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Measurement of b-hadron branching fractions for
two-body decays into charmless charged hadrons

The LHCb collaboration

ABSTRACT: Based on data corresponding to an integrated luminosity of 0.37 fb~! collected
by the LHCb experiment in 2011, the following ratios of branching fractions are measured:
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where the first uncertainties are statistical and the second systematic. Using the current
world average of B (BO - K +7T_) and the ratio of the strange to light neutral B meson
production fs/fq measured by LHCb, we obtain:

B(BO —atr7) = (5.08 £0.17 £ 0.37) x 107°,
B(B) - KtK™) = (23.0+£0.7£2.3) x 1079,
B(B] »7n"K™) = (544+0.4+0.6) x 107°,
BB - KTK™) = (0.11 7003 4 0.06) x 107,
B(BY — ntn™) = (0.957 031 £0.13) x 1076,
The measurements of B (BY -+ KTK~), B(B) - 7"K~) and B(B® - KTK~) are the

most precise to date. The decay mode B? — 7+~ is observed for the first time with a
significance of more than 5¢.
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1 Introduction

In the quest for physics beyond the Standard Model (SM) in the flavour sector, the study
of charmless Hy, — hTh'~ decays, where Hj is a b-flavoured meson or baryon, and h()
stands for a pion, kaon or proton, plays an important role. A simple interpretation of the
CP-violating observables of the charmless two-body b-hadron decays in terms of Cabibbo-
Kobayashi-Maskawa (CKM) weak phases [1, 2] is not possible. The presence of so-called
penguin diagrams in addition to tree diagrams gives non-negligible contributions to the
decay amplitude and introduces unknown hadronic factors. This then poses theoretical
challenges for an accurate determination of CKM phases. On the other hand, penguin
diagrams may have contributions from physics beyond the SM [3-7]. These questions have
motivated an experimental programme aimed at the measurement of the properties of these
decays [8-12].

Using data corresponding to an integrated luminosity of 0.37 fb~! collected by the
LHCb experiment in 2011, we report measurements of the branching fractions B of the
B - at7=, BY - KTK—, B —» 7*K~, B - KtK~ and B? — 7nt7~ decays.
Furthermore, we also measure the ratio of the Ag — pr~ and Ag — pK~ branching
fractions. The inclusion of charge-conjugate decay modes is implied throughout the paper.

The ratio of branching fractions between any two of these decays can be expressed as

B(H,— F) fa; N(H,—F) ewc(H,— F') epmp(F’)

B(H, — F')  fu, N(H,—F') ecwc(Hy—F) epmn(F)

(1.1)

where me is the probability for a b quark to hadronize into a H,Sl) hadron, N is the
b

observed yield of the given decay to the final state F'(), g, is the overall reconstruction



efficiency, excluding particle identification (PID), and eprp is the PID efficiency for the cor-
responding final state hypothesis. We choose to measure ratios where a better cancellation
of systematic uncertainties can be achieved.

2 Detector, trigger and event selection

The LHCDb detector [13] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5, designed for the study of particles containing b or ¢ quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-
rounding the pp interaction region, a large-area silicon-strip detector located upstream of
a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift-tubes placed downstream. The combined tracking system has mo-
mentum resolution Ap/p that varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/¢, and impact
parameter resolution of 20 um for tracks with high transverse momenta. Charged hadrons
are identified using two ring-imaging Cherenkov (RICH) detectors. Photon, electron and
hadron candidates are identified by a calorimeter system consisting of scintillating-pad and
pre-shower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons
are identified by a muon system composed of alternating layers of iron and multiwire pro-
portional chambers. The trigger consists of a hardware stage, based on information from
the calorimeter and muon systems, followed by a software stage which performs a full
event reconstruction.

The software trigger requires a two-, three- or four-track secondary vertex with a high
sum of the transverse momenta of the tracks, significant displacement from the primary
interaction, and at least one track with a transverse momentum exceeding 1.7 GeV/ec.
Furthermore, it exploits the impact parameter, defined as the smallest distance between
the reconstructed trajectory of the particle and the pp collision vertex, requiring its x? to
be greater than 16. A multivariate algorithm is used for the identification of the secondary
vertices [14]. In addition, a dedicated two-body software trigger is used. To discriminate
between signal and background events, this trigger selection imposes requirements on: the
quality of the online-reconstructed tracks (y2/ndf, where ndf is the number of degrees of
freedom), their transverse momenta (pr) and their impact parameters (dip); the distance of
closest approach of the daughter particles (dca ); the transverse momentum of the b-hadron
candidate (p%), its impact parameter (d5,) and its decay time (., calculated assuming
decay into 777 ~). Only b-hadron candidates within the 77~ invariant mass range 4.7
5.9 GeV/c? are accepted. The 777~ mass hypothesis is chosen to ensure all charmless
two-body b-hadron decays are selected using the same criteria.

The events passing the trigger requirements are then filtered to further reduce the size
of the data sample. In addition to tighter requirements on the kinematic variables already
used in the software trigger, requirements on the larger of the transverse momenta (p)
and of the impact parameters (d{LP) of the daughter particles are applied. As the rates of
the various signals under study span two orders of magnitude, for efficient discrimination
against combinatorial background three different sets of kinematic requirements are
used to select events for: (A) the measurements of B (B — ntn~) /B (B — Ktn™),



Variable Selection A | Selection B | Selection C
Track pp [ GeV/(] >1.1 >1.2 >1.2
Track dip [pm)] >150 >200 >200
Track x2/ndf < 3 <3 <3
max(ph', pli” ) [ GeV/¢] >2.8 >3.0 >3.0
max(dly | d) [pm] >300 >400 >400
dca [pm] < 80 < 80 < 80
dB, [um] < 60 < 60 < 60
pE [GeV/(] >2.2 >2.4 >2.8
tar [PS] >0.9 >1.5 >2.0

Table 1. Summary of criteria adopted in the event selections A, B and C defined in the text.

B(B)— KtK~)/B(B"— K*'r~) and B(A) — pK~)/B(A) — pr); (B) the
measurement of B (B) »7"K~)/B(B’— K*rx~); (C) the measurements of
BB KtK™)/B(B)—K'K~) and B(B)—-ntn")/B(B"—xtr"). The
kinematic requirements adopted in each selection are summarized in table 1.

In order to evaluate the ratios of reconstruction efficiencies e, needed to calculate
the relative branching fractions of two Hy — hTh'~ decays, we apply selection and trigger
requirements to fully simulated events. The results of this study are summarized in table 2,
where the uncertainties are due to the finite size of the simulated event samples. Other
sources of systematic uncertainties are negligible at the current level of precision. This
is confirmed by studies on samples of D° mesons decaying into pairs of charged hadrons,
where reconstruction efficiencies are determined from data using measured signal yields
and current world averages of the corresponding branching fractions. For the simulation,
pp collisions are generated using PYTHIA 6.4 [15] with a specific LHCb configuration [16].
Decays of hadrons are described by EVTGEN [17] in which final state radiation is generated
using PHOTOS [18]. The interaction of the generated particles with the detector and its
response are implemented using the GEANT4 toolkit [19, 20] as described in ref. [21].

3 Particle identification

In order to disentangle the various H, — hTh'~ decay modes, the selected b-hadron can-
didates are divided into different final states using the PID capabilities of the two RICH
detectors. Different sets of PID criteria are applied to the candidates passing the three
selections, with PID discrimination power increasing from selection A to selection C. These
criteria identify mutually exclusive sets of candidates. As discriminators we employ the
quantities Aln Lg, and AlnLy:, or their difference Aln Lk, when appropriate, where
AlnL,p is the difference between the natural logarithms of the likelihoods for a given
daughter particle under mass hypotheses o and (3, respectively. In order to determine the



Selection Efficiency ratio Value
Erec(B® = Kt77) / eree(BY — 7tm™) | 0.98 £ 0.02
A Erec(BY — K+t77) / €ree(BY — KTK™) | 1.00 £ 0.02
erec(A) = PK™) /[ €rec(A) = pr7) 1.00 £ 0.02
B Erec(BY = K+t77) / €rec(BY — 7t K~) | 0.98 4 0.02
o rec(BY = 7t77) / ree(BY — atn™) | 1.104£0.03
rec(BY = KTK™) / ree(B® = KTK~) | 0.9240.02

Table 2. Ratios of reconstruction efficiencies of the various channels, as determined from Monte
Carlo simulation, corresponding to the three event selections of table 1. PID efficiencies are not
included here. The tight requirement on ¢, used in selection C leads to a sizable difference from
unity of the ratios in the last two rows, as the B — 7t7~ and B? — K*tK~ decays proceed
mainly via the short lifetime component of the B? meson.

corresponding PID efficiency for each two-body final state, a data-driven method is em-
ployed that uses D*t — DY(K~7)nt and A — pr~ decays as control samples. In this
analysis about 6.7 million D** decays and 4.2 million A decays are used.

The production and decay kinematics of the D° — K~7t and A — pr~ channels
differ from those of the b-hadron decays under study. Since the RICH PID information is
momentum dependent, a calibration procedure is performed by reweighting the Aln L,g
distributions of true pions, kaons and protons obtained from the calibration samples, with
the momentum distributions of daughter particles resulting from H, — hTh'~ decays.
The AlnL,3 and momentum distributions of the calibration samples and the momen-
tum distributions of Hj daughter particles are determined from data. In order to obtain
background-subtracted distributions, extensive use of the sPlot technique [22] is made.
This technique requires that extended maximum likelihood fits are performed, where sig-
nal and background components are modelled. It is achieved by fitting suitable models to
the distribution of the variable dm = myr — Mg, for D*T — DY(K—7t)r" decays, to
the pr~ mass for A — pm~ decays and, for each of the three selections, to the invariant
mass assuming the 777~ hypothesis for H, — h™h'~ decays. The variables mg,, and
My are the reconstructed D*+ and D° candidate masses, respectively.

In figure 1 the distributions of the variable dm and of the invariant mass of A — pm~
are shown. The superimposed curves are the results of the maximum likelihood fits to the
spectra.

The D*t — DY(K~n+)r™ signal 6m spectrum has been modelled using the sum of
three Gaussian functions (G3) with a common mean (u), convolved with an empirical
function which describes the asymmetric tail on the right-hand side of the spectrum:

g(dm) = A[O(6m’ — p) - (6m' — p)"] @ G3(dm — om’), (3.1)

where A is a normalization factor, © is the Heaviside (step) function, s is a free parameter
determining the asymmetric shape of the distribution, ® stands for convolution and the
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Figure 1. Distributions of (a) ém = mxr — mx, for D*T — D°(K~ )7t candidates and (b)
invariant mass of A — pm~ candidates, used for the PID calibration. The curves are the results of
maximum likelihood fits.
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Figure 2. Invariant 777~ mass for candidates passing the selection A of table 1. The result
of an unbinned maximum likelihood fit is overlaid. The main contributions to the fit model are
also shown.

convolution integral runs over m’. In order to model the background shape we use

h(om) = B [1 ~ exp <_‘5m_5m°>] , (3.2)

c

where B is a normalization factor, and the free parameters dmg and ¢ govern the shape of
the distribution. The fit to the A — pr~ spectrum is made using a sum of three Gaussian
functions for the signal and a second order polynomial for the background.

Figure 2 shows the invariant mass assuming the 7+ 7~ hypothesis for selected b-hadron
candidates, using the kinematic selection A of table 1 and without applying any PID
requirement. The shapes describing the various signal decay modes have been fixed by
parameterizing the mass distributions obtained from Monte Carlo simulation convolved
with a Gaussian resolution function with variable mean and width. The three-body and
combinatorial backgrounds are modelled using an ARGUS function [23], convolved with
the same Gaussian resolution function used for the signal distributions, and an exponential
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Figure 3. Momentum distributions of (a) pions and (b) kaons from D decays in the PID calibration
sample (histograms). For comparison, the points represent the inclusive momentum distribution of
daughter particles in Hy — hth'~ decays. The distributions are normalized to the same area. This
example corresponds to selection A.

function, respectively. The relative yields between the signal components have been fixed
according to the known values of branching fractions and hadronization probabilities of
BY, BY and Ag hadrons [24]. The fits corresponding to the kinematic selection criteria B
and C of table 1 have also been made, although not shown, in order to take into account
possible differences in the momentum distributions due to different selection criteria.

As mentioned above, the sPlot procedure is used to determine the various Aln L,
and momentum distributions, and these are used to reweight the D** and A calibration
samples. As an example, the momentum distributions of pions and kaons from D decays
and the inclusive momentum distribution of daughter particles in H, — h™h'~ decays, the
latter corresponding to selection A, are shown in figure 3.

The PID efficiencies corresponding to the three selections are determined by applying
the PID selection criteria to the reweighted D** and A calibration samples. The results
are reported in table 3. Using these efficiencies, the relevant PID efficiency ratios are
determined and summarized in table 4. These ratios correspond to selection A only, since
for the measurements involved in B and C the final states are identical and the ratios of
PID efficiencies are equal to unity. It has been verified that the PID efficiencies do not
show any sizeable dependence on the flavour of the parent hadron, as differences in the
momentum distributions of the daughter particles for different parent hadrons are found to
be small. Owing to the large sizes of the calibration samples, the uncertainties associated
to the PID efficiency ratios are dominated by systematic effects, intrinsically related to
the calibration procedure. They are estimated by means of a data-driven approach, where
several fits to the B — K7~ mass spectrum are made. The mass distributions in each fit
are obtained by varying the PID selection criteria over a wide range, and then comparing
the variation of the B — K7~ signal yields determined by the fits to that of the PID
efficiencies predicted by the calibration procedure. The largest deviation is then used to
estimate the size of the systematic uncertainty.



Selection A ntn” | KTK~ | Ktn~ | pr— | pK—
B — ntgp- 43.1 0.33 28.6 1.53 | 0.13

BY — KtK~ | 0.05 | 55.0 | 154 |0.05]| 1.63

Bly — Ktz | 140 | 417 | 67.9 |0.72 | 0.06

Bly — mtK~ | 140 | 417 | 209 |0.02| 0.85

A) — pr~ 1.93 | 0.92 16.8 | 35.4 | 3.16

A) — 7p 1.93 | 0.92 0.95 | 0.03 | 0.18

A) — pK~ 0.06 | 122 | 1.92 | 1.18 | 40.2
—

K*p 0.06 12.2 451 | 0.03 | 0.18

Selection B 7t | KYK— | Ktn~ | pn~ | pK—
BY = ntn— 42.8 0.33 2.06 | 151 0.13

BY - K*K~ | 0.05 | 545 | 1.09 |0.05| 1.63
Bly — K~ | 138 | 4.12 35.7 | 0.72 | 0.06
Bly — 7tK~ | 1.38 | 412 | 0.02 |0.02 | 0.84

A) — pr 1.90 | 0.90 6.01 | 354 | 3.16

A) — 7tp 1.90 | 090 | 0.03 |0.03]| 0.17

A) — pK~ 0.06 | 11.8 | 0.09 |1.19 | 40.2

A) - Ktp 0.06 | 11.8 0.88 | 0.03 | 0.17

Selection C a7t | KTK~ | Ktn~ | pr— | pK—

B — xtx~ | 405 | 0.00 1.64 | 1.51 | 0.00
BY — KK~ | 0.04 | 214 | 098 |0.04]| 1.01
Bly — K'a~ | 127 | 0.11 32.4 | 0.70 | 0.00
Bly — mtK~ | 1.27 | 0.11 0.01 |0.02 | 0.54
A) — pr 1.26 | 0.00 3.16 |33.5] 0.13
A) — 7p 1.26 | 0.00 0.02 | 0.02 | 0.03
A) — pK~ 0.04 | 135 | 0.05 | 1.08 | 23.9
A) - Ktp 0.04 | 1.35 0.65 | 0.02 | 0.03

Table 3. PID efficiencies (in %), for the various mass hypotheses, corresponding to the event
samples passing the selections A, B and C of table 1. Different sets of PID requirements are applied
in the three cases.



Efficiency ratio Value
epip(KT77) /epmp(ntn™) | 1.574+0.09
epip(K+77) / epn(K+HK™) | 1.23 £0.06

epip(pK ™) / epip(pm™) 1.14 +£0.05

Table 4. Ratios of PID efficiencies used to compute the relevant ratios of branching fractions,
corresponding to selection A.
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Figure 4. Invariant mass spectra corresponding to selection A for the mass hypotheses (a) K7,
(b) 7t7n~, (¢) KTK~, (d) pK~ and (e) pr—, and to selection B for the mass hypothesis (f)
K*7~. The results of the unbinned maximum likelihood fits are overlaid. The main components
contributing to the fit model are also shown.
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Figure 5. Invariant mass spectra corresponding to selection C for the mass hypotheses (a, b)
K™K~ and (c, d) #*n~. Plots (b) and (d) are the same as (a) and (c) respectively, but magnified
to focus on the rare B — K+ K~ and BY — 7t~ signals. The results of the unbinned maximum
likelihood fits are overlaid. The main components contributing to the fit model are also shown.

4 Invariant mass fits to H, — hTh’~ spectra

Unbinned maximum likelihood fits are performed to the mass spectra of events passing the
selections A, B and C with associated PID selection criteria. For each selection we have
five different spectra, corresponding to the final state hypotheses K™n~, nt7n~, KTK™,
pK~ and pm—, to which we perform a simultaneous fit. Since each signal channel is also
a background for all the other signal decay modes in case of misidentification of the final
state particles (cross-feed background), the simultaneous fits to all the spectra allow a
determination of the yields of the signal components together with those of the cross-feed
backgrounds, once the appropriate PID efficiency factors are taken into account. The signal
component for each hypothesis is described by a single Gaussian distribution, convolved
with a function which describes the effect of the final state radiation on the mass line
shape [25]. The combinatorial background is modelled by an exponential function and
the shapes of the cross-feed backgrounds are obtained from Monte Carlo simulation. The
background due to partially reconstructed three-body B decays is parameterized by an
ARGUS function [23] convolved with a Gaussian resolution function that has the same
width as the signal distribution.

The overall mass resolution determined from the fits is about 22 MeV/c?. Figure 4
shows the K*n—, #t7~, KTK~, pK~ and pr~ invariant mass spectra corresponding to
selection A and the K7~ spectrum corresponding to selection B. Figure 5 shows the 77~

-9 —



Selection Decay Signal yield
B — Ktr— | 98224122
BY — ntr 1667 + 51
A BY — KtK~ | 2523 £ 59
A) — pK~ 372 + 22
A) — pr 279 + 22
B BY — K*tr— | 3295+ 59
BY — 7tK~ | 249420
BY — xtr= | 1076 + 36
o BY - KYK~ | 682+27
B - KtK~ 137F¢
Bg N 49 fél

Table 5. Signal yields determined by the unbinned maximum likelihood fits to the data samples
surviving the event selections A, B and C of table 1 with the associated PID criteria. Only statistical
uncertainties are shown.

Selection Ratio Value

N(BO—ntn—)
W};ﬁﬂ_) 0.170 £+ 0.006

N(BO—»K+K™)
A NG T | 0-257+0.007
N(A—pr—)
B NBomTKT) | 076 4 0.006

N(BOSKTr)
N(B'5ETK™) | () g +0.009

C N(BY—KTK~-) 0.007
N(BY—rtrn7) +0.010
N(BY—rtr—) 0.046 —0.009

Table 6. Ratios of signal yields needed for the measurement of the relative branching fractions.
Only statistical uncertainties are shown.

and KK~ mass spectra corresponding to selection C. As is apparent in the latter, while
a BY — 777~ mass peak is visible above the combinatorial background, there are not yet
sufficient data to observe a significant B — K+ K~ signal. As an additional complication,
the mass peak of the B — K+ K~ decay is expected in a region where various components
give non-negligible contributions, in particular the radiative tail of the B? — KK~ decay
and the B — K+~ cross-feed background. The relevant event yields for each of the three
selections are summarized in table 5. Using the values listed in table 5, we can calculate
the ratios of yields needed to compute the relative branching fractions. These ratios are
given in table 6, with their statistical uncertainties.

~10 -



Sy certiny | S | ) [ M) [ M) [ i) T s
PID calibration 0.0002 0.0012 0.0075 0.0013 0.0005 0.0002
Final state rad. 0.0019 0.0043 0.0140 0.0012 0.0093 0.0013

Signal model negligible 0.0001 0.0013 0.0052 0.0010 0.0031

Comb. bkg model 0.0013 0.0006 0.0086 negligible 0.0012 0.0004
K7 3-body bkg 0.0018 0.0048 0.0239 0.0011 negligible negligible
Cross-feed bkg 0.0023 0.0045 0.0042 0.0008 0.0008 0.0002

Total 0.0038 0.0080 0.0304 0.0056 0.0095 0.0034

Table 7. Systematic uncertainties on the ratios of signal yields. The total systematic uncertainties
are obtained by summing the individual contributions in quadrature.

5 Systematic uncertainties

The systematic uncertainties on the ratios of signal yields are related to the PID calibration
and to the modelling of the signal and background components in the maximum likelihood
fits. Knowledge of PID efficiencies is necessary to compute the number of cross-feed back-
ground events affecting the fit of any Hp mass spectrum. In order to estimate the impact
of imperfect PID calibration, we perform unbinned maximum likelihood fits after having
altered the number of cross-feed background events present in the relevant mass spectra
according to the systematic uncertainties affecting the PID efficiencies. An estimate of the
uncertainty due to possible imperfections in the description of the final state radiation is
determined by varying, over a wide range, the amount of emitted radiation [25] in the signal
line shape parameterization. The possibility of an incorrect description of the core distri-
bution in the signal mass model is investigated by replacing the single Gaussian with the
sum of two Gaussian functions with a common mean. The impact of additional three-body
B decays in the K7~ spectrum, not accounted for in the baseline fit — namely B — mrw
where one pion is missed in the reconstruction and another is misidentified as a kaon —
is investigated. The mass line shape of this background component is determined from
Monte Carlo simulation, and the fit is repeated after having modified the baseline parame-
terization accordingly. For the modelling of the combinatorial background component, the
fit is repeated using a first-order polynomial. Finally, for the cross-feed backgrounds, two
distinct systematic uncertainties are estimated: one due to a relative bias in the mass scale
of the simulated distributions with respect to the signal distributions in data, and another
accounting for the difference in mass resolution between simulation and data. All the shifts
from the relevant baseline values are accounted for as systematic uncertainties. A sum-
mary of all systematic uncertainties on the ratios of event yields is reported in table 7. The
total uncertainties are obtained by summing the individual contributions in quadrature.
The uncertainties on the ratios of reconstruction and PID efficiencies, reported in tables 2
and 4, are also included in the computation of the total systematic uncertainties on the
ratios of branching fractions, reported in the next section.
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6 Results and conclusions

The following quantities are determined using eq. (1.1) and the values reported in ta-
bles 2, 4, 6 and 7:

B(B® = atr7) /B (B — K r~) = 0.262 £ 0.009 £ 0.017,

(fs/fa) - B(B? — KTK~)/B(B" - K*7~) = 0.316 + 0.009 + 0.019,

(fs/fa) - B(BY - 7tK~) /B (B — K*r~) = 0.074 % 0.006 = 0.006,
(fa/fs)-B(B* = KTK~)/B(B? - K*K~) = 0.018 T J:0%% + 0.009,
(fs/fa) - B(B? = 7r77) /B (BY — nfn™) = 0.050 T8 £+ 0.004,

) =

B(A) = pr~) /B (A) — pK~) = 0.86 £ 0.08 = 0.05,

where the first uncertainties are statistical and the second systematic. Using the current
world average B(B? — K*7~) = (19.4 + 0.6) x 107% provided by the Heavy Flavor Av-
eraging Group [24], and our measurement of the ratio between the b-quark hadronization
probabilities fs/f; = 0.267f8:8%(1) [26], we obtain the following branching fractions:

B(B?— rtn™) = (5.08£0.17 £ 0.37) x 107°,
B(B —» KTK™) = (23.04£0.7+£2.3) x 107°,
B(B = nTK™) = (54+04+0.6) x 107,
BB = KTK™) = (0.11 7093 £ 0.06) x 107,

B(BY — ntn™) = (0951521 £0.13) x 1075,
where the systematic uncertainties include the uncertainties on B(B® — K7 ™) and fs/fa.

These results are compatible with the current experimental averages [24] and

with available theoretical predictions [27-37]. The measurements of B (BS — KK *),
B(BY—n"K™), B(B® - K*K~) and B (A) — pr~) /B (A) — pK~) are the most pre-
cise to date. Using a likelihood ratio test and including the systematic uncertainties on the
signal yield, we obtain for the BY — 77~ signal a significance of 5.30. This significance

is estimated as Sgiat = 1/ —21n ﬁng,
at the maximum in the two cases of signal-plus-background and background-only hypothe-
ses, respectively. The value of sgar = 5.50 is then corrected by taking into account the
systematic uncertainty as Siot = Sstat/1/1 + Us2yst / Us2tat7 where 4ot and ogysy are the sta-
tistical and systematic uncertainties. This is the first observation at more than 50 of the
BY — 77~ decay.
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