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Rare decays in CMS Sara Fiorendi

Rare decays of flavoured particles offer a complementary approach to direct measurements
in the search for New Physics (NP) phenomena, providing sensitivity to higher mass scales. The
impact of NP could become manifest via enhancements or suppressions in the branching fractions,
or in modifications to the angular distributions of the decay final state particles. Recent results
on this topic from the CMS experiment [1] will be described, together with the perspectives for
selected rare decay measurements at the High Luminosity LHC (HL-LHC).

1. Angular analysis of the B" — K ,uJr U decay

The BY — K" u* ™ decay, being a Flavour Changing Neutral Current process, is forbidden
at tree level in the Standard Model (SM) and occurs through higher-order processes, resulting in a
branching fraction (BF) of 4.4 x 1077, New heavy particles from NP could appear in competing
diagrams, affecting the differential angular distributions of the final state particles. The decay has
been already studied in various experiments [2, 3, 4, 5] and no hint of beyond SM physics has been
found.

The analysis from CMS presented here is based on data collected in 2012 at /s = 8 TeV,
corresponding to an integrated luminosity of 20.5 fb~' [6]. Events are selected by a low pt dimuon
trigger, which requires two oppositely charged muons to be compatible with a common vertex,
displaced from the interaction point. The offline selection requires two muons and an additional
track, assumed to be a kaon, to originate from a single point. Kinematical and topological selections
are applied to further suppress background from combinatorial and partially reconstructed b hadron
decays.

The decay rate is described in Eq. 1.1 as a function of the two variables q2 and cos 6;, where
q2 is the dimuon invariant mass squared, 6, is the angle between the negative-charged muon and
the kaon in the dimuon rest frame, Fy represents the contribution from the pseudoscalar, scalar, and
tensor amplitudes to the decay width, and Ay is the forward-backward asymmetry of the dimuon
system:

1 dry, 3

1
[,dcosf, Z(l — Fy)(1—cos”6;) + §FH +Appcos (1.1)

In the q2 range from 1 to 22 GeV?, 2286 + 73 signal events are identified. The Fy and Agp
parameters are extracted from a 2-dimensional extended unbinned maximum likelihood fit to the
angular distribution of the selected B meson candidates, in various q2 intervals. The main sources
of systematic uncertainties include the parametrisation of the background distribution, the fitting
procedure and the description of the reconstruction efficiency. A detailed table is available in
Ref. [6].

The results for Fy; and Ay are shown in Fig.1 as a function of q2. The measured values of Ayp
are consistent with the SM expectation of no asymmetry. A good agreement is also found between
Fy results and SM theoretical predictions, as well as with previous measurements.

2. Search for T — u '~ /.L+ decays

The T — '~ u™ decay is a charge lepton flavour violating process, without missing neutri-
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Figure 1: Results of the Arp (left) and Fy (right) measurements in ranges of q2 [6]. The statistical uncer-
tainties are shown by the inner vertical bars, while the outer vertical bars give the total uncertainties. The
vertical shaded regions correspond to the J/y and y(2S) dominated control regions. The horizontal lines in
the right plot show the DHMV SM theoretical predictions [7, 8].

nos in the final state. In the SM, this process is allowed by neutrino oscillations, but its branching
fraction is beyond current experimental accessibility (BF ~ 10" [9]). However, the decay rate
results strongly enhanced in various NP scenarios [10, 11]. The three muon final state is exper-
imentally accessible and clean, and previous searches from Belle [12], BaBar [13], LHCb [14]
and ATLAS [15] have not found any hint of signal. The current world best limit, from the Belle
experiment, is BF < 2.1 x 10~ at 90% CL.

The CMS experiment has performed a search for this decay on 2016 data at 13 TeV (33
fb_l) using 7 leptons produced in D and B hadron decays [16]. The analysis strategy is based
on the reconstruction of three offline muons with total charge equal to 1. Events are previously
selected by an online algorithm which demands two muons and a generic track, originating from a
common vertex. A Boosted Decision Tree (BDT) discriminator is used to reduce the background
contamination. Discriminating variables include quantities related to the goodness of the muon
reconstruction and identification, and to the three-muon candidate properties. The BDT is trained
on a simulated signal sample and on backgrounds from data sidebands.

Selected events are divided into three categories based on the three-muon mass resolution,
which, in turn, depends on the muon rapidity; three other categories are established based on the
per-event BDT score, but in this case only the two with the highest signal-to-background ratio are
retained. This procedure results in 6 categories, to be included in the final fit.

D, — ¢ — ut " " events are used as a normalisation channel, as in Eq. 2.1,

N ’%(Dx — TV) 8Sig

sig = DSW%”«@(T—MIH? (2.1)

where &,

isation modes, respectively. The fraction of non-prompt D, is estimated from a fit to the proper

and €&, are the acceptance times reconstruction efficiencies for the signal and normal-

decay leght distribution using template shapes from the simulation.
The final limit on T — u "~ ™ branching fraction is extracted through a simultaneous max-
imum likelihood fit to the 6 categories mentioned above. Fig. 2 shows the three-muon invariant
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mass distribution per each category, with the results of the background only fit (blue) and expected
signal shape (red) superimposed. The dominant systematic uncertainties derive from uncertainties
on the D, normalisation (~10%) and on the D, — ¢ 7 branching fraction (~8%). The observed
(expected) limit at 90% CL on Z(t — " p™) is 8.8 (9.9) x 107°.
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Figure 2: Three-muon invariant mass distributions in the six independent event categories used in
the analysis [16]. Data are shown with points, the background-only fit and the expected signal for
Bt —uu uh)= 107 are shown with the blue and red lines, respectively.

3. Prospects for selected measurements at the HL-LHC

The HL-LHC run, which is due to start in 2026, is expected to deliver an integrated luminosity
of approximately 3000 fb ' ata pp center of mass value of 14 TeV [17]. Significant upgrades of
the CMS detector are foreseen [18] to withstand the highly-demanding operating conditions and to
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fully exploit the delivered luminosity. In particular, a new silicon tracker with finer granularity, ex-
tended coverage, and better radiation tolerance will be installed, which, together with the planned
improvements in the muon system, will allow to significantly improve the mass resolution mea-
surement. The perspectives for the measurements of the Bg —u " and B’ pu" " branching
fractions and the Bg effective lifetime are reported in the following, together with projections for
the CMS sensitivity to the P5 parameter in the B’ — K* uu decay.

The decays Bg —u " and B’ - putp are highly suppressed in the SM, since they can
only proceed through Flavour Changing Neutral Current processes, forbidden at tree level. The
SM predictions are (3.5640.30) x 10™° and (1.07 £0.10) x 10~ for the BY and B® decays
respectively [19]. The branching fractions are enhanced or further suppressed by many extensions
of the SM [20, 21, 22, 23], making these decays an excellent probe for physics beyond the SM. The
current experimental results from the ATLAS, LHCb, and CMS Collaborations [24, 25, 26, 27] are
all in agreement with the SM expectations, though still statistically limited.

The high statistics available at the HL-LHC will allow to perform precise measurements of the
branching fractions and of the effective lifetime of the Bg — ,LLJr U decay.

The analysis performance with the upgraded CMS detector is estimated. The predictions [28]
are based on the CMS analysis of the 2016 dataset, described in [29]. The sensitivity to the effective
lifetime and branching fraction measurements is evaluated on pseudo-experiments based on the
PDF for the signal and background components as from the reference analysis. Improvements
in the dimuon invariant mass resolution, which will be provided by the new tracking system, are
included in the prediction. In particular, the mass resolution in the barrel region is estimated to
improve by ~40-50% with respect to the Run 2 scenario, resulting both in a substantial reduction of
the semileptonic background contribution within the signal regions and in an improved separation
of the Bg and B signals.

A BDT discriminator, based on various properties of events, is used to separate signal events
from backgrounds. The signal yields are extracted via an unbinned maximum likelihood fit to the
dimuon invariant mass distribution in bins of the BDT discriminant variable, and the branching
fractions are then extracted exploiting the normalisation channel B™ — J /WK *, which has a well
measured branching fraction and similar topology/kinematics as the signal. The left and middle
plots of Fig. 3 show the invariant mass fit projections corresponding to an integrated luminosity of
3000 fb~ ' for both Bg — u+ u  and B’ u'u” channels in two pseudorapidity regions.

The Bg — uu effective lifetime is measured by a two-step procedure: first, an unbinned
maximum likelihood fit to the dimuon invariant mass distribution is performed, and the proper
decay time distribution of Bg signal events is projected with the sPlot [30] technique. Hence, a
binned maximum likelihood fit to the obtained signal proper time distribution, shown in the right
plot of Fig. 3, is carried out to extract the measurement of the effective lifetime of the Bg —sutu.

The results for the estimated analysis sensitivity for different integrated luminosities are sum-
marised in Tab. 1 for the total uncertainties on the B(s) —u T and B’ - w1~ branching frac-
tions, the range of the significance of the BY observation and the statistical uncertainty on the
BS — u "~ effective lifetime. With an integrated luminosity of 3000 fbfl, CMS will have the
capability to measure the Bg — uu effective lifetime with an error of about 0.05 ps, and to
observe the B" — pupu~ decay with more than 5 standard deviation significance.
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Table 1: Estimated analysis sensitivity for integrated luminosities of 300 and 3000 fb~'. Columns report the
total integrated luminosity, the total uncertainties on the BS —utp and B’ — u" p” branching fractions,
the range of the significance of the BY observation (the range indicates the +10 of the distribution of the
significance) and the statistical uncertainty on the BS — 1y effective lifetime

LI 1628 >uu) | 888  sutu) [ oB > utu) | 8[t(B,)] (stat-only)

300 12% 46% 1.4-3.50 0.15 ps
3000 7% 16% 6.3-8.30 0.05 ps
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Figure 3: Dimuon invariant mass distributions from simulated events for the Phase-2 scenario, in the central
barrel region (left) and in a more forward region (center). The results of the fit are superimposed. The right
plot shows the binned maximum likelihood fit to the background-subtracted decay time distribution [28].

The large integrated luminosity that will be collected at the HL-LHC will also allow to perform
more precise studies of the angular distributions of the B’ — K™ putu decay, whose branching
fraction is at the level of 10~ ’. This decay gives access to NP-sensitive observables, as the Ps
parameter, for which a deviation from SM expectation has been observed by LHCb [31] and Belle
[32], while CMS analysis of Run 1 data [33] shows consistency of the parameter with the SM
prediction.

The expected precision on the P5 parameter is extrapolated to the integrated lumi of 3000 fo!
[34], starting from CMS Run 1 results. Effects of improvements in the analysis strategy have not
been considered to perform the extrapolation, and it is assumed that trigger thresholds and efficien-
cies will remain the same. The extrapolation also assumes that the signal-to-background ratio will
not change, despite the improved mass resolution (of about 20%) with the Phase-2 detector should
ameliorate the signal-to-background ratio with respect to the Run 1 result.

Simulated samples of signal events generated with the Phase-2 conditions, including an aver-
age of 200 pileup, are used. For each q2 bin, the expected B — K ' signal yield is extracted
from an extended unbinned maximum likelihood fit to the K™z~ u ™ ™ invariant mass, and rescaled
to the luminosity of 3000 fb~!. The estimated statistical uncertainty on the P§ parameter is obtained
by scaling the statistical uncertainty measured in Run 1 by the square root of the ratio between the
yields observed in the Run 1 data and the expected yields for Phase-2. Systematic uncertainties
are scaled by a factor 2, or according to the increase of statistics of the control samples. Overall,
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the uncertainties are estimated to improve up to a factor of 15 compared to the Run 1 result, as
shown in Fig. 4. The plot also shows that, with the increased amount of collected data foreseen for
Phase-2, the angular analysis could be performed in narrower q2 bins, allowing to measure the P'S
shape with finer granularity. For this study, only the q2 region below the J/y mass squared, which
is more sensitive to possible new physics effects, is considered.

05 CMS Phase-2 Simulation Preliminary 3000 fb~* (14 TeV)
o [ B Kou CMS PLB 781 (2018) 517
L [:’ with Stat. uncert. only
0 r [Jwith YR18 syst. uncert.
0.5~ — ——]
L = = =
_1; =
g o1 Finer binning
5 0 =T
=01
g or =TT
S O ==
S e D I BN B R BT B BN B
0 2 4 6 8 10 12 14 16 18 20
? [GeV?]

Figure 4: Projected statistical (hatched regions) and total (open boxes) uncertainties on the P'S parameter
versus q2 in the Phase-2 scenario with an integrated luminosity of 3000 b [34]. The CMS Run 1 mea-
surement of Pg is shown by circles with inner vertical bars representing the statistical uncertainties and outer
vertical bars representing the total uncertainties. The vertical shaded regions correspond to the J/y and y
resonances. The two lower pads represent the statistical (upper pad) and total (lower pad) uncertainties with
the finer q2 binning.
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