UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Constraints on the KO — p*p- Branching Fraction
LHCb Collaboration

DOI:
10.1103/PhysRevLett.125.231801

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
LHCDb Collaboration 2020, '‘Constraints on the kKO p u* Branching Fraction', Physical Review Letters, vol. 125,
no. 23, 231801. https: /idoi. 0rg/10.1103/PhysRevLett.125.231801

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 11. Apr. 2024


https://doi.org/10.1103/PhysRevLett.125.231801
https://doi.org/10.1103/PhysRevLett.125.231801
https://birmingham.elsevierpure.com/en/publications/26ce3156-da64-447f-9a36-53761540d819

PHYSICAL REVIEW LETTERS 125, 231801 (2020)

Constraints on the Kg — u*p~ Branching Fraction

R. Aaij et al.”
(LHCb Collaboration)

® (Received 29 January 2020; accepted 25 September 2020; published 2 December 2020)

A search for the decay K% — p* i~ is performed using proton-proton collision data, corresponding to an
integrated luminosity of 5.6 tb~! and collected with the LHCb experiment during 2016, 2017, and 2018 at
a center-of-mass energy of 13 TeV. The observed signal yield is consistent with zero, yielding an upper
limit of B(KS — upu~) < 2.2 x 10719 at 90% C.L.. The limit reduces to B(K$ = u"u~) < 2.1 x 10710 at
90% C.L. once combined with the result from data taken in 2011 and 2012.

DOI: 10.1103/PhysRevLett.125.231801

The decay K§ — u"p~ is a flavor-changing neutral current
(FCNC) process which has not been observed yet. In the
standard model (SM), this decay is highly suppressed [1,2],
with an expected branching fraction B(KS— u™u~)gu=
(5.18 £1.50; p +0.02gp ) x 10712 [3]. The uncertainties with
subscripts LD and SD relate to long-distance and short-
distance effects, respectively. The main contributions to the
K 2 — ptu~ decay amplitude are illustrated in Fig. 1.
The related channel K9 — ptyu~ is predicted in the SM
to occur with a branching fraction B(KY — u™ )y =
(6.85 & 0.80; p + 0.06gp) x 107 or B(KY - putu )y =
(8.1141.49, , +0.13gp) x 10~ for an (unknown) positive
or a negative relative sign of the K9 — yy amplitude [4],
respectively. These predictions are in good agreement with the
experimental world average B(KY — utu~) = (6.84 +
0.11) x 107 [5], based on Refs. [6-8]. Both the K§ and
the K9 decay amplitudes are dominated by LD contributions
in the SM. The large difference between the two branching
fractions is due to the S-wave component, which is charge-
parity (CP) violating and CP conserving for the K9 and K9
modes, respectively. In the K (s) case, the CP -conserving long-
distance contribution can only proceed through the P wave,
and the CP -violating short distance component in the SM is
even more suppressed.

Because of the strong suppression of the SM decay
amplitude, dynamics beyond the standard model (BSM)
can induce large deviations of B(K% — p* ™) with respect
to the SM prediction. This has been shown to be the case in
SUSY scenarios [9] as well as in leptoquark models
[10,11]. The current best limit, B(K% — p*p~) < 0.8 x
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10~ at 90% confidence level (C.L.), was set by LHCb [12]
with the data collected during Run 1 (2011-2012).

In this Letter, a significantly improved limit is presented.
Results are based on proton-proton (pp) collision data
collected with the LHCb detector at a center-of-mass
energy of 13 TeV during 2016, 2017, and 2018 (Run 2),
corresponding to an integrated luminosity of 5.6 fb~!. This
measurement benefits from the huge K production cross
section at the LHC of approximately 0.6 b at a center-of-
mass energy of 13 TeV [13], and from the forward
geometry of the vertex detector of LHCb since Kg mesons
are predominantly produced at low angles with respect to
the beam pipe. A major improvement with respect to the
previous analysis is achieved by employing dedicated
software triggers that were not present in Run 1. These
new triggers were included from the start of 2016 data
taking, so data from 2015 is not used, due to a lower trigger
efficiency and integrated luminosity. While the analysis
strategy closely follows what was done for Run 1, the event
reconstruction and selection have been improved.

The LHCb detector [14,15] is a single-arm forward
spectrometer covering the pseudorapidity range 2 <
n < 5, designed for the study of particles containing b or
¢ quarks. The detector includes a high-precision tracking
system consisting of a silicon-strip vertex detector (VELO)
surrounding the pp interaction region, a large-area silicon-
strip detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes placed downstream of the
magnet. The tracking system provides a measurement of the
momentum, p, of charged particles with a relative uncer-
tainty that varies from 0.5% at low momentum to 1.0% at
200 GeV/c. The minimum distance of a track to a proton-
proton collision vertex (PV), the impact parameter (IP), is
measured with a resolution of (15 + 29/ p;) um, where py
is the component of the momentum transverse to the beam
axis, in GeV/c. Different types of charged hadrons are
distinguished using information from two ring-imaging
Cherenkov (RICH) detectors. Photons, electrons, and

© 2020 CERN, for the LHCb Collaboration
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FIG. 1. Diagrams representing SM contributions to the K(S) — ptu~ decay amplitude: (top) long-distance contribution, generated by
two intermediate photons, and (bottom) short-distance contributions.

hadrons are identified by a calorimeter system consisting of
scintillating-pad and preshower detectors, an electromag-
netic and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire
proportional chambers. In addition, information from the
tracking system, the calorimeter system, and the RICH
detectors is used to further improve the muon identification.

Events are first required to pass a hardware-trigger
selection [16], based on information from the calorimeter
and the muon system, relying on high-p; signatures.
Subsequently, a full event reconstruction is applied in
a two-step software selection. In the previous analysis,
the search was limited by a muon p; threshold
of approximately 1.8 GeV/c. In Run 2, a new track-
ing method was included, in order to improve the
reconstruction of muons with low transverse momentum.
By using the information from the muon chambers at early
stages in the reconstruction chain, a drastic reduction of the
number of tracks to be processed by the most time-
consuming reconstruction algorithms is achieved. This
new reconstruction method allows the reduction of the
pr muon threshold to 80 MeV/c. In addition, a dedicated
software trigger selection was developed, using the afore-
mentioned reconstruction method, fully covering the
dimuon invariant mass spectra of many strange decays,
including K(S) — ptu~. This translates into an increase of
the trigger efficiency for K§ — u"u~ of about an order of
magnitude with respect to Run 1 [17]. After the upgrade of
the LHCb detector [18], the hardware trigger will no longer
be present, allowing for further efficiency improvements.

The purity of the signal candidates and the evaluation of
the systematic uncertainties depend on the hardware trigger
requirements, so the full data sample is divided into two
categories. In the first category, referred to as triggered-
independent-of-signal (TIS), events are triggered at the
hardware stage independently of the trigger decision on the
decay products of the signal candidate. The second cat-
egory, referred to as exclusively triggered on signal
(XTOS), consists of events triggered at the hardware stage
by the signal candidate decay products that are not
contained in the TIS category [19]. Both categories are
required to fulfill the same software trigger requirements.

The measurement of the Kg — uTu~ branching fraction
requires the normalization to the K} meson production rate,
which is done using Kg — 'z~ decays, given its abun-
dance, its similar topology to Kg - putu~, and its
well-known branching fraction [5]. Common off-line
preselection criteria are applied to K% — p*u~ and K§ —
#tn~ candidates in order to reduce many systematic
effects in the efficiency ratio. Candidate Kg - utu
(K% — z*77) decays are obtained from two tracks with
opposite charge identified as muons (pions), forming a
secondary vertex (SV) and with an invariant mass in the
range 400-600 MeV/c?. Kaon candidates are required to
decay inside the VELO, where the best Kg invariant mass
resolution is achieved. Approximately 22% of K mesons
produced at the pp interaction point decay within the
acceptance of the VELO. The Kg candidate origin must
be compatible with a PV, while its decay products should be
inconsistent with originating from any PV. The SV must be
well detached from the PV by requiring the K candidate
decay time to be larger than 6% of the known Kg lifetime
[5]. Decays of A baryons to pz~, and the charge-conjugate
counterpart, are suppressed by removing candidates close
to the expected elliptical kinematic regions in the
Armenteros-Podolanski plane [20] (The inclusion of
charge-conjugate processes is implied throughout this
Letter, unless otherwise noted.). The corresponding loss
in signal efficiency is negligible. Muon tracks are required
to have associated hits in the muon system [21], while pions
from Kg — ntx~ decays are required to be within the
muon system acceptance. The main background sources
are random combinations of tracks, inelastic interactions
with the detector material, and Kg — n"xn~ decays, where
the two pions are misidentified as muons. In doubly
misidentified Kg — mtx~ decays, the invariant mass of
the kaon candidate is underestimated on average by
40 MeV/c?, corresponding to ten times the dimuon invari-
ant mass resolution in this energy regime.

Background from material interactions and random
combinations of tracks is suppressed using two adaptive
boosted decision tree (BDT) [22,23] algorithms based on
the XGBoost library [24] and optimized for each trigger
category. Simulated K (S) — pu~ decays are used as a proxy
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for signal, and Kg — putu~ candidates from data in the
dimuon invariant mass region above 520 MeV/c? as a
proxy for background. Data from the left sideband are not
considered since it is dominated by doubly misidentified
Kg — xt7~ decays. Before the BDT training, the simu-
lated Kg — ptu~ candidates are weighted using a gradient
boost algorithm [25] trained with K g — "2~ candidates in
simulation and data, to take into account small differences
between data and simulation. Since the background can-
didates used in the training are part of the fitted sample, the
k-folding approach [26] is applied to maximize the sample
available without biasing the background estimate. The
BDT input variables are the kaon candidate decay time and
IP significance (y3,), defined as the increase of the y? of the
PV when considering the kaon candidate in the vertex fit; the
23 and the track-fit ¥ of each of the two tracks; the distance
of closest approach between the two tracks; the cosine of the
helicity angle; the y* of the SV fit; two SV isolation
variables, defined as the difference in the y? in the vertex
fit with only the two final-state tracks and that obtained when
adding the one or two nearest tracks; and a VELO material
veto variable [27]. The VELO material veto variable
efficiently suppresses background originating from inelastic
interactions with the VELO stations and radio-frequency
foil which separates the VELO modules from the beam
vacuum [28]. A selection requirement is placed on the BDT,
rejecting 99% of the background with a signal efficiency of
approximately 63% for both trigger categories.

Another significant background source is K9 — utu~
decays, for which the LHCb detector has the efficiency
suppressed by a factor of approximately 2.3 x 1073
relative to Kg — putpu~ decays due to its longer lifetime.
Interference between K% and K9 mesons is neglected since
K° and K° mesons are expected to be produced in equal
amounts [3] at the LHC. Contributions from other back-
ground sources, such as K° — uuy(y), Tt - putyu-,
KO = 2%ty A= pr, 0 = 2% tum, = ptuty,
as well as from K — z*u¥v, and K} — 75uF v, decays,
the latter recently discovered by the KLOE-2 Collaboration
[29], are found to be negligible.

Candidates satisfying the preselection criteria are divided
into twenty subsets: ten bins of the BDT response for each of
the two trigger categories. The BDT bins are chosen to have
the same fraction of simulated signal candidates in each bin.
A dedicated muon identification boosted decision tree
(uBDT) is used to suppress K9 — 7"z~ decays, whose
performance can be consulted in Ref. [12]. The selection
criterion on the uBDT is optimized and applied independ-
ently for each of the twenty categories. The response of the
muon identification is calibrated using J/w — p*u~ decays,
complemented with the use of K — 7~ pty, decays due to
the lower transverse momentum of the decay products.

The Kg — pTu~ branching fraction is determined in an
unbinned maximum-likelihood fit to the kaon candidate
invariant mass in the range 480-595 MeV /c?. Taking into

account the ratio of detection efficiencies, the signal yield is
normalized to K§ — 7"z~ decays to cancel uncertainties
due to the K (s) cross section, luminosity, reconstruction, and
partially due to selection criteria including the BDT
binning. The fit is performed simultaneously in the twenty
data categories. The contributions considered are Kg —
uu~ signal, modeled with a Hypatia distribution [30];
background from material interactions and random combi-
nation of tracks, described by an exponential function; the
K(S) — 'z~ background, modeled with a power law
distribution; and KY — u*u~, described with the same
probability density function as the Kg — uTp~ decay. All
yields are free to vary in the fit. Because of the low level of
background from material interactions and random combi-
nation of tracks, the slope of the exponential function is left
to change sign when constructing the profile likelihood. A
Gaussian constraint is applied to the yield of the K9 —
upu~ component, based on its known branching fraction
[5] and on the efficiency ratios between K — pu*pu~ and
K9 — ptu~. Additional Gaussian constraints are applied to
the efficiency ratios between K§ — p*y~ and K§ — z* 727,
accounting for the systematic uncertainties. An indepen-
dent sample of Kg — "z~ decays obtained from a trigger-
unbiased sample is used to calibrate the K9 invariant mass
peak position and resolution parameters (see Fig. 2). It is
also used to correct the simulation to obtain the efficiencies
of the signal and the normalization channel.

The yield of K — 7~ u" v, decays as a function of the data
taking period is also used to evaluate the variation of the total
efficiency with time, mostly caused by changes in the
thresholds of the hardware trigger. The obtained single-event
sensitivity is (3.0 & 0.6) x 107!2, meaning that approxi-
mately two K — p"u~ and five K9 — pup~ signal decays
are expected to be present in the dataset, using the SM
prediction for the branching fractions, and also taking into
account the K9 — u*pu~ detection suppression of 2.3 x 1073.
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FIG. 2. Invariant-mass distribution of K(S’ — a7~ candidates

in 2016 trigger-unbiased data (points with error bars) and
corrected simulation (solid histogram). The histogram of simu-
lated candidates is normalized to data.
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Projection of the fit to the dimuon invariant mass distribution for the (top left) TIS and (bottom left) XTOS) trigger categories. The

plots on the right correspond to the projection of the fit in the BDT bins with the highest signal-to-background ratio for the (top right) TIS and
(bottom right) XTOS) trigger categories. The dashed orange line shows the signal contribution, the dotted green line the K9 — u*p~
contribution, the dash-dotted red line the K' (s) — 7t 7~ contribution, the loosely dotted brown line the background from random combination
of tracks and material interactions, and the solid blue line the total probability density function. For clarity, empty bins are not shown.

Various sources of systematic uncertainty are taken into
account. The main sources are the determination of the
trigger efficiency, yielding a systematic uncertainty of 11%
for the hardware trigger and 13% for the software trigger;
data-simulation differences in the muon identification, with
systematic uncertainties varying between 4% and 12%,
depending on the trigger category and BDT bin; and the
correction applied on simulation, evaluated to be 6%. Other
sources, like the efficiency ratio between the signal and
normalization modes, the BDT response due to changes in
the experimental conditions, and the uncertainty on the K (S) -
't n~ branching fraction are found to be smaller than 5%.
The total systematic uncertainty is between 19% and 23%,
depending on the trigger category and the BDT bin. It tends
to be lower in the TIS trigger category and higher in lower
BDT bins, which have lower signal-to-background ratio, due
to the stronger muon identification requirements for the lower
bins and the bigger systematic uncertainty for the XTOS)
trigger efficiency. The systematic uncertainties are taken into
account as Gaussian constraints in the fit to the data.

The expected significance for a SM signal is 0.1, and the
expected upper limit is evaluated to be 1.2(1.5) x 10710 at
90% (95)% C.L.. The fit shows no evidence for Kg - utu
decays (see Fig. 3), with a total yield of 34 4 23 signal
candidates. The signal yield is consistent with zero for all the
BDT bins of the two trigger categories. The significance
with respect to the background-only hypothesisis 1.5¢ (1.4¢
when combined with Run 1 data). An upper limit on
the branching fraction is obtained by integrating the profile

likelihood multiplied by a flat prior in the positive
branching fraction domain, yielding 2.2(2.6)x107'0 at
90% (95)% C.L.. The likelihood is combined with the
Run 1 result, obtaining a limit of 2.1(2.4) x 10~'% at 90%
(95)% C.L.. A log-likelihood interval of one standard
deviation (—2AlogL=1) from the Run 2 data set yields
B(K}—ptp)=1.078x10"1°. Combined with Run 1 it
yields B(KY - p*p~) = 0.9107 x 1071, The profile like-
lihoods are shown in Fig. 4.

90% 95%

10 '/
LHCh
81 e
;
/l,
4
Kblo 6 Run 1 only ',"
R Run 2 only S/
< o s
a4+ —— Combination s
|
7
0 S == T T
0 1 2 3 4

B(KS — pp) [x1071]

FIG. 4. Evaluation of —2A log £, where L is the likelihood of
the fit model, as a function of B(K$ — y*u~). The dotted orange
line corresponds to the Run 1 result, the dashed blue line to the
Run 2 result, and the solid green line shows the combination. The
two vertical lines show the location of the upper limit of
the combined result at 90% and 95% confidence level.
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In summary, a search for the rare decay Kg — utu” has
been performed on a LHCb dataset of about 8.6 fb~!. The
obtained results supersede those of our previous publica-
tions [12,31]. The data are consistent both with the back-
ground-only hypothesis and the combined background and
SM signal expectation at the 1.4¢ and 1.3¢ level, respec-
tively. The most stringent upper limit on the K — ptp~
branching fraction to date of 2.1(2.4) x 107!% at 90 (95)%
confidence level is set, improving the previous best limit by
a factor of 4.
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