵erences between the perpendicular and parallel polarisation, �||�?
⇢K⇤ , are found

to be very close to ⇡ and 0, for the CP averaged and CP di↵erence values, respectively.
These are in good agreement with theoretical predictions computed in both QCDF and
pQCD frameworks. Table 4 shows a comparison among the results obtained in this
analysis and the most recent predictions in these two theoretical approaches.
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Systematic uncertainties 

- Uncertainties on the parameters in the mass propagators 
- Angular momentum barrier factors  
- Background subtractions 
- Description of the kinematic acceptance  
- Masses and angular resolution 
- Fit method 
- Pollution due to B0 → a1(1260)- K+ decays  
- Symmetrised (ππ) contributions in the model  
- Simulation corrections
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Systematic uncertainties 
Table 5: Table (I) of the systematic uncertainties. The abbreviations S1, S2 and S3 stand for f0(500), f0(980) and f0(1370), respectively.
Negligible values are represented by a dash (�).

Systematic uncertainty |A0
⇢K⇤ |2 |A||

⇢K⇤ |2 |A?
⇢K⇤ |2 |A0

!K⇤ |2 |A||
!K⇤ |2 |A?

!K⇤ |2 |A!(K⇡)|2 |AS1K⇤ |2 |AS2K⇤ |2 |AS3K⇤ |2

C
P

av
er
ag
es Centrifugal barrier factors � � � � 0.0001 � 0.001 0.01 0.01 0.04

Hypatia parameters � � � � � � � � � �
B0

s ! K⇤0K⇤0 bkg. 0.01 0.01 0.01 0.001 0.0004 0.0002 0.001 0.01 0.02 0.01
Simulation sample size 0.01 0.01 0.01 0.002 0.0007 0.0003 0.005 0.02 0.06 0.04
Data-Simulation corrections � � � � 0.0002 � � � � �

C
P

as
ym

. Centrifugal barrier factors � � 0.004 � � � 0.01 � 0.003 0.01
Hypatia parameters � 0.002 0.002 � 0.01 � 0.01 � 0.002 �
B0

s ! K⇤0K⇤0 bkg. 0.03 0.011 0.013 � 0.13 0.1 0.01 0.02 0.005 0.01
Simulation sample size 0.02 0.014 0.011 0.1 0.17 0.4 0.14 0.04 0.022 0.03
Data-Simulation corrections � 0.001 � � 0.01 � 0.01 � � �

C
om

m
on

(B
0
,B

0
)

Mass propagators parameters 0.01 0.033 0.040 0.002 0.0003 0.0001 0.002 0.07 0.170 0.12
Masses and angles resolution 0.01 0.023 0.040 0.010 0.0028 0.0010 0.024 0.03 0.050 0.10
Fit method 0.01 0.007 0.007 0.004 0.0005 0.0010 0.001 0.01 0.029 �
a1(1260) pollution 0.06 0.070 0.019 0.003 0.0005 0.0002 0.003 0.05 0.130 0.10
Symmetrised (⇡⇡) PDF 0.04 0.030 0.021 � 0.0008 0.0003 0.004 0.03 0.080 0.06

Systematic uncertainty |AS1(K⇡)|2 |AS2(K⇡)|2 |AS3(K⇡)|2 �0⇢K⇤ �||⇢K⇤ �?⇢K⇤ �0!K⇤ �||!K⇤ �?!K⇤ �!(K⇡)

C
P

av
er
ag
es Centrifugal barrier factors 0.003 0.02 0.003 � 0.001 0.002 0.03 0.01 � 0.01

Hypatia parameters 0.001 0.01 0.001 � 0.001 0.002 0.01 0.01 � �
B0

s ! K⇤0K⇤0 bkg. 0.008 0.01 0.004 0.02 0.018 0.007 0.04 0.02 0.1 0.01
Simulation sample size 0.006 0.03 0.007 0.02 0.009 0.008 0.15 0.07 0.1 0.10
Data-Simulation corrections � � 0.001 � 0.001 � � � � �

C
P

as
ym

. Centrifugal barrier factors � 0.010 0.02 � 0.004 0.001 0.02 0.01 0.03 0.02
Hypatia parameters 0.01 0.004 0.01 � 0.001 0.001 0.01 0.01 0.01 �
B0

s ! K⇤0K⇤0 bkg. 0.05 0.007 0.03 0.03 0.024 0.009 0.05 0.02 0.06 0.02
Simulation sample size 0.04 0.020 0.06 0.02 0.009 0.009 0.15 0.07 0.15 0.13
Data-Simulation corrections � 0.001 � � � � � 0.01 0.01 �

C
om

m
on

(B
0
,B

0
)

Mass propagators parameters 0.012 0.027 0.024 0.03 0.009 0.008 0.04 0.05 0.09 0.04
Masses and angles resolution 0.010 0.026 0.011 0.03 0.020 0.017 0.30 0.30 0.50 0.17
Fit method 0.003 0.021 0.005 � 0.001 0.001 0.03 0.05 0.04 0.01
a1(1260) pollution 0.018 0.040 0.019 0.17 0.060 0.050 0.60 0.06 0.05 0.12
Symmetrised (⇡⇡) PDF 0.029 0.025 0.019 0.02 0.010 0.012 � 0.04 0.30 0.05
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Table 6: Table (II) of the systematic uncertainties. The abbreviations S1, S2 and S3 stand for f0(500), f0(980) and f0(1370), respectively.
Negligible values are represented by a dash (�).

Systematic uncertainty �S1K⇤ �S2K⇤ �S3K⇤ �S1(K⇡) �S2(K⇡) �S3(K⇡) f 0
⇢K⇤ f ||

⇢K⇤ f?
⇢K⇤ f 0

!K⇤ f ||
!K⇤

C
P

av
er
ag
es Centrifugal barrier factors 0.01 � 0.01 0.01 0.001 0.02 0.001 0.001 0.002 � �

Hypatia parameters � � � � 0.001 0.01 0.001 0.001 0.001 � �
B0

s ! K⇤0K⇤0 bkg. 0.05 � 0.01 0.02 0.002 0.01 0.005 0.003 0.005 0.02 0.02
Simulation sample size 0.02 0.01 0.02 0.02 0.009 0.03 0.004 0.004 0.004 0.06 0.05
Data-Simulation corrections � � � � 0.001 � � � � 0.01 �

C
P

as
ym

. Centrifugal barrier factors 0.01 0.001 0.001 0.004 0.003 0.02 � 0.001 0.002 0.01 0.01
Hypatia parameters � 0.002 0.002 0.004 0.001 0.01 � 0.003 0.002 0.01 0.01
B0

s ! K⇤0K⇤0 bkg. 0.04 0.005 0.011 0.023 0.002 0.01 0.03 0.007 0.011 0.03 0.06
Simulation sample size 0.03 0.022 0.022 0.025 0.012 0.03 0.02 0.010 0.009 0.12 0.14
Data-Simulation corrections � 0.001 � 0.003 � � � 0.001 0.001 � 0.01

C
om

m
on

(B
0
,B

0
)

Mass propagators parameters 0.19 0.031 0.070 0.200 0.018 0.06 0.011 0.005 0.006 0.01 0.01
Masses and angles resolution 0.02 0.027 0.017 0.026 0.026 0.05 0.010 0.016 0.018 0.14 0.12
Fit method � 0.004 0.001 0.002 0.001 � 0.003 0.001 0.002 0.01 0.05
a1(1260) pollution 0.09 0.040 0.040 0.040 0.050 0.04 0.015 0.040 0.031 0.02 0.01
Symmetrised (⇡⇡) PDF 0.03 0.029 0.022 0.035 0.006 0.05 0.004 � 0.004 0.04 0.05

Systematic uncertainty f?
!K⇤ �||�?

⇢K⇤ �||�0
⇢K⇤ �?�0

⇢K⇤ �||�?
!K⇤ �||�0

!K⇤ �?�0
!K⇤ A⇢K⇤,1

T A⇢K⇤,2
T A!K⇤,1

T A!K⇤,2
T

C
P

av
er
ag
es Centrifugal barrier factors � 0.001 � � � � � 0.0002 � 0.001 0.001

Hypatia parameters � 0.001 � � � � � 0.0002 � 0.001 0.001
B0

s ! K⇤0K⇤0 bkg. 0.01 0.018 0.02 0.02 0.1 � 0.1 0.0017 0.002 0.004 0.002
Simulation sample size 0.03 0.009 0.02 0.02 0.2 0.2 0.2 0.0013 0.002 0.012 0.012
Data-Simulation corrections � 0.001 � � � � � � � � �

C
P

as
ym

. Centrifugal barrier factors � 0.004 0.007 0.004 0.03 0.02 0.04 0.0003 0.001 0.001 0.001
Hypatia parameters 0.1 0.001 0.002 0.002 0.02 0.01 0.02 0.0001 � 0.001 0.001
B0

s ! K⇤0K⇤0 bkg. 0.2 0.024 0.020 0.026 0.06 0.04 0.13 0.0017 0.004 0.005 0.003
Simulation sample size 0.1 0.011 0.027 0.023 0.14 0.17 0.20 0.0013 0.002 0.015 0.017
Data-Simulation corrections � � 0.002 0.002 0.02 0.01 0.01 � � 0.001 �

C
om

m
on

(B
0
,B

0
)

Mass propagators parameters � 0.004 0.028 0.024 0.07 0.06 0.09 0.0006 0.001 0.002 �
Masses and angles resolution 0.08 0.031 0.029 0.040 0.60 0.40 0.60 0.0020 0.005 0.026 0.019
Fit method 0.03 0.003 0.005 0.004 0.02 0.02 0.03 0.0001 � 0.005 0.001
a1(1260) pollution 0.01 0.024 0.035 0.032 0.24 0.32 0.40 0.0040 0.004 0.012 0.001
Symmetrised (⇡⇡) PDF 0.03 0.005 0.001 0.001 0.35 0.02 0.29 0.0007 0.001 0.018 0.003
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Mass fit 
- Shapes:  

- Signal: Hypatia distribution with parameters obtained from simulation. The same shape 
is used for B0 and Bs0, except with a mass shift 
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Figure 4: Projections of the amplitude fit results for the B0! K⇤0K⇤0 decay mode on the
helicity angles (top row: cos ✓1 left, cos ✓2 centre and � right) and on the two-body invariant
masses (bottom row: M(K+⇡�) left and M(K�⇡+) centre). The contributing partial waves:
V V (dashed red), V S (dashed green) and SS (dotted grey) are shown with lines. The black
points correspond to data and the overall fit is represented by the blue line.

standard deviation of the distribution of the fit results for each observable is assigned
as a systematic uncertainty.

Resolution. The fit performed assumes a perfect resolution on the phase-space variables.
The impact of the detector resolution on these variables is estimated with sets of
pseudoexperiments adding per-event random deviations according to the resolution
estimated from simulation. For each observable, the mean deviation of the result
from the measured value is assigned as a systematic uncertainty.

P–wave mass model. The amplitude analysis is repeated with alternative values of the
parameters that define the P–wave mass propagator, detailed in Table 1, randomly
sampled from their known values [5]. The standard deviation of the distribution of
the amplitude fit results for each observable is assigned as a systematic uncertainty.

S–wave mass model. In addition to the default S–wave propagator, described in Sect. 2,
two alternative models are used: the LASS lineshape with the parameters of Table 5,
obtained with B0! J/ K+⇡� decays within the analysis of Ref. [36], and the
propagator proposed in Ref. [37]. The amplitude fit is performed with these two
alternatives and, for each observable, the largest deviation from the baseline result
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Figure 5: Projections of the amplitude fit results for the B0
s ! K⇤0K⇤0 decay mode on the

helicity angles (top row: cos ✓1 left, cos ✓2 centre and � right) and on the two-body invariant
masses (bottom row: M(K+⇡�) left and M(K�⇡+) centre). The contributing partial waves:
V V (dashed red), V S (dashed green) and SS (dotted grey) are shown with lines. The black
points correspond to data and the overall fit is represented by the blue line.

Table 5: Alternative parameters of the LASS mass propagator used in the S–wave systematic
uncertainty estimation.

(K+⇡�)0
M0 [MeV/c2] 1456.7± 3.9
�0 [MeV] 323± 11
a [c/GeV] 3.83± 0.11
b [c/GeV] 2.86± 0.22

is assigned as a systematic uncertainty.

Di↵erences between data and simulation. An iterative method [38], is used to
weight the simulated events and improve the description of the track multiplicity
and B0

(s)-meson momentum distributions. The procedure is repeated multiple times
and, for each observable, the mean bias of the amplitude fit result is corrected for
in the results of Table 4 while its standard deviation is assigned as a systematic
uncertainty.
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Full Results 

Table 4: Results of the amplitude analysis of B0! (K+⇡�)(K�⇡+) and B0
s ! (K+⇡�)(K�⇡+)

decays. The observables above the line are directly obtained from the maximum-likelihood fit
whereas those below are obtained from the former, as explained in the text, with correlations
accounted for in their estimated uncertainties. For each result, the first quoted uncertainty is
statistical and the second systematic. The estimation of the latter is described in Sect. 7.

Parameter B0! K⇤0K⇤0 B0

s ! K⇤0K⇤0

fL 0.724± 0.051± 0.016 0.240± 0.031± 0.025
xfk 0.42± 0.10± 0.03 0.307± 0.031± 0.010
|A�

S |2 0.377± 0.052± 0.024 0.558± 0.021± 0.014
x|A+

S |2 0.013± 0.027± 0.011 0.109± 0.028± 0.024

x|ASS |2 0.038± 0.022± 0.006 0.222± 0.025± 0.031
�k 2.51± 0.22± 0.06 2.37± 0.12± 0.06

�? � �+S 5.44± 0.86± 0.22 4.40± 0.17± 0.07
��S 5.11± 0.13± 0.04 1.80± 0.10± 0.06
�SS 2.88± 0.35± 0.13 0.99± 0.13± 0.06
fk 0.116± 0.033± 0.012 0.234± 0.025± 0.010
f? 0.160± 0.044± 0.012 0.526± 0.032± 0.019

|A+

S |2 0.008± 0.013± 0.007 0.048± 0.014± 0.011
|ASS|2 0.023± 0.014± 0.004 0.087± 0.011± 0.011

S–wave fraction 0.408± 0.050± 0.017 0.694± 0.016± 0.010

The significance of this magnitude, computed as its value over the sum in quadrature of
the statistical and systematic uncertainty, is found to be 10.8 standard deviations. This
significance corresponds to the presence of B0! K⇤0K⇤0 V V decays in the data sample.
The S–wave fraction of the decay is equal to 0.408 = 1� fP

B0 . For the B0

s ! K⇤0K⇤0 mode
the S–wave fraction is found to be 0.694± 0.016 (stat)± 0.010 (syst).

7 Systematic uncertainties of the amplitude analysis

Several sources of systematic uncertainty that a↵ect the results of the amplitude analysis
are considered and discussed in the following.

Fit method. Biases induced by the fitting method are evaluated with a large ensemble
of pseudoexperiments. For each signal decay, samples with the same yield of signal
observed in data (see Table 3) are generated according to the PDF of Eq. (8)
with inputs set to the results summarised in Table 4. The use of the weights
defined in Eq. (9) to account the detector acceptance would require a full simulation
and, instead, a parametric e�ciency is considered. For each observable, the mean
deviation of the result from the input value is assigned as a systematic uncertainty.

Description of the kinematic acceptance. The uncertainty on the signal e�ciency
relies on the coe�cients of Eq. (9) that are estimated with simulation. To evaluate
its impact on the amplitude analysis results, the fit to data is repeated several
times with alternative coe�cients varied according to their covariance matrix. The

12
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Systematic uncertainties 

- Fit method 
- Description of kinematic acceptance 
- Resolution 
- P-wave mass model 
- S-wave mass model 
- Differences between data and simulation 
- Background subtraction 
- Peaking backgrounds 
- Time acceptance 

Branching fraction measurement 
- Systematic uncertainties in the factor k 
- Systematic uncertainties in the signal yields 
- Systematic uncertainties in the efficiencies 
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Systematic uncertainties 
Table 6: Systematic uncertainties for the parameters of the amplitude-analysis fit of the
B0

(s)! (K+⇡�)(K�⇡+) decay. The bias related to di↵erences between data and simulation is
included in the results shown in Table 4.

Decay mode B0! (K+⇡�)(K�⇡+)
Parameter fL xfk |A�

S |2 x|A+

S |2 x|ASS |2 �k �? � �+S ��S �SS
Bias data-simulation 0.001 0.00 0.006 �0.001 0.004 0.01 �0.01 0.00 0.01
Fit method 0.007 0.01 0.011 0.009 0.001 0.00 0.01 0.00 0.02
Kinematic acceptance 0.005 0.01 0.006 0.004 0.002 0.03 0.12 0.01 0.04
Resolution 0.007 0.00 0.005 0.001 0.002 0.00 0.16 0.00 0.02
P–wave mass model 0.001 0.00 0.004 0.001 0.002 0.00 0.01 0.00 0.02
S–wave mass model 0.007 0.01 0.016 0.003 0.002 0.03 0.03 0.03 0.02
Di↵erences data-simulation 0.004 0.00 0.002 0.001 0.001 0.01 0.01 0.01 0.01
Background subtraction 0.002 0.01 0.006 0.001 0.002 0.01 0.06 0.01 0.09
Peaking backgrounds 0.009 0.02 0.009 0.003 0.003 0.04 0.06 0.01 0.08
Total systematic unc. 0.016 0.03 0.024 0.011 0.006 0.06 0.22 0.04 0.13

Decay mode B0

s ! (K+⇡�)(K�⇡+)
Parameter fL xfk |A�

S |2 x|A+

S |2 x|ASS |2 �k �? � �+S ��S �SS
Bias data-simulation 0.004 0.003 0.007 �0.003 0.021 0.05 0.00 0.05 0.07
Fit method 0.001 0.000 0.001 0.000 0.000 0.00 0.00 0.00 0.00
Kinematic acceptance 0.011 0.006 0.011 0.021 0.009 0.05 0.07 0.05 0.05
Resolution 0.002 0.001 0.000 0.002 0.000 0.00 0.00 0.00 0.00
P–wave mass model 0.001 0.000 0.001 0.002 0.009 0.00 0.01 0.00 0.01
S–wave mass model 0.021 0.001 0.007 0.011 0.028 0.03 0.02 0.03 0.02
Di↵erences data-simulation 0.002 0.000 0.001 0.001 0.001 0.01 0.00 0.01 0.01
Background subtraction 0.000 0.001 0.001 0.001 0.004 0.01 0.01 0.01 0.01
Peaking backgrounds 0.003 0.008 0.002 0.002 0.002 0.02 0.01 0.02 0.01
Time acceptance 0.008 0.014 0.008 0.004 0.005 0.00 0.00 0.00 0.00
Total systematic unc. 0.025 0.010 0.014 0.024 0.031 0.06 0.07 0.06 0.05

where, for each channel, "B0

(s)
is the detection e�ciency, �fL

B0

(s)
is a polarisation-dependent

correction of the e�ciency, originated in di↵erences between the measured polarisation
and that assumed in simulation, NB0

(s)
is the measured number of B0

(s)! (K+⇡�)(K�⇡+)

candidates and fD
B0

(s)
represents the V V signal purity at detection. In this way NB0

(s)
⇥fD

B0

(s)

represents the B0

(s)! K⇤0K⇤0 yield. Finally, fs and fd are the hadronisation fractions of

a b-quark into a B0 and B0

s meson, respectively.
The purity at detection and the �fL factor ratios, k

B0

(s)
, are obtained for each decay

mode as

k
B0

(s)
⌘

�fL
B0

(s)

fD
B0

(s)

=

6P
i=1

6P
j�i

Re[AiA⇤
j

⇣
1�⌘i
�H

+ 1+⌘i
�L

⌘
!k
ij]

(1� |A�
S |2 � |A+

S |2 � |ASS|2)
3P

i=1

3P
j�i

Re[Asim

i Asim⇤
j

⇣
1�⌘i
�H

+ 1+⌘i
�L

⌘
!k
ij]

,

(12)
where the !k

ij coe�cients are defined in Eq. (9), Asim

i are the amplitudes used to gen-
erate signal samples, and the ⌘i values are given in Table 2. Also in this case, for the
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Table 7: Systematic uncertainties for the derived observables of the amplitude-analysis fit of the
B0

(s)! (K+⇡�)(K�⇡+) decay. The bias related to di↵erences between data and simulation is
included in the results shown in Table 4.

Decay mode B0! (K+⇡�)(K�⇡+)
Observable fk f? |A+

S |2 |ASS|2 S–wave fraction
Bias data-simulation 0.001 �0.001 �0.001 0.002 0.007
Fit method 0.000 0.007 0.005 0.000 0.006
Kinematic acceptance 0.003 0.004 0.001 0.003 0.006
Resolution 0.001 0.003 0.000 0.001 0.006
P–wave mass model 0.000 0.001 0.000 0.001 0.005
S–wave mass model 0.000 0.007 0.002 0.002 0.008
Di↵erences data-simulation 0.001 0.003 0.000 0.001 0.002
Background subtraction 0.005 0.003 0.001 0.001 0.002
Peaking backgrounds 0.010 0.003 0.002 0.002 0.009
Total systematic unc. 0.012 0.012 0.007 0.004 0.017

Decay mode B0

s ! (K+⇡�)(K�⇡+)
Observable fk f? |A+

S |2 |ASS|2 S–wave fraction
Bias data-simulation 0.001 �0.005 �0.002 0.007 0.012
Fit method 0.001 0.001 0.000 0.001 0.001
Kinematic acceptance 0.005 0.009 0.010 0.004 0.004
Resolution 0.000 0.002 0.000 0.001 0.002
P–wave mass model 0.000 0.001 0.001 0.003 0.005
S–wave mass model 0.006 0.016 0.004 0.009 0.006
Di↵erences data-simulation 0.001 0.001 0.000 0.001 0.001
Background subtraction 0.001 0.001 0.001 0.002 0.002
Peaking backgrounds 0.007 0.005 0.001 0.001 0.001
Time acceptance 0.008 0.016 0.003 0.001 0.007
Total systematic unc. 0.010 0.019 0.011 0.011 0.010

B0! K⇤0K⇤0 decay, the �H = �L approximation is adopted.
The detection e�ciency is determined from simulation for each channel separately

for the di↵erent categories discussed in Sect. 6: year of data taking, trigger type and, in
addition, the LHCb magnet polarity. An exception is applied to the particle-identification
selection whose e�ciency is determined from large control samples of D⇤+ ! D0⇡+,
D0 ! K�⇡+ decays. Di↵erences in kinematics and detector occupancy between the
control samples and the signal data are accounted for in this particle-identification
e�ciency study [39, 40].

The di↵erent sources of systematic uncertainty in the branching fraction determination
are discussed below.

Systematic uncertainties in the factor . The uncertainties on the parameters of
the amplitude analysis fit described in Sect. 7 a↵ect the determination of the factors
 defined in Eq. (12) as summarised in Table 8.
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Mass fit 
- Shapes:  

- Signal: Double-sided Hypatia distributions with the same parameters other than mass 
difference   

- Mis-ID: sum of a Crystal ball and gaussian with parameters from simulations (except 
mean and sigma)  

- Part-Reco: ARGUS function convolved with a gaussian resolution function


