PHYSICAL REVIEW D 108, 1031102 (2023)

Search fork, .! 1*1'1*1! decays at LHCb

R. Aaij et al.
(LHCb Collaboration)

® (Received 22 December 2022; accepted 23 January 2023; published 3 August 2023)

Asearchfok .! 1#1'1#1! decays is performed using proton-proton collision data collected by the
LHCb experiment at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of
5.1 fb' 1. No evidence for signal is found. The 90% confidence level upper limits are the first set for both
decays and arB!K2! #1M1#1t" < 511 1012 andBIK? 1 1#1M1#1Er < 231 10 °.
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|. INTRODUCTION analysis largely follows the strategy of th&! !#1"
TheK2! 1#1'1#1" decay is a flavor-changing neutral analyses by the LHCb Collaboratidh,6]. Following

] I n 1 I n
current process that has not yet been observed. In fgose BIKg! 1F1IT 0 a?i?,!l}fE! M
Standard Model (SM), its decay rate is highly suppressefi€asured relative B!Ksg! o
with an expected branching fracti@t]
Il. LHCb DETECTOR AND TRIGGER

The LHCb detector[7,8] is a single-arm forward
0 R ) ) spectrometer covering the pseudorapidity ratwgef< 5,
The related channélf ! 1717 171" is predicted in the  gesigned for the study of particles contairtinay ¢ quarks.

BIKZ! 1#1Ti#itog v 11l 4" 104 11

SM[1] to occur at a higher rate The detector includes a high-precision tracking system
o DI 1 consisting of a silicon-strip vertex detector (VELO)
BIKP ! 1#1ii#iing " 141 9"1 101 12" gyprounding thepp interaction region[9], a large-area

silicon-strip detector located upstream of a dipole magnet

However, since the expected LHCb acceptanceKfpr with a bending power of about 4 Tm, and three stations of
decays ig 2! 10 2 times smaller than th€2 one[2], the  silicon-strip detectors and straw drift tubjd®] placed
SM KCLJ Ior#1hr#1t yield expected in the experiment is downstream of the magnet. The tracking system provides a
small compared to that of the2 decay. measurement of the momentum, of charged particles

Physics beyond the SM (BSM) can lead to largewith a relative uncertainty that varies from 0.5% at low
enhancements oBIKQ! 1#1'1#1'" with respect to momentum to 1.0% &00 GeV=c. Th_e.minimum distance
the SM prediction. For instance, proposed dark—sect&f a track to a proton-proton collision _vertex (PV),_ the
scenarios can enhance the branching fractions by up {@Pact parameter (IP), is measured with a resolution of
" 21 1012 [3,4]. To date, no direct experimental search' 1% 29=Pr" !m, wherepy is the component of the

of these decays has been performed. This paper focuég_ mentum tranfsvr(]erse éoh tge beam d_ax_is, i.nh%BV.

primarily on a search for tH€2! 1#1'1#1" decay, but . lterent types of charged hadrons are distinguished using

results for both th&2 1 1#1' 1711 andkO 1 1#1!1#1! information from two ring-imaging Cherenkov (RICH)

q ?ld R L= =00 detectord11]. Photons, electrons and hadrons are identi-
e;:ay;]_are prelse_n ed. ¢ N lisi dat fied by a calorimeter system consisting of a scintillating pad
”n ¢ 'OT baniysll_sﬁcgo on-pro ontppg) co gé%%lsa ? and preshower detectors, an electromagnetic and a hadronic

collected by the experiment during S Al calorimeter. Muons are identified by a system composed

a center-of-mass energy of 13 TeV, corresponding to

. . 1 & alternating layers of iron and multiwire proportional
integrated luminosity of5.1fb" %, are used. The data .hamperg12]. In addition, information from the tracking

system, the calorimeter system and the RICH detectors is
Full author list given at the end of the article. used to further improve the muon identification. The LHCb
_ ) _ _ detector accumulated data in two data-taking periods;
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GeV=c. Subsequently, a full event reconstruction is applie¢ategory where the muons frok! !#1'1#1" candi-
in the high-level trigger (HLT), which runs in two separatedates satisfy muon-related LO requirements (exclusively
steps (HLT1 and HLT2). In analyses of kaon decays t@riggered on signal, xTOSP5]. At the HLT stage, the
muons using data recorded prior to 2016, the search wasgger decision must be caused by one of the signal muon
limited by a requirement of at least one muon with  candidates. The analysis is performed separately on two
abovel.8 GeV=c at HLT1. In 2016, a new reconstruction independent datasets, labeled TIS and xTOS in reference to
algorithm allowed the muopy threshold requirement in the LO decision, hereafter referred to as trigger categories.
the HLT to be reduced t80 MeV=c [14]. In addition, a Each category comprises roughly 50% of the signal
dedicated set of software trigger selections was developegéndidates. Since decays occurring inside the VELO can
for the HLT1 stage[15]. This increased the trigger pe reconstructed with better invariant-mass resolution than
efficiency for selecting strange hadrons decaying int@ecays outside the VELO, and because the trigger relies on
muons by an order of magnitude with respect to theracks with hits within the VELO and downstream tracking
LHCb Run 1 data samplg.5]. stations, only decays occurring inside the VELO are
Given its large branching fractigh6], theK2 ! "#"'  considered in this analysis. The LHCb decay-time accep-
decay is used as the normalization mode in this search. Thghce is such that it makdﬁf I1#1h#1Y and Kg!
use of this normalization mode cancels part of the sys-#!#|! decays difficult to differentiaté2]. For this
tematic uncertaintigs from signal detection eﬁiCie”CYreason,KE! 1#1'1#1! decays are neglected when set-
and does not require knowledge of the absolute kaOﬁhg an upper limit oBIK2 1 1#1'1#1! " and vice versa.

0 \ . ) ®his approach yields conservative upper limits in the
K21 "#"!' candidates are reconstructed from trigger-

) ) i ‘presence of signal. If a signal were to be observed, it
unbiased data selected by a quasirandom trigger W'{?\)ould be identified a&2 . ! 1#1'1#1" without speci-
minimal requirements ensuring some event activity. The 0 2
K candidates from both the signal and the normalizatiolyin9 the K™ mass eigenstate.
channel are required to come from the PV. Simulation is

used to model. the effects of the_detecftor acceptance and IV. SIGNAL SELECTION
selection requirements. In the simulatigp collisions ) ) ) )
are generated usingyTHIA 8 [17,18] with a specific Several selection requirements are applied to the signal

LHCb configuration[19]. Decays of unstable particles c_andidate events to further reduce background c_ontribu-
are described bgtcen [20], in which final-state radiation tions. These include requirements on the track quality, track
is generated usingHoTos [21]. The interaction of the $% (defined as the difference in the vertex$fitof a given
generated particles with the detector, and its response, &% reconstructed with and without the track being con-
implemented using theeant4toolkit [22,23] as described sidered), and particle identification (PID) of the muons.
in Ref. [24]. TheKZ! "#"! candidates are also selected using track
quality, $3,, and PID requirements, in addition to a require-
Il. STRATEGY ment on the variables from the Armenteros-Podolanski
, ! lane[26] to reduce contributions froth ! p"' decays.
This measurement benefits from both the large pro_m;ﬁ The dominant background source in the signal channel
K and K production cross sections at the LHC (with zrises from random combinations of tracks originating near
cross sections times multiplicity of order 0.3 barn €8Ph 3 pp interaction region or from inelastic interactions with
as well as the forward production of kaons which fallipe getector material. Potential peaking background con-
within the LHCb detector acceptance. Candidates qfiputions fromKO1 "#"! 1#11 KOl 1#1!'e#e  and
K21 1#r !#'!! decays are reconstructed from two pairsgo | w#ut gt o decays are studied using simulation
of muons with opposite charges, forming a sufficiently;ng are found to be negligible. A boosted decision tree
detached secondary vertex with an invariant mass |0W%BDT) [27,28] classifier implemented in the TMVA
than 600 MeV=c*. A blinding procedure is followed. kit [29,30] is used to further separate signal from
Selected candidates in the four-muon invariant-masg,mpinatorial background. One BDT per trigger category
region 490 MeV=c* < my < 510MeV=¢*, which, esti- (T|S and xTOS) is trained. The discriminating variables
mated from simulation, contaifs97% of the signal, are jncluded in the BDTs are
removed from the data sample until the analysis procedure (j) the significance of the distance from the candidate
is finalized. The four-muon mass resolution is approxi- decay vertex to any VELO element or the RF{ill],
mately4 MeV=c2. to eliminate background from material interactions;
The data sample is split according to the LO hardware (ii) the smallest IP of each of the four muon candidates
trigger decision; a category where an object in the event with respect to any of the PVs reconstructed in the
other than the muons from th& ! 1 #1'1#1! candidate event, to eliminate background from final state
fires LO (triggered independently of signal, TIS), and a tracks originating close to th@p interaction point;
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(iii) the smallest IP of th g candidates to any of the PVs __
reconstructed in the event, to discriminate agains%
background that does not point to a primary vertex;=
the transverse displacement of t€ candidate
decay vertex from the beam line, to eliminate back-
ground from tracks close to tpg interaction point;
the maximum distance of closest approach betweers
the four final-state tracks, which is expected to beg 10
larger for background from random combinations of 1
tracks; and

and the minimum angle between each pair of muons,
which significantly reduces background contribu-

tlons Wlth at Ieast two VELO tracks Sharlng h|tS FIG. 1. Invariant-mass distribution for tK@ ! A selected
; ; : : candidates in the full dataset. The background level is estimated
The BDT is trained with simulate®2! 1#1'1#1! 9

decays as a proxy for signal, ard2! 1#1'1#1! o be atthe 1% level or below.
candidates from the invariant-mass sidebands in data,

which cover 450 MeV=c?> < m, < 490 MeV=c> and KQL et

510 MeV=c? < m, < 600 MeV=c?, as a proxy for back- is estimated as the number of candidates in the mass range

ground. The samples are randomly split into two subsanf00< m.«.. < 600 MeV=c?, without a fit to the invariant-
ples for cross-validatiofi32], to ensure that the BDT mass distribution. The background is neglected due to the

applied to a candidate is always trained on events th&igh purity obtained after applying the same track quality

are independent of the candidate. requirements as in the signal channel, as well as require-
The BDT requirement is optimized for the best expectethents on the transverse displacement of Ki§edecay

limit at a 90% confidence level using simulated pseudoexrertex from the beam line and the distance okfelecay

periments. The signal efficiency of the BDT requirement iszertex from any detector material. Figuteshows the

approximately 80% while retaining less than one per millgnvariant-mass distribution of the2! "#"! candidates

of the background candidates. After the BDT selectioratisfying these requirements.

requirement, in the case of multiple candidates per event, aThe efficiencies are factorized as

single candidate, randomly chosen, is retained.

LHCb
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(vi)

The observed number K2 ! "#"' decaysNM8

&$ &?EC&SEL:REC&I'RIGZSEL-

where &EC is the reconstruction efficiency 0.4% for

!5“
V. NORMALIZATION AND INVARIANT-MASS FIT

The signal yieIdNKg! 1#111#1, IS translated to a branch-
ing fraction via a normalization 862! "#"' decays, as

BIKZ! 1#1MI#1 " Oyoy o1 o 13"

The normalization facto¥ or single event sensitivityjs
calculated as
&y »#nt 1 Syp

;14
w1 8oy peytyey

%$ BIKZ! "Erit NVE

KY!

where&Kg! wint Loy yuyryeyr " represents the product of the
reconstruction, trigger and selection efficiency Kd¥f !

K21 1#1t1#11 decays) including acceptance effects,
&FREC s the efficiency of selecting the reconstructed
signal candidates, including the BDT and PID clit3§%
for K1 1#111#1" decays) an&RIGSEL s the trigger
efficiency for events that would have been otherwise
selected for offline analysi$ 20% for K21 1#1'1#1"!
decays). The efficiencies are calculated using simulated
events with corrections derived fragd ! "#"' decays in
data. Tracking efficiencies are obtained fri#h | 1#1"
in data andkg! "#"' decays using a tag-and-probe
method[33].

Similarly, PID efficiencies are obtained using calibration
samples of low-momentum muons frog+ ! 1#1'

el (KQ1 1#111#11) candidates. The observed numberdecays collected at the same time as the data used for

MB

of K¢1 "#"! decays iNNG ..., BIKZ! "#"!"is the
o

the analysis, and divided into six samples according to
different data-taking conditions. The trigger efficiencies

branching fraction of the normalization channel, fixed Gy ained in simulation are validated with misidentified

169.20%0.05'% [16], andsyg is the prescale factor of the

minimum bias trigger averaged over the different data filek° !

weighted by integrated luminosity.

"The value of BIKQ! 1#1'1#1'" corresponding to one
signal event seen in the data sample.

"% #”( , decays, as done in RgB4].

The signal yield Niar r#ptiy is obtained from a
maximume-likelihood fit to the four-muon invariant-mass
distributions of the signal candidates in the two trigger
categories. The invariant-mass distributions of background

L031102-3



R. AAIJ et al.

PHYS. REV. D108, L.031102 (2023)

events in the signal channel is assumed to be an exponential
function. This assumption is validated using background

events with lower values of the BDT output. TKE !

1#111#1" signal invariant-mass shape is parameterized

using

a Hypatia distributiof85]. The parameter values of

(vi)

sample has very high purity. This effect is found

to be less than 1%.

The uncertainty is assigned as the difference be-
tween the maximum and minimum values of the six
correction factors for the PID mentioned above.

the signal distribution are obtained from simulated eventdVii) A systematic uncertainty associated to differences
with corrections obtained fro2 ! "#"! decays in data,
following Ref.[34].

The

VI. SYSTEMATIC UNCERTAINTIES

systematic uncertainties are incorporated as

Gaussian constraints to the fit of the signal-candidate mass

distrib

ution. For convenience, systematic sources are sep-

arated into those acting independently on each trigger
category and those affecting the overall normalization.

Tablel
for th

shows the main systematic uncertainties determined
is analysis. The different sources of systematic

uncertainties are summarized as follows:

(i)

The uncertainty on the branching fraction
BIK2! "#"!'"$169.20%0.05'% induces a 0.07%
uncertainty on the normalization.

(i) The uncertainty on the average minimum bias

prescale factosyg is 0.3%.

(i) A 1% systematic accounts for small changes

(iv)

v)

TABLE 1.

throughout the Run 2 data taking. These are mostly

between data and simulation in the track
reconstruction efficiency is determined using control
channels from data.

(viii) Potential differences in the trigger efficiencies be-

tween data and simulation are a source for system-
atic uncertainties. The LO and HLT efficiencies for
the K! 1#1'1#1! signal are determined using

misidentifiedk® ! " 0/"”( decays as control modes.

The efficiencies are found to be compatible between
data and simulation, and the uncertainty in the
validation is used as the systematic uncertainty,

following Ref.[36]. The K®1 "% #”( sample at
LHCb is composed ofk? and K in similar
amounts, due to a compensation between the differ-
ent branching fractionf37£89], and the different
reconstruction efficiency caused by the decay-time
acceptance. The decay-time acceptance also results
in similar decay-time distributions for the recon-
structedk? andK2 decays.

due to changes in the trigger settings, and were | addition, a systematic uncertainty of 1.4% is added to
determined by comparing the yields of misidentifiedi,e relative efficiency betwed® 1 1#111#1! andK? |

tl’iggeredKO | %! # ”("! decays Witth ! wHul
decays from the minimum bias data.

L#11#1 decays, when measurigdK? ! 1#1r#1t
This systematic uncertainty covers the difference of the

To account for residual differences between dat&fficiency ratio across the data-taking period as well as the
and simulation, the efficiency ratio is recomputeduncertainties from the simulated sample size. The systematic
with and without simulation corrections to the kaonuncertainties from signal and background invariant-mass
momenta and track quality parameters. Half of thénodels are negligible for the current level of precision.

correction is taken as a systematic uncertainty (4.4%).
The systematic uncertainty on & ! "#"' yield

is evaluated by comparing the yield obtained from a
fit to the"#"' invariant mass with floating back-

ground components, with the default yield, which
neglects the background contribution since the

VII. RESULTS

The number oK2! "#"! decays in the dataset cor-
rected by thesyg prescale factor i$3.96%0.04" ! 102,
The efficiency ratio&Kg! winr =Eeoy 1oy is 27.0%4.3

(21.6 %5.3) for the TIS (XTOS) category. The obtained
normalization factors args $!4.7%0.8"! 10 *? and

Summary of systematic uncertainties.

Source

Relative effect (%)

B!K(S)!
Svis

Variations in data taking 1

Data/s

KQ1 "#"! yield 1

PID

Tracking

&.O
&—iLT=LO

Total

nHuln 0.07

0.30

imulation differences 4.40
3.30
1.20

10 (TIS), 21 (XxTOS)
11

16 (TIS), 24 (XTOS)
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%ros$ ! 3.8%0.9"! 10 12 The combined single-event
sensitivity is%# 2.10! 10 2. These values assume that
the muons are distributed uniformly in phase spadé $dr
1#111#1' decays. Nevertheless, the efficiency is nearly
uniform as a function of the muon helicity angles and for
most of the dimuon invariant masses, except near the
kinematic thresholds. Thus, the results are valid for a wide
range of BSM models unless the dimuons originate from a
new resonance with an invariant mass close to half df¢he
mass or very close to twice the muon mass. The former
strengthens the limit while the latter weakens it. The result
also assumes that the muons are produced &t%fuecay
vertex.
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FIG. 2. Invariant-mass distribution of the obsertdd !#!1'!#1' candidates in the (left) XTOS trigger category, and (right) TIS
trigger category. The blue lines represent the simultaneous fit to both categories, using the exponential functions to represent the
background. The expectad ! '#1'1#1! signal for the branching fraction excluded at 90% CL is shown with a dotted red line.

The invariant-mass distributions of the selected candi- ACKNOWLEDGMENTS
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