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1. Search for rare B — u*u~ decays

The Standard Model (SM) expectations for the branching fractions of B — u*u~ and B® —
't rare decays are very suppressed since they are flavor-changing-neutral-current (FCNC) decays
that can only occur via Z penguin and box diagrams. The branching fractions are expected to be
B(BY — utu) =(3.66+0.14) x 10~ and B(B® — utu~) = (1.03 +0.05) x 10710 in SM [1, 2].
However, any effect beyond SM can enchance these branching fractions significantly [3, 4]. Another
observable which is also sensitive to new physics effects is BY — u*u~ effective lifetime. SM
predicts that only heavy mass eigenstate of BY, with a lifetime of TR = 1.615 + 0.009 ps [5], can
decay to dimuon. It is therefore of high interest to measure, in addition to the branching fraction,
also the B® — u* u~ effective lifetime.

The signal events of B — u* u~ are reconstructed using two oppositely charged muons fitted
to a common displaced vertex, with an invariant mass m,,, around the BY or Bg mass. The main
sources of the background is the combinatorial background as including either two uncorrelated
semileptonic B decays or one semileptonic B decay plus one misidentified hadron. Another
background component is the rare single B decays which consist of decays with either one (e.g.,
B — huv) or two misidentified hadron (B — hh) leaking into signal region. Due to the (very)
small expected signal rate, it is crucial to suppress the large background which their rates are even
higher than the signal events. The best possible hadron-to-muon misidentification probability is
achieved using an advanced muon identification study, based on a Boosted Decision Tree (BDT),
using the variables from tracking and the muon detectors.

A second BDT is trained for the candidate selection using signal decays from Monte Carlo
(MC) simulations and combinatorial background from data sidebands. The BDT categorization is
optimized by maximizing the expected sensitivity of the analysis as choosing the best significance
for the branching fraction and the smallest uncertainty for the lifetime analysis using a maximum
likelihood estimator.

The normalization yield is obtained from a fit to J/y K invariant mass distribution. The signal
shape is modelled with double Gaussians with a common mean. The combinatorial background
component is an exponential function, an error function for partially reconstructed B — J/¢yK*X
decays and a MC simulation based shape for the B* — J/yn™ is fixed to 4% of the total signal

yield.
The branching fraction is measured relative to a normalization channel B* — J/¢y/K*, as
- Nsi _ tot(p+ )
BBY — pp") = gz X BB = J/y(— ptp)K*) x zszBg; x %, where Nyig

(N(B%)) is the signal (normalization) decays, &'°'(BY) (&'°/(B*)) is the signal (B*) efficiency,
B(BY — J/yK*) = (1.01 £0.03) x 1073 and B(J/y — u*pu~) = (5.96 + 0.03) x 1072 and
fulfs is the fragmentation fractions of the (B*) and Bg mesons. A similar formula is used for
B(B® — p* ), using fa/fu = 1.

The branching fractions 8(B? — u*u~) and B(B® — u*u~) are determined with a 3D
unbinned maximum likelihood fit to the dimuon invariant mass, the relative mass resolution, and
the dimuon pairing configuration C (C = =1 for the two muons bending towards or away from each
other respectively.) The signal probability density functions (PDFs) are modelled with a Crystal
Ball function for the invariant mass where the Gaussian width is scaled according to o (m,,).
The peaking background PDF is described by a sum of Crystal-ball function and a Gaussian (a
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non-parametric keys model with Gaussian kernel). The combinatorial background is modelled
by a nonnegative Bernstein polynomial of the first degree, whose parameters (both slope and
normalization) are determined in the fit. The result of the fit to data is

B(BY — i) = [2.9 + 0.7(exp) + 0.2(f,/f,)] x 1077 1

where the experimental uncertainty is a combination of large statistical and a small systematic
errors and the second one is due to the uncertainty in f;/ f;,. The observed (expected) significance,
determined using Wilks’ theorem [6], is 5.6 (6.5) standard deviations. Since no significant signal is
observed, an upper limit is set for the 8(B® — u* ™) based on the standard CL, rule [7]. The result
is B(B® — utp™) < 3.6 x107193.1 x 10719) at the 95% (90%) confidence level. The invariant
mass distributions with the fit projection overlays, as well as the likelihood contours, are shown in
Fig 1.

The effective lifetime is measured with two methods and as a primary method, 2D unbinned
maximum likelihood fit is performed to the invariant mass distribution and the proper decay time
in the range of 1 < ¢ < 11 ps. The combined distributions from all categories are shown in Fig. 2
and the fit gives the result as

Ty = 1.70°0-%1ps, (2)

where the uncertainty is the combination of large statistical and small systematic errors (+ 0.09 ps).
This is the first time CMS performed effective lifetime analysis for B — u*u~ decays. All
results are found to be consistent with SM predictions.
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Figure 1: Combined mass projections for the high (left) and low (middle) BDT-threshold categories. Right
plot shows the likelihood contours for the fit to the branching fractions together with the best-fit value (cross)
and the SM expectation (solid square). Details can be found in the original paper [8].

2. Search for 1 — 3u decays

The search exploits 7 leptons in both W boson and heavy-flavor hadron decays. It’s been
observed that neutrinos have masses and they can oscillate through generations which provides a
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Figure 2: Invariant mass (left) and proper decay time (right) distributions, with the 2D UML fit projections
overlaid. The total fit is shown by the solid line and the different back- ground components by the broken
lines and cross-hatched distributions. The signal component is shown by the single-hatched distribution.
Details can be found in the original paper [8].

mechanism for lepton flavor violating (LFV) decays of r — 3u. However, the SM expectation for the
branching fraction is extremely small [9]. This rate can be altered by new physics scenarios [10, 11].
CMS provides the first search for the LFV decay from a combination of two independent channels.

2.1 W boson channel

T — 3pis obtained from W — uv decays, where v is the tau-neutrino that appears as a missing
transverse energy, Eriiss, in the decay. The high-level trigger required three reconstructed charged
particles (tracks), of which two must be identified as muons with pr > 3 GeV and the other must
have pr > 1.2 GeV. Offline, all combinations of three muons in the event with a combined charge

of +1 are considered and a fit to a common vertex is attempted to make a 7 candidate.

N, sig
Lo(pp—=W+X)B(W—1v)Asz, 83,
where number of signal events are normalized using integrated luminosity, W cross section, the

The branching fraction of the 7 — 3uis obtained as B(t — 3u) =

branching fraction of W — v and the corresponding acceptance and efficiencies, respectively.

The events passing the BDT selection are classified into two mutually exclusive categories,
based on trimuon mass resolution in barrel (|n;| < 1.6) and endcap (|| > 1.6) regions of
the detector. The trimuon invariant mass distributions for each events passing each category is
shown in Fig. 3, along with a background-only fit and the contribution expected for a signal with
B(t — 3u) = 1077, For the W boson analysis, the signal model is a Gaussian function with fixed
mean and width, as determined from fitting the simulated events in the appropriate category.

2.2 Heavy-flavor hadron channel

The search for T — 3u produced in B and D meson decays requires a normalization channel
for the measurement of the branching fraction in order to reduce large systematic uncertainties in
the production of heavy-flavor hadrons. For this purpose, the decay D} — ¢n* — ptpu~n* is
used to normalize the signal yield. A 7 candidate is obtained from two reconstructed muons plus
one track at the trigger level. Then, it applies trimuon invariant mass requirement and the sum of
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Figure 3: Trimuon invariant mass distributions for barrel (left) and endcap (right) categories of the W boson
analysis. The background-only fit and the expected signal yield assuming B(r — 3u) = 1077 are shown
with solid and dashed lines, respectively. Details can be found in the original paper [12].

charges of these trimuon to be +1 at the offline selection. Since Dy hadron can also be produced
from a B decay, the fraction of non-prompt D events is calculated from a fit to proper decay length
distribution.

To improve the analysis sensitivity, the T candidated are divided into six categories depending
on their trimuon mass resolution and the BDT score. A simultaneous maximum likelihood fit to the
trimuon invariant mass, is performed with all six categories, as shown in Fig 4. The signal model
is parametrized with Crystal-Ball functions, while the background component is modeled with an
exponential plus a polynomial.

2.3 Results

CMS offers the first search of LFV decay 7 — 3u from a combination of W and heavy-flavor
channel. No signal is observed and upper limit is extracted from simultaneous unbinned maximum
likelihood fit to the trimuon invariant mass in the two categories of the W boson analysis and the
six categories of the heavy-flavor analysis. The observed (expected) upper limits at 90% CL on
B(t — 3p)is 8.0 x 1078(6.9 x 1079).
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Figure 4: Trimuon mass distributions in the six independent event categories used in the heavy-flavor
channel. The background-only fit and the expected signal yield assuming B(r — 3u) = 1077 are shown
with solid and dashed lines, respectively. Details can be found in the original paper [12].
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