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al and Chemi
al Resear
h, RIKEN, Wako, Saitama 351-0198, Japan(Dated: O
tober 22, 2005)The ex
lusive rea
tion 
p ! �K0K+n was studied in the photon energy range between 1.6-3.8GeV sear
hing for eviden
e of the exoti
 baryon �+(1540) ! nK+. The de
ay to nK+ requiresthe assignment of strangeness S = +1 to any observed resonan
e. Data were 
olle
ted with theCLAS dete
tor at the Thomas Je�erson National A

elerator Fa
ility 
orresponding to an integratedluminosity of 70 pb�1. No eviden
e for the �+ pentaquark was found. Upper limits were set on theprodu
tion 
ross se
tion as fun
tion of 
enter-of-mass angle and nK+ mass. The 95% CL upperlimit on the total 
ross se
tion for a narrow resonan
e at 1540 MeV was found to be 0.8 nb.PACS numbers: 12.39.Mk, 13.60.Rj, 13.60.-r, 14.20.Jn, 14.80.-jFollowing the announ
ement by the LEPS 
ollabora-tion [1℄ in 2003, many experiments [2, 3, 4, 5, 6, 7,8, 9, 10, 11℄ reported eviden
e of a new exoti
 baryonwith strangeness quantum number S = +1 and va-len
e quark stru
ture udud�s. The renewed interest inpentaquarks was motivated by a predi
tion within theChiral Soliton Model [12℄ for a S = +1 baryon at amass of 1530 MeV and width of less than 15 MeV. Ifit exists, this would be the �rst observation of a baryonstate that is not made up of a simple 3-quark (qqq) va-len
e 
on�guration. The observation of a se
ond pen-taquark, the ��� with dsds�u stru
ture, was reportedby the NA49 
ollaboration [13℄ and the �rst eviden
efor an anti-
harmed pentaquark, �
, was found by theH1 Collaboration [14℄. On the other hand, in the pastyear reanalyses of data 
olle
ted in high-energy experi-ments [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27℄show no eviden
e for pentaquarks, 
asting doubt on theirexisten
e. The experimental eviden
e, both positive andnegative, was obtained from data previously 
olle
tedfor other purposes in many rea
tion 
hannels and un-der very di�erent kinemati
 
onditions, whi
h likely in-volved dissimilar produ
tion me
hanisms. Thus, dire
t
omparisons of the results of the di�erent experimentsare very diÆ
ult, preventing a de�nitive 
on
lusion aboutthe pentaquark's existen
e. A se
ond generation of dedi-
ated experiments, optimized for the pentaquark sear
h,was undertaken at Je�erson Lab. These photoprodu
-tion experiments 
over the few-GeV beam-energy region

where most of the positive eviden
es were reported, withea
h 
olle
ting at least an order of magnitudemore statis-ti
s than any of the previous measurements. The massresolution is of the order few MeV and the a

ura
y ofthe mass determination is approximately 1-2 MeV, allow-ing pre
ise determination of any possible narrow peaks inthe de
ay distributions.This Letter presents the �rst result from the dedi-
ated experimental program at Je�erson Lab to sear
hfor pentaquarks. We report on the sear
h for the �+in the rea
tion 
p ! �K0K+n. We sear
hed for the �+baryon in its K+n de
ay mode, whi
h 
learly identi�esthe baryoni
 state in asso
iation to the �K0 to have pos-itive strangeness. This 
hannel was previously investi-gated at ELSA by the SAPHIR 
ollaboration [4℄ in asimilar photon energy range, �nding positive eviden
e fora narrow �+ state with M = 1540 MeV and full widthhalf maximum (FWHM) � < 25 MeV. A total produ
-tion 
ross se
tion of the order of 300 nb (redu
ed laterto 50 nb as reported in Ref. [28℄) was reported. For the�rst time, our new results put previous positive �ndingsto a dire
t test.This measurement was performed using the CLAS [29℄dete
tor at Je�erson Lab in the experimental Hall-B witha bremsstrahlung photon beam produ
ed by a primary
ontinuous ele
tron beam of energy E0 = 4.0 GeV. Abremsstrahlung tagging system [30℄, whi
h measures theenergy of ea
h intera
ting photon with resolution of 0.1%E0 was used to tag photons in the energy range 1.6-3.8
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0.85 0.9 0.95 1FIG. 1: Top: �+��invariant mass and the �K0 peak. Bottom:missing mass for the rea
tion 
p ! �K0K+X after �K0 sele
-tion showing a peak at the neutron mass. The mass positionsand widths of the measured peaks are given. For 
omparison,the arrows indi
ate the a

epted value [34℄ for the mass posi-tion. The shaded area 
orresponds to the events used in theanalysis.GeV. The target 
onsisted of a 40-
m-long 
ylindri
al 
ell
ontaining liquid hydrogen. Outgoing hadrons were de-te
ted and identi�ed in CLAS. Momentum informationfor 
harged parti
les was obtained via tra
king throughthree regions of multi-wire drift 
hambers [31℄ inside atoroidal magneti
 �eld (� 0:5 T), whi
h was generatedby six super
ondu
ting 
oils. The CLAS momentum res-olution is of the order of 0.5-1% (�) depending on thekinemati
s. The dete
tor geometri
al a

eptan
e for ea
hpositive parti
le in the relevant kinemati
 region is about40%. It is somewhat less for low-energy negative hadrons,whi
h 
an be lost at forward angles be
ause they are bentout of the a

eptan
e by the toroidal �eld. The �eld wasset to bend the positive parti
les away from the beam intothe a

eptan
e region of the dete
tor. Time-of-
ight s
in-tillators (TOF) were used for hadron identi�
ation [32℄.The intera
tion time between the in
oming photon andthe target was measured by the Start Counter (ST) [33℄,
onsisting of a set of 24 2.2 mm thi
k plasti
 s
intillatorssurrounding the hydrogen 
ell. Coin
iden
es between thephoton tagger and two 
harged parti
les in the CLASdete
tor triggered the re
ording of the events. An inte-grated luminosity of about 70 pb�1 was a

umulated in50 days of running. In total, about 20 TB of data were
olle
ted.The rea
tion 
p ! �K0K+n was isolated as follows.The K+ was dete
ted dire
tly in the magneti
 spe
trom-eter, and the KS 
omponent of the �K0 was re
onstru
ted
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ated.For 
omparison, the arrows indi
ate the a

epted value [34℄for the mass position. The shaded area 
orresponds to theevents used in the analysis.from its �+�� de
ay. The momentumof the neutron wasre
onstru
ted from the known in
ident photon energyand measurements of all other parti
les in the event. Cal-ibrations of all dete
tor 
omponents, and espe
ially thetagger system, were performed a
hieving a pre
ision of1-2 MeV in the nK+ invariant mass determination. Thequality of the 
hannel identi�
ation is shown in Fig. 1where the �K0 and the missing neutron peaks are seenabove a small ba
kground.Rea
tions involving the de
ays of hyperons also 
on-tribute to the same �nal state. The most signi�
ant are:
p ! K+��(1520) ! K+ �K0n, 
p ! ��K+�+, and
p! �+K+��. These rea
tions are ba
kgrounds to thepentaquark sear
h, but are easily removable in our anal-ysis with 
uts around the known masses. They also serveas 
he
ks of our analysis pro
edure, e.g. by 
omparingtheir produ
tion 
ross se
tions with the world data. Fig-ure 2 shows the ba
kground hyperon peaks: ��(1520) inthe K+ missing mass spe
trum and the �+, �� peaksin the n�+ and n�� invariant mass spe
tra respe
tively.The mass region of ea
h of these hyperon peaks was ex-
luded from the �nal data set. After all 
uts, the datasample 
ontained approximately 0:17 � 106 events outof the 7 � 109 in the original data set. The resultingnK+ invariant mass distribution is shown in Fig. 3. Thespe
trum is smooth and stru
tureless. In parti
ular, noeviden
e for a peak or an enhan
ement is observed atmasses near 1540 MeV, where signals asso
iated with the



4�+ were previously reported.
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FIG. 3: The nK+ invariant mass distribution after all 
uts.It is smooth and no narrow stru
tures are evident. The arrowshows the position where eviden
e for the �+ was found byprevious experiments. The inset shows the nK+ mass dis-tribution with spe
i�
 
uts to reprodu
e the SAPHIR analy-sis [4℄ as des
ribed in the text.To enhan
e our sensitivity to a possible resonan
e sig-nal not visible in the integrated distribution, we 
onsid-ered the two-body rea
tion 
p ! �K0�+(1540) and se-le
ted di�erent KS ( �K0) 
enter-of-mass angle intervals.Monte Carlo studies of the CLAS a

eptan
e for this re-a
tion showed that we 
ould dete
t events over the entireangular range (0Æ-180Æ), with some redu
tion of eÆ
ien
yat forward angles (�CM�K0 < 30Æ). No stru
tures were foundin the distribution when spe
i�
 angular ranges were se-le
ted.Sin
e no signal was found, an upper limit for the �+produ
tion 
ross se
tion in this rea
tion 
hannel was ex-tra
ted. The unbinned nK+ mass spe
trum was �t inthe range 1.45 - 1.8 GeV using a maximum likelihoodpro
edure, with the sum of a narrow Gaussian fun
tionand a 5th-order polynomial that parameterizes, respe
-tively, the �+ 
ontribution and a smooth ba
kground.To derive the 
orresponding event yields, the �tted fun
-tions were integrated over �3� around a �xed mass po-sition. The �t pro
edure was repeated varying the reso-nan
e position from 1520 to 1600 MeV in 5 MeV stepswhile the width � was �xed at 3.5 MeV. This value wasderived by Monte Carlo simulation assuming a negligi-ble intrinsi
 width as suggested from re
ent analyses ofKN s
attering data [35℄ and therefore dominated by theCLAS experimental resolution. The validity of the MonteCarlo simulations in reprodu
ing the experimental datawas 
he
ked by 
omparing the predi
ted with measured

widths of narrow states su
h as the �+ and ��.The data set was independently analyzed by threegroups, ea
h one deriving the estimate of the �+ and theba
kground yields. The three analyses di�er in the rea
-tion sele
tion 
uts, in the ba
kground reje
tion 
riteria,and in the �t of the mass spe
tra. The three results werefound 
onsistent and 
ombined together taking the aver-age of the event yields, for both signal and ba
kground,in the 
onservative assumption of totally 
orrelated mea-surements. These values were then used to evaluate anupper limit at 95% CL on the �+ yield using the Feldmanand Cousins approa
h [36℄.The upper limit on the yields was then transformedinto an upper limit on the �+ produ
tion 
ross se
-tion taking into a

ount the luminosity of in
ident pho-tons and target, the CLAS dete
tion a

eptan
e, the�K0 ! KS ! �+�� bran
hing ratios of 50%�69% [34℄,the assumed �+ bran
hing ratio to nK+ of 50%, and sev-eral models for the produ
tion me
hanism. The CLASa

eptan
e for the dete
tion of the �+ in this rea
tionwas obtained by means of detailed Monte Carlo studieswhi
h in
luded knowledge of the dete
tor geometry andresponse to traversing parti
les. In the simulation the
p ! �K0�+ ! �+��K+n distributions were generatedassuming �ve di�erent �+ produ
tion me
hanisms: t-ex
hange dominan
e (the �K0 is mainly produ
ed at for-ward angles in the 
enter-of-mass system), u-ex
hangedominan
e (at ba
kward angles), uniformly distributed,and using the predi
tions of the model in Ref [37℄ (withand without K� ex
hange pro
ess). For the t-ex
hangehypothesis we used the same angular distribution as for
p ! K+��(1520) produ
tion, whi
h exhibits a typi
alt-
hannel forward peaking behavior [38℄. The u-ex
hangedistribution was generated the same way but inter
hang-ing the 
enter-of-mass angles of the �K0 and �+. TheCLAS overall dete
tion eÆ
ien
ies obtained with di�er-ent produ
tion me
hanisms varied between 2.8% for thet-ex
hange hypothesis and 5.2% for the angular distribu-tion of Ref. [37℄ when noK� ex
hange pro
ess is in
luded.All the upper limits reported in this arti
le were derivedin the most 
onservative s
enario, i.e. in the t-ex
hangehypothesis.The upper panel in Fig. 4 shows the upper limit onthe total 
ross se
tion as a fun
tion of the �+ mass. Anupper limit of 0.8 nb was found for M = 1540 MeV.The pro
ess to extra
t the yield was repeated for ea
hangular bin to derive the 95% CL upper limit on the�+(1540) di�erential 
ross se
tion d�=d 
os � �K0CM . Theresult is shown in the lower panel of Fig. 4. The 
rossse
tion upper limit remains within about 1-2 nb for mostof the angular range and rises at forward angles due tothe redu
ed CLAS a

eptan
e. As a 
he
k on our pro-
edure, we extra
ted the di�erential and the total 
rossse
tion for several known rea
tions from the same dataset, �nding overall good agreement within experimen-tal un
ertainties with the existing world measurements.
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ross se
tion asa fun
tion of the �+ mass (top) and on the di�erential 
rossse
tion d�=d 
os � �K0CM (bottom) for the rea
tion 
p ! �K0�+for an assumed �+ mass of 1540 MeV. The dotted line in thetop plot is to guide the eye.Another measure of the strength of the pentaquarksignal is to 
ompare the upper limit on the yield to thenumber of ��(1520) events produ
ed in the rea
tion. The95% CL upper limit on the number of �+ events at amass of 1540 MeV for our data sample is 220 events. Thenumber of observed ��(1520) events, shown in the upperpanel of Fig. 2, was determined using a Breit-Wignerresonan
e shape �t to be 100k. Thus, the ratio is lessthan 220/100k = 0.22 % (95% CL).Our upper limit on the 
ross se
tion is in 
lear disagree-ment with the �ndings of Ref. [4℄ whi
h reported a �+signal of 63 events at a mass of 1540 MeV 
orrespondingto the published total 
ross se
tion of 300 nb. In orderto better 
ompare with that experiment, we repeated theanalysis applying the same 
uts reported in that paper:the photon energy was limited to 2.6 GeV, only eventswith a forward-emitted �K0 (� �K0CM > 60Æ) were used andno 
uts were made to ex
lude hyperons. The resultingmass distribution is shown in the inset of Fig. 3: it re-mains smooth and stru
tureless. Another way to showthe in
onsisten
y of the two experiments is to 
omparethe ratio of the upper limit of the number of �+ with thenumber of the observed ��(1520). Applying again thesame spe
i�
 
uts to reprodu
e the SAPHIR analysis, weevaluated a 95% CL limit on the �+ yield of less than100 events. In the same photon energy range (1.6-2.6GeV) we observed � 53000 ��(1520)'s, 
ompared with a�+ yield of 63 and 630 ��(1520)'s respe
tively reportedin Ref. [4℄. The ratios obtained in the two experiments

di�er by more than a fa
tor 50.In 
on
lusion, this is the �rst result of a dedi
ated setof high-statisti
s and high-resolution experiments under-taken at Je�erson Lab to elu
idate the debate on theexisten
e of the pentaquark. The rea
tion 
p! �K0K+nwas studied in sear
h for eviden
e of the �+ pentaquarkin the nK+ de
ay 
hannel. The �nal state was isolateddete
ting the K+, the �K0 by its �+�� de
ay, and iden-tifying the neutron by means of the missing mass te
h-nique. The dire
t measurement of the K+ allows one tode�ne the strangeness of any baryon resonan
e observedin this �nal state. The nK+ mass distribution was foundto be smooth and stru
tureless. No eviden
e for a nar-row resonan
e was found in the mass range 1520-1600MeV. An upper limit of 0.8 nb (95% Con�den
e Level)on the total produ
tion 
ross se
tion for a �+ mass of1540 MeV was set. This is in disagreement with pre-viously reported eviden
e for a resonan
e in the samerea
tion 
hannel, and sets stringent upper-limits on themodels whi
h predi
t these long-lived pentaquark states.We would like to a
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