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0. Introduction

In the Standard Model (SM), neutrinos are strictly massless
due to the absenceof right-handedchiral states.The discoveryof
neutrino oscillationshas conclusivelydemonstratedthat neutrinos
have non-zero masses.Thereforethe observationof lepton num-
ber violating processesinvolving chargedleptons would verify the
Majorananatureof the neutrino.

The decaysof the chargedkaon Kt » m~ *+ * (where =
e M), violating conservationof lepton number by two units, may
be mediated by a massive Majorana neutrino [1,2]. The current
limits at 90%CL on the branching fractions of these decaysare
B(K* - m~ete™) < 6.4 x 10710 obtained by the BNL E865 ex-
periment [3],and B(K* » m~utu*) < 8.6 x 107! obtained by
the CERN NA48/2 experiment [4].A searchfor these processesin
about 30%of the data collectedby the NA62 experimentat CERN
in 2016-18is reportedhere.

1. Beamdetectoanddatasample

The layout of the NA62 beamline and detector[5] is shown
schematicallyin Fig. 1. An unseparatedbeam of T+ (70%),pro-
tons (23%)and K™ (6%)is createdby directing400 GeV/c protons
extractedfrom the CERN SPS onto a beryllium targetin spills of
3 s effectiveduration. The nominal centralmomentumof this sec-
ondary beamis 75 GeV/c with a momentum spread of 1%(rms).
Beam kaons are taggedwith 70 ps time resolution by a differen-
tial Cherenkovcounter(KTAG) using a nitrogenradiatorat 1.75 bar
pressurecontainedin a 5 m long vessel.Beam particle momenta
are measuredby a three-stationsilicon pixel spectrometer(GTK);
inelasticinteractionsof beam particleswith the last station (GTK3)
are detectedby an array of scintillator hodoscopes(CHANTI). A
dipole magnet(TRIM5) providing a 90 MeV/c horizontal momen-
tum kick is locatedin front of GTK3. The beam is deliveredinto
a vacuumtank containinga 75 m long fiducial decayvolume (FV)
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starting 2.6 m downstreamof GTK3. The beam divergenceat the
FV entranceis 0.11 mrad (rms) in both horizontal and vertical
planes.Downstreamof the FV, undecayedbeam particlescontinue
their path in vacuum.

Momenta of charged particles producedin K+ decaysin the
FV are measuredby a magneticspectromete{STRAW) locatedin
the vacuum tank downstream of the FV. The spectrometercon-
sists of four trackingchambersmade of straw tubes,and a dipole
magnet(MNP33) located betweenthe secondand third chambers
providinga horizontalmomentumkick of 270 MeV/c in a direction
oppositeto that producedby TRIM5. The achievedmomentumres-
olution O/ p lies in the rangeof 0.3-0.4%.

A ring-imaging Cherenkov detector (RICH), consisting of a
17.5 m long vesselfilled with neon at atmospheric pressure,is
used for the identificationand time measurementof chargedpar-
ticles. The RICH provides a referencetrigger time, typically with
70 ps precision.The Cherenkovthreshold for pions is 12.5 GeV/c.
Positively and negativelychargedparticles have different angular
distributions downstreamof the MNP33 magnet;the RICH optical
systemis optimized to collect light emitted by positively charged
particles.Two scintillator hodoscopesCHOD, which include a ma-
trix of tiles, as well as two orthogonal planes of slabs, arranged
in four quadrants)downstreamof the RICH provide triggersignals
and time measurementavith 200 ps precision.

A 27Xp thick quasi-homogeneoudiquid krypton (LKr) electro-
magneticcalorimeteris used for particle identificationand photon
detection.The calorimeterhas an active volume of 7 m3, is seg-
mentedin the transversedirection into 13248 projective cells of
approximately 2 x 2 cm?, and provides an energy resolution of
Oc/E = (4.8/ E@® 11/E ® 0.9)%,where E is expressedin GeV.
To achieve hermetic acceptancefor photons emitted in K+ de-
caysin the FV at anglesup to 50 mrad to the beam axis, the LKr
calorimeteris supplementedby annularlead glassdetectors(LAV)
installed in 12 positions around and downstreamof the FV, and
two lead/scintillatorsampling calorimeters(IRC, SAC)locatedclose
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Fig. 1Schematic side view of the NA62 beamline and detector.

to the beam axis. An iron/scintillator sampling hadronic calorime-
ter formed of two modules(MUV1,2)and a muon detector(MUV3)
consisting of 148 scintillator tiles located behind an 80 cm thick
iron wall are used for particle identification.

The data sample used for this analysisis obtained from 2.3 X
10° SPS spills recorded over three months of operationin 2017.
The typical beam intensity was 2.0 x 102 protons per spill, cor-
respondingto a mean instantaneousbeam particle rate at the FV
entranceof 450 MHz, and a mean K* decay rate in the FV of
3.5 MHz. Dedicated multi-track, di-electron and di-muon trigger
chainsare used.The low-level (LO) multi-track triggeris basedon
RICH signal multiplicity and a requirementfor a coincidence of
signalsin two oppositeCHOD quadrantsThe di-electronLO trigger
additionally requiresthat at least 20 GeV of energyis deposited
in the LKr calorimeter,while the di-muon LO trigger requires a
coincidenceof signalsfrom two MUV3 tiles. The software(L1) trig-
gerinvolvesbeamK* identificationby KTAG and reconstructionof
a negativelychargedtrack in STRAW.For signal-like samples,the
measuredinefficienciesof the CHOD (STRAW)conditionsare at the
2% (4%)evel, while those of the other trigger componentsare of
the order of 1073, The multi-track, di-electron and di-muon trig-
ger chains were downscaledtypically by factorsof 100, 8 and 2,
respectively.

2. Eventselection

The processesof interest K* - 1~ * * (denoted “LNV de-
cays”) and the flavour-changingneutral current decays K —
mt * ~ (denoted“SM decays”)are collectedconcurrentlythrough
the same trigger chains. The SM decayswith O(10~7) branching
fractionsknown experimentallyto a few percentaccuracy [6] are
used for normalization.Under the assumptionof similar kinematic
distributions, this approachleads to first-order cancellationof the
effects of detectorinefficiencies,triggerinefficienciesand pileup.
Both the LNV and SM decayswith electrons(muons)in the final
state are denotedas Kpee (Kmuy ). and collectivelyas Ky . The
principal selectioncriteriafor K  decaysare listed below.

* The di-electronand multi-track triggerchainsare used to col-
lect Kjpee candidatesand the di-muon triggerchainis usedto
collect Kpyyy candidates.

Three-track vertices are reconstructed by extrapolation of
STRAW tracks upstreaminto the FV, taking into accountthe
measuredresidualmagneticfield in the vacuumtank, and se-
lecting triplets of tracks consistentwith originating from the
same point. The presenceof exactly one vertexis required.
The vertex should be located within the FV and have a to-

tal electricchargeof g = +1. The extrapolationof the selected
tracksinto the transverseplanes of the downstreamdetectors
should be within the correspondinggeometricalacceptance.
Each pair of selectedtracks should be separatedby at least
15 mm in the first STRAW chamberplane to suppressphoton
conversionsand fake tracks,and in the Kpee caseby at least
200 mmiin the LKr front plane to avoid shower overlap.
¢ Reconstructedtrack momenta should be 8 (5) GeV/c<p <
45 GeVc in the Kpee (Kpuy ) case.The total momentum, pytx,
of the threetracksshould satisfythe condition | pytx — Poeam| <
2.5 GeV/c, where ppeam is the central beam momentum.The
total transverse momentum with respectto the beam axis
should be pr <30 MeV/c. The quantity ppeam and the beam
axis direction are measured continuously using fully recon-
structedK* —» MMt~ decays.
* Track times are defined using CHOD information, as well as
RICH information in the Kpee case.The vertextracks are re-
quired to be in time within 15 ns of each other. The vertex
time is definedas a weighted averageof the track times, tak-
ing into accountCHOD and RICH time resolution.
Pion candidatesare requiredto havethe ratio of energydepo-
sition in the LKr calorimeterto momentum measuredby the
spectrometerE/p < 0.85 (0.9) in the Kpee (Kpyy ) case,and
no associatedn-time MUV3 signalsin the Kpy case.Electron
(e*) candidatesare required to have 0.9 < £/p < 1.1. Muon
candidatesare identified by requiring E/p < 0.2 and a geo-
metrically associatedMUV3 signal within 5 ns of the vertex
time. The vertexshould include a pion candidateand two lep-
ton candidatesof the same flavour. The conditions used for
nm*, e* and U* identification are mutually exclusivewithin
eachselection.

The following additional conditionsare applied in the Kjee case.

* An identification algorithm based on the likelihoods of mass
hypothesesevaluatedusing the RICH signal pattern [7] is ap-
plied to et candidates.The algorithm considers each track
independently.The angles between track pairs in the RICH
are required to exceed 4 mrad to reduce overlaps between
Cherenkovlight-cones,decreasingthe acceptanceof both the
SM and LNV selectionsby 7% in relative terms. A selection
without et identificationin the RICH and without the angular
separationrequirementis used for backgroundvalidation;it is
referredto as the auxiliaryselectionas opposedto the standard
selection.

* To suppress backgrounds from K+ - m*md and K+ -
njetv decaysfollowed by the 5 —» ete”y decay, which
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are characterizedby emission of soft photonsat large angles,
no signalsare allowed in the LAV detectorswithin 4 ns of the
vertex time. Photon veto conditions in the LKr, IRC and SAC
calorimetersare not applied, as the backgroundevents with
energeticphotonsemitted forward are suppressedby the mo-
mentum (pytx) condition.

* For the SM decay,a requirementon the reconstructedete™
mass Mee > 140 MeV/c? is applied to suppressbackgrounds
from the K* - m*n® decay followed by 15 —» etey,
nd,— ete"ete” and m% > ete™ decays: This leadsto a
27%reduction of acceptancein relative terms. For the LNV
decay,these backgroundscontribute only via double particle
misidentification,and kinematic suppressionis therefore not
required.

For the SM decays,the signal regions are defined in terms of
the reconstructedT massas 470 MeV/c? < Mpee < 505 MeV/c?
in the Kpee case (asymmetricwith respectto the nominal K+
mass mk [6] to accountfor the radiativetail), and 484 MeV/c? <
My <504 MeV/c? in the Knuu case.For LNV decays,the mass
regionsdefinedabovewere maskedfor data eventsuntil the com-
pletion of the backgroundevaluation.The LNV signal massregions
are defined by tighter conditions |[mp —mg| <3 dng , where
OMpee = 1.7 MeV/c? and &mpyy, = 1.1 MeV/c? are the mass res-
olutions measuredfrom the data for the SM decays.The control
regionsmpee < 470 MeV/c? and mpyy, <484 MeV/c? within both
the SM and LNV selectionswere used for validation of the back-
ground evaluationprocedures.

3. Backgroundvaluation

Acceptancesand backgroundsare evaluatedusing Monte Carlo
(MC) simulation basedon the Geant4 toolkit [8] todescribedetec-
tor geometryand response.Certain aspectsof the simulation are
tuned using input from the data,and data-drivenmethodsare em-
ployedto addressspecificbackgroundsources.

3.1.Kpee analysis

Backgroundsto the Kpee processesarise from misidentifica-
tion of pions as electronsand vice versa.Backgroundevaluation
is based on simulations involving the measuredpion (IT*) and
electron (e*) identification efficienciesey, €5, as well as pion to
electron( Px,) and electronto pion ( P;) misidentificationproba-
bilities. Each quantity is measuredas a function of momentumus-
ing pion and positron samplesobtainedfrom kinematic selections
of K¥ » m*n*n~ and K* - m%%V decays,with the residual
K+ - m*n° backgroundsubtractedin the latter case.The re-
sults of the measurementsare summarizedin Table 1. The LKr
calorimeterresponseis known to be the same for electronsand
positrons [9].The typical inefficienciesl — E,J;',e and misidentifica-
tion probabilitiesare O(1072) with weak momentumdependence,
exceptfor the Mt misidentification probability P/, which has a
minimum of 10> at a momentumof 25 GeV/c, and increasesto
2 x 1073 at 10 GeV/c and to 10~ at 45 GeV/c. The momentum-
dependenceof P/, is due to the RICH Cherenkovthresholdat low
momentum,and the similarity of RICH responseto et and T+ at
high momentum.

The reconstructedit Tete™ mass spectraobtained within the
standardand auxiliary SM selections,along with the background
estimates,are shown in Fig. 2 (left). The principal backgroundsin

1 It should be noted howeverthat the K* = MmTete™ decayis observedwith
negligiblebackgroundalso in the massrangemee < 100 MeV/c2.

Table 1
Extreme valuesover the signalmomentumrangeof the e*, T* identificationeffi-
cienciesandthe m*  e* misidentificationprobabilities.

Particle type Identification efficiency Misidentification probability
mt 98.2%< €5 <98.7% 107° < P, <2x1073

n- 0.8%< P <1.1%

et 91.0%< £} <96.5% 1.2%< P4 <2.0%

e 95.5%< &5 <97.5%

the control massregion are due to K™ - m+tm*m~ decayswith

m* and M~ misidentification,and K* —» m*m~e*v decayswith

T~ misidentification.Positron identification in the RICH reduces
the K™ » m*m*rm~ backgroundby a factorof 500, with no effect
onthe K* —» m*m~e*V background Contributionsinvolving pion

decaysin flight T* - eV are found to be negligible.The back-
ground in the SM control mass region is simulatedto 15% (1%)
relative precision within the standard (auxiliary) selection. The

limited precisionin the former case stemsfrom the dependence
of the responseof the RICH positron identification algorithm on

the eventtopologyin a multi-track environmentdue to the partial

overlap of Cherenkovlight-cones,which is difficult to accountfor

accurately.

The reconstructedit "ete™ mass spectra obtained within the
standard and auxiliary LNV selections are displayed in Fig. 2
(right). Due to the presenceof two positronsin the LNV final state,
backgroundsin the control mass region from K* - mtm*tm~
and KT - mtm~etv decaysare reduced by positron identifica-
tion in the RICH by factorsof 5 x 10* and 200, respectively Five
eventsare observedin the control mass region within the stan-
dard selection,in agreementwith the expectedbackgroundfrom
simulation of 5.58 + 0.06¢t5t. The backgroundin the LNV control
mass region within the auxiliary selectionis describedby simu-
lation to 4%relative precision. Positron identificationin the RICH
suppressesthe otherwise dominant backgroundto the LNV signal
from K* - m*nd and K* - mtete™ decayswith Mt and e~
misidentification,and reducesthe overall estimatedbackgroundto
the LNV signal by a factor of 6. Contributionsfrom K+ —» m*m§ ,
decaysand multiple photon conversionsare concludedto be neg-
ligible from a study of the datasampleselectedwith vertexcharge
requirementg = +3.

The remaining backgroundsin the LNV signal region are due
to K* - mletv and KT - etvete™ decayswith e~ misidenti-
fied as T~. The Kt —» etvete™ decayis simulated accordingto
Ref.[10]. The contributionsfrom these two decaysare estimated
to be 0.12 £ 0.02st5t and 0.04 £ 0.01s5t events,respectively The
total expectedbackgroundin the LNV signal regionis

Ng=0.16+0.03,

where the error includes a systematicuncertaintyof 15%in rela-
tive termsto accountfor the precision of the backgrounddescrip-
tion in the control massregions.

3.2. Kpuy analysis

Backgroundsto the Ky, processesarise from three-trackkaon
decays (mainly K* = mTm*tm~) via pion decaysin flight and
nm M misidentification.While the pion decaysare implemented
accuratelyin the simulation, misidentificationprocessescannotbe
reproducedreliably and requirededicatedstudiesbasedon control
datasamples.

* A pion can be misidentifiedas a muon due to punch through
the iron wall or pileup activity in MUV3. The pileup is sim-
ulated using the measured out-of-time signal rates in each
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Fig.2. Reconstructedmass spectrafor the SM (left column) and LNV (right column) Imee candidatesobtained within the standardselection(top row) and the auxiliary
selectionwithout positronidentificationin the RICH (bottomrow). Data are overlayedwith backgroundestimatesbasedon simulations.The SM signalregionis indicated
with arrows.The shadedverticalbandsindicatethe regionmaskedduring the analysis,includingthe LNV signalregionboundedby dashedlines.

MUVS3 tile (the meantotal signalratein the MUV3 detectoris
16 MHz). The estimatedpion to muon misidentificationproba-
bility, Pry (p), variesas a function of momentump from 0.9%
at 5 GeV/c to 0.4%at 45 GeV/c.This dependencearisesmainly
becausethe geometricalassociationof MUV3 signalsto tracks
involvesa searchradius whose size variesinverselywith mo-
mentumto accountfor multiple scattering.This optimizesthe
performance,leading to uniform identification efficiencyover
momentumand minimal misidentification.

* A muon can be misidentified as a pion due to MUV3 ineffi-
ciency,which is measuredusing data samplesof kinematically
selectedK ™ » UtV decaysand beamhalo muonsto be 0.15%,
with negligiblegeometricand momentumdependence.

The contribution to the LNV samplefrom K* - m¥m*m~ de-
cays with no pion decaysin flight, and both T misidentified
as U™, is estimatedusing a control data sample collected with
the multi-track trigger chain (i.e. without muon identification at
the triggerlevel). The full LNV eventselectionis applied, however

the particle identification criteria are invertedto select Tt m—
vertices. Identification of the U*tu* pair is then enforced, and
a weight of Pry (p1) - Pru(p2) - D1/D> is applied to the event,
where p;,> are the reconstructedmomentaof the two identified
It tracks, D; is the downscaling factor of the multi-track trig-
ger chain, and D; is that of the di-muon chain. The contribution
from K¥ - mrm*tm~ decayswith one m* decayingand another
M+ misidentifiedas U™ is estimatedin a similar way using the
same data sample,selectingm*IT~u* vertices,enforcingidentifi-
cation of the secondt™ and assigninga weight of Pru (p)- D1/ D2,
where p is the momentumof the identified T* track.

The contribution from K* - mHm ™~ decaytopologieswith
at leasttwo pion decaysin flight, accountingfor 70%of the back-
ground in the control mass region, does not necessarilyinvolve
pion misidentification and cannot be estimated with the above
data-drivenmethod.lt is thereforestudied with a dedicatedsimu-
lation. To producethe required MC sample equivalentto O(10'1)
K* - m*rmtrn~ decays,only the topologies with at least two
pion decaysin flight (accountingfor 4% of all events)are simu-
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Table 2
Expectedbackgroundsn the K* » m~U*U™ signalmassregionwith their statis-
tical uncertainties.

Process Expected background
K3 (no IT* decays) 0.007+0.003

K3 (oneTm* decay) 0.25+0.25

K3 downstream (at least twdT* decays) 0.20%+0.20

K3 upstream (at least twdT* decays) 0.24+0.24

Kt-> mtutu- 0.08+0.02

Kt - mtn-uty 0.05+0.05

Kt > mtrn—ety 0.07£0.05

Kt - utvutu~ 0.01+0.01

Total 0.91+0.41

lated,and the full simulation of the CHOD, calorimetersand MUV3
is replacedby a fast emulation of their responses.Pion decaysin
flight typically lead to reconstructedrTuld massvalueswell below
the K* mass.Howeverhigh mass valueswithin the signal region
may be reconstructeddue to pion decaysin the 7 m long vol-
ume betweenthe MNP33 magnetand the third STRAW chamber
leadingto a biased momentummeasurementThe simulation also
includesk* - m*m*m~ decaysupstreamof the vacuumtank, in
which casetrack bending by the TRIM5 magnetmay lead to re-
constructionof the decayvertexin the FV with alteredkinematic
properties.

Contributionsto the backgroundfrom the rare decaysK* —
MU=, K¥> mtn~U*y, Kt > mtn~etv, Kt > utu-utv
are estimatedwith full simulations.The last process,not measured
yet, is simulated accordingto Ref. [10]. Contributions from the
K* - miutv and K* » m*n] decayswith O(1073) branching
fractionsand e* particlesin the final state are found to be neg-
ligible using a techniquesimilar to that describedin Section 3.1.
The contributionfrom multiple in-time kaon decaysis found to be
negligibleusing selectionswith modified track timing consistency
requirementsand allowing for multiple vertices.

The reconstructedrUld mass spectraobtained within the SM
and the LNV selectionsareshownin Fig. 3. The control-regionpop-
ulations obtainedfrom data and simulation agreeto within 3%for
both selections,which validatesthe backgrounddescription.The
estimatedbackgroundcontributionsin the LNV signal massregion
from all identified sourcesare listed in Table 2.The expectedback-
groundis

Ng=0.91+0.41,

where the uncertaintyis statisticaldue to the sizes of the control
and simulated data samples,while the systematicuncertaintyis
expectedto be negligible.

4. Results

Theinformationquantifyingthe sensitivitiesof the two searches
is summarizedin Table 3.It includes the numbers of selectedSM

Table 3

Quantitiesinvolvedin the computationof the single eventsensitivitiesThe most accurateBn#p
usedratherthan the less precisePDG average [6]The statisticaluncertaintieson Ap v

candidatesN; used for normalization; the backgroundcontami-
nations(in relativeterms) f in the selectedSM decaysamplesand
the acceptancesA  and ALV of the SM and LNV selectionseval-
uatedwith simulation (Section 3);the branchingfractionsB; of
the SM decays;the numbersof Kt decaysin the FV computedas

NE =@-f)Ng /(Bn -An );
and the single eventsensitivitiesdefinedas
1 Bn
NT ARV T (1=7) Ng

Sn = (An /ARY).

The acceptancesre evaluatedusing the measuredphasespace
densities [11,12] forthe SM decays,and assuminguniform densi-
ties for the LNV decaysThe ratios Ay /ALV are affectedby these
assumptions,as well as the chargeasymmetry of the geometric
acceptanceinduced by the magnetsin the beam line and detec-
tor, and also the SM selection condition mee > 140 MeV/c? and
positron identificationin the RICH in the Kpee case.Uncertainties
on the ratios Ay /AL' are negligible with respectto statistical
uncertaintieson Ny and externaluncertaintieson By . Thera-
tio NgHH /NTe€ = 3.7 is determinedby the downscalingfactors of
the triggerchainsused for the two analyses.

After unmaskingthe LNV massregions,no eventsare observed
in the Kree signal region and one eventis observedin the Kpyy
signal region. An additional cross-checkof the backgroundesti-
mate is performed in the LNV masked regions but outside the
signal regions: no events are (one event is) observed for Kpee
(K’THH ), which is consistentwith the expectationof 0.46 * 0.04stat
(1.05 + 0.464t51) backgroundevents.

Upper limits on the signal branchingfractionsare obtainedus-
ing the CLs method [13]. In each case, the number of observed
eventsin the LNV signal region and the single event sensitivity
with its uncertainty are taken as inputs, and the expectedback-
grounds are treated using Bayesianinferenceinvolving posterior
PDFs evaluatedassuminguniform prior probabilities.The resulting
upper limits at 90%CL obtainedunder the assumptionof uniform
phasespacedensityare

B(Kt - m~etet) <2.2x 10710,
B(Kt - m~utut) <a2x107,

We emphasizethat theseresults,and all other results of searches
for LNV decays,dependon the phasespacedensity assumptions.

5. Summary

Searchesfor lepton number violating decays K* » M~ ete*
and Kt -» M~UTU™T havebeenperformedusing about 30%of the
data collected by the NA62 experimentat CERN in 2016-18.The
sensitivitiesare not limited by backgrounds,and the upper limits
obtainedon the decayratesimprove on previously reported mea-
surementsby factorsof 3 and 2, respectively.

measurement [12] is
and Alﬁ are negligibleand the

systematiauncertaintieswhich largelycancelin the acceptanceatios betweenSM and LNV decays,are not quoted.

Krree analysis

Knuu analysis

SM candidates selected f/ 2484 8357

Background contamination f negligible 7x1074
Acceptance 4 3.87% 10.93%
Acceptance 4V 4.98% 9.81%

Branching fractioBg X 10’ 3.00+0.09 [6] 0.962+0.025[12]

Number of decays in FV f§ /10'!
Single event sensitivity /6

2.14 %+ 0.04gt5t * 0.06ex¢
(0.94+0.03) x10710

7.94 % 0.09%tat = 0.2 1ext
(1.28+0.04) x10711
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