PROCEEDINGS

OF SCIENCE

Leptonic decays of light hadronic states and rare B
decays

Aidan Grummer“!-*
“Department of Physics and Astronomy, University of New Mexico,

210 Yale Blvd NE, Albuquerque, New Mexico, USA

E-mail: agrummer@unm.edu

Recent results in the study of leptonic decays of light hadronic states and rare B decays are
presented. Measurements of the properties of BS mesons decaying to u*u~ and searches for BY
mesons decaying to u*u~ by both the ATLAS and CMS collaborations are discussed. Probing
lepton flavour violation via searches for T leptons decaying to three muons with ATLAS and CMS
is also discussed.

The Eighth Annual Conference on Large Hadron Collider Physics-LHCP2020
25-30 May, 2020
online

1on behalf of the ATLAS and CMS Collaborations
*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:agrummer@unm.edu
https://pos.sissa.it/

Leptonic decays of light hadronic states and rare B decays Aidan Grummer

1. Introduction

Flavour-changing neutral-current processes are highly suppressed in the Standard Model (SM).
The branching fractions of the decays B?S)—> utu~ are, in addition, helicity suppressed in the
SM, and are predicted to be B(B? — utu~) = (3.66 + 0.14) x 10~ and B(B® — u*u~) =
(1.03 + 0.05) x 1079 [1]. The SM predicts that only the heavy mass eigenstate, with measured
lifetime TR0 = 1.615 + 0.009 ps [2], contributes to the B’— u*u~ decay. Significant deviations
from SM predictions could arise in models involving non-SM heavy particles, including those
predicted in the Minimal Supersymmetric Standard Model [3] and in extensions such as Minimal
Flavour Violation [4] and Two-Higgs-Doublet Models [5].

Observing charged lepton flavour violation would be a major breakthrough in understanding
the matter content of the universe. The branching fraction of T — 3u is expected to be very small
in the SM: B(t — 3u) < 10714 [6]. Some extensions to the SM [7, 8] lead to a branching fraction

orders of magnitude greater (107'°~107%), within reach of experimental confirmation.
0

(s)
the lepton flavour violating decay T — 3u with the ATLAS [9] and CMS [10] experiments are
presented in this proceeding. The analyses discussed herein use data collected in pp collisions at

the CERN LHC.

The latest experimental results of the B, . — u*u~ analyses and the experimental searches for

2. Measurements of the properties of B’— y*u~ and searches for B'— -

In the ATLAS B?S)—> u*u study [11], data corresponding to an effective integrated luminosity
of 26.3 fb~! collected at a centre-of-mass energy /s =13 TeV in 2015 and 2016 of LHC Run 2 are
combined with 25 fb~! collected at /s = 7 and 8 TeV in 2011 and 2012 of Run 1, respectively. In
the CMS study [12], the data correspond to integrated luminosities of 5 and 20 fb~! recorded in
2011 and 2012 at /s = 7 and 8 TeV, respectively, and 36 fb~! recorded in 2016 at /s = 13 TeV.
Due to operational instabilities experienced with the CMS microstrip detector, CMS Run 2 data are
divided into two separate running periods, denoted 2016A and 2016B. Data are further separated
into the forward and central regions of the detector.

The notation used throughout this section refers to the combination of processes and their
charge-conjugates, unless otherwise specified. In both studies the BY — u*u~ and B® — ptu~
branching fractions are measured relative to the reference decay mode B* — J/y(— u*u~)K*
which is abundant and has a well-measured branching fraction 8(B* — J/yK*) x B(J /v —
utu”). The B — utu~ (Bg — ptu”) branching fraction can be extracted as:

T s [BB* — sk X BU = )] S T

BB, —ptuT) =
(s) Eptu- NJ/sz+ fd(s)

where Ny (Ny)is the B® — p*u~ (B — u*u) signal yield, Ny yk+isthe BY — J/y K™ reference
channel yield, &,+,- and &;,,k+ are the corresponding values of acceptance times efficiency and
fulfa (fi] f5) is the ratio of the hadronisation probabilities of a h-quark into B* and B (BY).

The background to the B(()S) — u*u~ signal originates from three main sources: (1) the con-
tinuum background, the dominant combinatorial component, which consists of muons originating

from uncorrelated hadron decays, (2) partially reconstructed decays where one or more of the
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final-state particles (X) in a b hadron decay are not reconstructed, and (3) the peaking background
due to B?S) — hh' decays, with both hadrons misidentified as muons. In both analyses, a boosted
decision tree (BDT) is implemented to suppress the dominant continuum background.

The B* yield for the reference channel is extracted with an unbinned extended maximum
likelihood fit to the J/yw K* invariant mass distribution. The fit includes four components: B* —
J /W K* decays, Cabibbo-suppressed B* — J/yn* decays, partially reconstructed B decays (BT —
J/WK*X), and the continuum background composed mostly of bb — J/y X decays.

The dimuon candidates are classified according to the BDT output in each experiment. The
2015-2016 ATLAS yield, determined from an unbinned maximum likelihood fit performed on the
dimuon invariant mass distribution simultaneously across all BDT intervals, is Ny = 80 + 22 and
Ng = —12 + 20 compared to the SM expectation of Ny = 91 and Ny = 10. Summing over all data
subset categories (separated by year and detector region), CMS observes a total BY — u*u~ yield
of 61153 candidates, consistent with SM expectations.

The branching fraction measurements for B — u*u~ and upper limits on B® — yu*u~ are, for
the combined Run 1 and 2015-2016 Run 2 ATLAS data:

B(B) - ptu”) = (2873)x 107 2)
BB’ - utu”) < 2.1x107'%at95% CL, (3)

and for all CMS data categories:

BB — utu”) = [2.9+0.7 (exp) + 0.2 (frag)] x 107° 4)
BB’ - utu”) < 3.6x1071%at95% CL. 5)

The likelihood contours of the fits are shown in Figure 1 for (left) ATLAS and (right) CMS, together
with the SM expectation.

A two-dimensional unbinned maximum likelihood fit to the dimuon invariant mass and the
proper decay time is implemented to extract the BY — u*u~ effective lifetime in the CMS data. The
fit includes the signal and each background component described above. The B — u*u~ lifetime
is measured to be:

Tyt = [1.70705% (stat) + 0.09(syst)] ps, (6)

consistent with the SM expectation.

3. Probing lepton flavour violation via searches for 1 — 3u decays

The ATLAS search for neutrinoless 7 — 3u [13] utilizes 20.3 fb~! of data at /s =8 TeV
collected in 2012. The CMS search [14] uses the data set collected in 2016 at /s =13 TeV,
corresponding to an integrated luminosity of 33 fb!.

The ATLAS search uses the source channel: W — 7v. A t-neutrino from the W boson decay
appears as missing transverse energy (E%‘iss). The three muons from the 7 lepton flavour violating
decay are expected to have close geometric proximity. The branching fraction is calculated as:

N
(ﬂ X €)Nw 7y ’

B(r — 3u) = (N
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Figure 1: (Left) likelihood contours for the combination of the ATLAS Run 1 and 2015-2016 Run 2 results
(shaded areas). The contours are obtained from the combined likelihoods of the two analyses, for values of
—2AIn(L) equal to 2.3, 6.2 and 11.8. The contours for the individual Run 2 2015-2016 and Run 1 results
are overlaid. The SM predictions and their uncertainties are included. Figure from [11]. (Right) likelihood
contours for the fit to the CMS branching fractions B(Bg — utu™) and B(B® — ptu”), together with the
best-fit value (cross) and the SM expectation (solid square). The contours correspond to regions with 1-5
standard deviation coverage. Figure from [12].

where N is the number of signal events, A X € is the acceptance times efficiency of the signal and
Nw — ¢ is the number of 7 leptons produced via the decay W — 7v.

A BDT is trained to discriminate the background. The three-muon mass distribution of the
ATLAS data is shown in Figure 2 (left) using tig ht selection criteria on the data (including selections
on the three-muon vertex fit quality, E‘Tniss, mass restrictions for two muons with the same-charge
and opposite-charge; further details can be found in [13]) paired with a loose BDT cut, xg, used to
remove background-like events, and a final BDT cut, x, optimizing the expected upper limit on the
branching fraction. Figure 2 (left) also shows a fit to the sidebands as well as the simulated signal.
The observed upper limit on the branching fraction in the ATLAS analysis is:

B(r — 3u) <3.76 x 1077 at 90% CL. (8)

The CMS search exploits 7 leptons produced in D and B meson decays. The branching fraction
is measured using the normalisation channel: Dy — ¢m — pum. Data are separated into three
categories based on the three-muon mass resolution. A BDT is trained using simulated signal
data and the three-muon mass sidebands for each mass resolution category. Two BDT regions
are optimized by maximizing the expected search sensitivity and used for signal extraction and
uncertainty estimates. Figure 2 (right) shows the three-muon mass distribution for one of the three
mass resolution categories and the corresponding highest BDT bin. The signal is normalised in
each category, assuming a branching fraction 8(r — 3u) = 1077, The upper limit on the branching
fraction is:

B(r — 3u) < 8.8 x 1078 at 90% CL. 9)



Leptonic decays of light hadronic states and rare B decays Aidan Grummer

T — CMS _Prefiminary 33 b (13 TeV)
%’ I —— Data (tight+x>x_selection) ATLAS i (%5) 351 l ‘ ‘ l l =
[ —#— Data (tight+x>x_selection) = 4 ] 3 Category A1

o o - C
® 20 —— Fittothe SB data Vs=8 TeV, 20.3 fb = 30 ¢ Daa
*2 C B Fit uncertainty e Sidebands (SB) ] ; o5 : Signal (B(z-3)=107)
) - Signal (tlght+x>xD selection) -.-- Signal region i < Background-only fit
o b — i
W g N 1 4 20
. !-‘-" '*-'-! -
10— i i . 151
C i i ] ; 05
sk i :
g BESINNE: : 5
0 b sl LA 35 ||u44/\k4||
1500 1600 1700 1800 1900 2000 2100 0 165 1.7 1.75 1.8 1.85 1.9 1.95 2
my, [MeV] m,, (GeV)

Figure 2: (Left) the three-muon mass distribution in the range [1450, 2110] MeV shown for the fright+x > xg
selection by solid black circles and for the tight + x > x; selection by the solid red square. The sideband
and signal regions are indicated by the arrows. The tight + x > xo data are fit in the two sidebands
simultaneously, excluding the events in the blinded region. The hatched area shows the uncertainty in the
fit due to the sideband range definition, the xo cut location and the fit function choice. The solid grey area
shows the signal shape (obtained from simulation), normalised to the area of the data for the fright + x > xg
selection. Figure from [13]. (Right) the three-muon mass distributions in one (A1) of six independent event
categories described in the text. Data are shown with points. The background-only fit and the expected
signal for B(7 — 3u) =1077 are shown with lines. Figure from [14].

4. Conclusions

Results of the studies performed by ATLAS and CMS of the rare decays of BY and B® mesons
into u*u~ have been presented. The results are compatible with the SM predictions. Searches for
neutrinoless 7 — 3u decays performed by ATLAS and CMS have been presented. No excess above
the expected background is observed.
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