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Abstract

We reporton a searchfor associatedharmproductionin neutrinochaged-curreninter
actionsin the CHORUS experiment,basedon the visual obseration of charmed-particle
decays.Thesearchdiffers from thosecarriedout sofarin which the productionof c¢ has
beeninferredfrom measurementsf eventswith two or threemuonsin thefinal state re-
sultingfrom thedecayof charmechadronsOneeventwith adoublecharm-decayopology
hasbeenfoundanda correspondindpackgroundf 0.04 eventshasbeenevaluated.

Submitted to Phys. Lett. B.



1 Intr oduction
In this papemwe presentheresultsof asearcHor associatedharmproductionin neutrino
nucleonchaged-curren{CC) interactionsTherefore the processs of thetype

v N — pccX (1)

in which the charm—anticharnpair is producedoy a gluon emittedvia bremsstrahlungrom a
light parton.

In the past,resultson the cross-sectioffior procesq1) have beenobtainedby estimating
the productionratesof prompttrimuons[1] andlike-signdimuons([2, 3]). The underlying
assumptionwasthat the .+ = pair or the ,~, obsered in additionto the leading.—, was
producedyy themuonicdecayof charmechadronsAll measurementsaveyieldedrateshigher
thanexpectedon the basisof QCD calculationg4] but all were obtainedafterthe subtraction
of alarge backgroundf non-prompt muons(e.g.from decaysof non-charmedadrons)rom
initial samplesof multi-muonevents.

The searchsubjectof this paperis substantiallydifferentfrom thosecarriedout so far
sinceit relieson the visual obsenation of the two verticescorrespondingdo the decayof the
charmedparticles:an obsenation that would be possiblebecausef the spatialresolutionof
nuclearemulsionghatarethe neutrinotargetin the CHORUS experiment.

2 The experimental set-up

The CHORUS experimentwas designedo searchfor v, — v, oscillationin the SPS
Wide-BandNeutrinoBeamat CERNthroughthe directobsenationof thetaudecayin nuclear
emulsions.Sincecharmedparticleshave a flight lengthcomparableo that of the tau lepton,
the experimentis also suitableto study charmproduction.The West Area Neutrino Facility
(WANF) of the CERN SPSprovidesanintensebeamof v, with anaverageenepgy of 27 GeV.

The experimentfollows a hybrid design.The set-up,describedin detail in Ref. [5],
is composedf an emulsiontarget, a scintillating fibre tracker system,trigger hodoscopesa
hadronspectrometegia lead-scintillatorcalorimeteranda muonspectrometer

Theeventsearchn emulsionrelieson predictionson the basisof tracksreconstructeadh
the electronicdetectorswvhich alsosene to measureghe eventkinematics Nuclearemulsions,
pacled into stacksof 36 sheetseach790 um thick, are usedas an active target. Their sub-
micronresolutionmakesit possibleto detectshort-lived particlesdirectly. The momentumof
chagedparticlescanalsobedeterminedrom themeasuremerdf thedeviationsdueto multiple
Coulombscattering.

During thefour yearsof exposuremorethan10° neutrinointeractionsvereaccumulated
in the 770 kg emulsiontargetandaboutO(10*) led to the productionof a charmedparticle.

3 The search

This searchwasappliedto interactionswith atleastoneidentifiedmuonlocatedin emul-
sionandobtainedduringthe 1996and1997exposuresfor atotal of 31,226and36,842events,
respectrely.

Theideaat the basisof the searchfor associate@harmproductionwasto startwith the
sampleof alreadylocatedsingle charmeventsandto searchfor the charmedpartnerin these
events.Sinceaboutthree-quartersf the doublecharmeventswereexpectedo containat least
one D° — a signaturewith very low topologicalbackground- theinitial samplewasbasedon
a selectionof eventswith a D° decaytopology To furtherimprove backgroundejection,the
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Figure 1: Topology of v, interactionswith DY productionand subsequenin-plate D° decay
(left) comparedo v, interactionsvith subsequenn-platetaudecay(right). Theshadedegions
onthetracksindicatethe 100 zm layerwheretracksareautomaticallysearchedor in emulsion.

decayvertex wasrequiredto bein the sameemulsionsheetasthe primaryvertex. This results
in anaverageflight lengthof lessthan400 m.

Neutrinointeractionverticeswere found in the emulsionplatesby following in the up-
streamdirection negatively chaged tracksreconstructedvith the target tracker system(TT).
This scan-backprocedureusedemulsiontrack segmentsreconstructedn the mostupstream
100 zm of eachplate.The platewhereno segmentis found on the trackis definedasthe ver-
tex plate It containsthe primary neutrinovertex or the secondarydecay)vertex, or both. This
vertex locationprocedurevasperformedduringthe v, search.

After thevertex location,the eventsearchcanthusbe dividedinto two consecutre steps:
first asearcHor the D° decayin thevertex plateandthena searcHor thedecayof thecharmed
partner

Location of the neutral D meson

The topology of v, CC interactionswith charmedhadronproductionand subsequent
decayis similar to thatof v, CC interactionswith muonictau decay(seeFig. 1). Hence,the
methodusedto searchfor tau decaysis expectedto find charmedparticlesaswell. The tau
decaysearchproceduras describedn Ref.[8].

Eventswith atleastonetrackthathasalargeimpactparametewith respecto therecon-
structedvertex wereselectecascandidate®itherfor the decayof a tau leptoninto a muonor
for charmproductionin v, interactiong(seeFig. 1). Fromthe sampleof 68,068eventsseveral
hundredwere thus selectedfor a manualcheck.A total of 98 eventscontaininga D° decay
topologywereconfirmedasneutralparticledecaysy this manualscan,which alsoincludeda
precisere-measuremertf all trackparameter$9].

The detectionefficiengy was estimatedo be (2.13 + 0.42)% by a full simulatiort) of
the selectionprocedure This efficiengy is essentiallymadeof three contributions: the event
reconstructiorandlocation (~ 48%), the requiremenbf a decayin the vertex plate (~ 35%)
andthe decayfinding efficiengy (~ 12%). The efficiengy for the detectionof eitherthe D or
the D° wasestimatedo be (4.2 & 0.8)%.

Two-body decaysof the A and KV canalso contritute to the two-prongdecaytopolo-
gies. Thetwo-prongD° decayshave predominantlymorethantwo particlesin thefinal state.
Therefore,in two-prongtopologies a further selectionbasedon the acoplanarityof the decay
wasused.The acoplanarityangle ¢ wasdefinedasthe anglebetweenthe parentparticleand
the planeformedby the daughtemparticles.A cuton this anglewasapplied(|¢| > 10 mrad)to

1) The process(1) was simulatedusing the Herwig event generator[6]. Its output was passedthrough the
CHORUS detectorsimulatorbasedon the GEANT package[7]. The generatedeventswere analysedwith
the CHORUS eventreconstructiorprogram.



Sample neutral+chaged neutral+neutral
Hadr. fraction 0.496 + 0.006 0.243 +0.004
€po 0.0213 4+ 0.0013 0.042 + 0.003
Ekin 0.49 £ 0.04 0.61+0.03
Etot (52+0.5) x 10°% | (6.2+0.5) x 102
Esum (11.4£0.7+23) x 103

Table 1: Detectionefficienciesin the searchfor the associategroductionof a D° with either
achagedor a neutralcharmedpartner ¢,,; is the overall detectionefficiency in eachchannel,
e po theefficiengy to find thefirst D° ande,,,, theefficiengy of thekinematicalselectiorcriteria.
Thequotederroris only statistical =,,,,, is the sumof the overall efficienciesandincludesalso
thesystematierror.

reducethebackgroundf A and KV decaysTheefficiengy of this criterionwasincludedin the
£rin factorin Tablel.

Search for the D° partner

ThesearcHor the charmedpartnerof the D° wascarriedout by looking for bothneutral
and chaged charmedhadrons.It was necessaryo validatethe outgoingparticlesin neutral-
particledecayswith the electronicdetectorto assignthe parentparticleto the appropriateneu-
trino interaction.Moreover, the fibre-tracler informationwas usedto efficiently tag potential
decaycandidate@mongthe primary-\ertex tracksby requiringthata corresponding T track
wasnot found. In the searchfor the neutralpartnerof the D, eventsfor which all TT tracks
werealreadymatchedwith thosemeasuredn emulsion(i.e. thoseat the primary vertex andat
the D decay-ertex) wereexcluded.

Neutral charmed-partner search

Eventswith atleastoneTT tracknot matchingany trackmeasuredt the primary vertex
within 20 mradwereselectedThesearclfor neutralcharmedartnersvasperformedoy means
of the netscantechniqudg10]: awide anglescanning£400 mrad)of agivenareain asequence
of emulsionplates.The scanningvolume was definedas a squarewith 2 mm sidesalongten
platesdownstreamof the vertex. All tracksoriginatingin this volumewere combinedto build
verticesusingtheir distanceof closestapproachlf asecondaryertex consistingof atleastone
track matchinga TT track wasfound, a visual checkwas carriedout to confirmit. No event
with asecondD? decaywasfound.

Emulsiontrackswererequiredto have segmentsin atleastthreeplatessothatthe effec-
tive fiducial volumeis definedby the scannedareaof 2 x 2 mm? perpendiculato the beam
directionandserenplatesalongthe beam.To rejectbackgroundanacoplanaritycut similar to
theonedescribegreviously wasappliedandfurthermorethetransyersemomentunof bothde-
cay products(relative to thedirectionof flight of the neutralparticle)wasrequiredto belarger
than250 MeV/c. Thesecontrikbutionsto the detectiorefficiency areincludedin ¢, (Tablel).
Theoverall detectiorefficiengy wasdeterminedo be (6.2 & 0.5) x 10°.

Chargedcharmed-partner search

The searchfor a chaged charmedhadronwas carriedout by visually following in the
downstreamdirection all tracksattachedto the primary vertex which did not matchary re-
constructedrackin the TT within anangulartoleranceof 20 mradin both projections.It was
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Figure2: Sketchof theeventtopologyin emulsion Emulsionplatesareindicatedby two vertical
white bars (the sensitve emulsionlayers)arounda shadedvertical bar (the plastic base).A
discussiorof thetrackscanbefoundin thetext.

requiredthat thesetrackswere emittedat an angleof lessthan400 mrad with respecto the
perpendiculato the emulsionplates.The visual follow-down wasperformedalongfive plates
(~ 4 mm)downstreanof thevertex plate.In thesampleof 98 eventswith a D" decaytopology
78trackssatisfiedheabove criteria. A total tracklengthof about31 cmwasmanuallyscanned
in theemulsionduringthis follow-down procedure.

Kink candidatesvereacceptedf the daughtethada trans\ersemomentumwith respect
to the parenttrajectoryof p, > 250 MeV/c anda momentumof p > 600 MeV/c. The con-
tributionsof thesecutsto the detectionefficiency wereincludedin ¢, (Table1). The overall
detectionefficiency wasestimatedo be (5.2 4+ 0.5) x 103.

Oneeventwith a doublecharm-decayopologywas found, describedn detail in Sec-
tion 4.

4 The candidateevent

The topologyof the candidatesventasseenin the emulsionis schematicallyshovn in
Fig. 2. Table 2 shows the list of all particlesmeasuredt the primary and secondaryertices,
togetherwith their emissionangles.To estimatethe lifetime of the decayingparticleswe have
usedthe relationcr = L(#) [11], where () is the averageemissionangleof the daughter
particlesrelative to the parentdirectionand L is theflight length. The estimatedifetime is well
consistenwith thatof charmedarticles At the primaryvertex therearesix ‘black’ tracksfrom
the nuclearbreak-upandtwo minimume-ionizingtracks:oneis the negative muonandthe other
is thekink parentdenotedasparticlel in Table2.

A neutralparticle (C") decaysin the sameemulsionplate, 340 ym downstreamof the
primaryvertex. Two particlesemegefrom theneutral-particledecaypoint, bothmatchinga TT
track. The acoplanarityof parentand daughtermarticles,¢p = (0.048 + 0.005) rad, rules out
a two-bodydecayandthusboththe K andthe A hypothesesGivenalsothe short(340 zm)
flight length,the naturalassignmenis a neutralcharmed-mesodecay:either D° or D°.

Themuonandboth D daughtersrereconstructedh the electronictrackers. The fourth



ParticleID Oy(rad) | Oz(rad) | 7= L{0)/c

W 0.009 0.104
C° -0.047| -0.055| 2.8 x 10 *3s
particlel -0.102| 0.020] 1.4 x 1072

C? daughter| 0.267| 0.188
C° daughter| -0.139| -0.054
particle2 -0.495| -0.120

Table2: List of particlesmeasureét primaryandsecondaryertices.

trackseenin thevertex plate(particle 1) hasbeenfolloweddown in the searcHor a secondary
vertex. After apathof 1010 um it shawvs a kink 30 um upstreanof the plasticbase.The kink
angleis 417 mrad.The secondaryertex is compatiblewith a decay(no visible nuclearrecoil
or Augerelectrons)Theoutgoingparticle(particle2), aftertravelling 7560 um, shons eithera
kink or a secondarynteractionwith only oneoutgoingparticle(particle3) emittedwith angles
(—0.191, —0.164) rad, 307 mrad from the parentdirection. The emulsionconditionsdo not
allow thedistinctionbetweerasecondarynteractionandadecayin thiscaseThemeasurement
of the grain densityalongthe track of particle 2 is compatiblewith minimum ionization.The
ionizationof particle3 is abouttwice thatof a minimume-ionizingparticle.

Theps measuremeriity multiple scatteringor particle2 couldnotbeperformedbecause
of its large emissionangleandshortlength.In contrastparticle 3 travels across20 emulsion
platesand its multiple scatteringcould be measuredBy combiningthis measurementf pg3
with the measurementf the ionizationin the emulsion,we could assertthat particle 3 is a
protonof momentunps = 7807115 MeV/c. Usingtherelationp, > ps, aminimumtrans\erse
momentumat thefirst kink of p, ,,,;, = 33017 MeV/c wasestimated.

5 Background evaluation

The backgroundto associateacharm productioncomespredominantlyfrom eventsin
which a single charmedparticle is producedandthe decayor interactionof one of the non-
charmedhadronsn the final statemimics the decayof a charmedpartner All possibleback-
groundsource®f thistype have beenevaluatedhroughsimulation. Therelevantcontributions,
afterapplyingthe geometricalindkinematicalselectioncriteria of Section3, arelistedin Ta-
ble 3 for the neutral/chagedchannelandTable4 for the neutral/neutrathannel.

We discusshere the kinematicalselectioncriteria mentionedin Section3, appliedto
reducebackground.

Most hadronicinteractionscan be distinguishedfrom decaysby their visible nuclear
recoil or Auger electrons.The remaininginteractions,'white kinks’, are characterizedy a

Process Note Eventyield (x10~3)
v,N — p~c"X | K? (from primary)in-platedecay 0.6
v, N — p—c™X | KY (fromc¢* decay)in-platedecay 1.6
v, N — p~ct X | A (from primary)in-platedecay 1.3
v,N — p c¢"X | A(fromc' decay)in-platedecay 0.2
v, N — 1~ DX | white chagedinteraction 34
Overall 38+ 8

Table3: Thebackgroungrocesseandcorrespondingventyieldsin the neutral/chagedchan-
nel.



Process Note Eventyield (x10~?)
v,N — = D°X | K? (from primary)decay 0.5
vuN — p~D°X | K? (from D") decay 0.25
v,N — = D°X | A (from primary)decay 0.07
vy N — p~ DX | whiteinteraction 4
Overall 4+1

Table4: The backgroundgrocesseandcorrespondingventyieldsin the neutral/neutrathan-
nel.

long interactionlength and a steeplyfalling trans\versemomentumdistribution. White kinks
canthereforebe rejectedby requiringa large decayp, . A cut on the daughtermomentumis
alsorelevantto have controloverthebackgroundources.

Restrictedto p;, > 250MeV/c andp > 600 MeV/c¢, the meaninteractionlength for
the white-kink processevaluatedusing FLUKA [12] is (17 £ 3) m, in agreementwith the
backgroundanalysisperformedin the oscillationsearch[8]?. Including alsothe contritution
from ‘white’ tridents,abackgroundf (34 4 7) x 1072 eventscanbe expectedn the sampleof
98 eventsfor which a chagedcharmpartnerhasbeensearchedor.

Thedecayp, is alsothemosteffective kinematicalvariableto rejectr and K decaysthe
contribution of which to the backgrounds alreadysmall owing to their long flight length.The
p1 > 250 MeV/c cut practically eliminatesthis backgroundsource As far asneutraldecays
areconcernedye canobsenre thefollowing.

— Theacoplanaritycutsstronglyreducethebackgroundrom decaysof K° andA particles
emittedat the primaryvertex. The cutis lesseffective if the strangeparticleis produced
atthecharm-decayertex. For thisreasonin the neutral/neutrathanneltheacoplanarity
cutonthedownstreandecaywasappliedby consideringeitherthe primaryvertex or the
upstreammeutraldecayaspossibleorigins.

— The backgroundrom K° and A interactions evaluatedusing FLUKA [12], is reduced
by therequirementhatno nuclearactiity shouldbe seerat theinteractionpoint.

Themainbackgroundources thereforegivenby thewhite-kinkinteractionsAn overall back-
groundof (42 £ 8) x 10~? eventsis thusexpected.

6 Conclusions
We have carriedoutasearctfor associatedharmproductionusingthedouble-decagig-

naturein muon-neutrindCC interactionsOneeventwith a cleardoublecharm-decayopology
hasbeenfound. It consistof a primaryvertex with a negative muonattacheda neutralparticle
decayingn the sameemulsionplateanda chagedparticledecayingaboutl mm downstream
of the neutrinovertex. The estimatedifetime is consistentwith thatof charmedhadronsThe
obsenedeventthereforehasthe characteristicef associatedharmproductionand,giventhe
low backgroundit canbe consideredsevidencefor this process.
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