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Abstract

A search for pentaquarks decaying toΞ−π− (Ξ−π+) and corresponding antiparticles has been performed with the Z
detector at HERA. The data sample consists of deep inelasticep scattering events at centre-of-mass energies of 300
318 GeV, and corresponds to 121 pb−1 of integrated luminosity. A clear signal forΞ0(1530) → Ξ−π+ was observed. How
ever, no signal for any new baryonic state was observed at higher masses in either theΞ−π− or Ξ−π+ channels. The searche
in the antiparticle channels were also negative. Upper limits on the ratio of a possibleΞ−−

3/2 (Ξ0
3/2) signal to theΞ0(1530)

signal were set in the mass range 1650–2350 MeV.
 2005 Published by Elsevier B.V.
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1. Introduction

A number of experiments[1] including ZEUS
[2] have reported narrow signals in the vicinity
1530 MeV in thenK+ andpK0

S invariant-mass spec
tra. The signals are consistent with the exotic p
taquark baryon stateΘ+ with quark contentuudds̄

[3]. Several other experiments have searched for
state with negative results[4–7].

The Θ+ lies at the apex of a hypothetical antid
cuplet of pentaquarks with spin 1/2 [3]. The baryonic
statesΞ−−

3/2 andΞ+
3/2 at the bottom of this antidecu

plet are also manifestly exotic. According to Diakon
et al. [3], the members of the antidecuplet, which b
long to the isospin quartet ofS = −2 baryons, have
a mass of about 2070 MeV and a partial decay wi
intoΞπ of about 40 MeV. On the other hand, Jaffe a
Wilczek [8] predicted a mass around 1750 MeV an
width 50% larger for these states than that of theΘ+.
The isospin 3/2 multiplet contains two states with o
dinary charge assignments(Ξ0

3/2,Ξ
−
3/2) in addition to

the exotic statesΞ+
3/2(uussd̄) andΞ−−

3/2 (ddssū). Re-
cently, NA49[9] at the CERN SPS reported the o
servation of theΞ−−

3/2 andΞ0
3/2 members of theΞ3/2

multiplet, with a mass of 1862± 2 MeV and a width
below 18 MeV. The signals were also seen in the c
responding antibaryon spectra. However, searche
such resonances by other experiments[4,5,7,10,11]
were negative.

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

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

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

41 Supported by the Particle Physics and Astronomy Rese
Council, UK.

42 Supported by the US Department of Energy.
43 Supported by the US National Science Foundation.
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formation Technology, grant No. 112/E-356/SPUB/DESY/P-03/
116/2003–2005 and 1 P03B 06527.

45 Supported by FNRS and its associated funds (IISN and FR
and by an Inter-University Attraction Poles Programme subsid
by the Belgian Federal Science Policy Office.
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This Letter describes a search for new baryo
states in theΞ−π± andΞ̄+π± invariant-mass spec
tra in ep collisions measured with the ZEUS detec
at HERA. The studies were performed in the ce
tral pseudorapidity region where hadron product
is dominated by fragmentation. The analysis was
stricted to the deep inelastic scattering (DIS) regim
and theΞ− (Ξ̄+) states were reconstructed via t
Λπ− (Λ̄π+) decay channel.

2. Experimental setup

ZEUS is a multipurpose detector described in
tail elsewhere[12]. The main components used in t
present study are the central tracking detector and
uranium-scintillator calorimeter.

The central tracking detector (CTD)[13] is a cylin-
drical drift chamber with nine superlayers covering
polar-angle46 region 15◦ � θ � 164◦ and the radia
range 18.2–79.4 cm. The transverse-momentum
olution for charged tracks traversing all CTD layers

σ(pT )/pT = 0.0058pT ⊕ 0.0065⊕ 0.0014/pT ,

with pT in GeV. To estimate the energy loss per u
length,dE/dx, of particles in the CTD[14], the trun-
cated mean of the anode-wire pulse heights was
culated, which removes the lowest 10% and at le
the highest 30% depending on the number of satur
hits. The measureddE/dx values were normalise
to thedE/dx peak position for tracks with momen
0.3 < p < 0.4 GeV, the region of minimum ionisa
tion for pions. Henceforth,dE/dx is quoted in units of
minimum ionising particles (mips). The resolution
thedE/dx measurement for full-length tracks is abo
9%. The tracking system was used to establish the
mary and secondary vertices.

The CTD is surrounded by the uranium-scintilla
calorimeter, the CAL[15], which is divided into
three parts: forward, barrel and rear. The calorim
ter is longitudinally segmented into electromagne
and hadronic sections. The smallest subdivision of

46 The ZEUS coordinate system is a right-handed Cartesian
tem, with theZ axis pointing in the proton beam direction, referr
to as the “forward direction”, and theX axis pointing left toward the
center of HERA. The coordinate origin is at the nominal interact
point.
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calorimeter is called a cell. The energy resolution
the calorimeter under test-beam conditions isσE/E =
0.18/

√
E for electrons andσE/E = 0.35/

√
E for

hadrons (withE in GeV). A presampler[16] mounted
in front of the calorimeter was used to correct the
ergy of the scattered electron.47 The position of elec-
trons scattered with a small angle was measured u
the small-angle rear tracking detector (SRTD)[17].

The luminosity was determined from the rate of t
bremsstrahlung processep → epγ , where the photon
was measured with a lead-scintillator calorimeter[18]
located atZ = −107 m.

3. Data sample

The data sample for this analysis was taken du
the 1996–2000 running period of HERA, and cor
sponds to an integrated luminosity of 121 pb−1. The
electron-beam energy was 27.5 GeV and the pro
beam energy was 820 GeV for the 1996–1997 runn
period and 920 GeV for the 1998–2000 running
riod.

The exchanged photon virtuality,Q2, was recon-
structed from the energy and angle of the scatte
electron. The scattered-electron candidate was ide
fied from the pattern of energy deposits in the C
[19]. The following requirements were used to sel
neutral current DIS events:

• Ee′ � 5 GeV, whereEe′ is the energy of the sca
tered electron;

• A primary vertex position in the range|Zvertex| �
50 cm;

• 35�
∑

Ei(1− cosθi) � 60 GeV, whereEi is the
energy of theith calorimeter cell andθi is its polar
angle with respect to the measured primary ver
position, and the sum runs over all cells;

• Q2 > 1 GeV2.

The present analysis was based on tracks meas
in the CTD. All tracks were required to pass throu
at least three CTD superlayers. This requirement
responds to the pseudorapidity range|η| < 1.75 in

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

T
E

D
 P

R
O

O
F

the laboratory frame. Only tracks with transverse m
mentaplab

T > 150 MeV were considered. The abo
cuts restricted this analysis to a region where the tr
acceptance and resolution of the CTD are high.

The energy-loss measurement in the CTD,dE/dx,
was used for particle identification. Tracks withf <

dE/dx < F were taken as (anti)proton candidat
wheref = 0.3/p2 + 0.8 andF = 1.0/p2 + 1.2 (p is
the total track momentum in GeV) are functions mo
vated by the Bethe–Bloch equation. ThedE/dx re-
quirements forπ+(π−) candidates weredE/dx <

((0.1/p2) + 0.8) or dE/dx < 1.8 mips.
Candidates for long-lived neutral strange hadr

decaying to two charged particles were identified
selecting pairs of oppositely charged tracks fitted t
displaced secondary vertex. Events were require
have at least one such candidate.

As a first step in theΞ−π− (Ξ−π+) invariant-
mass reconstruction,Λ baryons were identified. Then
the Λ baryons were combined with aπ− to form
Ξ− candidates. Finally, theΞ−π− (Ξ−π+) invariant
mass was reconstructed using pions associated
the primary vertex. The same procedure was used
the antiparticles.

The Λ baryons were identified by their charg
decay mode,Λ → pπ−, using pairs of tracks from
secondary vertices. In order to reduce background
ther, the track with the higher momentum was requi
to have adE/dx consistent with that of a proton an
was assigned the proton mass. The resulting invari
mass spectra forpπ− and p̄π+ are shown inFig. 1.
The measured number ofΛ baryons, as well as th
background under the peak, are higher for thepπ−
than for thep̄π+ spectrum. This is because of trac
produced in secondary interactions in the beampip

To reconstructΞ− candidates,Λ candidates with
invariant masses in the range 1111–1121 MeV w
combined with negatively charged tracks. The dista
of closest approach (DCA) in three dimensions
tween the trajectories of theΛ and theπ− was calcu-
lated and a cut on the DCA of 1.0 cm was used to se
preferentially those coming from the same vertex
addition, the following cuts were applied to increa
the significance of theΞ− signal:

• The distance between the decay of theΞ− and
the primary vertex was required to be larger th
1.75 cm, since most of the combinatorial bac
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Fig. 1. The (a)pπ− and (b)p̄π+ invariant-mass spectra forQ2 > 1 GeV2. The solid line shows the result of a fit using a double Gaus
plus a first-order polynomial background function, while the dashed line shows the background. The shaded areas indicate the ma
the selected candidates.
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ground comes from tracks originating from t
primary vertex[20];

• The momentum of theπ− candidate was require
to be less than the momentum of theΛ candidate,
since in theΞ− decay, theΛ takes the largest frac
tion of theΞ− momentum;

• TheΛ decay was required to be further from t
primary vertex than theΞ− decay.

The resultingΛπ− andΛ̄π+ invariant-mass spec
tra are shown inFig. 2. Because of the short deca
length of theΞ , the cuts eliminate the contribution
from secondary interactions in the beampipe; the n
ber of Ξ− and Ξ̄+ are the same within their unce
tainties. The measured width of thēΞ+ is somewhat
larger than that of theΞ− as expected from the dif
ferent momentum resolution for positive and nega
particles. TheΞ− candidates were selected within t
invariant-mass range 1317–1327 MeV, shown as
shaded areas. In order to decrease the combin
ial background, only events with oneΞ− candidate,
which comprises 92% of the whole sample, were
tained.

To search for the exoticΞ−−
3/2 state, the selecte

Ξ− candidates were combined withπ− tracks from
U

T
E

D

-

the primary vertex. To reduce background, only tra
with momenta smaller than those of theΞ− were
used. Analogous searches were performed for
Ξ̄++

3/2 , Ξ0
3/2 andΞ̄0

3/2.
A number of checks were carried out to ver

the robustness of the above reconstruction proced
(a) the dE/dx requirements for pions and proto
were removed; (b) events with multipleΞ− candi-
dates were retained; (c) the cut on the DCA was va
between 0.5 and 3.0 cm; (d) the cut on the dista
between the decay position of theΞ− and the pri-
mary vertex was varied between 1.0 and 3.0 cm
all these cases, the variations had a small impac
the reconstruction efficiency of theΞ− → Λπ− and
Ξ0(1530) → Ξ−π+ decay channels, or led to a r
duction of the signal-to-background ratio at the le
of 10–30%.

4. Results and conclusions

The resulting Ξπ invariant-mass spectrum fo
the sum of all four charge combinations,Ξ−π−,
Ξ−π+, Ξ̄+π−, Ξ̄+π+ is shown in Fig. 3(a) for
Q2 > 1 GeV2. The invariant-mass spectra for ea
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Fig. 2. The (a)Λπ− and (b)Λ̄π+ invariant-mass spectra forQ2 > 1 GeV2. The solid line shows the result of a fit using a double Gaus
plus a second-order polynomial background function, while the dashed line shows the background. The shaded areas show the m
the selected candidates.

Fig. 3. TheΞπ invariant-mass spectrum for: (a)Q2 > 1 GeV2, and (b)Q2 > 20 GeV2 (all four charge combinations summed). The so
line in (a) is the result of a fit to the data using a Gaussian plus a three-parameter background defined by Eq.(1). The dashed line shows th
background according to this fit. The 95% C.L. upper limit onR (the ratio of theΞ−−

3/2 (Ξ0
3/2) signal toΞ0(1530) as defined in the text) is als

shown as a function of the invariant mass forQ2 > 1 GeV2. The arrows show the location of the signal observed by NA49.
U
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Fig. 4. TheΞπ invariant-mass spectra for each charge combination reconstructed atQ2 > 1 GeV2. The arrows show the location of the sign
observed by NA49.
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Ξπ combination separately are shown inFig. 4. In
both theΞ−π+ and Ξ̄+π− spectra, the well estab
lishedΞ0(1530) state[21] is observed. TheΞ0(1530)
peak was fitted by a Gaussian, and the background
parametrised by the function:

(1)B(M) = P1(M − mΞ − mπ)P2e−P3(M−mΞ −mπ),

whereM is theΞπ invariant mass,mΞ andmπ are
the masses of theΞ and theπ , respectively, andP1,
P2 andP3 are free parameters. The extracted num
of signal events was 192± 30. The measured peak p
sition of 1533.3±1.0(stat.) MeV is consistent with the
PDG value[21], taking into account a systematic u
certainty of 1–2 MeV on the mass measurement.
measured width of 6.6 ± 1.4(stat.) MeV is consistent
U

with the detector resolution. No signal is observed n
1860 MeV in any of the spectra.

A similar analysis was performed forQ2 > 20
GeV2, a kinematic region of DIS where theΘ+ state
was most clearly observed by ZEUS[2]. The resulting
invariant-mass spectrum ofΞπ for the sum of all four
charge combinations is shown inFig. 3(b). Again, no
signal is observed near 1862 MeV.

In addition to the peak near 1530 MeV due
the establishedΞ0(1530) state, a possible peak ne
1690 MeV forQ2 > 20 GeV2 is observed (Fig. 3(b)).
This enhancement could be due to theΞ(1690)
baryon, the properties of which are not well det
mined [21]. Using the fit described in Eq.(1), the
mass of this peak was found to be at 1687.5 ±
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4.0(stat.) MeV, and the Gaussian width was 9.5 ±
3.7(stat.) MeV. The statistical significance of this sig
nal is 2.5σ .

According to the NA49 study[9], two additional
cuts were used to reduce the background for the p
taquark searches: a cut on the opening angle betw
the Ξ and theπ , and a cut on the momentum of th
pion used in the reconstruction of theΞπ invariant
mass. These two cuts were also tried in this an
sis, with the opening-angle cut varied from 0.1 to
0.5 radians, and theπ momentum cut varied from
0.5 GeV to 1.5 GeV. In no case was a pentaqua
signal seen. However, these two cuts changed
background shape by rejecting events near theΞπ

mass threshold, reducing or completely suppres
theΞ0(1530) signal.

Given the absence of a signal in our data, 9
C.L. limits were set on the production of new sta
decaying toΞ−π− or Ξ−π+ in the mass range 1650
2350 MeV in DIS forQ2 > 1 GeV2. The upper limits
on the ratio,R, of the number of events in a (slid
ing) mass window to the reconstructed number
Ξ0(1530) events are presented. This ratio is a go
indicator of the sensitivity to a new state, given t
robust signal observed for the establishedΞ0(1530)
state. Most of the acceptances and reconstruction
ficiencies largely cancelled in the ratio; some res
ual effects are present since the acceptance h
dependence on the mass of the state. For exam
the rapidity distribution of theΞπ combinations in
the centre-of-mass system changes markedly ove
mass range.

The limits were set using Bayesian statistics
suming flat prior distributions forR. The width of the
search window was set equal to 26.4 MeV, which
±2σ of the measured width of theΞ0(1530). The
background was modelled using Eq.(1). The 95%
C.L. limits onR varied between 0.1 to 0.5 as a func-
tion of the central value of the mass window, as sho
in Fig. 3(a). In the NA49 signal region,R is less than
0.29 at the 95% C.L.

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

The number ofΞ0(1530) signal events recon
structed in this analysis is about the same as for
NA49 data analysed without the opening-angle a
momentum cuts[23]. Therefore, the statistical sens
tivity should be about the same for the two analy
in this mass region. However, it should be noted t
NA49 is a fixed target experiment, which has good
ceptance in the forward region. The non-observa
of this signal in the central-fragmentation region
the ZEUS data does not necessarily contradict the
servation of a signal predominantly produced in
forward region.

In conclusion, a search for new baryons that
cay to Ξ−π− and Ξ−π+ was performed with the
ZEUS detector using a DIS data sample withQ2 >

1 GeV2 corresponding to an integrated luminosity
121 pb−1. No pentaquark signal was found. Upp
limits at 95% C.L. on the ratio of theΞ−−

3/2 (Ξ0
3/2)

signal to theΞ0(1530) are set in the mass range 165
2350 MeV.
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