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1. Introduction

The leptonic decays BY — u*u~ and B’ — u* u~ are expected to be very rare in the standard
model (SM) of particle physics because they are mediated by effective flavor-changing neutral
currents and are helicity suppressed. The predicted decay-time integrated branching fractions are
BBY — utu)=(3.64+0.3) x 107% and Z(B® — utu~) = (1.1£0.1) x 10719 [1, 2]. The two
decays offer very high sensitivity to models with extended Higgs-boson sectors. The search for
these decays has been ongoing over the past 30 years, with results from many experiments. The
ARGUS [3], UA1 [4], CLEO [5], Belle [6], BABAR [7], CDF [8], D@ [9], ATLAS [10], CMS [11],
and LHCb [12] experiments have all published limits on these decays. In the past two years, both
CDF [8] and LHCb[13] have determined central values for Z(B? — u*u~).

Here we present a complete re-analysis of the entire pp collision data sample collected in
2011 and 2012 by the CMS experiment [14] at the LHC. The integrated luminosity of the 2011
(2012) data sample amounts to 5 fo! (20 fbfl) at a center-of-mass energy of /s =7 TeV(8 TeV).
The improvements in this analysis with respect to last year’s CMS publication [11] are: improved
muon identification, improved and expanded selection variables, a multi-variate analysis, and an
unbinned maximume-likelihood (UML) fit for the result extraction. The dimuon invariant mass
region 5.2 < m < 5.45 GeV was (re-)blinded for the selection development and the choice of the
interpretation methodology. A more complete description of the analysis can be found in Ref. [15].

2. Detector

The CMS detector [14] was designed to provide excellent lepton (and photon) identification,
b/t tagging, and measurement of jets and missing transverse energy. This analysis profits from
detector capabilities developed to meet the first two design criteria: excellent vertex and track
reconstruction in a large and homogeneous magnetic field of 3.8 T combined with good muon
trigger, reconstruction, and identification capabilities.

The silicon pixel detector, with a pixel size of 100 um x 150 um, provides a powerful tool [16]
for measuring displaced secondary vertices from B decays' and minimizes effects from other pp
collisions in the same bunch crossing (pileup). The silicon strip detector achieves a transverse
momentum (p ) resolution of around 1.5% for muons used in this analysis, resulting in a dimuon
mass resolution of 32 MeV (for dimuon pseudorapidity || =~ 0) to 75 MeV (for |n| > 1.8).

The CMS muon detectors cover |n| < 2.4 and consist of drift tubes, cathode strip chambers,
and resistive plate chambers to allow for precise and redundant muon track reconstruction. The
baseline muon selection are “tight” muons as described in Ref. [17]. A boosted decision tree
(BDT) has been developed to reduce the hadron misidentification probability by a factor two while
keeping 90% of genuine muons passing the tight muon criterion. The hadron misidentification
probabilities are around 103, with variations due to the hadron species (pions, kaons, protons),
transverse momentum, and pseudorapidity. The (relative) systematic uncertainty of 50% is based
on differences between data and Monte Carlo (MC) simulations.

'We use B as abbreviation for B and BY.
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3. Analysis

The signal is characterized by two muons from one well-reconstructed secondary B vertex,
with the dimuon momentum aligned with the flight direction (from the primary vertex to the B
vertex), the dimuon mass around the B mass, and isolated dimuons (because the two muons are the
only decay particles of the B meson). The background has different components: the combinatorial
background, estimated from data sidebands, is mainly from two separate semileptonic b — cuv
decays or from one b — cV decay in combination with a misidentified hadron. Furthermore, rare
single B decays are studied in MC simulated events and have a peaking component from hadronic
two-body B decays (e.g. B — K*K~) and a non-peaking component (e.g. B — 7~ u*v).

The branching fraction is determined with respect to the normalization sample B+ — J/y K+
(J/y — ptu7) to minimize uncertainties from the B production cross section. A control sample
with B — J/w¢ (J/w — utu—, ¢ — K*K~) decays is reconstructed to compare BY production
characteristics in MC simulation and data. Since the signal-to-background ratio is better in the
central region of the detector than the forward region, the analysis is performed in two ‘channels’:
in the ‘barrel’, both muons have |17| < 1.4, while in the endcap at least one muon has 1.4 < |n| <
2.4.

The most powerful selection variables are based on the vertex characteristics and the isolation
of the B candidate. The flight length significance is the distance between the primary vertex and
the B vertex divided by its error. The B candidate impact parameter and its significance are deter-
mined with respect to the primary vertex. The pointing angle is measured between the B candidate
momentum and the vector from the primary vertex to the B vertex. Four isolation variables are
defined. (1) I =p " /(p1** + Y pL), where Yy p. is the sum of p, of all tracks, other than
muon candidates, satisfying AR = /(An)? + (A¢)? < 0.7 with respect to the B candidate momen-
tum. The sum runs over all tracks with p; > 0.9 GeV that (i) are consistent with originating from
the same primary vertex as the B candidate or (ii) have a distance of closest approach (d.,) with
respect to the B vertex <(0.05cm and are not associated with any other primary vertex. (2) The
isolation I;; of each muon, calculated as for the B candidate. A cone size of AR = 0.5 and tracks
with p; > 0.5GeV and d., < 0.1 cm from the muon are used. (3) The number of tracks Nfrlk"se with
p1 > 0.5GeV and d., with respect to the B vertex less than < 0.03cm. (4) d?a is defined as the
smallest d., to the B vertex, considering all tracks in the event that are either associated with the
same primary vertex as the B candidate or not associated with any primary vertex.

These variables are used to build BDTs within the TMVA framework [18]. For the training,
signal events are drawn from MC simulations, while background events are from data sidebands.
To avoid any possible selection bias, all samples are randomly divided into three subsets for BDT
training, testing, and analysis. This procedure is applied separately to the barrel and endcap chan-
nels and for the /s = 7 TeV and /s = 8 TeV data samples, resulting in 12 separate BDTs.

A comparison of the selection variable distributions in (sideband subtracted) data and MC
simulation reveals good agreement for the B* — J/w K= and B — J/y ¢ samples. None of the
variables indicates any pileup dependence. Furthermore, pileup has no significant effect on the
BDT output discriminant b distribution (mean, rms, and efficiency after application of a selection
criterion).
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Table 1: The signal selection efficiencies &gy, the predicted number of SM signal events N:)g:1 al>
number of signal and background events Nzigl, and the number of observed events Nyps in the barrel and
endcap channels for the 7 and 8 TeV data using the 1D-BDT method. The event numbers refer to the B’
and BY signal regions, respectively, as defined in the text. The errors quoted combine the statistical and

systematic uncertainties.

the expected

Eiot[1077] enal Nt Nobs
Vs =T1TeV
B%Barrel | 0.3340.03 | 0.274+0.03 | 1.3+0.8 | 3
BY Barrel | 0.304+0.04 | 2974044 | 3.6+06 | 4
B° Endcap | 0.2040.02 | 0.114+0.01 | 1.5+£0.6 | 1
BY Endcap | 0.20+£0.02 | 1.28+0.19 | 2.64+0.5 | 4
Vs =8TeV
B° Barrel | 0.2440.02 | 1.0040.10 | 7.94£3.0 | 11
BYBarrel | 0.234£0.03 | 11.46+1.72 | 179428 | 16
B% Endcap | 0.10+0.01 | 0.304+0.03 | 2.24+0.8 | 3
B? Endcap | 0.094+0.01 | 3.564+0.53 | 5.1+£0.7 | 4

4. Results

Two methodologies are used to determine the final results. (1) In the 1D-BDT method, one
single minimum requirement on b per channel is used. The requirement on b is optimized for best
significance. We use the 1D-BDT method for the determination of the upper limit on %(B° —
ptp~). In Table 1 the signal efficiencies are provided, together with the expected and observed
number of events for the B® signal region 5.20 < m < 5.30GeV and the BY signal region 5.30 <
m < 5.45GeV. A slight excess is evident in the B signal regions in the barrel, while for the B’
regions the observation agrees well with the expectation. (2) In the categorized-BDT method, the
discriminant b is used to define twelve event categories with different signal-to-background ratios,
but with the same expected signal yield in each bin. A simultaneous UML fit to the twelve mass
distributions is then used to determine Z(B? — u* ™). Method (2) has higher expected sensitivity
and thus provides the main methodology for the extraction of Z(B? — u*u™). As a cross check,
the UML fit can also be applied to the four mass distributions of method (1).

The probability distribution functions used in the UML fit are a Crystal Ball function (plus a
Gaussian with common mean) for the signal (peaking background components). Both B — u*u~
and B® — u*pu~ are fitted for simultaneously, letting the respective normalizations free. The peak-
ing background is constrained to the expectation normalized to the measured B yield. The com-
binatorial background is described by a first-degree polynomial with a floating slope. Independent
data samples confirm that this approach allows a good description of the high sideband data ir-
respective of the selected b range. The rare semileptonic background is modeled by a Gaussian
kernels method of the combined MC simulation prediction. Its normalization is left floating within
the large uncertainties of its predicted yield. The invariant mass distributions in the /s = 8 TeV
data sample with the highest and second-highest signal-to-background ratio, together with the fit
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results, are shown in Fig. 1. The candidates in the B® and B? signal regions have been investigated
and their distributions of kinematic and vertexing variables are consistent with signal expectations
based on BY — u*u~ MC simulations.

From the UML fit in the categorized-BDT method the following branching fractions are de-
termined

BB —ptu ) = (30709 x107°
BB —ptu) = (35775 x 10710

where the errors combine the statistical and systematic components. Separating the two errors
yields B(B? — utu~) = [3.0753(stat ")8(syst)] x 1072, For BY — pu*p~ this corresponds to an
observed (expected) significance of 4.3 (4.8) standard deviations. With the 1D-BDT method, the
observed (expected) significance amounts to 4.8 (4.7) standard deviations. The excess in the B
region has a significance of 2.0 standard deviations. In the significance determination for Bg (B,
the B (BY) signal is left floating and is treated as a nuisance parameter. Since the BY excess is not
significant, we set an upper limit with the CLg method [19, 20] at 1.1 x 10~? at the 95% confidence
level.
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Figure 1: Results from the categorized-BDT method of the fit to the dimuon invariant mass distributions
for the /s = 8 TeV data in the barrel (top) and endcap (bottom) for the BDT bins with the highest (left) and
second-highest (right) signal-to-background ratio.
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The external input used for these results are (B — J/WK*;J/y — uru~) = (6.0£0.2) x
107> [21] and the ratio of b-hadron fragmentation probabilities f;/f, = 0.256 +0.020 £0.013 as
measured by LHCb [22], where the last error represents an ad-hoc uncertainty to account for a
hypothetical p - and n-dependence of this quantity for the phase space of this analysis compared
to Ref. [22]. In-situ studies comparing B¥ — J/w K= with BY — J/y ¢ reveal no discernible effect
within the phase space of this analysis. The uncertainties above are dominated by the statisti-
cal component. Apart from the large uncertainty on f;/f, for the BY result, the other systematic
uncertainties include: the relative uncertainty of 50% on the hadron to muon misidentification
probability; the branching fraction uncertainties of the background decay modes (dominated by the
mode A, — plLV, where we use the average value between the lowest and the largest expectation in
the literature [23 —25] and assign an uncertainty of 100%); 5% uncertainty on the B yield, deter-
mined from varying the fit functions and comparison with fits using a J/y mass constraint; muon
identification and trigger uncertainties of a few percent; selection efficiency uncertainty estimated
by comparing B? — J/y ¢ efficiencies in data and MC simulation. The mass scale correction and
uncertainty are measured in data and MC simulation with y and 1° decays to dimuons.

5. Conclusions

We have presented the first measurement of %(BY — u* =) with the CMS experiment, with
a substantial sensitivity gain over the previous publications. The improvements are due to a BDT-
based muon identification, improved and expanded selection variables, a BDT-based selection, and
an UML fit for the result extraction. We observe (B — u*u~) = (3.0%)9) x 10~ with a sig-
nificance of 4.3 standard deviations, in agreement with the SM expectations. This result constitutes
the first observation of BY — u* = with more than 4 standard deviations.
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