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The CMS experiment is a privileged test bench for rare decays involving heavy flavors, based
on the highly efficient dimuon triggers and the large integrated luminosity provided by the LHC
collider. The most recent studies from CMS collaboration based on the data collected during
LHC Run-1 and 2016 are presented, including the measurement of BY and B® mesons decaying
into dimuons and the search for 7 lepton decaying into three muons.
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1. Measurement of rare B — uu decays

The B — u*u~ and B — u*u~ decays can only proceed through the higher-order flavor-
changing-neutral-current processes, and are highly suppressed in the standard model (SM). How-
ever, since these processes are theoretically clean, they are excellent places to look for new physics.
Key observables include the decay branching fractions for BY and B’ — u*u—, as well as the effec-
tive lifetime measured from BY — u*u~ candidates. The decay of B — u*u~ was first observed
based on the combined analysis of CMS and LHCb data [1], and its study now starts to enter the
precision regime; furthermore, there are hopes that the first evidence of B® — u*pu~ decay might
soon emerge. The effective lifetime is defined by
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where #/{{" and y; are defined by —R(1)/(1+ |A|?) and T0ALy/2, respectively. In the SM,
only the heavy B; state can decay into dimuons, but different composition of CP states may be
allowed by extended models. The SM predicts [2, 3] Z(BY — utu~) =3.57+£0.17 x 107°,
BB — utpu~)=1.06+0.09x 10719, and 7, = 1.615 ps. Details of the analysis is documented
in Ref. [4].

1.1 Analysis Aspects

The analysis of B — pu relies on the distinct signal signatures of two muons, an associated
single displaced vertex, which is isolated from other activities. The momentum of B candidate
should align with its flight direction, and the invariant mass should peak at the expected values
of M(By) and M (B,). The major background sources include combinatorial events and other rare
B decay processes. The combinatorial background consists of a combination of the muons from
two semileptonic B decays, or one muon from a semileptonic B decay with a misidentified hadron.
The rare B decay background includes both three-body decays such as B — K(m)uv or K(m)uu,
and two-body decays such as B — K&, &7, or KK events. The background from two-body decays
forms a similar peaking structure very close to the expected signal distributions.

Strong background suppression is achieved by a strict muon identification requirement, which
is based on a Boosted Decision Tree (BDT) and includes tracking and muon related detector infor-
mation. Topological and kinematical variables are introduced in the BDT discriminant for event
classification. The analysis procedures are validated and calibrated using the B" — J/wK™ and
BY — J/w¢ events, while the branching fraction is normalized with respect to BT — J/ywK™ de-
cays. The analysis benefits a similar trigger as well as selection criteria between signal and normal-
ization decays, allowing the main sources of the systematic uncertainties to be partially cancelled.

Background suppression variables are categorized into those associated with the B candidate
(kinematic variables pr and 7, and the minimal distance between two trajectories), those associated
with the secondary vertex (impact parameters, flight length, pointing angle, and the quality of
the vertex fit), and those associated with isolation (tracking activities around the B candidate and
daughter muons). Figure 1 shows the comparison between a simulated sample and data events for
the top-three discriminating variables: pointing angle, flight length significance, and the number
of tracks around the candidate. The background subtracted distributions from B* — J/wK™ and
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BY — J/w¢ candidates show good agreement, while the difference is accounted for as a systematic

uncertalnty.
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Figure 1: From left to right, comparison of measured and simulated distributions for the B candidate trans-
verse momentum p;, pointing angle, flight-length significance, and number of tracks around the candidate,
respectively, in central-region channel for B — J/wK™ (top) and Bg — J/w¢ (bottom) candidates. Details
can be found in Ref. [4].

Categories based on the background suppression BDT distribution are introduced and opti-
mized according to largest significance or smallest lifetime uncertainty of the B, — pu™u~ decay.
The significance value and the lifetime uncertainty are calculated using a maximum likelihood es-
timator based on an asymptotic method. The run-1 categories have been re-optimized. There are
14 categories introduced for the branching fraction measurement and 8 categories for the effective
lifetime study.

The yields of the processes B — J/wK* and BY — J/w¢ are extracted with fits to the
invariant-mass distributions. The signal (combinatorial background) shape is modelled with a sum
of two Gaussians (exponential function). The partially reconstructed J/y+X events are described
with an error function. The B* — J/yr™ (B® — J/wK*) background process is modelled as a
sum of three Gaussians (sum of three Gaussians and a linear function). The systematic uncertainty
on the yield of the normalization channel J/wK™ is estimated to be 4%, mainly derived from the
difference of the fits with and without constraining the J/y invariant mass.

The branching fraction of B — u* ™ is derived according to

Ny
N(B* —J/yK™)

+ + A-S(B+) Su
X BB — J/yK )XT(BO)XE, (1.2)
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where N; and N(BT — J/wK™) are the yields of signal and normalization BT — J/wK™" decays,
respectively; the A-€(BT) and A - (B?) are the acceptance-time efficiencies for B™ — J/wK ™ and
BY — putu~; the ratio, f,/f;, accounts for the b-quark fragmentation fractions into B and B’
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mesons. The branching fraction of B — p*u~ is calculated with a very similar formula, except
for the correction for the fragmentation fractions.

The ratio of fragmentation fraction, f/f,, is an external input to this measurement. The PDG
value [5], which is an average of LHCb [6] and ATLAS [7] 7 TeV measurements, is introduced,
with an additional uncertainty estimated from the LHCDb [8] 13 TeV result:

fs/fu=10.252+0.012 (PDG) £0.015 (energy and pr dependence). (1.3)

The resulting branching fraction can be rescaled with a different value, as knowledge of this ratio
improves in future.

1.2 Results

The branching fractions are extracted with a three-dimensional unbinned maximum likelihood
fit to the dimuon invariant mass rm,,, the per-event mass resolution & (m,, ), and a dimuon bending
configuration %’ (either bending towards or away from each other). The signal B and B® — u*u~
are modelled by Crystal-ball functions, where the Gaussian width is scaled according to o ().
The peaking B — hh (non-peaking B — huv, hpipt) background, where h stands for a charged kaon,
pion, or proton, is described by a sum of Crystal-ball function and a Gaussian (a non-parametric
keys model with Gaussian kernel). The combinatorial background is fitted by a first order Bernstein
polynomial.

The fitted branching fractions are

BB — ptu) = 29707 (exp) £0.2 (fs/f,)] x 1077, (1.4)
BB° — utu) = (0.8]3) x 1071 (1.5)

The observed (expected) significances for B? and B° decays are 5.60 and 0.60 (6.50 and 0.80),
respectively. The invariant mass distributions with the fit projection overlays, as well as the likeli-
hood contours, are shown in Fig. 2. The results are consistent with the prediction of SM, and are
in agreement with the CMS results with run-1 data [9]. Given the significance for B® — u*pu~ is
small, the upper limit based on the full CL, prescription has been evaluated to be < 3.6 x 10710
(< 3.1 x 10719) at the 95% (90%) confidence interval.

The effective lifetime measurement is carried out with two methods, a primary method which
introduces a two-dimensional likelihood fit to the proper decay time and dimuon invariant mass, and
a second independent analysis based on a one-dimensional binned likelihood fit to the sPlot [10] of
the decay time distribution. The model introduced in the 2D likelihood fit adopts the per-event de-
cay time resolution as a conditional parameter in the resolution model, and an efficiency correction
is applied to the decay-time line shape. The sPlot method uses the weights derived from the model
used in the branching fraction measurement, and a custom implementation of the binned likelihood
fit is introduced with proper asymmetric uncertainties. The results, as shown in Fig. 3, from the
two methods are found to be consistent with each other, as well as the expectation of the SM:

Tuu (2D fit) = 170104} ps, and 1, (sPlot) = 1.557033 ps. (1.6)

The systematic uncertainties are smaller than the statistical uncertainties.
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Figure 2: Invariant mass distributions with the fit projection overlays for the branching fraction results,
where the left (middle) plot shows the combined results from the high-(low-)range analysis BDT categories.
The fit results are shown with the solid lines, and the different background components are shown with the
broken lines. The signal components are shown by the hatched distributions. 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 Ref. [4].
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Figure 3: Left plot shows the proper decay time distribution, with the 2D UML fit projections overlaid. The
fit results are shown with the solid line, and the different background components are shown with the broken
lines and cross-hatched distributions. The signal component is shown by the single-hatched distribution.
Right plot presents the proper decay time distribution, with the sPlot fit projections overlaid. Details can be
found in Ref. [4].

The rare decay BY — u*u~ has been measured and the branching fractions have been updated;
more data are required for probing B’ — u*u~ decays. An effective lifetime measurement with
BY — ut u~ events has been carried out for the first time at the CMS experiment. All experimental
results [?] are consistent with the expectations from the SM.

2. Search for 7 — 3u decays

The decay, T — 3, is a charged lepton-flavor violating decay of the 7 lepton with no missing
neutrino. In the SM, the process is allowed by neutrino oscillations, but the branching fraction
is extraordinarily tiny and is beyond experimental accessibility. The decay rate can be strongly
enhanced when new physics scenarios are introduced; experimentally the three-muon final state
is accessible and clean. Searches have been performed by experiments and no hint of signal has
been observed yet; the best limit, % < 2.1 x 1078 at the 90% confidence level, has been set by the
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Belle [11] experiment. CMS [12] performed a search for the T — 31 decay, employing 7T leptons
produced in D and B hadron decays, using the 13 TeV data set collected in 2016 of 33 fb~!.

A 7 candidate is triggered with two muons plus a track, with vertex and mass requirements. At
the offline stage three muons are required and the sum of charges should be 1. The normalization
channel, D — ¢" — uTu~ 7", is triggered with the same criteria and selected with very similar
thresholds. The fraction of non-prompt Dy events is estimated from a fit to the proper decay length
distribution. Table 1 summarizes the expected inclusive yields of T leptons based on the assumption
of Z(t — 3u) = 1077, the w7 invariant mass distribution and the proper decay length distribution
for the 7 candidates are shown in Fig. 4.

Table 1: The expected inclusive number of 7 leptons produced in D and B meson decays.
D — 7 Signal B — 7 Signal Data

Production 4.4 x 10 1.5 x 10
37 in fiducial volume 6.6 x 103 2.3 % 10°
Trigger 214 114
3u p; >2GeV 88 47 1 x 107
3u candidate 64 29 1 x 10
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Figure 4: Left plot shows the invariant mass distribution for two muons and a pion after applying signal-like
kinematic cuts on two muons and a pion, after requiring that the two muons have opposite signs and their
invariant mass is consistent the ¢ meson mass. Right plot presents the fit of the prompt and non-prompt Dy
contributions to data. The histograms are from Dy — ¢ (1) MC. Details can be found in Ref. [12].

Background suppression relies on the variables associated with the three-u vertex and those
associated with fake muons from hadron decays. The most discriminating variables are the nor-
malized x? from the three-y vertex fit, significance of the three-u vertex displacement w.r.t. the
interaction point, pointing angle, and the kink parameter for the tracker track. The variables are
included in the BDT discriminant trained with signal MC and sideband data as background. The
three-4t mass resolution is evaluated event-by-event, ranging from 0.4 to 1.5%, depending on the
muon rapidity. The events are categorized based on the mass resolution and the BDT score, result-
ing in six categories in total.

A simultaneous maximum likelihood fit to the three-u invariant mass, is performed with all six
categories, as shown in Fig. 5. The signal model is parametrized with Crystal-Ball functions, while
the background component is modeled with an exponential plus a polynomial. No hint of signal
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is found, and the observed (expected) limit is evaluated using the CLg method, yielding #(t —
3u) < 1.1 x 1077 (1.2 x 1077) at the 95% confidence level. In the limit calculation, systematic
uncertainties are incorporated via nuisance parameters. Statistical uncertainties are dominant over
the systematic ones.
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Figure 5: Trimuon mass distributions in the six independent event categories used in the analysis [12]. Data
are shown with points. The background-only fit and the expected signal for %(7 — 3u) = 1077 are shown.
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