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This analysis investigates the capability of LHCb to study the decay mode 3+ -+ K+ Ko. The 
proton-proton collision data set collected in 201 1-2012, corresponding to 3.0 fb-1 of integrated 
luminosity, is studied. An analysis strategy is developed to mitigate the effects of low trigger 
efficiency and large combinatorial background leading to the reconstruction of 72 ± 26 signal 
events with a statistical significance of 3.7a. Based on the findings of this study, a dedicated 
software trigger is being developed for use in the next data-taking period scheduled for later 
this year, when the LHC centre-of-mass energy will be increased. 

1 Motivation 

Rare decays of heavy-flavoured hadrons that primarily proceed through hadronic or radiative pen
guin (loop) diagrams are amongst the most powerful probes for the effects of new physics beyond the 
Standard Model (SM) .  The polarisation of the photon in decays such as B0 --+ K�Irof', B� --+ ¢!', 
and A� --+ A0'Y can provide strong bounds on the effects of new physics. The family of B --+  Kir 
decays, dominated by hadronic penguin amplitudes in the SM, can be influenced by the presence of 
additional amplitudes due to new physics. Measurements1 in the B --+  KJr decays at CDF, the B 
factories, and LHCb, have revealed significant deviations from the expected pattern of GP-violating 
asymmetries in these channels, the so-called "K Ir puzzle" . While LHCb has already improved the 
measurements in the B0 --+ K+ Jr- decay2, a resolution of the puzzle requires a comprehensive study 
of the entire decay family, including improved measurements of final states containing Jro mesons. 

The LHCb collaboration has published measurements of several processes involving the Jro me
son, such as the D0 --+ 7r-7r+7ro decay 3 and the B� --+ J/'1/JTJ decays where the T/ meson decays to 
the Jr+Jr-Jro final state4. However, the decay topologies considered in this work, B --+  hir0 , where h 
denotes a charged or neutral hadron, present additional challenges in the LHCb environment. They 
suffer from a low Jro meson reconstruction efficiency, which in the case of the B+ --+ K+Iro decay, 
results in an overall reconstruction efficiency of about 113. Due to the lifetime of the h hadron, 
the decays considered lack a secondary vertex, a signature typically required by LHCb hadronic 
triggers. Altogether, these aspects result in low overall signal efficiencies and high combinatorial 
backgrounds. 

A strategy for extracting B+ --+ K+Iro decays from the current LHCb data, along with tech
niques applicable to analyses of modes with similar topologies is presented. This analysis also 
provides a basis for the development of a dedicated inclusive software trigger for the next data
taking period, which can be used in future analyses of these channels. The study is performed with 
the 3.0 fb-1 data set recorded by the LHCb detector at centre-of-mass energies of 7 TeV and 8 TeV 
in 2011 and 2012, respectively. 



2 The LHCb trigger 

The LHCb trigger 5 consists of a hardware stage, based on information from the calorimeter and 
muon systems, followed by a software stage, which applies a full event reconstruction. The software 
trigger consists of many different algorithms (trigger lines) which run independently. Some trigger 
lines are inclusive, and serve a large range of the LHCb physics programme, while others are designed 
to trigger exclusively on specific decay modes. Events are said to be triggered on-signal (TOS) with 
respect to a particular trigger line when the constituents of a reconstructed signal candidate are 
sufficient to satisfy the requirements of that trigger6. 

With the exception of single-muon triggers, every software trigger line used during the 2011-2012 
data-taking requires a reconstructed secondary vertex, hence B+ --+ K+rr0 signal events cannot be 
TOS with respect to the software trigger. The presence of another secondary vertex in the event, 
independent of the signal, is then required for signal events to pass through this stage of the trigger. 
The trigger efficiencies are consequently very low, as this typically requires the presence of a second b 
hadron with enough transverse momentum and reconstructible daughters to satisfy the requirements 
of one of the trigger lines. In simulation, the overall trigger efficiencies are found to range from 
5 % to 11  % over different data-taking periods and reconstruction strategies. These efficiencies are 
calculated as the fractions of triggered events in the total sample of simulated events that pass the 
cut-based selection described in Sect. 3. The dedicated software trigger line that is being developed 
is intended to recover a significant fraction of signal events which would otherwise be ignored at the 
data-taking stage. 

3 Event selection 

Reconstructed charged particles with a PT greater than 250 MeV/ c are used as K+ candidates. They 
are required to be significantly displaced from the primary vertex (PV), and are distinguished from 
other charged particles using information from the RICH and calorimeter systems. candidate rr0 
mesons are required to have PT greater than 2.6 GeV/c, p greater than 10 GeV/c, and a reconstructed 
mass within the range 79.6 < m < 199.6 MeV/c2 . 

The four-momenta of the K+ and rr0 candidates are added to form B+ candidates. Each B+ 
candidate is required to have a PT greater than 1.5 GeV / c, and a reconstructed mass within the range 
4.0 < m < 6.0 GeV/c2 • A trajectory is made from the PV closest to the daughter K+ candidate, 
along the direction of the reconstructed B+ candidate momentum. The variable called mother
trajectory distance-of-closest-approach (MT-DOCA) is the DOCA between the K+ candidate and 
this trajectory. This variable is motivated by the significant displacement of the signal B+ from its 
PV, and is designed to provide some quantitative measure of the decay position in the absence of a 
reconstructed decay vertex. For well-reconstructed signal events, the MT-DOCA is small , whereas 
the distribution of random combinations of final-state particles has a tail at large values. A x2 for 
the MT-DOCA is constructed using the covariance matrix of the reconstructed PV. The x2MT-DOCA 
is required to be less than 10 for B+ candidates reconstructed from 2011 data, and less than 9 for 
those reconstructed from 2012 data. 

Variables characterizing how well-isolated a candidate is from other tracks in the event are also 
calculated. Vertex isolation variables are calculated by combining another track in the event with 
the K+ candidate to form a two-track secondary vertex. This procedure is performed for all tracks 
in the event. The multiplicity of two-track secondary vertices with X�x < 9 is recorded as the 
variable VMult. , where X�x is the x2 of the vertex fit. Candidates reconstructed from 2011  data are 
required to have a VMult. fewer than 8, and those reconstructed from 2012 data are required to have 
a VMult. fewer than 6. 

The PT asymmetry of the reconstructed B+ candidate is defined as 

A(pT) = 
PT B - PT cone , PTB + PTcone 

(1) 

where PT B is the transverse momentum of the reconstructed B+ signal candidate, and PT cone is 



the magnitude of the vector sum of the transverse momenta of the charged particles near the 
reconstructed B+ candidate. It is used to isolate the reconstructed candidate from nearby tracks. 
To determine whether a track is "near" the signal candidate, the quantity D.R = J(D..¢)2 + (D..77)2 is 
required not to exceed 1 .2, where A</> is the difference between the azimuthal angle of the momentum 
of the reconstructed candidate and the track, and D..77 is the difference between their pseudorapidities. 
The cone size, D.R = 1 .2, is optimised using simulated data for the signal, and a subsample of 
experimental data for the background. 

In order to maximise the sensitivity, a multivariate analysis is developed using a boosted decision 
tree (BDT) s,9 classifier. Several kinematic variables are used as event classification variables, as 
well as the isolation variables described above. The multivariate classifier is trained and tested using 
experimental data to represent the background, and simulated B+ -+ K+ 7ro data that are corrected 
using the event weights. The optimal cut value of the classifier response variable is found for the 
data set by maximising the figure of merit N s / v N s + NB, where N s is the number of signal events 
and NB is the number of background events. While optimal, this requirement has a very low signal 
efficiency, roughly 73, as a consequence of the low trigger efficiency and enormous combinatorial 
background. The total efficiency, accounting for all geometric acceptance, trigger, and selection 
requirements is of the order 3 x 10-5 . 

4 Results 

The mass distribution of reconstructed candidates, after all selection requirements, is shown in 
Fig. 1. To extract the number of signal events, we fit a model to this distribution which consists 
of an exponential function for the combinatorial background; the tail of a Gaussian function for 
additional background in the low-mass region; and the sum of two Crystal Ball functions 7 for the 
signal, to account for the tails on both sides of the signal peak. The Crystal Ball functions share 
a common mean and width, and their tail shapes are taken from simulation. The background 
remaining in the final selection consists primarily of partially reconstructed B -+ K+ 7ro X decays, 
or B+ candidates reconstructed with misidentified 7ro candidates. Several exclusive decay modes, 
including B -+ K*7r0, B -+ K+ p, and B -+ K*1 are also considered and are found to make negligible 
contributions in the signal region. The shape of the combinatorial background is determined from 
a fit to the upper sideband. Normalisations of the individual components are allowed to float in the 
fit, as well as the means and widths of the signal and low-mass background shapes. 

A signal yield of 72 ± 26 candidates is found. The statistical significance of the signal is de
termined from the change in the fit likelihood, with and without a signal component, to be 3. 7 er. 
The signal width of 99 ± 38 MeV is consistent with the expected resolution from simulation, which 
is estimated to be 95 ± 4 MeV. Several variations of the fit are performed with different shapes 
modelling the low-mass background. Variations are also performed with and without the signal 
width fixed from simulation, and with the signal mean fixed to the known value of the B+ mass. 
All variations are found to be compatible with the fit shown here, and a systematic uncertainty of 
the signal yield due to the choice of fit model is estimated to be 10 events. 

5 Prospects for 2015 and beyond 

A rough estimate of the prospects for this channel in the next data-taking period is made by taking 
into account expected improvements due to a dedicated software trigger line (x3-5), the increased 
bb cross section at 13 TeV ( x 2), and the potentially increased overall offiine analysis efficiency ( x 5) . 
The software stage of the trigger that would be improved by a dedicated trigger line is estimated 
from simulation to be about 163 efficient during the 2011-2012 data-taking, after offiine recon
struction. This efficiency is typically above 753 for b-hadron decays to two charged particles 5 , so 
an improvement of at least a factor of 3 is not unrealistic. In order to assess possible improvements 
in the offiine analysis efficiency due to the enhanced yield as a result of the improved trigger, an 
estimate of the expected combinatorial background level during the next data-taking period is re
quired. The background is assumed to be dominated by generic bb events, the cross section for 
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µ :::: 5299 ± 33 
cr = 99 ± 38 
N8 Comb. = 265 ± 49 
N8 Low-mass = 424 ± 52 
N8 ::: 72 ± 26 

Figure 1 - Mass distribution of the reconstructed candidates, selected from the entire data set. The data are drawn 
as black points. The fit to the 3+ reconstructed mass is drawn as a solid blue line. The signal component is drawn 
in dashed blue, the combinatorial background is drawn in dashed purple, and the low-mass background is drawn in 
dashed magenta. 

which scales linearly with centre-of-mass energy. This assumption is supported by the absence of 
significant contributions from exclusive partially reconstructed modes whose rate could potentially 
increase with the future dedicated trigge. A data sample representing the expected effect on the 
background level of a factor 5 increase in the total offiine efficiency is selected from the 2011-2012 
data by loosening the requirement on the multivariate classifier. This, together with appropriately 
scaled simulated signal events, is used to estimate the possible signal significance with this modified 
selection. We estimate a signal yield of 700-1100 events in l fb-1 of integrated luminosity gath
ered in the next data-taking period, with an uncertainty of about 100 events, dominated by the 
background yield. This neglects other sources of improvements such as increased identification and 
reconstruction efficiencies of 7ro mesons, and a reoptimised and retrained multivariate classifier. 

6 Conclusions 

A study of the decay B+ -+ K+7ro is performed with the LHCb 2011-2012 data set. Despite a low 
trigger efficiency, and a very low selection efficiency after suppressing the combinatorial background, 
evidence for a signal is found for the first time at a hadron collider. With a dedicated software 
trigger line in place, measurements in this decay channel will be possible at an estimated level of 
103 precision with 1 fb-1 of data. Motivated by the results of this study, an exclusive software 
trigger line is being developed for use in the next data-taking period of the LHCb experiment. 
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