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Abstrat

A searh for pentaquarks deaying to �

�

�

�

(�

�

�

+

) and orresponding antipar-

tiles has been performed with the ZEUS detetor at HERA. The data sample

onsists of deep inelasti ep sattering events at entre-of-mass energies of 300

and 318 GeV, and orresponds to 121 pb

�1

of integrated luminosity. A lear

signal for �

0

(1530) ! �

�

�

+

was observed. However, no signal for any new bary-

oni state was observed at higher masses in either the �

�

�

�

or �

�

�

+

hannels.

The searhes in the antipartile hannels were also negative. Upper limits on the

ratio of a possible �

��

3=2

(�

0

3=2

) signal to the �

0

(1530) signal were set in the mass

range 1650{2350 MeV.
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1 Introdution

A number of experiments [1℄ inluding ZEUS [2℄ have reported narrow signals in the viin-

ity of 1530 MeV in the nK

+

and pK

0

S

invariant-mass spetra. The signals are onsistent

with the exoti pentaquark baryon state �

+

with quark ontent uudd�s [3℄. Several other

experiments have searhed for this state with negative results [4{7℄.

The �

+

lies at the apex of a hypothetial antideuplet of pentaquarks with spin 1=2 [3℄.

The baryoni states �

��

3=2

and �

+

3=2

at the bottom of this antideuplet are also manifestly

exoti. Aording to Diakonov et al. [3℄, the members of the antideuplet, whih belong

to the isospin quartet of S = �2 baryons, have a mass of about 2070 MeV and a partial

deay width into �� of about 40 MeV. On the other hand, Ja�e and Wilzek [8℄ predited

a mass around 1750 MeV and a width 50% larger for these states than that of the �

+

. The

isospin 3=2 multiplet ontains two states with ordinary harge assignments (�

0

3=2

;�

�

3=2

) in

addition to the exoti states �

+

3=2

(uuss

�

d) and �

��

3=2

(ddss�u). Reently, NA49 [9℄ at the

CERN SPS reported the observation of the �

��

3=2

and �

0

3=2

members of the �

3=2

multiplet,

with a mass of 1862 � 2 MeV and a width below 18 MeV. The signals were also seen in

the orresponding antibaryon spetra. However, searhes for suh resonanes by other

experiments [4,5,7,10,11℄ were negative.

This paper desribes a searh for new baryoni states in the �

�

�

�

and

�

�

+

�

�

invariant-

mass spetra in ep ollisions measured with the ZEUS detetor at HERA. The studies were

performed in the entral pseudorapidity region where hadron prodution is dominated by

fragmentation. The analysis was restrited to the deep inelasti sattering (DIS) regime,

and the �

�

(

�

�

+

) states were reonstruted via the ��

�

(

�

��

+

) deay hannel.

2 Experimental setup

ZEUS is a multipurpose detetor desribed in detail elsewhere [12℄. The main omponents

used in the present study are the entral traking detetor and the uranium-sintillator

alorimeter.

The entral traking detetor (CTD) [13℄ is a ylindrial drift hamber with nine super-

layers overing the polar-angle

1

region 15

o

� � � 164

o

and the radial range 18.2{79.4

m. The transverse-momentum resolution for harged traks traversing all CTD layers is

�(p

T

)=p

T

= 0:0058p

T

� 0:0065� 0:0014=p

T

, with p

T

in GeV. To estimate the energy loss

1

The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in the

proton beam diretion, referred to as the \forward diretion", and the X axis pointing left toward the

enter of HERA. The oordinate origin is at the nominal interation point.

1



per unit length, dE=dx, of partiles in the CTD [14℄, the trunated mean of the anode-wire

pulse heights was alulated, whih removes the lowest 10% and at least the highest 30%

depending on the number of saturated hits. The measured dE=dx values were normalised

to the dE=dx peak position for traks with momenta 0:3 < p < 0:4 GeV, the region of

minimum ionisation for pions. Heneforth, dE=dx is quoted in units of minimum ionising

partiles (mips). The resolution of the dE=dx measurement for full-length traks is about

9%. The traking system was used to establish the primary and seondary verties.

The CTD is surrounded by the uranium-sintillator alorimeter, the CAL [15℄, whih

is divided into three parts: forward, barrel and rear. The alorimeter is longitudinally

segmented into eletromagneti and hadroni setions. The smallest subdivision of the

alorimeter is alled a ell. The energy resolution of the alorimeter under test-beam

onditions is �

E

=E = 0:18=

p

E for eletrons and �

E

=E = 0:35=

p

E for hadrons (with E

in GeV). A presampler [16℄ mounted in front of the alorimeter was used to orret the

energy of the sattered eletron

2

. The position of eletrons sattered with a small angle

was measured using the small-angle rear traking detetor (SRTD) [17℄.

The luminosity was determined from the rate of the bremsstrahlung proess ep ! ep,

where the photon was measured with a lead-sintillator alorimeter [18℄ loated at Z =

�107 m.

3 Data sample

The data sample for this analysis was taken during the 1996{2000 running period of

HERA, and orresponds to an integrated luminosity of 121 pb

�1

. The eletron-beam

energy was 27:5 GeV and the proton-beam energy was 820 GeV for the 96{97 running

period and 920 GeV for the 98{00 running period.

The exhanged photon virtuality, Q

2

, was reonstruted from the energy and angle of the

sattered eletron. The sattered-eletron andidate was identi�ed from the pattern of

energy deposits in the CAL [19℄. The following requirements were used to selet neutral

urrent DIS events:

� E

e

0

� 5 GeV, where E

e

0

is the energy of the sattered eletron;

� a primary vertex position in the range j Z

vertex

j� 50 m;

� 35�

P

E

i

(1� os �

i

)� 60 GeV, where E

i

is the energy of the ith alorimeter ell and

�

i

is its polar angle with respet to the measured primary vertex position, and the

sum runs over all ells;

2

From now on, the word \eletron" is used as a generi term for either eletrons or positrons.

2



� Q

2

> 1 GeV

2

.

The present analysis was based on traks measured in the CTD. All traks were required

to pass through at least three CTD superlayers. This requirement orresponds to the

pseudorapidity range j�j < 1:75 in the laboratory frame. Only traks with transverse

momenta p

lab

T

> 150 MeV were onsidered. The above uts restrited this analysis to a

region where the trak aeptane and resolution of the CTD are high.

The energy-loss measurement in the CTD, dE=dx, was used for partile identi�ation.

Traks with f < dE=dx < F were taken as (anti)proton andidates, where f = 0:3=p

2

+0:8

and F = 1:0=p

2

+ 1:2 (p is the total trak momentum in GeV) are funtions motivated by

the Bethe-Bloh equation. The dE=dx requirements for �

+

(�

�

) andidates were dE=dx <

((0:1=p

2

) + 0:8) or dE=dx < 1:8 mips.

Candidates for long-lived neutral strange hadrons deaying to two harged partiles were

identi�ed by seleting pairs of oppositely harged traks �tted to a displaed seondary

vertex. Events were required to have at least one suh andidate.

As a �rst step in the �

�

�

�

(�

�

�

+

) invariant-mass reonstrution, � baryons were identi-

�ed. Then, the � baryons were ombined with a �

�

to form �

�

andidates. Finally, the

�

�

�

�

(�

�

�

+

) invariant mass was reonstruted using pions assoiated with the primary

vertex. The same proedure was used for the antipartiles.

The � baryons were identi�ed by their harged deay mode, � ! p�

�

, using pairs of

traks from seondary verties. In order to redue bakground further, the trak with the

higher momentum was required to have a dE=dx onsistent with that of a proton and

was assigned the proton mass. The resulting invariant-mass spetra for p�

�

and �p�

+

are

shown in Fig. 1. The measured number of � baryons, as well as the bakground under

the peak, are higher for the p�

�

than for the �p�

+

spetrum. This is beause of traks

produed in seondary interations in the beampipe.

To reonstrut �

�

andidates, � andidates with invariant masses in the range 1111{

1121 MeV were ombined with negatively harged traks. The distane of losest approah

(DCA) in three dimensions between the trajetories of the � and the �

�

was alulated

and a ut on the DCA of 1:0 m was used to selet preferentially those oming from the

same vertex. In addition, the following uts were applied to inrease the signi�ane of

the �

�

signal:

� the distane between the deay of the �

�

and the primary vertex was required to be

larger than 1:75 m, sine most of the ombinatorial bakground omes from traks

originating from the primary vertex [20℄;

� the momentum of the �

�

andidate was required to be less than the momentum of

the � andidate, sine in the �

�

deay, the � takes the largest fration of the �

�

momentum;

3



� the � deay was required to be further from the primary vertex than the �

�

deay.

The resulting ��

�

and

�

��

+

invariant-mass spetra are shown in Fig. 2. Beause of the

short deay length of the �, the uts eliminate the ontributions from seondary intera-

tions in the beampipe; the number of �

�

and

�

�

+

are the same within their unertainties.

The measured width of the

�

�

+

is somewhat larger than that of the �

�

as expeted from

the di�erent momentum resolution for positive and negative partiles. The �

�

andidates

were seleted within the invariant-mass range 1317{1327 MeV, shown as the shaded areas.

In order to derease the ombinatorial bakground, only events with one �

�

andidate,

whih omprises 92% of the whole sample, were retained.

To searh for the exoti �

��

3=2

state, the seleted �

�

andidates were ombined with �

�

traks from the primary vertex. To redue bakground, only traks with momenta smaller

than those of the �

�

were used. Analogous searhes were performed for the

�

�

++

3=2

, �

0

3=2

and

�

�

0

3=2

.

A number of heks were arried out to verify the robustness of the above reonstrution

proedure: (a) the dE=dx requirements for pions and protons were removed; (b) events

with multiple �

�

andidates were retained; () the ut on the DCA was varied between

0:5 m and 3:0 m; (d) the ut on the distane between the deay position of the �

�

and the primary vertex was varied between 1:0 m and 3:0 m. In all these ases, the

variations had a small impat on the reonstrution eÆieny of the �

�

! ��

�

and

�

0

(1530) ! �

�

�

+

deay hannels, or led to a redution of the signal-to-bakground ratio

at the level of 10{30%.

4 Results and Conlusions

The resulting �� invariant-mass spetrum for the sum of all four harge ombinations,

�

�

�

�

, �

�

�

+

,

�

�

+

�

�

,

�

�

+

�

+

is shown in Fig. 3a for Q

2

> 1 GeV

2

. The invariant-mass

spetra for eah �� ombination separately are shown in Fig. 4. In both the �

�

�

+

and

�

�

+

�

�

spetra, the well established �

0

(1530) state [21℄ is observed. The �

0

(1530) peak

was �tted by a Gaussian, and the bakground was parametrised by the funtion:

B(M) = P

1

(M �m

�

�m

�

)

P

2

e

�P

3

(M�m

�

�m

�

)

; (1)

where M is the �� invariant mass, m

�

and m

�

are the masses of the � and the �,

respetively, and P

1

, P

2

and P

3

are free parameters. The extrated number of signal

events was 192� 30. The measured peak position of 1533:3� 1:0 (stat:) MeV is onsistent

with the PDG value [21℄, taking into aount a systemati unertainty of 1{2 MeV on the

mass measurement. The measured width of 6:6 � 1:4 (stat:) MeV is onsistent with the

detetor resolution. No signal is observed near 1860 MeV in any of the spetra.
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A similar analysis was performed for Q

2

> 20 GeV

2

, a kinemati region of DIS where the

�

+

state was most learly observed by ZEUS [2℄. The resulting invariant-mass spetrum

of �� for the sum of all four harge ombinations is shown in Fig. 3b. Again, no signal is

observed near 1862 MeV.

In addition to the peak near 1530 MeV due to the established �

0

(1530) state, a possible

peak near 1690 MeV for Q

2

> 20 GeV

2

is observed (Fig. 3b). This enhanement ould be

due to the �(1690) baryon, the properties of whih are not well determined [21℄. Using the

�t desribed in Eq. (1), the mass of this peak was found to be at 1687:5�4:0 (stat:) MeV,

and the Gaussian width was 9:5�3:7(stat:) MeV. The statistial signi�ane of this signal

is 2:5�.

Aording to the NA49 study [9℄, two additional uts were used to redue the bakground

for the pentaquark searhes: a ut on the opening angle between the � and the �, and a

ut on the momentum of the pion used in the reonstrution of the �� invariant mass.

These two uts were also tried in this analysis, with the opening-angle ut varied from

0:1 to 0:5 radians, and the � momentum ut varied from 0:5 GeV to 1:5 GeV. In no ase

was a pentaquark signal seen. However, these two uts hanged the bakground shape

by rejeting events near the �� mass threshold, reduing or ompletely suppressing the

�

0

(1530) signal.

Given the absene of a signal in our data, 95% C.L. limits were set on the prodution

of new states deaying to �

�

�

�

or �

�

�

+

in the mass range 1650{2350 MeV in DIS for

Q

2

> 1 GeV

2

. The upper limits on the ratio, R, of the number of events in a (sliding)

mass window to the reonstruted number of �

0

(1530) events are presented. This ratio

is a good indiator of the sensitivity to a new state, given the robust signal observed for

the established �

0

(1530) state. Most of the aeptanes and reonstrution eÆienies

largely anelled in the ratio; some residual e�ets are present sine the aeptane has

a dependene on the mass of the state. For example, the rapidity distribution of the ��

ombinations in the entre-of-mass system hanges markedly over the mass range.

The limits were set using Bayesian statistis assuming at prior distributions for R. The

width of the searh window was set equal to 26:4 MeV, whih is �2� of the measured

width of the �

0

(1530). The bakground was modelled using Eq. (1). The 95% C.L. limits

on R varied between 0:1 to 0:5 as a funtion of the entral value of the mass window, as

shown in Fig. 3a. 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.L. limits on the ratio R were alulated

assuming a Gaussian probability funtion in the uni�ed approah [22℄ and �xing the

reonstrution width of the expeted pentaquark state to 10 MeV, whih is lose to ex-

petations. Similar values for the limits were obtained.

The number of �

0

(1530) signal events reonstruted in this analysis is about the same as

5



for the NA49 data analysed without the opening-angle and momentum uts [23℄. There-

fore, the statistial sensitivity should be about the same for the two analyses in this mass

region. However, it should be noted that NA49 is a �xed target experiment, whih has

good aeptane in the forward region. The non-observation of this signal in the entral-

fragmentation region in the ZEUS data does not neessarily ontradit the observation of

a signal predominantly produed in the forward region.

In onlusion, a searh for new baryons that deay to �

�

�

�

and �

�

�

+

was performed

with the ZEUS detetor using a DIS data sample with Q

2

> 1 GeV

2

orresponding to

an integrated luminosity of 121 pb

�1

. No pentaquark signal was found. Upper limits at

95% C.L. on the ratio of the �

��

3=2

(�

0

3=2

) signal to the �

0

(1530) are set in the mass range

1650{2350 MeV.
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Figure 1: The (a) p�

�

and (b) �p�

+

invariant-mass spetra for Q

2

> 1GeV

2

.

The solid line shows the result of a �t using a double Gaussian plus a �rst-order

polynomial bakground funtion, while the dashed line shows the bakground. The

shaded areas indiate the mass range of the seleted andidates.
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Figure 2: The (a) ��

�

and (b)

�

��

+

invariant-mass spetra for Q

2

> 1GeV

2

.

The solid line shows the result of a �t using a double Gaussian plus a seond-order

polynomial bakground funtion, while the dashed line shows the bakground. The

shaded areas show the mass range of the seleted andidates.
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Figure 3: The �� invariant-mass spetrum for: (a) Q

2

> 1GeV

2

and, (b)

Q

2

> 20GeV

2

(all four harge ombinations summed). The solid line in (a) is

the result of a �t to the data using a Gaussian plus a three-parameter bakground

de�ned by Eq. (1). The dashed line shows the bakground aording to this �t. The

95% C.L. upper limit on R (the ratio of the �

��

3=2

(�

0

3=2

) signal to �

0

(1530) as de�ned

in the text) is also shown as a funtion of the invariant mass for Q

2

> 1GeV

2

.

The arrows show the loation of the signal observed by NA49.
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Figure 4: The �� invariant-mass spetra for eah harge ombination reon-

struted at Q

2

> 1GeV

2

. The arrows show the loation of the signal observed by

NA49.
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