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Abstract 59

Editor: W.-D. Schlatter

A search for pentaquarks decayingdo 7~ (5~ +) and corresponding antiparticles has been performed with the ZEUYS
detector at HERA. The data sample consists of deep inelastigcattering events at centre-of-mass energies of 300 afd
318 GeV, and corresponds to 121 dbof integrated luminosity. A clear signal f&@9(1530 — &~ =t was observed. How- 62
ever, no signal for any new baryonic state was observed at higher masses in eitiiertheor Z 7+ channels. The searches 63

in the antiparticle channels were also negative. Upper limits on the ratio of a poE%T}ge(Eg/z) signal to thez9(1530 o4

signal were set in the mass range 1650-2350 MeV.
0 2005 Published by Elsevier B.V.

65
66
67

E-mail address: rik.yoshida@desy.dgR. Yoshida).
1 Also affiliated with University College London, UK.
2 Retired.
3 Now at the University of Victoria, British Columbia, Canada.
4 PPARC Advanced fellow.
5 Supported by a scholarship of the World Laboratory Bjon Wiik
Research Project.
6 Partly supported by Polish Ministry of Scientific Research and
Information Technology, grant No. 2 PO3B 12625.
7 Supported by the Polish State Committee for Scientific Re-
search, grant No. 2 PO3B 09322.
8 Now at DESY group FEB, Hamburg, Germany.
9 Now at LAL, Université de Paris-Sud, IN2P3-CNRS, Orsay,
France.
10 partly supported by Moscow State University, Russia.
11 Also affiliated with DESY.
12 Now at Baylor University, USA.
13 Now at University of Oxford, UK.
14 Now at the Department of Physics and Astronomy, University
of Glasgow, UK.
15 Now at Royal Holloway University of London, UK.
16 Also at Nara Women's University, Nara, Japan.
17 Also at University of Tokyo, Japan.
18 Ramén y Cajal Fellow.
19 pPPARC Postdoctoral Research Fellow.
20 On leave of absence at The National Science Foundation, Ar-
lington, VA, USA.
21 Also at Max Planck Institute, Munich, Germany, Alexander
von Humboldt Research Award.
22 present address: Tokyo Metropolitan University of Health Sci-
ences, Tokyo 116-8551, Japan.

68
69

70
23 Also at University of Hamburg, Germany, Alexander von Hum-71

boldt Fellow.

24 partially funded by DESY. 72
25 Also at L6 University, Poland. 73
26 } 6dz University, Poland. 74

27 y 6z University, Poland, supported by the KBN grant 2 PO3B75
12925.

28 gypported by the KBN grant 2 PO3B 12725.

29 Supported by the Natural Sciences and Engineering ResearZ:Fl
Council of Canada (NSERC). 78

30 Supported by the German Federal Ministry for Education and®
Research (BMBF), under contract numbers HZ1GUA 2, HZ1GUBso
0, HZ1PDA 5, HZ1VFA 5. 81

£ Supported in part by the MINERVA Gesellschaft fur Forschung82
GmbH, the Israel Science Foundation (grant No. 293/02-11.2), the
US-Israel Binational Science Foundation and the Benozyio Centéf

76

for High Energy Physics. 84
32 Supported by the German-Israeli Foundation and the Isra&b
Science Foundation. 86

33 Supported by the Italian National Institute for Nuclear Physics,,
(INFN). .
34 supported by the Japanese Ministry of Education, Culture,
Sports, Science and Technology (MEXT) and its grants for Scier®

tific Research. 90
35 Supported by the Korean Ministry of Education and Korea Sci91
ence and Engineering Foundation. 92

36 Supported by the Netherlands Foundation for Research og,
Matter (FOM).

37 Supported by the Polish State Committee for Scientific Re?4
search, grant No. 620/E-77/SPB/DESY/P-03/DZ 117/2003-200%°
and grant No. 1 PO3B 07427/2004—-2006. 96


mailto:rik.yoshida@desy.de

© 0 N o o B~ W N P

A A B D D B B DS WOW W W W W WWWWN DN DNDNDNDNNNDNDNRER B P B P P P PP
o N o g b~ W N P O ©W 0N O o B~ W N BRFP O VW 00 N o o B W N BRFP O O 0N o s W N P O

S0370-2693(05)00216-9/SC0  AID:21780 Vol.eee(eee)
PLB:m3 v 1.32 Prn:10/02/2005; 14:48

Doctopic: Experiments

[DTD5] P.7 (1-13)
by:ES p. 7

plb21780

ZEUS Collaboration / Physics LettersSB eee (s000) 0s00—ocee 7

1. Introduction

A number of experimentgl] including ZEUS
[2] have reported narrow signals in the vicinity of
1530 MeV in then K+ andeg invariant-mass spec-
tra. The signals are consistent with the exotic pen-
taquark baryon stat&®* with quark contentudds

This Letter describes a search for new baryonies
states in the ~7* and Z+x* invariant-mass spec- 50
tra in ep collisions measured with the ZEUS detectorst
at HERA. The studies were performed in the cens2
tral pseudorapidity region where hadron productions
is dominated by fragmentation. The analysis was re4
stricted to the deep inelastic scattering (DIS) regimess

[3]. Several other experiments have searched for thisand theZ~ (£T) states were reconstructed via thess

state with negative resulf4—7].

The ®7 lies at the apex of a hypothetical antide-
cuplet of pentaquarks with spiry2 [3]. The baryonic
statesZ , and 5572 at the bottom of this antidecu-
plet are also manifestly exotic. According to Diakonov
et al.[3], the members of the antidecuplet, which be-
long to the isospin quartet &f = —2 baryons, have
a mass of about 2070 MeV and a partial decay width
into & of about 40 MeV. On the other hand, Jaffe and
Wilczek[8] predicted a mass around 1750 MeV and a
width 50% larger for these states than that of @e.
The isospin 32 multiplet contains two states with or-
dinary charge assignmer(ts'g/z, E3)0) in addition to
the exotic states],(uussd) and 83/, (ddssit). Re-
cently, NA49[9] at the CERN SPS reported the ob-
servation of thez; , and E:,? » members of theZ' >
multiplet, with a mass of 1862 2 MeV and a width
below 18 MeV. The signals were also seen in the cor-

An~ (Arnt) decay channel. 57
58

59

2. Experimental setup 60
61

ZEUS is a multipurpose detector described in des2
tail elsewherd12]. The main components used in thes3
present study are the central tracking detector and tli¢
uranium-scintillator calorimeter. 65
The central tracking detector (CT[)3] is a cylin- 66
drical drift chamber with nine superlayers covering thé?
polar-anglé® region 18 < 6 < 164 and the radial 68
range 18.2—-79.4 cm. The transverse-momentum res-

olution for charged tracks traversing all CTD layers is’®
71

o(pr)/pr =0.0058y7 @ 0.0065¢ 0.0014/ pr, 72

with pr in GeV. To estimate the energy loss per unit’®
length,d E /dx, of particles in the CTO}14], the trun-  **

responding antibaryon spectra. However, searches forcated mean of the anode-wire pulse heights was cdf*

such resonances by other experimejdt$,7,10,11]
were negative.

38 Partially supported by the German Federal Ministry for Educa-
tion and Research (BMBF).

39 supported by RF Presidential grant No. 1685.2003.2 for the
leading scientific schools and by the Russian Ministry of Education
and Science through its grant for Scientific Research on High En-
ergy Physics.

40 Supported by the Spanish Ministry of Education and Science
through funds provided by CICYT.

41 sypported by the Particle Physics and Astronomy Research
Council, UK.

42 sypported by the US Department of Energy.

43 supported by the US National Science Foundation.

44 supported by the Polish Ministry of Scientific Research and In-
formation Technology, grant No. 112/E-356/SPUB/DESY/P-03/DZ
116/2003-2005 and 1 PO3B 06527.

45 supported by FNRS and its associated funds (IISN and FRIA)
and by an Inter-University Attraction Poles Programme subsidised
by the Belgian Federal Science Policy Office.

culated, which removes the lowest 10% and at least
the highest 30% depending on the number of saturatéd
hits. The measured E/dx values were normalised ®
to thed E /dx peak position for tracks with momenta "
0.3 < p < 0.4 GeV, the region of minimum ionisa- *°
tion for pions. Henceforthi E /dx is quoted in units of "
minimum ionising particles (mips). The resolution of*
thed E /dx measurement for full-length tracks is about™
9%. The tracking system was used to establish the prsfl
mary and secondary vertices. %
The CTD is surrounded by the uranium-scintillator*
calorimeter, the CAL[15], which is divided into
three parts: forward, barrel and rear. The calorime®
ter is longitudinally segmented into electromagnetiég
and hadronic sections. The smallest subdivision of th:i%

92

46 The ZEUS coordinate system is a right-handed Cartesian sygs

tem, with theZ axis pointing in the proton beam direction, referred
to as the “forward direction”, and th€ axis pointing left toward the

center of HERA. The coordinate origin is at the nominal interactior?®

point. 96

94
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calorimeter is called a cell. The energy resolution of
the calorimeter under test-beam conditionsig E =
0.18/+/E for electrons andrr/E = 0.35/E for
hadrons (withE in GeV). A presamplef16] mounted

in front of the calorimeter was used to correct the en-
ergy of the scattered electr8hThe position of elec-

the laboratory frame. Only tracks with transverse mo4o
mentap!a > 150 MeV were considered. The aboveso
cuts restricted this analysis to a region where the track
acceptance and resolution of the CTD are high. 52

The energy-loss measurement in the C#IB,/dx, 53

was used for particle identification. Tracks with< 54

trons scattered with a small angle was measured usingd E /dx < F were taken as (anti)proton candidatesss

the small-angle rear tracking detector (SRTDJ].

The luminosity was determined from the rate of the
bremsstrahlung procesg — epy, where the photon
was measured with a lead-scintillator calorimée3]
located atZ = —107 m.

3. Data sample

The data sample for this analysis was taken during
the 1996-2000 running period of HERA, and corre-
sponds to an integrated luminosity of 121 PpbThe
electron-beam energy was 27.5 GeV and the proton-
beam energy was 820 GeV for the 1996—-1997 running
period and 920 GeV for the 1998—2000 running pe-
riod.

The exchanged photon virtualit®)?, was recon-
structed from the energy and angle of the scattered

electron. The scattered-electron candidate was identi-

fied from the pattern of energy deposits in the CAL
[19]. The following requirements were used to select
neutral current DIS events:

e E, >5 GeV, whereE, is the energy of the scat-
tered electron;

e A primary vertex position in the rang&yertex <
50 cm;

e 35< ) E;(1—cosh;) < 60 GeV, wherex; is the
energy of theth calorimeter cell and; is its polar
angle with respect to the measured primary vertex
position, and the sum runs over all cells;

e 02>1Ge”

The present analysis was based on tracks measure
in the CTD. All tracks were required to pass through
at least three CTD superlayers. This requirement cor-
responds to the pseudorapidity range < 1.75 in

47 From now on, the word “electron” is used as a generic term for
either electrons or positrons.

wheref =0.3/p? +0.8 andF =1.0/p%+ 1.2 (pis 56
the total track momentum in GeV) are functions motis7
vated by the Bethe—Bloch equation. TH& /dx re- 58
quirements forz ™ (7 ~) candidates were/E/dx < 59
((0.1/p?) +0.8) or dE /dx < 1.8 mips. 60

Candidates for long-lived neutral strange hadronst
decaying to two charged particles were identified by2
selecting pairs of oppositely charged tracks fitted to &8
displaced secondary vertex. Events were required to
have at least one such candidate. 65

As a first step in theZ ~7~ (2~ nT) invariant- 66
mass reconstructiomy baryons were identified. Then, 67
the A baryons were combined with &= to form 68
E~ candidates. Finally, thE 7~ (£~ n ) invariant 69
mass was reconstructed using pions associated with
the primary vertex. The same procedure was used for
the antipatrticles. 72

The A baryons were identified by their charged?s
decay modeA — prmr~, using pairs of tracks from 74
secondary vertices. In order to reduce background furs
ther, the track with the higher momentum was requireds
to have ad E /dx consistent with that of a proton and 77
was assigned the proton mass. The resulting invariarneg
mass spectra fopz~ and pz ™ are shown inFig. 1L 79
The measured number of baryons, as well as the 8o
background under the peak, are higher for phe~ 81
than for thepmr* spectrum. This is because of trackss2
produced in secondary interactions in the beampipe.s3

To reconstructz ~ candidatesA candidates with 84
invariant masses in the range 1111-1121 MeV were
combined with negatively charged tracks. The distance
of closest approach (DCA) in three dimensions bes?
tween the trajectories of thé and ther — was calcu- 88

ciated and a cut on the DCA of 1.0 cm was used to seleét

preferentially those coming from the same vertex. 1o
addition, the following cuts were applied to increase:
the significance of th&Z ~ signal: 92
93

e The distance between the decay of the and 94
the primary vertex was required to be larger thams
1.75 cm, since most of the combinatorial back<s
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Fig. 1. The (a)pm~ and (b) gz invariant-mass spectra f@2 > 1 Ge\2. The solid line shows the result of a fit using a double Gaussiaf®

plus a first-order polynomial background function, while the dashed line shows the background. The shaded areas indicate the mass $ange of

the selected candidates. 70
71
ground comes from tracks originating from the the primary vertex. To reduce background, only tracks,

primary vertex20]; with momenta smaller than those of ti&~ were 73
e The momentum of the ~ candidate was required  used. Analogous searches were performed for the
to be less than the momentum of thecandidate, =33, :g/z and“3/2 75
since intheZ ~ decay, theA takes the largest frac- A number of checks were carried out to verifys
tion of the 2~ momentum; the robustness of the above reconstruction procedurge:
e The A decay was required to be further from the (a) the dE/dx requirements for pions and protons;s
primary vertex than thé& — decay. were removed; (b) events with multiple~ candi- 79

dates were retained; (c) the cut on the DCA was varieg)

The resultingAz~ and Az invariant-mass spec-  between 0.5 and 3.0 cm; (d) the cut on the distanag
tra are shown irFig. 2 Because of the short decay between the decay position of ti#&~ and the pri- &
length of theZ, the cuts eliminate the contributions mary vertex was varied between 1.0 and 3.0 cm. Igs
from secondary interactions in the beampipe; the num- all these cases, the variations had a small impact en
ber of 2~ and £* are the same within their uncer- the reconstruction efficiency of the~ — Az~ and s
tainties. The measured width of tl#&" is somewhat 2091530 — &t decay channels, or led to a re-g
larger than that of theZ — as expected from the dif-  duction of the signal-to-background ratio at the levet;

ferent momentum resolution for positive and negative of 10—-30%. 88
particles. TheZ — candidates were selected within the 89
invariant-mass range 1317-1327 MeV, shown as the 90
shaded areas. In order to decrease the combinator-4, Results and conclusions o1
ial background, only events with ong~ candidate, 92
which comprises 92% of the whole sample, were re-  The resulting £ invariant-mass spectrum for 9
tained. the sum of all four charge combinationg-7z~, 9

To search for the exoti&y, state, the selected g-7+ S+r- Z+xt is shown inFig. ¥a) for o

Z~ candidates were combined with~ tracks from 0?2 > 1 Ge\. The invariant-mass spectra for eactes
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45 Fig. 3. The&x invariant-mass spectrum for: (@2 > 1 Ge\?, and (b)Q2 > 20 Ge\® (all four charge combinations summed). The solid93
46 line in (a) is the result of a fit to the data using a Gaussian plus a three-parameter background defingd oyl B dashed line shows the 94
47 background according to this fit. The 95% C.L. upper limit®ithe ratio of the’:"?,_/g (59?/2) signal t0Z0(1530 as defined in the text) is also o5

48 shown as a function of the invariant mass @# > 1 Ge\2. The arrows show the location of the signal observed by NA49. 96
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M

80
81

E 7 combination separately are shown kig. 4. In with the detector resolution. No signal is observed neae
both theZ~x* and Z+x~ spectra, the well estab- 1860 MeV in any of the spectra. 83
lished& O(153@ state[21] is observed. Th&?(1530 A similar analysis was performed fop? > 20 s«
peak was fitted by a Gaussian, and the background wasGe\V?, a kinematic region of DIS where th@* state s
parametrised by the function: was most clearly observed by ZEJ&. The resulting ss

B Py — Pa(M—mg—my) invariant-mass spectrum &z for the sum of all four &7
B(M) = PA(M —mg —mz)""e - @ charge combinations is shown fig. 3b). Again, no ss
where M is the Ex invariant massmz andm, are signal is observed near 1862 MeV. 89
the masses of th& and ther, respectively, andy, In addition to the peak near 1530 MeV due towo
P, and P are free parameters. The extracted number the established®(1530 state, a possible peak nearo:
of signal events was 192 30. The measured peak po- 1690 MeV for 0? > 20 Ge\? is observedKig. 3(b)). o2
sition of 153334+ 1.0(stat) MeV is consistentwiththe  This enhancement could be due to tl&(1690 e3
PDG value[21], taking into account a systematic un- baryon, the properties of which are not well deterss
certainty of 1-2 MeV on the mass measurement. The mined [21]. Using the fit described in Eq1), the o5
measured width of 6 + 1.4(stat) MeV is consistent =~ mass of this peak was found to be at 1fB% 9
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4.0(stat) MeV, and the Gaussian width was5%+
3.7(stat) MeV. The statistical significance of this sig-
nal is 250.

According to the NA49 study9], two additional

The number of £9(1530 signal events recon- 49
structed in this analysis is about the same as for tte
NA49 data analysed without the opening-angle angt
momentum cut$23]. Therefore, the statistical sensi-s2
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cuts were used to reduce the background for the pen-tivity should be about the same for the two analyses
taquark searches: a cut on the opening angle betweerin this mass region. However, it should be noted tha
the & and ther, and a cut on the momentum of the NA49 is a fixed target experiment, which has good acss

pion used in the reconstruction of th&x invariant

ceptance in the forward region. The non-observatioss

mass. These two cuts were also tried in this analy- of this signal in the central-fragmentation region ins7

sis, with the opening-angle cut varied from10to
0.5 radians, and ther momentum cut varied from

0.5 GeV to 15 GeV. In no case was a pentaquark forward region.
In conclusion, a search for new baryons that dest

signal seen. However, these two cuts changed the
background shape by rejecting events near &he

cay to E~n~ and &~ was performed with the

mass threshold, reducing or completely suppressing ZEUS detector using a DIS data sample wigf >
1 Ge\? corresponding to an integrated luminosity ofss
Given the absence of a signal in our data, 95% 121 pbl. No pentaquark signal was found. Upperss

the £9(1530 signal.

C.L. limits were set on the production of new states
decaying taZ 7~ or £~z T in the mass range 1650—
2350 MeV in DIS forQ? > 1 Ge\2. The upper limits
on the ratio,R, of the number of events in a (slid-
ing) mass window to the reconstructed number of

limits at 95% C.L. on the ratio of th&3; (£3,)

2350 MeV.

£09(1530 events are presented. This ratio is a good Acknowledgements

indicator of the sensitivity to a new state, given the
robust signal observed for the establishg8(1530
state. Most of the acceptances and reconstruction ef-
ficiencies largely cancelled in the ratio; some resid-

dependence on the mass of the state. For example
the rapidity distribution of theZ 7z combinations in
the centre-of-mass system changes markedly over the
mass range.

The limits were set using Bayesian statistics as-
suming flat prior distributions foR. The width of the
search window was set equal to 26.4 MeV, which is
+20 of the measured width of th&€(1530. The
background was modelled using E@.). The 95%
C.L. limits on R varied between Q to 05 as a func-
tion of the central value of the mass window, as shown
in Fig. 3@). In the NA49 signal regiorR is less than
0.29 at the 95% C.L.

In addition to the above method, the 95% C.L.
limits on the ratio R were calculated assuming a
Gaussian probability function in the unified approach
[22] and fixing the reconstruction width of the ex-
pected pentaquark state to 10 MeV, which is close to
expectations. Similar values for the limits were ob-
tained.

the ZEUS data does not necessarily contradict the obs
servation of a signal predominantly produced in thee
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signal to the= %(1530) are set in the mass range 1650-°’
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