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BARYON SPECTROSCOPY AND A SEARCH FOR PENTAQUARK
STATES WITH THE NA49 DETECTOR

Abstract

A sizeableextensionof thedatasampleobtainedby theNA49 experimentin elementary
p+p collisions is proposed.This would allow decisive progressin the extractionof non-
strangeandstrangebaryonicresonancesin the massrangeup to and beyond 2 GeV. It
wouldalsopermitaseriousandcompetitivesearch,atSPSenergy, for therecentlyclaimed
pentaquarkbaryonicconfigurations.
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1 Intr oduction

Themajorityof SU(3)baryonicresonanceshavebeendiscoveredandtheirquantumnum-
bershave beenextractedby partial wave analysisin low-energy hadron-nucleonandphoton-
nucleon’formation’ experiments.The extensionof thesestudieswith ’production’ experi-
mentsto highercmsenergiessuffersfrom importantcombinatorialbackgroundswhichdevelop
rapidly with increasinghadronicmultiplicity, a difficulty which is aggravatedby thehigh den-
sity of resonantstatescomparedto their widthsover thewholeknown massscale.

Whereasavivid activity is continuingin baryonspectroscopy at low energy facilities[1],
theefforts in high energy productionexperimentshave beenlimited to thediffractive area[2]
andto theisolatedextractionof someof thelowest-lying

�
states[3] in afield thathasanyway

beenpracticallyabandoneddecadesago.
On the other hand the productionof baryonic resonanceshas very important conse-

quencesfor the understandingof the dynamicsof the hadronizationprocess.A majority of�
statesfor examplecannotbe produceddirectly in the SPSenergy rangebecauseof theab-

senceof chargeandflavourexchange:they mustbeproductsof heavier � � cascadingprocesses
[2]. If the fact that themajority of final statepionsaredecayproductsof mesonicresonances
hasbeenrecognizedsincea long time [4], a similar argumentationis absentfor final state
baryons.This is mostly due to the lack of correspondingmeasurementsof productioncross
sectionsfor baryonicresonances,especiallyin thenon-diffractivesectorof hadroniccollisions.
Theunderstandingof baryonnumbertransferprocesseswhichhaveimportantconsequencesfor
non-perturbativeQCD [5] andtheevolution of energy densityin nuclearcollisions[6] will not
bepossiblewithoutproperlyaddressingtheproblematicsof baryonresonances.

In recognitionof thesefactstheNA49 collaborationhaspursuedover thepastfew years
aprogrammeaimedat thestudyof baryonicresonances[7] in proton+protoninteractions.This
programmeis basedonseveraladvantagesofferedby theNA49 detector:

– wideangleacceptancewith highquality trackingvia TPCdetectors

– goodparticleidentificationover mostof theacceptanceby energy lossmeasurementsin
theTPCtrackingsystem

– accessto final stateneutronproductionusingahadroncalorimeter

– availability of V0 reconstructionyielding strangehyperondetectionup to cascadeand
Omega-baryons

In additionto thesefeatures,two moreaspectsareof importancein this context:

– largestatisticseventsamplesareabsolutelymandatoryfor this typeof experimentation.
TheNA49 experimenthasby now accumulatedabout5 Meventsin proton+protoncolli-
sions.This eventsample,which constitutesanincreaseof aboutoneorderof magnitude
abovesamplesof comparablequalityavailableupto now [3], shouldbefurtherenhanced.

– building upona methodologyusingeventmixing techniquesdevelopedfor ISR energies
[8] theextractionof multi-resonancestructuresin thepresenceof importantcombinatorial
backgroundshasbecomefeasible.

The above argumentationreceivesadditionaltopical interestin view of the very recent
claimsfor thediscovery of a new classof baryonicobjectscalledpenta-quarks.Theseobjects
areof the type �������
	�������	 where � doesnot have a partnerof thesameflavour family amongst
theotherquarks.Their existencewould evidently leadto a completenew spectroscopy in the
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baryonicsectorandto animportantextensionof non-perturbativeQCD.
From the theoreticalsidesuchstateshave beencontemplateduponsincea long time.

Recentlyespeciallyone state,the I=0 ��������	������ 	 baryon,hasbeenpredictedto be a narrow
resonanceof � 20 MeV width at amassof about1530MeV [9].

Thediscoveryof this statehasindeedbeenclaimedby (for thetimebeing)four different
experiments[10]. Although theseclaimsall comefrom experimentswith cmsenergiesclose
to productionthreshold,thesearchfor suchstatesat higherenergiesis of evident interest.As
will beshown below, theNA49 detectoroffersall themeansneededto explorethis possibility,
undertheconditionthatsufficiently largeeventsamplesareobtained.

This necessitymay be fulfilled - in completecompatibility with the ’standard’baryon
spectroscopy discussedabove- byadditionalrunswith theNA49detector. Wethereforepropose
to performanextendedperiodof datatakingwith protonbeamin 2004.

2 Baryon Spectroscopy

Thespectroscopy of � � and
�

resonancesin their two bodydecaychannels

(1)
��������� �"!#�

(2)
���%$ � � �&�('&�)!#�

(3)
�+*�$ � � *,��� �"!#-

(4)
� - �('��)! -

presentsa real challengeto dataextractiondueto the large numberof contributing statesand
their smallmassspacing.This is exemplifiedin Fig. 1 a-dwherethecorrespondingmassplots
aftersubtractionof theircombinatorialbackgroundsarepresented.Thisbackgroundsubtraction
is basedonaneventmixing techniquecombinedwith aMonteCarlogenerationof thecontribut-
ing statesasshown at theright handsidesof Fig. 1 a-d.Several featuresof thesedistributions
arenoteworthy:

– thepure
�

states(1) and(4) aregovernedby thelowestlying
� �/.1032403	 . This is dueto the

100%branchingfractionof
� ��� �/.1042303	 and

� - �5.1032303	 , to thescarcityof higherstatesin
themassrangebelow 1.9GeVandto their relatively smalltwo-bodybranchingfractions.

– in channels(2) and(3) where� � resonancescontribute,the
�

statesaremuchlesspreva-
lent.Theirbranchingfractionsarecomparableor inferior to theonesof � � whichclearly
governtheproductionspectrumespeciallyin the1440,1520and1680massranges.

– channels(2) and(4) involving neutronsdetectedin the NA49 hadroniccalorimeterde-
liverspectrawhich aresimilar in resolutionto theonesbasedon chargedparticlesalone
(Noticethatin (2) a fractionof 6 � �/.3.87393	 arereconstructedatvertex andform ashoulder
on the

��� �/.1042303	 peakin contrastto the :;�/.4.3.1<3	 in Fig. 1c).

Thisspectroscopy hasbeenextendedto threebodydecaychannels(notshown here),ase.g.

(5)
� � $ � � � �(�=�"! � �)! -

(6)
� *�$ � � *,��'��"!#�>�?!#-

Thisextensionallowsaninternalcrosscheckof theextractionmethodaslongastheratio
of branchingfractionsis sufficiently well known, of coursewith theexclusionof

� �5.1032304	 .
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In view of the discussionof pentaquarkstateswhich are exotic in the nucleon+kaon
system,thenon-exotic channels

(7) 6 � - ��'&�A@ -
(8) 6 � * $ : � * �(�=�B@ -

areof particularinterestasthey maybeusedas’gauge’referencefor pentaquarkspectroscopy,
in particularasthestatesarerelatively narrow at leastin referenceto the

�
and � � resonances.

The correspondingmassplots, againafter subtractionof the combinatorialbackgrounds,are
shown in Fig. 2 a-b. Severalremarksarein place:

– alsoin thesechannelsthe importanceof heavy resonancesup to andbeyond 2 GeV in
centralhadronicproductionis evident.

– againthedecaysinvolving neutronsgiveencouragingresults

– comparedto thenucleon+pionchannelsthestatisticalaccuracy becomeslimiting evenin
a5 Meventsample,sincethe

@ - $1! -
ratio is only about0.05atSPSenergies

– this is aggravatedin
'C�D@C-

decaydueto the lower
'

yields andnecessaryadditional
fiducial cutse.g.for photon/hadronseparationin thecalorimeter.

– the : � $ 6 � spectroscopy is of considerableimportancefor the understandingof
@

pro-
duction,in particularconcerningisospineffectsin p+p andn+p collisionsasthey were
uncoveredby NA49 [11].

Two furtherdecaychannelsavailableto NA49 shouldbementionedin this context:

(9) 6 � �����=�A@E*F
(10) 6 � *
$ : � *G��'��B@E*F

TheV0- analysisnecessaryfor thedetectionof
@ *F hasbeendevelopedby thecollabora-

tion mainly for thestudyof : * , cascadeand H - baryons,wherethefirst observationof H - andH � in p + p collisionswasreported[12]. Theuseof
@E*F for spectroscopy hasto rely on very

largedatasamplesasdecayvertex distancecutsfor background-freeextractionof
@E*F have to

beimposed.Work concerningthesechannelsis in progress.

3 Detector Impr ovements

The NA49 detectorlayout hasbeenrecentlyimprovedby the additionof a TPC which
coversthe acceptancegap in far forward direction imposedby the presenceof the ion beam
whichcannotbeaccommodatedin theactivevolumesof thestandardNA49 trackingchambers.
Thisopenstheway for resonancestudiesin theregionof low massdiffraction.Up to now only
half of thestatisticshasbeenobtainedwith theimprovedlayout.

A furtheradditionis actuallybeingimplementedby theinstallationof two walls of lead
glassblockswhich comefrom theforwardelectromagneticcalorimeterof theOPAL detector.
Thiswill improvethehermeticityof theNA49 detectorin theforwardhemisphereandopenup
new channelsfor spectroscopy involving final state

! *
. This calorimeterwill be broughtinto

operationin apilot run duringOctober2003.
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4 MassResolutionin DecayChannelsInvolving Neutrons

The determinationof the influenceof calorimeterenergy and angleresolutionon the
massresolutionin decaychannelsinvolving neutronsis a clearpre-requisitefor the studyof
narrow resonances.Theneutroncalorimeterusedin theNA49 experiment[13] is a venerable
instrumentconstructedin the1970’s [14] andemployedsincein awholerangeof experiments.
It is of thesamplingtypecontainingaPb/scintillatorsectionfor electromagneticdepositsanda
Fe/scintillatorpartfor hadrondetection.Its hadronicenergy resolutioncanbecharacterizedby

I ��J=	 $ JLK M�. $ J � M80
wherethe constantsc1=0.9GeV andc2=0.02wereobtainedfrom measurementswith

beamparticlesin therangebetween20and160GeV.
Thecalorimeterhasacellularstructurewith agranularityof between10N 10and20N 20

cmO at 20 m distancefrom vertex. This yields by center-of-gravity determinationan angular
resolutionwhich is of order1 mrad at neutronenergies around30 GeV. As with increasing
energy the wider charge clustersprovide a moreprecisepositiondetermination,the resulting
transversemomentumsmearingis roughlyenergy independent.

In Figure 3 the masssmearingdue to calorimetereffects in the massregion closeto
thresholdin

'#�P@ �
decaysis shownfor energy andangularresolutionseparatelyandcombined.

The calorimeterresponsecreatesa non-Gaussianmasssmearingsharplypeaked on particle
massandcorrespondingto a FWHM resolutionof order40 MeV for

'Q�R@
decayin themass

rangeof 1.5 GeV. This valueis only mildly dependingon resonancemassup to massesof 2
GeV.

This resultis clearlycompatiblewith the
'S�C!

and
'E�B@

massspectrashown in Figs.1
and2. Concerningthe detectionof narrow structureswith predictedwidths of about20 MeV
we considerthis responseaslimiting but - especiallydueto its non-Gaussianshape- asstill
allowing asensefulpentaquarksearchalsoin neutrondecaymodes.

Improvementson themassresolutionarepossibleif fiducial cutsfavouringenergy depo-
sition in severaladjacentcellsareintroducedoff line. Theresultsshown in this letterhavebeen
obtainedwithoutsuchadditionalcuts.

5 Search for Pentaquarks

At presentthe experimentalevidencefor pentaquarkbaryonscomesfrom one TDK � .
state,the U � �/.8<3V393	 closeto � �W@ threshold.This stateis claimedto beseenin the

'X�W@C�
or
�Y�Z@E*

decayconfigurations.Theexperimentalmassspectrafrom four differentexperiments
[10] - all publishedin 2003- areconfrontedin Fig.4.Severalremarksshouldbemade:

– in all experimentstheresonanceis foundcloseto thetopof asharplypeakingbackground.
As usualin suchsituations,theexactshapeof thebackgroundis verydifficult to estimate.

– theexperimentsextractasignalof between20and60entriesoverestimatedbackgrounds
of 15 to 110 entries.From this they claim a statisticalsignificanceof between4 and5
standarddeviations.

– strongcutshavebeenappliedto theeventsamplesin all cases.

This situationis reminiscentof thenon-exotic partnerof this state,the 6 � �/.1<4<393	 which
hasbeenseenby several experimentsas a narrow peakin the : * �[! channel.One of the
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experimentalmassplots[15] is shown in Fig.5whereasignificanceof fivestandarddeviations
is claimed.Thisstateis upto now notrecognizedasanestablishedresonancein thePDGtables.

The fact thatall signalsarein thesameballparkof low statisticsandin the rangeof 4-
5 standarddeviationsis alsoreminiscentof the hostof charmedmesonandbaryonandeven
beautybaryonstatesclaimedat the ISR in the late70ies,oncetheir masseswereknown. The
majority of theseclaims hasbeenshown to violate the tight upper limits on crosssections
imposedby leptonpairproduction[16].

Notwithstandingthesepossiblecriticismswe feel that the fundamentalinterestof pen-
taquarkstates,shouldthey exist, is so high that it requiresa serioussearcheffort alsoat SPS
energies.This is the moreso asthis searchcanbe at leaststartedwith a very small effort in
fundingandmanpowerby anextendedrunof theNA49 experimentin its presentconfiguration.

5.1 Decaychannels

Up to now a quantumnumberassignmentof the U\�5.1<3V394	 is of courseabsent.If it would
beanisospinsingletstate,only thedecaychannels

(11) U��5.1<3V393	 ��'&�A@ �
(12) U��5.1<3V393	 ��� �A@E*

would bepresent.An assignmentasisospintriplet is in principlealsopossible,in which case
theisospinpartnerswouldallow theadditionalchannels

(13) ��]5^_K � .1	 ���=�B@C�
(14) ��]5^_KD`�.1	 ��'&�B@E*

.

All four channelsarein factaccessibleto NA49. Thesharpestsignalsareto beexpected
from channels(12)and(13)wheretheintrinsic massresolutionof thedetectorhasbeenshown
to be on a level of a few MeV. As discussedabove, the channelsinvolving neutrondetection
aremorelimiting dueto calorimeterresolution.An additionalcomplicationarisesin (12) and
(14) from theadmixtureof @ * in the

@ *F . This couldmix-in ”normal” 6 � and : � statesof the
type 6 � �/.1<4<393	 mentionedabove.In thelow energy experimentsthiscanbesolvedby detecting
- in thequasi-exclusivemodeavailableat low multiplicity - anadditional

@C-
to fix the � quark,

or by operatingwith incoming
@C�

. Evenat SPSenergy however, requestinganadditional
@C-

in the samehemisphereshouldstrongly suppresswrong assignmentsat the sole expenseof
reducedeventstatistics.

5.2 MassSpectra

Fromthepresentlyavailabledata,afirst impressionof themassspectrain decaychannels
(11) and(13) may be obtained.Thesemassdistributionsareshown in Fig.6. They extendat
SPSenergiesof courseto amuchhighermassrangeascomparedto thelow energy experiments
shown in Fig.4andthey arecharacterizedby asizeablecombinatorialbackground.Howeverthe
directcomparisonwith thenon-exotic chargecombination

�a��@ -
in theregionof the : � �5.1<30393	

resonancealsoshown in Fig.6demonstratesthatsensibleupperlimits maybeextractedfor these
channelsprovidedthatsufficiently largedatasamplesareobtained.

Wereiterateherethatin orderto approachanunambiguoussituationconcerningthisnew
typeof baryonspectroscopy, veryseriousefforts shouldalsobespentin theSPSenergy range.
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Here the NA49 detectoroffers a uniquepossibility to contribute rapidly andwith minimum
expenseto this exciting field.

5.3 Further StatesAccessibleto NA49

As emphasizedby R.Jaffe andF. Wilczek[17] completesetsof new multipletshaveto be
expectedin a possiblepentaquarkspectroscopy, amongstothersa new quadrupletof cascades.
Here,e.g.thestates

(15) ��� ��� 	����b�c	 � d - �"! -
(16) �e��� � 	�� � �4	 � : *�� @ *

would be accessibleto NA49. As first exampleof a preliminarystudyof statesincluding V0
reconstructionweshow in Fig.7themassdistributioncorrespondingto combination(12).Again
it is clearthattheestablishmentof sensibleupperlimits for suchnew statesdependsessentially
onour possibilitiesto improveon eventstatistics.

6 BeamRequest

Werequestasizeableperiodof datatakingin 2004with protonbeamin theH2 beamline.
For instance,3 monthsof runningwould yield abouta factorof 4 increasein numberof events
comparedto our presentdatasampleandwould allow usto fully exploit thedetectorupgrades
describedabove.Weconsiderthecorrespondinggainin datavolumeandqualityascrucialboth
for ourprogrammein baryonspectroscopy andfor a serioussearchfor pentaquarkstates.
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