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! Mediated by b → u (tree) and b → d, s (penguin) transitions. 
 
!  Both amplitudes comparably small  
         ⇒ sensitive to CP asymmetries. 

 
 
 
 
! New physics search: extra amplitudes from new particles could  

modify observables (BR, CP asymmetries...). 

! Neutral B decays: time-dependent measurements, allow 
determination of mixing-induced CP asymmetries.  

 

Charmless decays 
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Outline 

! Observation of B0→K+K− 

       -Submitted to Phys. Rev. Lett.,arXiv:1610.08288 

! Observation of the decay Bs→φπ
+π− 

             -To appear in Phys. Rev. D, arXiv: 1610.05187 

 
! Search for Bs→η'φ 

  -LHCb-PAPER–2016-060  in preparation (NEW!) 
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B0→K+K- and Bs→π+π- 
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Motivations 

The understanding of the dynamics governing the decays of heavy-flavored hadrons is a
fundamental ingredient in the search for new particles and new interactions beyond those
included in the Standard Model of particle physics (SM). The comparison of theoretical
predictions and experimental measurements enables the validity of the SM to be tested
up to energy scales well beyond those accessible by current particle accelerators. In the
last two decades, the development of e↵ective theories significantly improved the accuracy
of theoretical predictions for the partial widths of such decays. Several approaches are
used to deal with the complexity of quantum chromodynamics (QCD) computations, like
QCD factorization (QCDF) [1–3], perturbative QCD (pQCD) [4, 5] and soft collinear
e↵ective theory (SCET) [6]. Despite the general progress in the field, calculations of decay
amplitudes governed by so-called weak annihilation transitions are still a↵ected by large
uncertainties. In the SM, the rare decay modes B0! K

+
K

� and B

0
s

! ⇡

+
⇡

� (charge
conjugate modes are implied throughout) can proceed only through such transitions, whose
contributions are expected to be small but could be enhanced through certain rescattering
e↵ects [7]. The corresponding Feynman graphs are shown in Fig. 1. Precise knowledge of
the branching fractions of these decays is thus needed to improve our understanding of
QCD dynamics in the more general sector of two-body b-hadron decays. The B0! K

+
K

�

and B

0
s

! ⇡

+
⇡

� decays play also a role in techniques proposed to measure the angle � of
the unitary triangle [8].

While the B

0
s

! ⇡

+
⇡

� decay has already been observed [9], no evidence exists for the
B

0 ! K

+
K

� decay to date, despite searches performed by the BaBar [10], CDF [11],
Belle [12] and LHCb [9] collaborations. Averages of the measurements of the branching
fractions of these two decays are given by the Heavy Flavor Averaging Group (HFAG):
B(B0! K

+
K

�) = (0.13+0.06
� 0.05)⇥ 10�6 (corresponding to an upper limit of 0.23⇥ 10�6 at

95% confidence level) and B(B0
s

! ⇡

+
⇡

�) = (0.76±0.13)⇥10�6 [13]. The results of a new
search for the B

0! K

+
K

� decay and an update of the branching fraction measurement
of the B

0
s

! ⇡

+
⇡

� decay are presented in this Letter. The data sample that is analyzed
corresponds to integrated luminosities of 1 and 2 fb�1 of pp collision data collected with
the LHCb detector at the center-of-mass energies of 7 and 8TeV, respectively.

The LHCb detector [14, 15] is a single-arm forward spectrometer covering the pseudo-
rapidity range 2 < ⌘ < 5. The tracking system consists 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 particle
identification (PID) system consists of two ring-imaging Cherenkov (RICH) detectors,
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Figure 1: Dominant Feynman graphs contributing to the B0! K+K� and B0
s

! ⇡+⇡� decay
amplitudes: (left) penguin-annihilation and (right) W -exchange topologies.
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•   B0

(s)→ K+K−(π+π−) proceed via weak annihilation transitions (all final state 
quarks differ from those in the initial state).  

 
•  Highly suppressed. Possible  enhancement due to rescattering effects. 
•  Bs→π

+π− already observed. B0→ K+K− escaped detection so far. 

1 Introduction1

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

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

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

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

experimental status for the values of the branching fractions is reported in Table 1.6
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Figure 1: Feynman graphs contributing to the B0 ! K+K� and B0
s ! ⇡+⇡� decay amplitudes:

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

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

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

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

�0.07 ± 0.01† 0.13+0.06
�0.05

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

�0.19 ± 0.07† 0.76± 0.13

2 Analysis strategy7

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

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

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

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

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

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

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

B(B0! K+K�) =
✏(B0! K+⇡�)

✏(B0! K+K�)
· N(B0! K+K�)

N(B0! K+⇡�)
· B(B0! K+⇡�), (1)

B(B0
s ! ⇡+⇡�) =

✏(B0! K+⇡�)

✏(B0
s ! ⇡+⇡�)

· N(B0
s ! ⇡+⇡�)

N(B0! K+⇡�)
· fd
fs

· B(B0! K+⇡�), (2)

1

•  Precise BR measurements for the two mode: input to improve knowledge of 
QCD dynamics in B→hh. 

PENGUIN-ANNIHILATION        W-EXCHANGE 

arXiv:1610.08288 

x10-6 

(HFAG) 

1 Introduction1

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

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

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

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

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

W

b

d, s

s, d

s, d

u

u

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

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

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

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

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

�0.07 ± 0.01† 0.13+0.06
�0.05

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

�0.19 ± 0.07† 0.76± 0.13

2 Analysis strategy7

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

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

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

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

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

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

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

B(B0! K+K�) =
✏(B0! K+⇡�)

✏(B0! K+K�)
· N(B0! K+K�)

N(B0! K+⇡�)
· B(B0! K+⇡�), (1)

B(B0
s ! ⇡+⇡�) =

✏(B0! K+⇡�)

✏(B0
s ! ⇡+⇡�)

· N(B0
s ! ⇡+⇡�)
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1

: Relative BR converted to absolute BR. 
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Analysis strategy 

!   Datasets: full LHCb Run1 (1fb−1 at √s = 7TeV and 2fb−1 at √s = 8TeV). 
 
!   Blind analysis.  
 
! Event selection: 
 

   -Two separate selections (K+K− and π+π− samples). 
 

   -Trigger selection: mainly using track and vertex fit qualities, 
     kinematic information and decay topology.  

 
   -Selection refined using multivariate classifier (BDT) and particle 

                    identification (PID) variables. 
 

          -PID efficiencies determined using  data driven method 
    (D*+,Λ and Λc

+ decays). 
 
!   Simultaneous optimization performed for PID and BDT selections 
    (separately for the two channels). 

!   Signal extraction from a simultaneous 2-body invariant mass fit to 
     several mutually exclusive subsamples (PID criteria): K+π−, p+K−, 
     p+π−, π+π− and K+K−. 
 
!    BR(B0→ K+π−) used as normalization for the BR measurements. 

arXiv:1610.08288 
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Results: B0→ K+K− observation   
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Figure 2: Distributions of (left) m
K

+
K

� and (right) m
⇡

+
⇡

� for candidates passing S
K

+
K

� and
S
⇡

+
⇡

� , respectively. The continuous (blue) curves represent the results of the best fits to the data
points. The most relevant contributions to the invariant mass spectra are shown as indicated in
the legends. The vertical scales are chosen to magnify the relevant signal regions. The bin-by-bin
di↵erences between the fits and the data, in units of standard deviations, are also shown.

relative to the B

0! K

+
⇡

� branching fraction, according to the following equation

f

x

f

d

B(B0
x

! h

+
h

�)

B(B0! K

+
⇡

�)
=

N(B0
x

! h

+
h

�)

N(B0! K

+
⇡

�)

"(B0! K

+
⇡

�)

"(B0
x

! h

+
h

�)
,

where f

x

is the probability for a b quark to hadronize into a B

0
x

meson (x = d, s), N and
" are the yield and the e�ciency for the given decay mode, respectively, and h stands for
K or ⇡. The yields of the B

0! K

+
⇡

� decay in the sub-samples corresponding to the
K

+
⇡

� final state determined from the fits are N(B0! K

+
⇡

�) = 105010± 431± 988 and
N(B0! K

+
⇡

�) = 71304± 312± 609 for the S

K

+
K

� and S

⇡

+
⇡

� selections, respectively.
Trigger and reconstruction e�ciencies are determined from simulation and corrected
using information from data. For the B

0
s

! ⇡

+
⇡

� decay the sizeable value of the decay
width di↵erence between the long- and short-lived components of the B

0
s

-meson system

Table 1: Systematic uncertainties on the yields for the B0! K+K� and B0
s

! ⇡+⇡� decays.

Systematic uncertainty N(B0! K

+
K

�) N(B0
s

! ⇡

+
⇡

�)
Signal mass shape 11.8 6.3
Combinatorial mass shape 5.5 2.6
Partially reco. mass shape 1.3 23.1
PID e�ciencies 3.4 2.5
Sum in quadrature 13.5 24.2
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Figure 3: Log-likelihood ratio as a function of the B0! K+K� signal yield. The dashed (red)
and continuous (blue) curves correspond to the exclusion and to the inclusion of systematic
uncertainties, respectively.

is taken into account. The B

0
s

! ⇡

+
⇡

� lifetime is assumed to be that of the short-lived
component, as expected in presence of small CP violation. The final ratios of e�ciencies
are found to be 2.08± 0.16 and 1.43± 0.10 for the B

0! K

+
K

� and B

0
s

! ⇡

+
⇡

� decays,
respectively. The dominant contributions to the uncertainties on these ratios are due to
the PID calibration and to the knowledge of the trigger e�ciencies. The following results
are then obtained

B(B0! K

+
K

�)

B(B0! K

+
⇡

�)
= (3.98± 0.65± 0.42)⇥ 10�3

,

f

s

f

d

B(B0
s

! ⇡

+
⇡

�)

B(B0! K

+
⇡

�)
= (9.15± 0.71± 0.83)⇥ 10�3

,

where the first uncertainty is statistical and the second systematic. Using the HFAG
average B(B0 ! K

+
⇡

�) = (19.57+0.53
�0.52) ⇥ 10�6 [13], and f

s

/f

d

= 0.259 ± 0.015 from
Ref. [29], the following branching fractions are obtained

B(B0! K

+
K

�) = (7.80± 1.27± 0.81± 0.21)⇥ 10�8
,

B(B0
s

! ⇡

+
⇡

�) = (6.91± 0.54± 0.63± 0.19± 0.40)⇥ 10�7
,

where the first uncertainty is statistical, the second systematic, and the third and fourth
are due to the knowledge of B(B0! K

+
⇡

�) and of f
s

/f

d

, respectively.
Various theoretical predictions of the branching fractions of B

0 ! K

+
K

� and
B

0
s

! ⇡

+
⇡

� decays are available in the literature [2–5, 7, 31–35]. The pQCD estima-
tions in Ref. [5] are in agreement within uncertainties with the present results. The
QCDF prediction of B(B0 ! K

+
K

�) in Ref. [2] agrees well with these results, but
that of B(B0

s

! ⇡

+
⇡

�) is significantly smaller than the measurement. In Ref. [34], the
unexpectedly large value of B(B0

s

! ⇡

+
⇡

�) caused the traditional QCDF treatment for
annihilation parameters to be revisited.

6

Log-likelihood as a function of the  
B0 → K+K− signal yield. 

KK candidates 

N(B0→ K+K−)= 201.1± 32.7±13.5 
N(B0→ K+π−)= 105010 ± 430 ± 990 
 

5.8 σ significance 
(including systematics*) 

arXiv:1610.08288 

*dominant systematic: signal mass shape 
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     pQCD estimations in agreement within uncertainties (arXiv:1111.6264v3). 
     QCDF prediction agrees with BR(B0 → K+K−) result, but BR(Bs → π+π−)  

     significantly smaller than the measurement (arXiv:0910.5237).  

Results: BR measurements 
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Figure 2: Distributions of (left) m
K

+
K

� and (right) m
⇡

+
⇡

� for candidates passing S
K

+
K

� and
S
⇡

+
⇡

� , respectively. The continuous (blue) curves represent the results of the best fits to the data
points. The most relevant contributions to the invariant mass spectra are shown as indicated in
the legends. The vertical scales are chosen to magnify the relevant signal regions. The bin-by-bin
di↵erences between the fits and the data, in units of standard deviations, are also shown.

relative to the B

0! K

+
⇡

� branching fraction, according to the following equation

f

x

f

d

B(B0
x

! h

+
h

�)

B(B0! K

+
⇡

�)
=

N(B0
x

! h

+
h

�)

N(B0! K

+
⇡

�)

"(B0! K

+
⇡

�)

"(B0
x

! h

+
h

�)
,

where f

x

is the probability for a b quark to hadronize into a B

0
x

meson (x = d, s), N and
" are the yield and the e�ciency for the given decay mode, respectively, and h stands for
K or ⇡. The yields of the B

0! K

+
⇡

� decay in the sub-samples corresponding to the
K

+
⇡

� final state determined from the fits are N(B0! K

+
⇡

�) = 105010± 431± 988 and
N(B0! K

+
⇡

�) = 71304± 312± 609 for the S

K

+
K

� and S

⇡

+
⇡

� selections, respectively.
Trigger and reconstruction e�ciencies are determined from simulation and corrected
using information from data. For the B

0
s

! ⇡

+
⇡

� decay the sizeable value of the decay
width di↵erence between the long- and short-lived components of the B

0
s

-meson system

Table 1: Systematic uncertainties on the yields for the B0! K+K� and B0
s

! ⇡+⇡� decays.

Systematic uncertainty N(B0! K

+
K

�) N(B0
s

! ⇡

+
⇡

�)
Signal mass shape 11.8 6.3
Combinatorial mass shape 5.5 2.6
Partially reco. mass shape 1.3 23.1
PID e�ciencies 3.4 2.5
Sum in quadrature 13.5 24.2

5

MOST PRECISE MEASUREMENTS!!! 

KK candidates ππ candidates 

arXiv:1610.08288 

BR(B0 → K +K − ) = (7.80±1.27± 0.81± 0.21)×10−8 BR(Bs
0 → π +π − ) = (6.91± 0.54± 0.63± 0.19± 0.40)×10−7

*Errors: ± stat. ± syst. ± BR(B0→ K+π−) ± fs/fd 
  BR(B0→ K+π−) , HFAG average 
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B0
(s)→φπ+π- 
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Motivations 
 
•  B0

(s)→φπ
+π- decays not yet observed. 

  - Upper limit on the branching fraction of the decay B0→φρ0  

    of 3.3 x10-7 at 90% CL (BaBar). 
 
•  Proceed via or b → d, s penguin transitions (FCNC). 

                 Probe for New Physics. 
 
•  Different ratios between gluonic/EW penguins 
    (depending on the intermediate resonance).  
 
•  Large CP asymmetries not excluded in Bs→φρ

0 decay. 

W�

s

b

s

s

s

s

1

(a)

W�

s

b

s

s

u

u

1

(b)

Figure 1: Feynman diagrams for the exclusive decays (a) B0

s

! �f
0

(980) and (b) B0

s

! �⇢0.

tracker located upstream of a dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip trackers and straw drift tubes placed downstream of the
magnet. The tracking system provides a measurement of charged particle momenta with
a relative uncertainty that varies from 0.5% at 5 GeV/c to 1.0% at 200 GeV/c. The mini-
mum distance of a track to a primary pp interaction vertex (PV), the impact parameter
(IP), is measured with a resolution of (15 + 29/p

T

) µm, where p
T

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. Pho-
ton, electron and hadron candidates are identified by a calorimeter system consisting of
scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron and
multiwire proportional chambers.

The trigger [12] consists of a hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which applies a full event reconstruc-
tion. The software trigger requires a two-, three- or four-track secondary vertex with a
significant displacement from an associated PV. At least one charged particle must have a
transverse momentum p

T

> 1.7 GeV/c and be inconsistent with originating from the PV.
A multivariate algorithm [13] is used for the identification of secondary vertices consistent
with the decay of a b hadron into charged hadrons. In addition, an algorithm is used that
identifies inclusive � ! K+K� production at a secondary vertex, without requiring a
decay consistent with a b hadron.

In the simulation, pp collisions are generated using Pythia 6 [14] with a specific
LHCb configuration [15]. Decays of hadronic particles are described by EvtGen [16],
in which final-state radiation is generated using Photos [17]. The interaction of the
generated particles with the detector and its response are implemented using the Geant4

toolkit [18] as described in Ref. [19].

2

Bs→φf0 

arXiv:1610.05187 

Bs→φρ
0 s

b
Bs

t

γ, Z
u

u

s

s

φ

ρ0

b u

s s

u

s

W
Bs

ρ0

φ



29/11/16 CKM 2016 11 

Analysis strategy arXiv:1610.05187 

! LHCb Run1 datasets 
 
! Event selection: 
 

    -Pre-selection: set of topological and PID requirements used to 
     drastically reduce the combinatorial background. 

 
    -Vetoes on charmed and  Bs→φK*0 physics background. 

  
    -BDT using twelve variables related to the kinematics of the B meson   

                    candidate and its decay products, PID on the kaon, and vertex   
                    displacement from the  PV.  
 
 
! Bs→φφ used as normalization mode 
  

    -Same selection, except kaon PID for the second φ, 
     Bs→φK*0 veto not applied. 

 
 
!   Selection optimization: simultaneous  for BDT and pion PID selections. 
 



Subtract combinatorial and B0  
contributions using sPlot method, in order 
to study Bs→φπ

+π−  resonance structure. 
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Figure 2: The K+K�⇡+⇡� invariant mass distribution for candidates in the mass range
0.4 < m

⇡⇡

< 1.6GeV/c2. The fit described in the text is overlaid. The solid (red) line is the
total fitted function, the dotted (green) line the combinatorial background, the dashed (blue)
line the B0

s

and the dot-dashed (black) line the B0 signal component.

mass fit are used to assign to each event a signal weight that factorizes out the signal part
of the sample from the other contributions. These weights can then be used to project out
other kinematic properties of the signal, provided that these properties are uncorrelated
with m(K+K�⇡+⇡�). In the next section the decay angle and m(⇡+⇡�) distributions
of the B0

s

! �⇡+⇡� signal events are used to study the resonant ⇡+⇡� contributions.
Figure 4 shows the K+K� invariant mass distribution for the B0

s

! �⇡+⇡� signal, which
is consistent with a dominant � meson resonance together with a small contribution from
a non-resonant S-wave K+K� component. The � contribution is modelled by a relativistic
Breit-Wigner function, whose natural width is convolved with the experimental K+K�

mass resolution, and the S-wave component is modelled by a linear function. The S-wave
K+K� component is fitted to be (8.5± 3.8)% of the signal yield in a ±10 MeV/c2 window
around the known � mass. A similar fit to the B0

s

! �� normalisation mode gives an
S-wave component of (1.4± 1.1)%.

5 Amplitude Analysis

There are several resonances that can decay into a ⇡+⇡� final state in the region 400 <
m(⇡+⇡�) < 1600 MeV/c2. These are listed in Table 1 together with the mass models
used to describe them and the source of the model parameters.2 To study the resonant
contributions, an amplitude analysis is performed using an unbinned maximum likelihood
fit to the m(⇡+⇡�) mass and decay angle distributions of the B0

s

candidates with their
signal weights obtained by the sPlot technique. In the fit the uncertainties on the signal

2Note that the description of the broad f0(1370) and f0(1500) resonances by Breit-Wigner functions
is known not to be a good approximation when they both make significant contributions [24].

5

OBSERVATION  

EVIDENCE  

Table 4: Fit fractions in % and event yields for the resonances contributing to B0

s

! �⇡+⇡�.
Results are quoted for the preferred model with a ⇢0, and for an alternative model without a ⇢0

which is used to evaluate systematic uncertainties.

Resonance Fit fractions % Event yields
contribution without ⇢0 with ⇢0 without ⇢0 with ⇢0

⇢0 – 7.1 ± 1.5 – 50 ± 11
f

0

(980) 39.5 ± 2.9 35.6 ± 4.3 274 ± 23 247 ± 31
f

2

(1270) 23.5 ± 2.7 15.1 ± 3.2 163 ± 20 112 ± 23
f

0

(1500) 26.5 ± 2.2 34.7 ± 3.4 184 ± 17 241 ± 26

6 Determination of branching fractions

The branching fractions are determined using the relationship

B(B0

s

(B0)! �⇡+⇡�)

B(B0

s

! ��)
=

N(�⇡+⇡�)

N(��)
⇥

"tot

��

"tot

�⇡

+
⇡

�
⇥ f

s

f
d

⇥ B(�! K+K�)⇥ f
P

.

The signal yields N(�⇡+⇡�) for the inclusive modes are taken from the fit to the
K+K�⇡+⇡� mass distribution in Fig. 2, and for the normalisation mode N(��) is taken
from the fit to the K+K�K+K� mass distribution in Fig. 3. The factor f

P

= (93± 4)%
corrects for the di↵erence in the fitted S-wave K+K� contributions to the K+K� mass
distribution around the nominal � mass between the signal and normalisation modes. The
branching fraction B(�! K+K�) = (48.9± 0.5)% [2] enters twice in the normalisation
mode. The factor f

s

/f
d

= 0.259 ± 0.015 [31] only applies to the B0! �⇡+⇡� mode in
the above ratio, but also appears in the ratio of B0

s

! �� relative to B0 ! �K⇤, so it
e↵ectively cancels out in the determination of the B0! �⇡+⇡� branching fraction. For
the B0

s

! �⇡+⇡� mode it is included in the determination of B(B0

s

! ��) [7]. The total
selection e�ciencies "tot

�⇡

+
⇡

� and "tot

��

are given in Table 5.
For the inclusive modes the branching fractions with 400 < m(⇡+⇡�) < 1600 MeV/c2

are
B(B0

s

! �⇡+⇡�) = [3.48± 0.23]⇥ 10�6 ,

and
B(B0! �⇡+⇡�) = [1.82± 0.25]⇥ 10�7 ,

where the quoted uncertainties are purely statistical, but include the uncertainties on the
yield of the normalisation mode, and on the S-wave K+K� contributions to the signal
and normalisation modes. For the exclusive B0

s

modes the signal yields are taken from
the final column in Table 4. The branching fractions are

B(B0

s

! �f
0

(980)) = [1.12± 0.16]⇥ 10�6 ,

B(B0

s

! �f
2

(1270)) = [0.61± 0.13]⇥ 10�6 ,

and
B(B0

s

! �⇢0) = [2.7± 0.6]⇥ 10�7 .

The remaining 1.5⇥ 10�6 of the inclusive B0

s

branching fraction is mostly accounted for
by an S-wave contribution in the region 1350� 1600 MeV/c2 as discussed in the previous
section.
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s

! �⇡+⇡�.
Results are quoted for the preferred model with a ⇢0, and for an alternative model without a ⇢0

which is used to evaluate systematic uncertainties.

Resonance Fit fractions % Event yields
contribution without ⇢0 with ⇢0 without ⇢0 with ⇢0

⇢0 – 7.1 ± 1.5 – 50 ± 11
f

0

(980) 39.5 ± 2.9 35.6 ± 4.3 274 ± 23 247 ± 31
f

2

(1270) 23.5 ± 2.7 15.1 ± 3.2 163 ± 20 112 ± 23
f

0

(1500) 26.5 ± 2.2 34.7 ± 3.4 184 ± 17 241 ± 26

6 Determination of branching fractions

The branching fractions are determined using the relationship
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The signal yields N(�⇡+⇡�) for the inclusive modes are taken from the fit to the
K+K�⇡+⇡� mass distribution in Fig. 2, and for the normalisation mode N(��) is taken
from the fit to the K+K�K+K� mass distribution in Fig. 3. The factor f

P

= (93± 4)%
corrects for the di↵erence in the fitted S-wave K+K� contributions to the K+K� mass
distribution around the nominal � mass between the signal and normalisation modes. The
branching fraction B(�! K+K�) = (48.9± 0.5)% [2] enters twice in the normalisation
mode. The factor f

s
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d

= 0.259 ± 0.015 [31] only applies to the B0! �⇡+⇡� mode in
the above ratio, but also appears in the ratio of B0
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! �� relative to B0 ! �K⇤, so it
e↵ectively cancels out in the determination of the B0! �⇡+⇡� branching fraction. For
the B0

s

! �⇡+⇡� mode it is included in the determination of B(B0

s

! ��) [7]. The total
selection e�ciencies "tot

�⇡

+
⇡

� and "tot

��

are given in Table 5.
For the inclusive modes the branching fractions with 400 < m(⇡+⇡�) < 1600 MeV/c2

are
B(B0

s

! �⇡+⇡�) = [3.48± 0.23]⇥ 10�6 ,

and
B(B0! �⇡+⇡�) = [1.82± 0.25]⇥ 10�7 ,

where the quoted uncertainties are purely statistical, but include the uncertainties on the
yield of the normalisation mode, and on the S-wave K+K� contributions to the signal
and normalisation modes. For the exclusive B0

s

modes the signal yields are taken from
the final column in Table 4. The branching fractions are

B(B0

s

! �f
0

(980)) = [1.12± 0.16]⇥ 10�6 ,

B(B0

s

! �f
2

(1270)) = [0.61± 0.13]⇥ 10�6 ,

and
B(B0

s

! �⇢0) = [2.7± 0.6]⇥ 10�7 .

The remaining 1.5⇥ 10�6 of the inclusive B0

s

branching fraction is mostly accounted for
by an S-wave contribution in the region 1350� 1600 MeV/c2 as discussed in the previous
section.
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N(Bs→ φπ+π-) = 697± 30 
N(B0→ φπ+π-) = 131± 17 
 
 

For B0→ φπ+π−   the 7.7 σ 
statistical significance is 
reduced to 4.5 σ due to 
systematics uncertainties on 
the signal yield.  
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Figure 4: The K+K� invariant mass distribution for background-subtracted B0

s

! �⇡+⇡� signal
events with a fit to the dominant P-wave � meson shown as a solid (red) line, and a small S-wave
K+K� contribution shown as a hatched (blue) area.

Figure 5: The definition of the decay angles ✓
1

, ✓
2

and � for the decay B0

s

! �⇡+⇡� with
�! K+K� and taking f

0

(980)! ⇡+⇡� for illustration.

between the ⇡+⇡� system and the � meson decay planes.
The LHCb detector geometry and the kinematic selections on the final state particles

lead to detection e�ciencies that vary as a function of m(⇡+⇡�) and the decay angles.
This is studied using simulated signal events, and is parameterised by a four-dimensional
function using Legendre polynomials, taking into account the correlations between the
variables. Figure 6 shows the projections of the detection e�ciency and the function used
to describe it. There is a significant drop of e�ciency at cos ✓

1

= ±1, a smaller reduction
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Results: BR measurements arXiv:1610.05187 

Table 4: Fit fractions in % and event yields for the resonances contributing to B0

s

! �⇡+⇡�.
Results are quoted for the preferred model with a ⇢0, and for an alternative model without a ⇢0

which is used to evaluate systematic uncertainties.

Resonance Fit fractions % Event yields
contribution without ⇢0 with ⇢0 without ⇢0 with ⇢0

⇢0 – 7.1 ± 1.5 – 50 ± 11
f

0

(980) 39.5 ± 2.9 35.6 ± 4.3 274 ± 23 247 ± 31
f

2

(1270) 23.5 ± 2.7 15.1 ± 3.2 163 ± 20 112 ± 23
f

0

(1500) 26.5 ± 2.2 34.7 ± 3.4 184 ± 17 241 ± 26

6 Determination of branching fractions

The branching fractions are determined using the relationship

B(B0

s

(B0)! �⇡+⇡�)
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! ��)
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⇥ B(�! K+K�)⇥ f
P

.

The signal yields N(�⇡+⇡�) for the inclusive modes are taken from the fit to the
K+K�⇡+⇡� mass distribution in Fig. 2, and for the normalisation mode N(��) is taken
from the fit to the K+K�K+K� mass distribution in Fig. 3. The factor f

P

= (93± 4)%
corrects for the di↵erence in the fitted S-wave K+K� contributions to the K+K� mass
distribution around the nominal � mass between the signal and normalisation modes. The
branching fraction B(�! K+K�) = (48.9± 0.5)% [2] enters twice in the normalisation
mode. The factor f

s

/f
d

= 0.259 ± 0.015 [31] only applies to the B0! �⇡+⇡� mode in
the above ratio, but also appears in the ratio of B0

s

! �� relative to B0 ! �K⇤, so it
e↵ectively cancels out in the determination of the B0! �⇡+⇡� branching fraction. For
the B0

s

! �⇡+⇡� mode it is included in the determination of B(B0

s

! ��) [7]. The total
selection e�ciencies "tot

�⇡

+
⇡

� and "tot

��

are given in Table 5.
For the inclusive modes the branching fractions with 400 < m(⇡+⇡�) < 1600 MeV/c2

are
B(B0

s

! �⇡+⇡�) = [3.48± 0.23]⇥ 10�6 ,

and
B(B0! �⇡+⇡�) = [1.82± 0.25]⇥ 10�7 ,

where the quoted uncertainties are purely statistical, but include the uncertainties on the
yield of the normalisation mode, and on the S-wave K+K� contributions to the signal
and normalisation modes. For the exclusive B0

s

modes the signal yields are taken from
the final column in Table 4. The branching fractions are

B(B0

s

! �f
0

(980)) = [1.12± 0.16]⇥ 10�6 ,

B(B0

s

! �f
2

(1270)) = [0.61± 0.13]⇥ 10�6 ,

and
B(B0

s

! �⇢0) = [2.7± 0.6]⇥ 10�7 .

The remaining 1.5⇥ 10�6 of the inclusive B0

s

branching fraction is mostly accounted for
by an S-wave contribution in the region 1350� 1600 MeV/c2 as discussed in the previous
section.
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-  Mass fit to extract signal yield and BRs. 
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Results: amplitude analysis 
Bs→φπ

+π−  signal distribution angular and π+π− invariant  mass distributions. 

> 5σ 

> 5σ 

 4σ 

BR(Bs
0 →φ f2 (1270)) = (0.61± 0.13)×10

−6

BR(Bs
0 →φ f0 (980)) = (1.12± 0.16)×10

−6

BR(Bs
0 →φρ0 ) = (2.7± 0.6)×10−7

Figure 20: Helicity angles for the decay B

0
s ! �⇡

+
⇡

� . Here f0(980) is used as the
intermediate meson, ✓1(2) is the angle between the ⇡

+(K+) direction in the f0(�) rest
frame and the f0(�) in the B

0
s rest frame. � is the angle between the f0 and � decay

planes.

distribution can be seen from the MC signal events, and follows a cos2 ✓2 form for the384

K

+
K

� pairs. For cos ✓1 there should be a flat distribution from the decay of the S-wave385

f0(980), but this has been modified by the angular acceptance of the ⇡+
⇡

� pairs (discussed386

in section 9.1). The consistency between MC events and the data shows that the signal is387

predominantly from an S-wave contribution.388

7.3 B

0
d signal distribution389

Similar to the B

0
s meson analysis, Figure 22 gives the signal ⇡+

⇡

� and K

+
K

� invariant390

mass distribution using sWeight from the K

+
K

�
⇡

+
⇡

� invariant mass fit. From the plots391

of m⇡⇡ and mKK vs mKK⇡⇡, evidence for possible decay modes can be observed, such as392

B

0
d ! �⇢ and B

0
d ! �f0(980) decays. Plots in the bottom are the projections for m⇡⇡ and393

mKK . Due to the negative weights from the high mKK⇡⇡ range, the m⇡⇡ projection do394

not show clear evidence for the f0(980) resonance. However the negative weights also give395

fluctuations to the mKK distribution. The signal distribution do confirms the observation396

of the B

0
d ! �⇡

+
⇡

� decay, such as the B

0
d ! �⇢ decay. Due to current data size, the397

signal events distribution shows large statistics fluctuations, particularly in the K

+
K

�
398

invariant distribution. With the Run2 data, a much clean and clear signal distribution is399

expected.400
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Figure 7: Projections of (a) cos ✓
1

, (b) cos ✓
2

, (c) �, and (d) m(⇡+⇡�) for the preferred fit. The
⇢0 contribution is shown by the dotted (black) line, the f

0

(980) by the dot-dashed (blue) line, the
f
2

(1270) by the double-dot-dashed (magenta) line and the f
0

(1500) by the dashed (cyan) line.
Note that the expected distributions from each resonance include the e↵ect of the experimental
e�ciency. The solid (red) line shows the total fit. The points with error bars are the data, where
the background has been subtracted using the B0

s

signal weights from the K+K�⇡+⇡� invariant
mass fit.

terms between the resonances are small, but not completely negligible. When calculating
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BR(Bs→φρ
0): lower but still 

consistent with SM prediction. 
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B0
s→η'φ 
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•  Never observed decay proceeding via  b → sss 
     penguin transition. 
 
 
 
 
 
 
 
 
 
 
•  Wide range of predictions.  
 
•   BR prediction small due to strong cancellation of PV 
     and VP final states. 
 
•  B→φ form factor: variation can enhance the BR by 
    more than one order of magnitude. 
 
•  Bs→φη

(') hierarchy: penguin loops size can affect relative BR. 
 

F. Blanc, Search for Bs→η’φ

Motivation
• Bs decays dominated by penguin b→s  

transitions are sensitive to the phase φs  

• Decays with only tracks in the final state  
(φφ, K*0K*0) have good reconstruction 
efficiencies, but need angular analysis  
(Vector-Vector decays) 

• Decays with an η’ in the final state may have large BF, and don’t 
necessitate an angular analysis (PP, PV decays), but have lower 
reconstruction efficiencies

2

ϕ

η'#

Bs→φφ 
“Golden mode”: large yield, but needs 

angular analysis 
φs = –0.17 ± 0.15 ± 0.03 
[PRD 90 (2014) 052011]

Bs→η’η’ 
Pure CP eigenstate, large BF, but modest yield 

NBs→η’η’ (Run1) = 36.4 ± 7.8 ± 1.6 
B(Bs→η’η’) = (33.1 ± 6.4 ± 2.8 ± 1.2)⨉10–6  

[PRL 115 (2015) 051801]

Bs→η’φ 
As for η’η’: no need for angular analysis, but higher 

reconstruction efficiency and cleaner
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As for η’η’: no need for angular analysis, but higher 

reconstruction efficiency and cleaner

b

s

u, c, t

W

s

s

ss

�, ⌘

0

⌘

0
,�

Figure 1: Lowest-order Feynman diagram for the B0
s

! ⌘0� decay. The spectator quark can
belong to the ⌘0 or the � meson, forming the VP or PV amplitude, correspondingly.

Table 1: Theoretical predictions for the B0
s

! ⌘0� branching fraction, based on QCD factorisa-
tion, perturbative QCD, soft collinear e↵ective theory (SCET), SU(3) flavour-symmetry, and
factorisation-assisted topological (FAT) amplitude approach.

Theory approach B (10�6) Reference

QCD factorisation 0.05+1.18
�0.19 [3]

QCD factorisation 2.2+9.4
�3.1 [4]

Perturbative QCD 0.19+0.20
�0.13 [5]

Perturbative QCD 20.0+16.3
�9.1 [6]

SCET 4.3+5.2
�3.6 [7]

SU(3) flavour symmetry 5.5± 1.8 [8]

FAT 13.0± 1.6 [9]

fit is performed to obtain the signal yield, using the B

+! ⌘

0
K

+ decay as normalisation45

channel.46

The B

0
s

! ⌘

0
� branching fraction is computed according to the formula47

B(B0
s

! ⌘

0
�) =

B(B+ ! ⌘

0
K

+)

B(� ! K

+
K

�)
⇥ f

u

f

s

⇥ N(B0
s

! ⌘

0
�)

N(B+ ! ⌘

0
K

+)
⇥ ✏(B+ ! ⌘

0
K

+)

✏(B0
s

! ⌘

0
�)

, (1)

where B(B+ ! ⌘

0
K

+) = (70.6± 2.5)⇥ 10�6 [11] is the branching fraction of the normalisa-48

tion channel measured at the B-factory experiments, B(� ! K

+
K

�) = 0.489± 0.005 [11],49

f

u

/f

s

is the B

+
/B

0
s

production ratio assumed to be equal to the B

0
/B

0
s

production ratio50

f

d

/f

s

= 1/(0.259± 0.015) [12], N(B0
s

! ⌘

0
�) and N(B+ ! ⌘

0
K

+) are the number of51

observed decays for the signal and normalisation channels respectively, and ✏(B0
s

! ⌘

0
�)52

and ✏(B+ ! ⌘

0
K

+) are the corresponding total e�ciencies.53

2

Motivations LHCb-PAPER–2016-060  

References: 
arXiv:hep-ph/0308039  
arXiv:hep-ph/0701146  
arXiv:hep-ph/0703162 
arXiv:0910.5237 
arXiv:0801.3123.  
arXiv:1409.5026 
arXiv:1608.02819 
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s s

s

s φ, η′

η′,φ
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Analysis strategy LHCb-PAPER–2016-060  

•  Blind analysis  performed using  full Run 1 data. 
 
•  B+ → η'K+  used as normalization channel. 
       - High yield and precisely known branching fraction (70.6 ± 2.5) ×10−6. 
 
•  Reconstruct η' candidates as η'→π+π–γ (BR = 0.291±0.001). 

•  Optimise similar selections for signal and normalization channels. 

•  Event selection: 
   - Loose pre-selection on topological and kinematical  
     variables.  
    -Multivariate classifier (BDT) using as nine input variables: 
     B vertex quality and isolation, daughter kinematics. 
    -No φ information used in the BDT to minimize systematics. 

•  2D  (mη' KK
 
(K), mππγ ) simultaneous fit for B+ → η'K+ and  B0

s → η'φ 
     to extract yields. 
 
•  Analysis sensitivity: more than 5 sigma (40 events) expected for 
      BR(B0

s → η'φ)=4x10-6. 
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Mass fit LHCb-PAPER–2016-060  
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Figure 2: Distributions of the (top left) ⇡+⇡�� and (top right) ⌘0K+K� masses of the selected
B0

s

! ⌘0� candidates, as well as of the (bottom left) ⇡+⇡�� and (bottom right) ⌘0K+ masses
of the selected B+ ! ⌘0K+ candidates. The solid blue curves represent the result of the
simultaneous two-dimensional fit described in the text, with the following components: B0

s

! ⌘0�
and B+! ⌘0K+ signals (red dashed), combinatorial backgrounds (blue dashed), combinatorial
backgrounds with real ⌘0 (green dashed), and B0

s

! �� background (black dashed).

Other systematic uncertainties on the signal yield and yield ratio are evaluated. The216

mass fit is repeated with di↵erent combinatorial background PDFs: linear functions are217

replaced with exponential functions, and the quadratic function is replaced with a third218

order polynomial. The quadratic sum of the di↵erences between the values obtained in219

these alternative fits and the nominal result is assigned as a systematic uncertainty. The220

limited size of the simulated B

0
s

! �� sample leads to an uncertainty on the determination221

of the non parametric PDF for the physics background, which is propagated as a systematic222

uncertainty. The e↵ect of fixing parameters in the fit is studied by performing 1000 fits223

on the data, with the fixed parameters sampled randomly from Gaussian distributions224

centred on the nominal values and with widths and correlations as determined in simulated225

events. The RMS of the distribution of the results is assigned as a systematic uncertainty.226

The systematic uncertainties, summarised in Table 3, are combined in quadrature.227

The final results from the mass fit, including all corrections, are228

N(B0
s

! ⌘

0
�) = �1.9+5.0

�3.8 ± 1.1 , (3)

N(B0
s

! ⌘

0
�)

N(B+ ! ⌘

0
K

+)
= (�1.7+4.5

�3.5 ± 1.0)⇥ 10�4
, (4)

7

Irreducible Bs→φφ(π+π-π0) 
physics background included 
in the fit (expected 104±34). 

No indication for the signal . 

Fit components: 
signal 

Bs→φφ 
combinatorial 

comb.  with  real η’ 

N(B+ → "η K + ) =11081±127
N(Bs

0 → "η ϕ ) = −3.2−3.8
+5.0

N(Bs
0 → "η ϕ )

N(B+ → "η K + )
= (−2.90−3.45

+4.54 )×10−4
N(Bs

0 →ϕϕ ) =105± 29

LHCb 
preliminary 

LHCb 
preliminary 

LHCb 
preliminary 

LHCb 
preliminary 
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Figure 3: Plot of the �2 ln(L) as a function of the yield ratio as obtained from the fit (red),
after correction for the fit bias (blue), and accounting for systematics uncertainties (green).

9

!   Fit results corrected for small 
bias due to Bs→φφ(π+π-π0)  
component (1.3 ±  0.7 events): 

!   Upper limit (including systematics 
uncertainty) calculated from the integral 

     of the likelihood in the positive region: 

-2lnL as a function of yield ratio(red), 
corrected yield ratio (blue) and accounting 
for the systematic uncertainty. 
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Results LHCb-PAPER–2016-060  

N(Bs
0 → "η ϕ ) = −1.9−3.8

+5.0 (stat)±1.1(syst)
N(Bs

0 → "η ϕ )
N(B+ → "η K + )

= (−1.73−3.45
+4.54 (stat)± 0.99(syst))×10−4

N(Bs→ η'φ) < 8.9 (10.9)  at 90%  (95%)  CL 
 
BR(Bs→ η'φ) < 0.82 (1.01) x 10-6  at 90%  (95%)  CL 
 

!   Most central values of theoretical predictions significantly larger. 

LHCb 
preliminary 
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Summary 

! Recent LHCb results in charmless quasi 2-body B decays presented. 
 
! B0→KK, Bs→ππ: 

     -First observation of the rarest fully hadronic decay ever seen. 
     -B0→KK important input in understanding of the QCD effects 
       involving penguin annihilation diagrams. 
     -Most precise measurement of BR(B0

s → π+π−). 
                        

! Observation of the decay B0
s→φπ

+π− and evidence for B0→φπ+π−: 
                  -Observations of B0

s→φf0(980) and of B0
s→φf2 (1270). 

 
! Search for Bs→η'φ: 

    - Set of a stringent upper limit. 
    - Most centrals values of theoretical predictions significanlty larger. 

 
! Run 2 data in the pipeline.  
 
 
 Thanks !!! 
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Backup 



29/11/16 CKM 2016 21 

B0
(s)→K+K− (π+π−) : systematic uncertainties 
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Figure 2: Distributions of (left) m
K

+
K

� and (right) m
⇡

+
⇡

� for candidates passing S
K

+
K

� and
S
⇡

+
⇡

� , respectively. The continuous (blue) curves represent the results of the best fits to the data
points. The most relevant contributions to the invariant mass spectra are shown as indicated in
the legends. The vertical scales are chosen to magnify the relevant signal regions. The bin-by-bin
di↵erences between the fits and the data, in units of standard deviations, are also shown.

relative to the B

0! K

+
⇡

� branching fraction, according to the following equation

f

x

f

d

B(B0
x

! h

+
h

�)

B(B0! K

+
⇡

�)
=

N(B0
x

! h

+
h

�)

N(B0! K

+
⇡

�)

"(B0! K

+
⇡

�)

"(B0
x

! h

+
h

�)
,

where f

x

is the probability for a b quark to hadronize into a B

0
x

meson (x = d, s), N and
" are the yield and the e�ciency for the given decay mode, respectively, and h stands for
K or ⇡. The yields of the B

0! K

+
⇡

� decay in the sub-samples corresponding to the
K

+
⇡

� final state determined from the fits are N(B0! K

+
⇡

�) = 105010± 431± 988 and
N(B0! K

+
⇡

�) = 71304± 312± 609 for the S

K

+
K

� and S

⇡

+
⇡

� selections, respectively.
Trigger and reconstruction e�ciencies are determined from simulation and corrected
using information from data. For the B

0
s

! ⇡

+
⇡

� decay the sizeable value of the decay
width di↵erence between the long- and short-lived components of the B

0
s

-meson system

Table 1: Systematic uncertainties on the yields for the B0! K+K� and B0
s

! ⇡+⇡� decays.

Systematic uncertainty N(B0! K

+
K

�) N(B0
s

! ⇡

+
⇡

�)
Signal mass shape 11.8 6.3
Combinatorial mass shape 5.5 2.6
Partially reco. mass shape 1.3 23.1
PID e�ciencies 3.4 2.5
Sum in quadrature 13.5 24.2

5
•  The results of the nominal fit used to generate pseudo-experiments which 

are then fitted with alternative models. 

•  Alternative model considered for: signal, combinatorial background, 
background from partially reconstructed b-hadron decays and cross-
feed background. 

•  Systematic due to PID efficiencies: pseudo-experiments are generated 
varying randomly  the PID efficiencies in each pseudo-experiment 
according to their estimated uncertainties.  

•  The standard deviation of the distribution of the yields determined in 
each set of pseudo-experiments is taken as a systematic uncertainty. 
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B0
(s)→φπ

+π− : efficiency and systematics 

•  Detection efficiency not flat on angular 
variables and mππ  due to LHCb detector 
geometry and the kinematic selections on 
the final state particles. 

 
•  Studied performed using simulated signal 

events. 
 
•  Parameterised  by a 4D function using 

Legendre polynomials (accounting for 
variables correlations). 
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Figure 6: One-dimensional projections of the detection e�ciency parameterised using Legendre
polynomials (solid red lines) as a function of (a) cos ✓

1

, (b) cos ✓
2

, (c) � and (d) m(⇡+⇡�),
superimposed on the e�ciency determined from the ratio of the accepted/generated B0

s

! �⇡+⇡�

events.

of e�ciency for cos ✓
2

= ±1, a flat e�ciency in �, and a monotonic e�ciency increase
with m(⇡+⇡�). This e�ciency dependence is included in the amplitude fits.

The decay rate for the mass range m(⇡+⇡�) < 1100 MeV/c2 can be described primarily
by the S-wave and P-wave ⇡+⇡� contributions from the f

0

(980) and ⇢0 mesons. The
S-wave contribution is parameterised by a single amplitude A

S

. For the P-wave there are
three separate amplitudes A

0

, A? and Ak from the possible spin configurations of the
final state vector mesons. The amplitudes A

j

, where j = (0,?, k, S), are complex and
can be written as |A

j

|ei�j . By convention, the phase �
S

is chosen to be zero. In the region
m(⇡+⇡�) > 1100 MeV/c2 the di↵erential decay rate requires additional contributions from
the D-wave f

2

(1270) meson and other possible resonances at higher mass.
The total di↵erential decay rate is given by the square of the sum of the amplitudes.

8

Efficiencies and models systematics: 

Table 6: Systematic uncertainties in % on the branching fractions of B0

s

and B0 decays. All
the uncertainties are taken on the ratio of the signal to the normalisation mode. Uncertainties
marked by a dash are either negligible or exactly zero. The asymmetric uncertainties on �f

0

(980)
and �f

2

(1270) come from the di↵erences in yields between the fits with and without the ⇢
contribution.

Systematic B

0

s

! �⇢ B

0

s

! �f

0

(980) B

0

s

! �f

2

(1270) B

0

s

(B0) ! �⇡

+

⇡

�

Trigger 0.5 0.5 0.5 0.5
Hadronic interactions 0.5 0.5 0.5 0.5

O✏ine selection 2.3 2.3 2.3 2.3
Particle identification 0.3 0.3 0.3 0.3
Angular acceptance 3.8 � 3.8 3.8 (10.7)

Decay time acceptance 1.1 1.1 1.1 1.1 (�)
m(K+

K

�
⇡

+

⇡

�) fit 1.2 1.2 1.2 1.2 (19.5)
Amplitude analysis 2.5 +4.7/ � 0.4 +17.6/ � 2.7 �

S-wave K

+

K

� 6.0 6.0 6.0 �
Total 7.0 +8.2/ � 6.7 +19.2/ � 8.1 4.8 (22.4)

B

0

s

decays the decay time distribution is modelled by the flavour-specific lifetime, but it
should be modelled by a combination of the heavy and light mass eigenstates, depending
on the decay mode. A systematic uncertainty of 1.1% is found when replacing the flavour-
specific lifetime by the lifetime of the heavy eigenstate and determining the change in the
decay time acceptance. There is no e↵ect on B

0 decays or on the normalisation mode
where the lifetime is modelled according to the published measurements.

The K

+

K

�
⇡

+

⇡

� and K

+

K

�
K

+

K

� invariant mass fits are repeated using a single
Gaussian and using a power-law function to model the tails of the signal shapes. For the
m(K+

K

�
⇡

+

⇡

�) fit contributions from partially reconstructed backgrounds are added,
including B

0

s

! ��(⇡+

⇡

�
⇡

0) and B

0

s

! �⌘

0(⇡+

⇡

�
�). These changes lead to uncertainties

on the B

0

s

(B0) yields of 1.2% (19.5%). The large uncertainty on the B

0 yield comes both
from the change in the signal shape and from the addition of partially reconstructed B

0

s

backgrounds. This systematic uncertainty reduces the significance of the B

0 signal from
7.7� to 4.5�.

The results of the amplitude analysis for the exclusive B

0

s

decays depend on the set of
input resonances that are used. The e↵ect of including the ⇢ is treated as a systematic
uncertainty on the f

0

(980) and f

2

(1270) yields (see Table 4). The e↵ect of adding either
an f

0

(500) or a ⇢(1450) is treated as a systematic uncertainty on all the exclusive modes.
The di↵erence between the S-wave K

+

K

� components in the signal and normalisation
modes is measured to be (7.1 ± 4.0)% from fits to the K

+

K

� mass distributions. The
uncertainty on this is treated as part of the statistical error. However, the S-wave
component of the signal sample was not included in the amplitude analysis where it
would give a flat distribution in cos ✓

2

. A study of the dependence of the S-wave K

+

K

�

component as a function of m(⇡+

⇡

�) does not indicate a significant variation, and the
statistical uncertainty of 6% from this study is taken as a systematic uncertainty on the
yields of the exclusive modes extracted from the amplitude analysis.

14
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Table 2: The individual terms i = 1 to i = 6 come from the S-wave and P-wave ⇡+⇡� amplitudes
associated with the f

0

(980) and ⇢0, and the terms i = 7 to i = 12 come from the D-wave
amplitudes associated with the f

2

(1270). See the text for definitions of T
i

, f
i

and M
i

, and for a
discussion of the interference terms omitted from this table.

i T
i

f
i

(✓
1

, ✓
2

, �) M
i

(m
⇡⇡

)

1 |A
0

|2 cos2 ✓
1

cos2 ✓
2

|M
1

(m
⇡⇡

)|2

2 |Ak|2 1

4

sin2 ✓
1

sin2 ✓
2

(1 + cos 2�) |M
1

(m
⇡⇡

)|2

3 |A?|2 1

4

sin2 ✓
1

sin2 ✓
2

(1� cos 2�) |M
1

(m
⇡⇡

)|2

4 |AkA⇤
0

|
p

2 cos ✓
1

sin ✓
1

cos ✓
2

sin ✓
2

cos � |M
1

(m
⇡⇡

)|2 cos(�k � �
0

)

5 |A
S

|2 1

3

cos2 ✓
2

|M
0

(m
⇡⇡

)|2

6 |A?A⇤
S

|
p

6

3

sin ✓
1

cos ✓
2

sin ✓
2

sin � Re[M
1

(m
⇡⇡

)M⇤
0

(m
⇡⇡

)ei�? ]

7 |A1270

0

|2 5

12

(3 cos2 ✓
1

� 1)2 cos2 ✓
2

|M
2

(m
⇡⇡

)|2

8 |A1270

k |2 5

2

sin2 ✓
1

sin2 ✓
2

cos2 ✓
1

cos2 � |M
2

(m
⇡⇡

)|2

9 |A1270

? |2 5

2

sin2 ✓
1

sin2 ✓
2

cos2✓
1

sin2 � |M
2

(m
⇡⇡

)|2

10 |A1270

k A1270⇤
0

| 5

4

p
6

(3 cos2 ✓
1

� 1) sin 2✓
1

sin 2✓
2

cos � |M
2

(m
⇡⇡

)|2 cos(�1270

k � �1270

0

)

11 |A1270

k A⇤
S

|
p

10

3

sin ✓
1

cos ✓
1

sin ✓
2

cos ✓
2

cos � Re[M
2

(m
⇡⇡

)M⇤
0

(m
⇡⇡

)ei�

1270
k ]

12 |A1270

0

A⇤
S

|
p

5

3

(3 cos2 ✓
1

� 1) cos2 ✓
2

Re[M
2

(m
⇡⇡

)M⇤
0

(m
⇡⇡

)e�i�

1270
0 ]

It can be written as

d4�

d cos ✓
1

d cos ✓
2

d�dm
⇡⇡

=
9

8⇡

X

i

T
i

f
i

(✓
1

, ✓
2

, �) M
i

(m
⇡⇡

)d⌦
4

(KK⇡⇡) , (1)

where the T
i

are either squares of the amplitudes A
j

or interference terms between them,
f

i

are decay angle distributions, M
i

are resonant ⇡+⇡� mass distributions and d⌦
4

is the
phase-space element for four-body decays. The detailed forms of these functions are given
in Table 2 for the contributions from the f

0

(980), ⇢0 and f
2

(1270) resonances. Note that
interference terms between CP -even amplitudes (A

0

, Ak, A1270

? ) and CP -odd amplitudes
(A

S

, A?, A1270

0

, A1270

k ), can be ignored in the sum of B0

s

and B0

s

decays in the absence of

CP violation, as indicated by the measurements in the related decay B0

s

! �� [4]. With
this assumption one CP -even phase �1270

? can also be chosen to be zero. The fit neglects
the interference terms between P and D-waves, and the P-wave-only interference term
(i = 4 in Table 2), which are all found to be small when included in the fit. This leaves
only a single P-wave phase �? and two D-wave phases �1270

k and �1270

0

to be fitted for these
three resonant contributions.

Several amplitude fits have been performed including di↵erent resonant contributions.
All fits include the f

0

(980) and f
2

(1270) resonances. The high-mass region 1350 <
m(⇡+⇡�) < 1600 MeV/c2 has been modelled by either an S-wave or a D-wave ⇡+⇡�

contribution, where the masses and widths of these contributions are determined by

9

DIFFERENZIAL DECAY RATE: 

Ti: squares of the amplitudes Ai or     
interference terms between them. 
 
fi : decay angle distributions. 
 
Mi : resonant mππ distributions. 

Bs→φπ
+π− : amplitude analysis: 

Table 3: The resonance amplitudes and phases from the preferred fit to the m(⇡+⇡�) and decay
angle distributions of the B0

s

candidates, including the ⇢0, f
0

(980), f
2

(1270) and f
0

(1500). See
text for definitions of the amplitudes and phases.

Amplitude Fit value Phase Fit value (rad)
A

0

0.212 ± 0.035
Ak 0.049 ± 0.031
A? 0.168 ± 0.026 �? +1.90 ± 0.28
A

S

0.603 ± 0.036
A1270

0

0.295 ± 0.058 �1270

0

�0.62 ± 0.18
A1270

k 0.203 ± 0.042 �1270

k +1.26 ± 0.25
A1270

? 0.261 ± 0.037
A1500

S

0.604 ± 0.031 �1500

S

+3.14 ± 0.30

the fits, but the shapes are constrained to be Breit-Wigner functions. In each case the
respective terms in Table 2 from f

0

(980) or f
2

(1270) have to be duplicated for the higher
resonance. For the higher S-wave contribution this introduces one new amplitude A1500

S

and
phase �1500

S

, and there is an additional interference term between the two S-wave resonances.
For the higher D-wave contribution f

2

(1430) there are three new amplitudes and phases,
and several interference terms between the two D-wave resonances. A contribution from
the P-wave ⇢(1450) has also been considered, but is found to be negligible and is not
included in the final fit. The fit quality has been assessed using a binned �2 calculation
based on the projected cos ✓

1

, cos ✓
2

and m(⇡+⇡�) distributions. In the high-mass region
the best fit uses an S-wave component with a fitted mass and width of 1427 ± 7 MeV/c2

and 143 ± 17 MeV/c2, hereafter referred to as the f
0

(1500) for convenience. The mass is
lower than the accepted value of 1504 ± 6 MeV/c2 for the f

0

(1500) [2]. It is also lower
than the equivalent S-wave component in B0

s

! J/ ⇡+⇡� where the fitted mass and
width were 1461 ± 3 MeV/c2 and 124 ± 7 MeV/c2 [29]. This may be due to the absence of
contributions from the ⇢0 and f

2

(1270) in B0

s

! J/ ⇡+⇡�. It has been suggested [24, 30]
that the observed m(⇡+⇡�) distributions can be described by an interference between the
f

0

(1370) and f
0

(1500), but with the current statistics of the B0

s

! �⇡+⇡� sample it is not
possible to verify this.

In the low-mass region m(⇡+⇡�) < 900 MeV/c2 the e↵ect of adding a contribution
from the ⇢0 is studied. The ⇢0 contribution significantly improves the fit quality and has a
statistical significance of 4.5�, estimated by running pseudo-experiments. A contribution
from the f

0

(500) has been considered as part of the systematics. The preferred fit,
including the ⇢0, f

0

(980), f
2

(1270) and f
0

(1500), has �2/ndf = 34/20. Removing the
⇢0 increases this to �2/ndf = 53/24, and replacing the S-wave f

0

(1500) with a D-wave
f

2

(1430) increases it to �2/ndf = 78/16. The projections of the preferred fit, including
the ⇢0, f

0

(980), f
2

(1270) and f
0

(1500), are shown in Fig. 7. The fitted amplitudes and
phases are given in Table 3. From Fig. 7 it can be seen that the low numbers of observed
candidates in the regions | cos ✓

1

| > 0.8 and | cos ✓
2

| < 0.4 require a large S-wave ⇡+⇡�

contribution, and smaller P-wave and D-wave contributions.
To convert the fitted amplitudes into fractional contributions from di↵erent resonances

they need to be first summed over the di↵erent polarisations and then squared. Interference

10

1.  Scalar resonances: one complex 
term (As) 

2.  Vector and tensor resonances: 
three complex terms (A0, A+, A||). 

3.  Interference term for CP-odd, CP-
even amplitudes (No CP violation 
as indicated by Bs→φφ 
measuremnts. 

 
4.  Interference terms P-wave/D-wave 

and P-wave only small: neglected 
in the final fit. 

Table 2: The individual terms i = 1 to i = 6 come from the S-wave and P-wave ⇡+⇡� amplitudes
associated with the f

0

(980) and ⇢, and the terms i = 7 to i = 12 come from the D-wave
amplitudes associated with the f

2

(1270). See the text for definitions of T
i

, f
i

and M
i

, and for a
discussion of the interference terms omitted from this table.

i T

i

f

i

(✓
1

, ✓

2

, �) M
i

(m
⇡⇡

)

1 |A
0

|2 cos2 ✓

1

cos2 ✓

2

|M
1

(m
⇡⇡

)|2

2 |Ak|2 1

4

sin2

✓

1

sin2

✓

2

(1 + cos 2�) |M
1

(m
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)|2

3 |A?|2 1

4

sin2
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1

sin2

✓

2

(1 � cos 2�) |M
1

(m
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)|2

4 |AkA
⇤
0

|
p

2 cos ✓

1

sin ✓

1

cos ✓

2

sin ✓

2

cos � |M
1

(m
⇡⇡

)|2 cos(�k � �

0

)

5 |A
S

|2 1

3

cos2 ✓

2

|M
0

(m
⇡⇡

)|2

6 |A?A

⇤
S

|
p
6

3

sin ✓

1

cos ✓

2

sin ✓

2

sin � Re[M
1

(m
⇡⇡

)M⇤
0

(m
⇡⇡

)ei�? ]

7 |A1270

0

|2 5

12

(3 cos2 ✓

1

� 1)2 cos2 ✓

2

|M
2

(m
⇡⇡

)|2

8 |A1270

k |2 5

2

sin2

✓

1

sin2

✓

2

cos2 ✓

1

cos2 � |M
2

(m
⇡⇡

)|2

9 |A1270

? |2 5

2

sin2

✓

1

sin2

✓

2

cos

2

✓

1

sin2 � |M
2

(m
⇡⇡

)|2

10 |A1270

k A

1270⇤
0

| 5

4

p
6

(3 cos2 ✓

1

� 1) sin 2✓
1

sin 2✓
2

cos � |M
2
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)|2 cos(�1270k � �

1270
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k A

⇤
S

|
p
10

3

sin ✓

1

cos ✓

1

sin ✓

2

cos ✓
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cos � Re[M
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(m
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12 |A1270
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A
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|
p
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(3 cos2 ✓

1

� 1) cos2 ✓

2

Re[M
2

(m
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(m
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0 ]

CP violation, as indicated by the measurements in the related decay B

0

s

! �� [4]. With
this assumption one CP -even phase �

1270

? can also be chosen to be zero. The fit neglects
the interference terms between P and D-waves, and the P-wave-only interference term
(i = 4 in Table 2), which are all found to be small when included in the fit. This leaves
only a single P-wave phase �? and two D-wave phases �

1270

k and �

1270

0

to be fitted for these
three resonant contributions.

Several amplitude fits have been performed including di↵erent resonant contributions.
All fits include the f

0

(980) and f

2

(1270) resonances. The high-mass region 1350 <

m(⇡+

⇡

�) < 1600 MeV/c

2 has been modelled by either an S-wave or a D-wave ⇡

+

⇡

�

contribution, where the masses and widths of these contributions are determined by
the fits, but the shapes are constrained to be Breit-Wigner functions. In each case the
respective terms in Table 2 from f

0

(980) or f

2

(1270) have to be duplicated for the higher
resonance. For the higher S-wave contribution this introduces one new amplitude A

1500

S

and
phase �

1500

S

, and there is an additional interference term between the two S-wave resonances.
For the higher D-wave contribution f

2

(1430) there are three new amplitudes and phases,
and several interference terms between the two D-wave resonances. A contribution from
the P-wave ⇢(1450) has also been considered, but is found to be negligible and is not
included in the final fit. The fit quality has been assessed using a binned �

2 calculation
based on the projected cos ✓

1

, cos ✓

2

and m(⇡+

⇡

�) distributions. In the high-mass region
the best fit uses an S-wave component with a fitted mass and width of 1427 ± 7 MeV/c

2

and 143 ± 17 MeV/c

2, hereafter referred to as the f

0

(1500) for convenience. The mass is

9
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Bs→η'φ: systematic uncertainties 

Table 3: Systematic uncertainties on the fitted yield N(B0
s

! ⌘0�) and on the yield ratio
R = N(B0

s

! ⌘0�)/N(B+! ⌘0K+).

Source �

N

(events) �

R

(10�4)
Fit bias 0.7 0.7
Combinatorial background modelling 0.6 0.6
B

0
s

! �� background modelling 0.4 0.3
Fixed parameters in the fit 0.3 0.3
Quadratic sum 1.1 1.0

where the first (second) quoted uncertainty is statistical (systematic). Bayesian upper229

limits xU are determined as
R

xU

0 L(x)dx/
R1
0 L(x)dx = ↵, where x is the observable (yield230

or yield ratio), L(x) is the likelihood function convolved with the systematic uncertainties,231

and ↵ the confidence level (CL). The obtained upper limits are232

N(B0
s

! ⌘

0
�) < 8.9 (10.9) at 90% (95%) CL

and233

N(B0
s

! ⌘

0
�)

N(B+ ! ⌘

0
K

+)
< 8.0 (9.9)⇥ 10�4 at 90% (95%) CL .

5 Result and conclusion234

A search has been performed for the unobserved B

0
s

! ⌘

0
� decay. No significant signal235

is found. From Eqs. (1), (2), (4) and from external inputs for B(B+! ⌘

0
K

+) [11] and236

f

d

/f

s

[12], we compute B(B0
s

! ⌘

0
�) = (�0.18+0.47

�0.36(stat)± 0.10(syst))⇥ 10�6 and obtain,237

using the same likelihood integration as described above,238

B(B0
s

! ⌘

0
�) < 0.82 (1.01)⇥ 10�6 at 90% (95%) CL .

This is the first upper limit set on the B

0
s

! ⌘

0
� branching fraction.239

Our result favours the lower end of the range of predictions for this branching fraction,240

pointing to form factors consistent with the light-cone sum-rule calculation used in Ref. [4],241

or with the hypotheses used in Refs. [3, 5]. Although large theoretical uncertainties make242

most predictions compatible with our result, the central values of the predictions in243

Refs. [6–9] are significantly larger than our experimental limit. These discrepancies should244

help constraining the theoretical hypotheses used in branching fraction and CP -asymmetry245

predictions for B-meson hadronic charmless decays.246

8

Table 2: Relative uncertainties on the e�ciency ratio ✏(B+! ⌘0K+)/✏(B0
s

! ⌘0�).

Source Relative uncertainty [%]
BDT e�ciency calibration 2.5
Pion/kaon identification 1.1
Trigger e�ciency calibration 2.3
SPD multiplicity (mis-modelling) 0.9
Tracking reconstruction 0.4
Hadronic interactions 1.4
Photon reconstruction 0.1
Simulation statistics 1.6
Quadratic sum 4.3

tification (PID) and the hardware trigger, for which calibration data are used. Sev-144

eral uncertainties, summarised in Table 2, are considered on the e�ciency ratio145

✏(B+! ⌘

0
K

+)/✏(B0
s

! ⌘

0
�). The BDT algorithms are validated using the normalisa-146

tion channel as proxy for the signal, and by comparing the distributions obtained with147

the sPlot technique [29] of the nine input variables and the BDT output variable. The148

di↵erence between the e�ciencies in data and simulation of the BDT requirement for149

the normalisation channel is used as a measure of the systematic uncertainty on the150

BDT e�ciency. The correlation evaluated in simulation between the BDT variables for151

B

0
s

! ⌘

0
� and B

+! ⌘

0
K

+ is then used to determine the systematic uncertainty on the152

ratio of the BDT e�ciencies.153

Another systematic e↵ect on the determination of the e�ciency ratio is the uncertainty154

on the PID e�ciency, which is determined as a function of kinematic parameters using155

a clean high-statistic sample of self-identifying D

⇤+ ! D

0(! K

�
⇡

+)⇡+ decays [30].156

The uncertainty on the trigger e�ciency, which is mostly due to the computation of157

the hardware-stage trigger e�ciency, is evaluated by varying the value of the minimum158

transverse energy requirement used in the trigger decision. An uncertainty is assigned on159

the e�ciency ratio to take into account the mis-modelling of the hit multiplicity in the160

scintillating-pad detector (SPD), which is used as discriminant variable at the hardware161

stage of the trigger. This uncertainty is evaluated in simulation by varying the requirement162

on the SPD hit multiplicity. Corrections determined from control channels are applied on163

the tracking and photon reconstruction e�ciencies to account for mis-modelling e↵ects164

in the Monte Carlo simulation. The uncertainties on these corrections are quoted as165

systematic uncertainties, and an additional uncertainty accounts for hadronic interactions166

in the detector [31]. Finally, the limited statistics of the simulated samples used in167

the evaluation of the e�ciencies, is added as a source of uncertainty. Combining all168

uncertainties in quadrature, the ratio of the selection e�ciencies is169

✏(B+! ⌘

0
K

+)

✏(B0
s

! ⌘

0
�)

= 1.828± 0.078 . (2)

The selection requirements reject e�ciently physics backgrounds such as B0! �K

⇤0
170

or decays with kaonic resonances decaying to K⇡⇡

0, but not B0
s

! �� decays with one of171
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Efficiency ratio systematics: 

Yield (N) and yield ratio (R) systematics: 

•  The difference between the efficiencies in data and 
simulation of the BDT requirement for the 
normalisation channel  used as a measure of the 
systematic uncertainty on the  BDT efficiency. 

 
•  The correlation evaluated in simulation between the 

BDT variables for signal and normalisation channel is 
then used to determine the systematic uncertainty 
on the ratio of the BDT efficiencies. 

•  Comb.  background modelling: mass fi repeated 
replacing background models. 

    Quadratic sum of the differences between the 
    values   obtained in alternative fits and the nominal 
    result assigned as a systematic uncertainty. 
 
•  Limited size of the simulated Bs → φφ sample 

leads to an uncertainty on the determination  
    of the PDF, which is propagated as a systematic.  
 
•  Pseudo-experiments performed with fixed 

parameters sampled randomly according to their 
uncertainties determined in simulated data. RMS of 
the result distribution assigned as systematic. 

   


