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Abstract

We reporton a searchfor associatedcharmproductionin neutrinocharged-currentinter-
actionsin theCHORUS experiment,basedon thevisualobservation of charmed-particle
decays.Thesearchdiffers from thosecarriedout so far in which theproductionof ���� has
beeninferredfrom measurementsof eventswith two or threemuonsin thefinal state,re-
sultingfrom thedecayof charmedhadrons.Oneeventwith adoublecharm-decaytopology
hasbeenfoundandacorrespondingbackgroundof

� �!�#"
eventshasbeenevaluated.

Submitted to Phys. Lett. B.



1 Intr oduction
In thispaperwepresenttheresultsof asearchfor associatedcharmproductionin neutrino

nucleoncharged-current(CC) interactions.Therefore,theprocessis of thetype

$&%('*),+.-0/&1/�2 (1)

in which thecharm–anticharmpair is producedby a gluonemittedvia bremsstrahlungfrom a
light parton.

In thepast,resultson thecross-sectionfor process(1) have beenobtainedby estimating
the productionratesof prompt trimuons[1] and like-signdimuons([2, 3]). The underlying
assumptionwas that the +435+ - pair or the + - , observed in addition to the leading + - , was
producedby themuonicdecayof charmedhadrons.All measurementshaveyieldedrateshigher
thanexpectedon thebasisof QCD calculations[4] but all wereobtainedafter thesubtraction
of a largebackgroundof non-prompt muons(e.g.from decaysof non-charmedhadrons)from
initial samplesof multi-muonevents.

The searchsubjectof this paperis substantiallydifferent from thosecarriedout so far
sinceit relieson the visual observation of the two verticescorrespondingto the decayof the
charmedparticles:an observation that would be possiblebecauseof the spatialresolutionof
nuclearemulsionsthataretheneutrinotargetin theCHORUS experiment.

2 The experimental set-up

The CHORUS experimentwasdesignedto searchfor $6%7) $&8 oscillation in the SPS
Wide-BandNeutrinoBeamat CERNthroughthedirectobservationof thetaudecayin nuclear
emulsions.Sincecharmedparticleshave a flight lengthcomparableto that of the tau lepton,
the experimentis alsosuitableto study charmproduction.The West Area NeutrinoFacility
(WANF) of theCERNSPSprovidesanintensebeamof $&% with anaverageenergy of 27GeV.

The experimentfollows a hybrid design.The set-up,describedin detail in Ref. [5],
is composedof an emulsiontarget, a scintillating fibre tracker system,trigger hodoscopes,a
hadronspectrometer, a lead-scintillatorcalorimeterandamuonspectrometer.

Theeventsearchin emulsionreliesonpredictionson thebasisof tracksreconstructedin
theelectronicdetectorswhich alsoserve to measuretheeventkinematics.Nuclearemulsions,
packed into stacksof 36 sheets,each790 + m thick, areusedasan active target. Their sub-
micron resolutionmakesit possibleto detectshort-livedparticlesdirectly. The momentumof
chargedparticlescanalsobedeterminedfromthemeasurementof thedeviationsdueto multiple
Coulombscattering.

During thefour yearsof exposuremorethan 96: � neutrinointeractionswereaccumulated
in the ;<;<: kg emulsiontargetandabout =?>@96: �BA led to theproductionof acharmedparticle.

3 The search
Thissearchwasappliedto interactionswith at leastoneidentifiedmuonlocatedin emul-

sionandobtainedduringthe1996and1997exposures,for a total of 31,226and36,842events,
respectively.

Theideaat thebasisof thesearchfor associatedcharmproductionwasto startwith the
sampleof alreadylocatedsinglecharmeventsandto searchfor the charmedpartnerin these
events.Sinceaboutthree-quartersof thedoublecharmeventswereexpectedto containat least
one C 	

– a signaturewith very low topologicalbackground– the initial samplewasbasedon
a selectionof eventswith a C 	

decaytopology. To further improve backgroundrejection,the
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Figure1: Topologyof $&% interactionswith C 	
productionandsubsequentin-plate C 	

decay
(left) comparedto $68 interactionswith subsequentin-platetaudecay(right).Theshadedregions
onthetracksindicatethe100 + m layerwheretracksareautomaticallysearchedfor in emulsion.

decayvertex wasrequiredto bein thesameemulsionsheetastheprimaryvertex. This results
in anaverageflight lengthof lessthan400 + m.

Neutrinointeractionverticeswerefound in the emulsionplatesby following in theup-
streamdirectionnegatively charged tracksreconstructedwith the target tracker system(TT).
This scan-backprocedureusedemulsiontrack segmentsreconstructedin the most upstream
100 + m of eachplate.Theplatewhereno segmentis foundon the track is definedasthever-
tex plate. It containstheprimaryneutrinovertex or thesecondary(decay)vertex, or both.This
vertex locationprocedurewasperformedduringthe $&8 search.

After thevertex location,theeventsearchcanthusbedividedinto two consecutivesteps:
first asearchfor the C 	

decayin thevertex plateandthenasearchfor thedecayof thecharmed
partner.

Location of the neutral C meson
The topology of $6% CC interactionswith charmedhadronproductionand subsequent

decayis similar to that of $68 CC interactionswith muonic tau decay(seeFig. 1). Hence,the
methodusedto searchfor tau decaysis expectedto find charmedparticlesaswell. The tau
decaysearchprocedureis describedin Ref. [8].

Eventswith at leastonetrackthathasa largeimpactparameterwith respectto therecon-
structedvertex wereselectedascandidateseitherfor thedecayof a tau leptoninto a muonor
for charmproductionin $&% interactions(seeFig. 1). Fromthesampleof 68,068eventsseveral
hundredwere thusselectedfor a manualcheck.A total of 98 eventscontaininga C 	

decay
topologywereconfirmedasneutralparticledecaysby this manualscan,which alsoincludeda
precisere-measurementof all trackparameters[9].

The detectionefficiency wasestimatedto be >EDGFH96IKJL:GF�M<D A@N by a full simulation
��O

of
the selectionprocedure.This efficiency is essentiallymadeof threecontributions: the event
reconstructionandlocation( PQM<R N ), the requirementof a decayin the vertex plate( P*ITS N )
andthedecayfinding efficiency ( PU96D N ). Theefficiency for thedetectionof eitherthe C 	

or
the

1C 	
wasestimatedto be >EMGF�DVJW:GF�R A#N .

Two-bodydecaysof the X and Y 	Z canalsocontribute to the two-prongdecaytopolo-
gies.The two-prong C 	

decayshave predominantlymorethantwo particlesin thefinal state.
Therefore,in two-prongtopologies,a furtherselectionbasedon theacoplanarityof thedecay
wasused.The acoplanarityangle [ wasdefinedasthe anglebetweenthe parentparticleand
theplaneformedby thedaughterparticles.A cut on this anglewasapplied( \][^\`_a96: mrad)to

�b

The process(1) was simulatedusing the Herwig event generator[6]. Its output was passedthrough the
CHORUS detectorsimulatorbasedon the GEANT package[7]. The generatedeventswere analysedwith
theCHORUSeventreconstructionprogram.
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Sample neutral+charged neutral+neutral
Hadr. fraction ced fhg6i^jkcld c6chi cld m6fhnojkcld c6chfphqsr ced chm<t�nojkcld c6cTt�n cld c6fhmojkcld c6chnp6uwvyx cld f6g^jkcld c6f ced iTtzjkcld c6np6{!|�{ }!~ d m4j�ced ~T�s� t�c<� � } ild m4j�ced ~T�s� t�c<� �ph�E�#� } t6t�d f4jkcld��zj�med n �s� t�c<� �

Table1: Detectionefficienciesin the searchfor the associatedproductionof a C 	
with either

a chargedor a neutralcharmedpartner. �l�!��� is theoverall detectionefficiency in eachchannel,
�l�o� theefficiency to find thefirst C 	

and�l����� theefficiency of thekinematicalselectioncriteria.
Thequotederroris only statistical.� ZH�h� is thesumof theoverall efficienciesandincludesalso
thesystematicerror.

reducethebackgroundof X and Y 	Z decays.Theefficiency of this criterionwasincludedin the
�l����� factorin Table1.

Search for the C 	
partner

Thesearchfor thecharmedpartnerof the C 	
wascarriedout by looking for bothneutral

andchargedcharmedhadrons.It wasnecessaryto validatethe outgoingparticlesin neutral-
particledecayswith theelectronicdetectorto assigntheparentparticleto theappropriateneu-
trino interaction.Moreover, the fibre-tracker informationwasusedto efficiently tag potential
decaycandidatesamongtheprimary-vertex tracksby requiringthata correspondingTT track
wasnot found. In the searchfor the neutralpartnerof the C 	

, eventsfor which all TT tracks
werealreadymatchedwith thosemeasuredin emulsion(i.e. thoseat theprimaryvertex andat
the C 	

decay-vertex) wereexcluded.

Neutral charmed-partner search
Eventswith at leastoneTT tracknot matchingany trackmeasuredat theprimaryvertex

within D<: mradwereselected.Thesearchfor neutralcharmedpartnerswasperformedby means
of thenetscantechnique[10]: awideanglescanning( J�M<:<: mrad)of agivenareain asequence
of emulsionplates.The scanningvolumewasdefinedasa squarewith 2 mm sidesalongten
platesdownstreamof thevertex. All tracksoriginatingin this volumewerecombinedto build
verticesusingtheirdistanceof closestapproach.If asecondaryvertex consistingof at leastone
track matchinga TT track wasfound,a visual checkwascarriedout to confirm it. No event
with asecondC 	

decaywasfound.
Emulsiontrackswererequiredto have segmentsin at leastthreeplatessothattheeffec-

tive fiducial volumeis definedby the scannedareaof D��WD mm
�

perpendicularto the beam
directionandsevenplatesalongthebeam.To rejectbackground,anacoplanaritycut similar to
theonedescribedpreviouslywasappliedandfurthermorethetransversemomentumof bothde-
cayproducts(relative to thedirectionof flight of theneutralparticle)wasrequiredto belarger
than DTS<: MeV � / . Thesecontributionsto thedetectionefficiency areincludedin �T�#��� (Table1).
Theoverall detectionefficiency wasdeterminedto be >E�GF�DVJ7:GF�S A �W96: - � .
Chargedcharmed-partner search

The searchfor a chargedcharmedhadronwascarriedout by visually following in the
downstreamdirection all tracksattachedto the primary vertex which did not matchany re-
constructedtrack in theTT within anangulartoleranceof 20 mradin bothprojections.It was
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Figure2:Sketchof theeventtopologyin emulsion.Emulsionplatesareindicatedby twovertical
white bars(the sensitive emulsionlayers)arounda shadedvertical bar (the plasticbase).A
discussionof thetrackscanbefoundin thetext.

requiredthat thesetrackswereemittedat an angleof lessthan400 mradwith respectto the
perpendicularto theemulsionplates.Thevisual follow-down wasperformedalongfive plates
( P�M mm)downstreamof thevertex plate.In thesampleof 98eventswith a C 	

decaytopology,
78 trackssatisfiedtheabovecriteria.A total tracklengthof about31cmwasmanuallyscanned
in theemulsionduringthis follow-down procedure.

Kink candidateswereacceptedif thedaughterhada transversemomentumwith respect
to theparenttrajectoryof �o� _aDTS<: MeV � / anda momentumof � _a�<:<: MeV � / . Thecon-
tributionsof thesecutsto thedetectionefficiency wereincludedin �l����� (Table1). Theoverall
detectionefficiency wasestimatedto be >ESGF�DVJW:GF�S A �W96: - � .

Oneevent with a doublecharm-decaytopologywas found, describedin detail in Sec-
tion 4.

4 The candidateevent
The topologyof the candidateevent asseenin the emulsionis schematicallyshown in

Fig. 2. Table2 shows the list of all particlesmeasuredat the primary andsecondaryvertices,
togetherwith their emissionangles.To estimatethe lifetime of thedecayingparticleswe have
usedthe relation /w���  ¢¡H£T¤ [11], where ¡H£l¤ is the averageemissionangleof the daughter
particlesrelativeto theparentdirectionand   is theflight length.Theestimatedlifetime is well
consistentwith thatof charmedparticles.At theprimaryvertex therearesix ‘black’ tracksfrom
thenuclearbreak-upandtwo minimum-ionizingtracks:oneis thenegativemuonandtheother
is thekink parent,denotedasparticle1 in Table2.

A neutralparticle( ¥ 	
) decaysin the sameemulsionplate,340 + m downstreamof the

primaryvertex. Two particlesemergefrom theneutral-particledecaypoint,bothmatchingaTT
track.The acoplanarityof parentanddaughterparticles, [ � >E:GF�:<M<RkJ¦:GF�:<:<S A rad, rulesout
a two-bodydecayandthusboth the Y 	Z andthe X hypotheses.Givenalsotheshort(340 + m)
flight length,thenaturalassignmentis aneutralcharmed-mesondecay:either C 	

or
1C 	

.
Themuonandboth C 	

daughtersarereconstructedin theelectronictrackers.Thefourth
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ParticleID §w¨ (rad) §w© (rad) ª�«­¬z®¯§h°E±h²³ � 0.009 0.104´ �
-0.047 -0.055 med µ � twc � 
�� s

particle1 -0.102 0.020 t�d f � twcT� 
�� s´ �
daughter 0.267 0.188´ �
daughter -0.139 -0.054

particle2 -0.495 -0.120

Table2: List of particlesmeasuredat primaryandsecondaryvertices.

trackseenin thevertex plate(particle1) hasbeenfolloweddown in thesearchfor a secondary
vertex. After a pathof 96:¶96: + m it shows a kink I<: + m upstreamof theplasticbase.Thekink
angleis Ms96; mrad.Thesecondaryvertex is compatiblewith a decay(no visible nuclearrecoil
or Augerelectrons).Theoutgoingparticle(particle2), aftertravelling ;<S<�<: + m, showseithera
kink or a secondaryinteractionwith only oneoutgoingparticle(particle3) emittedwith angles
>H·�:GFH96¸s9&¹B·�:GFH96�<M A rad, I<:<; mrad from the parentdirection.The emulsionconditionsdo not
allow thedistinctionbetweenasecondaryinteractionandadecayin thiscase.Themeasurement
of thegraindensityalongthe track of particle2 is compatiblewith minimum ionization.The
ionizationof particle3 is abouttwice thatof aminimum-ionizingparticle.

The º<» measurementby multiplescatteringfor particle2 couldnotbeperformedbecause
of its large emissionangleandshort length.In contrast,particle3 travels across20 emulsion
platesand its multiple scatteringcould be measured.By combiningthis measurementof º<»
with the measurementof the ionization in the emulsion,we could assertthat particle 3 is a
protonof momentumº � � ;<R<: 3 � � 	- ���
	 MeV � / . Usingtherelation º �½¼ º � , a minimumtransverse
momentumat thefirst kink of º � � ��� � I<I<: 3 � 	- ��	 MeV � / wasestimated.

5 Background evaluation
The backgroundto associatedcharmproductioncomespredominantlyfrom eventsin

which a singlecharmedparticle is producedand the decayor interactionof oneof the non-
charmedhadronsin the final statemimics the decayof a charmedpartner. All possibleback-
groundsourcesof this typehavebeenevaluatedthroughsimulation.Therelevantcontributions,
afterapplyingthegeometricalandkinematicalselectioncriteriaof Section3, arelisted in Ta-
ble3 for theneutral/chargedchannelandTable4 for theneutral/neutralchannel.

We discusshere the kinematicalselectioncriteria mentionedin Section3, applied to
reducebackground.

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

Process Note Eventyield ( � t�c<� � )¾#¿eÀÂÁ7³ �¶²¯ÃÅÄ Æ �� (from primary)in-platedecay 0.6¾ ¿ ÀÂÁ7³ �¶²¯ÃÅÄ Æ �� (from ²¯Ã decay)in-platedecay 1.6¾#¿eÀÂÁ7³ �¶²¯ÃÅÄ Ç (from primary)in-platedecay 1.3¾ ¿ ÀÂÁ7³ �¶²¯ÃÅÄ Ç (from ²¯Ã decay)in-platedecay 0.2¾ ¿ ÀÂÁ7³ �¶È � Ä white chargedinteraction 34
Overall nhµ^j�µ

Table3: Thebackgroundprocessesandcorrespondingeventyieldsin theneutral/chargedchan-
nel.
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Process Note Eventyield ( � twc � � )¾@¿TÀWÁW³ � È � Ä Æ �� (from primary)decay 0.5¾ ¿ ÀWÁW³ � È � Ä Æ �� (from È � ) decay 0.25¾@¿TÀWÁW³ �ÉÈ � Ä Ç (from primary)decay 0.07¾ ¿ ÀWÁW³ �ÉÈ � Ä white interaction 4
Overall f4j�t

Table4: Thebackgroundprocessesandcorrespondingeventyieldsin theneutral/neutralchan-
nel.

long interactionlength anda steeplyfalling transversemomentumdistribution. White kinks
canthereforebe rejectedby requiringa large decay� � . A cut on the daughtermomentumis
alsorelevantto havecontrolover thebackgroundsources.

Restrictedto º � _ 250 MeV � / and � _,�T:<: MeV � / , the meaninteractionlength for
the white-kink processevaluatedusing FLUKA [12] is >@96;ÊJËI A m, in agreementwith the
backgroundanalysisperformedin the oscillationsearch[8]

�hO
. Including alsothe contribution

from ‘white’ tridents,abackgroundof >EI<M.JÌ; A �Ì96: - � eventscanbeexpectedin thesampleof
98eventsfor whichachargedcharmpartnerhasbeensearchedfor.

Thedecay� � is alsothemosteffectivekinematicalvariableto rejectÍ and Y decays,the
contribution of which to thebackgroundis alreadysmallowing to their long flight length.The
� � _ÎDTS<: MeV � / cut practicallyeliminatesthis backgroundsource.As far asneutraldecays
areconcerned,wecanobserve thefollowing.

– Theacoplanaritycutsstronglyreducethebackgroundfrom decaysof Y 	
and X particles

emittedat theprimaryvertex. Thecut is lesseffective if thestrangeparticleis produced
atthecharm-decayvertex. For thisreason,in theneutral/neutralchannel,theacoplanarity
cuton thedownstreamdecaywasappliedby consideringeithertheprimaryvertex or the
upstreamneutraldecayaspossibleorigins.

– The backgroundfrom Y 	
and X interactions,evaluatedusingFLUKA [12], is reduced

by therequirementthatnonuclearactivity shouldbeseenat theinteractionpoint.
Themainbackgroundsourceis thereforegivenby thewhite-kink interactions.An overallback-
groundof >EM<DÏJWR A �796: - � eventsis thusexpected.

6 Conclusions
Wehavecarriedoutasearchfor associatedcharmproductionusingthedouble-decaysig-

naturein muon-neutrinoCC interactions.Oneeventwith a cleardoublecharm-decaytopology
hasbeenfound.It consistsof aprimaryvertex with anegativemuonattached,aneutralparticle
decayingin thesameemulsionplateanda chargedparticledecayingabout1 mm downstream
of theneutrinovertex. Theestimatedlifetime is consistentwith thatof charmedhadrons.The
observedevent thereforehasthecharacteristicsof associatedcharmproductionand,giventhe
low background,it canbeconsideredasevidencefor this process.
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