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Abstract

Inclusive K0
s K0

s production in deep inelasticep scattering at HERA has been studied with the ZEUS detector usin

integrated luminosity of 120 pb−1. Two states are observed at masses of 1537+9
−8 MeV and 1726± 7 MeV, as well as an

enhancement around 1300 MeV. The state at 1537 MeV is consistent with the well establishedf ′
2(1525). The state at 1726 MeV

may be the glueball candidatef0(1710). However, it’s width of 38+20
−14 MeV is narrower than 125± 10 MeV observed by

previous experiments for thef0(1710).
 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The K0
s K0

s system is expected to couple to sca
and tensor glueballs. This has motivated intense
perimental and theoretical study during the past
years [1,2]. Lattice QCD calculations [3] predict t
existence of a scalar glueball with a mass of 173±
100 MeV and a tensor glueball at 2400± 120 MeV.
The scalar glueball can mix withqq̄ states withI = 0
from the scalar meson nonet, leading to threeJ PC =
0++ states, whereas only two can fit into the non
Experimentally, four states withJ PC = 0++ and
I = 0 have been established [4]:f0(980), f0(1370),
f0(1500)andf0(1710).

The state most frequently considered to be a g
ball candidate isf0(1710) [4], but its gluon conten
has not yet been established. This state was first
served in radiativeJ/ψ decays [5] and its angular mo
mentumJ = 0 was established by the WA102 expe
ment using a partial-wave analysis in theK+K− and
K0

s K0
s final states [6]. A recent publication from L

[7] reports the observation of two states inγ γ colli-
sions above 1500 MeV, the well establishedf ′

2(1525)

[4] and a broad resonance at 1760 MeV. It is not cl
if this state is thef0(1710). Observation off0(1710)

in γ γ collisions would indicate a large quark conte
The ep collisions at HERA provide an opportu

nity to study resonance production in a new envir
ment. The production ofK0

s has been studied pre
viously at HERA [8,9]. In this Letter, the first ob
servation of resonances in theK0

s K0
s final state in

inclusive ep deep inelastic scattering (DIS) is r
ported.

2. Experimental set-up

The data were collected by the ZEUS detec
at HERA during the 1996–2000 running period

46 Supported by the US Department of Energy.
47 Supported by the US National Science Foundation.
48 Supported by the Polish State Committee for Scient

Research, grant No. 112/E-356/SPUB/DESY/P-03/DZ 116/20
2005, 2 P03B 13922.

49 Supported by the Polish State Committee for Scientific
search, grant No. 115/E-343/SPUB-M/DESY/P-03/DZ 121/20
2002, 2 P03B 07022.
In 1996–1997, HERA collided 27.5 GeV positro
with 820 GeV protons. In 1998–2000, the prot
energy was 920 GeV and both positrons and elect
were collided with protons. The measurements
e+p (e−p) interactions50 are based on an integrate
luminosity of 104 pb−1 (17 pb−1).

A detailed description of the ZEUS detector c
be found elsewhere [10]. A brief outline of th
components that are most relevant for this analys
given below.

Charged particles are tracked in the central tra
ing detector (CTD) [11], which operates in a ma
netic field of 1.43 T provided by a thin superco
ducting solenoid. The CTD consists of 72 cylind
cal drift chamber layers, organized in nine superl
ers covering the polar-angle51 region 15◦ < θ < 164◦.
The relative transverse-momentum resolution for f
length tracks isσ(pT )/pT = 0.0058pT ⊕ 0.0065⊕
0.0014/pT , with pT in GeV. The tracking system
was used to establish the primary and secondary
tices.

The high-resolution uranium-scintillator calorim
ter (CAL) [12] consists of three parts: the forwa
(FCAL), the barrel (BCAL) and the rear (RCAL
calorimeters. Each part is subdivided transversely
towers and longitudinally into one electromagne
section (EMC) and either one (in RCAL) or tw
(in BCAL and FCAL) hadronic sections (HAC). Th
smallest subdivision of the calorimeter is called a c
The CAL energy resolutions, as measured under t
beam conditions, areσ(E)/E = 0.18/

√
E for elec-

trons andσ(E)/E = 0.35/
√

E for hadrons, withE

in GeV.
The energy of the scattered electron was corre

for energy loss in the material between the interac
point and the calorimeter using a small-angle r
tracking detector (SRTD) [13,14] and a presamp
(PRES) [14,15].

50 Hereafter, bothe+ ande− are referred to as electrons, unle
explicitly stated otherwise.

51 The ZEUS coordinate system is a right-handed Carte
system, with theZ axis pointing in the proton beam directio
referred to as the “forward direction”, and theX axis pointing left
towards the center of HERA. The coordinate origin is at the nom
interaction point.
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3. Kinematic reconstruction and event selection

The inclusive neutral current DIS processe(k) +
p(P) → e(k′) + X can be described in terms
the following variables: the negative of the invaria
mass squared of the exchanged virtual photon,Q2 =
−q2 = −(k − k′)2; the fraction of the lepton energ
transferred to the proton in the proton rest fram
y = (q · P)/(k · P); and the Bjorken scaling variabl
x = Q2/(2P · q).

A three-level trigger system was used to sel
events online [10]. The inclusive DIS selection w
defined by requiring an electron found in the CAL.
certain run periods, corresponding to 83% of the to
luminosity, the inclusive selection was not availab
for low Q2 (Q2 < 20 GeV2) events. For these period
an additional selection with a requirement of at le
one forward jet identified with thekt algorithm [16]
and having transverse energyET > 3 GeV (ET >

4 GeV in the 2000 running period), pseudorapid
0 < ηjet < 3 (1.5 < ηjet < 3.5 in the 1996–1997
running period) was used.

The DIS offline event selection was based on
following requirements:

• a primary vertex position, determined from t
tracks fitted to the vertex, in the range|Zvertex| <

50 cm, to reduce the background events from n
ep interactions;

• Ee � 8.5 GeV, whereEe is the energy of the sca
tered electron reconstructed in the calorimeter

• 42< δ < 60 GeV, whereδ = ∑
Ei(1−cosθi), Ei

is the energy of theith calorimeter cell andθi is
its polar angle as viewed from the primary verte
The sum runs over all cells. This cut furth
reduces the background from photoproduct
and events with large QED initial-state radiatio

• ye � 0.95, to remove events with misidentifie
scattered DIS electrons;ye is the value ofy re-
constructed using the scattered electron meas
ments;

• yJB � 0.04, to remove events with low hadron
activities;yJB is the value ofy reconstructed usin
the Jaquet–Blondel method [17];

• the position of the scattered lepton candidate
the RCAL was required to be outside a box of±14
cm inX andY , which corresponds approximate
to θele≈ 176◦, whereθele is the polar angle of the
scattered electron;

• a maximum of 40 tracks per event. This cut
duces the background from falseK0

s pair candi-
dates, removing only 7% of the DIS events.

The non-ep and photoproduction background
the selected sample was negligible. The data w
not corrected for the biases introduced by the trig
requirements and selection cuts.

4. Selection of K0
s -pair candidates

TheK0
s meson candidates were reconstructed us

tracks with at least 38 hits in the CTD and pseudo
pidity within ±1.75. The pseudorapidity cut and th
required minimum number of hits ensured a good m
mentum resolution and a minimum transverse mom
tum of 0.1 GeV. In each event, oppositely charg
track pairs assigned to a secondary vertex were c
bined to formK0

s candidates. Both tracks were a
signed the mass of a charged pion and the invar
massM(π+π−) calculated. The secondary vertex re
olution for these events, estimated using MC stud
is 2 mm inX andY , and 4 mm inZ.

Additional requirements were applied to the s
lectedK0

s candidates:

• pT (K0
s ) > 200 MeV, for eachK0

s candidate;
• 2 < d < 30 cm, whered is the decay length of th

K0
s candidate;

• dXY < 4mm anddZ < 5.5 mm, wheredXY anddZ

are, respectively, the projections on theXY plane
andZ axis of the vector defined by the prima
interaction point and the point of closest approa
of theK0

s candidate;
• θXY < 0.12, whereθXY is the (collinearity) angle

between the candidateK0
s momentum vector an

the vector defined by the interaction point and
K0

s decay vertex in theXY plane;
• pA

T > 110 MeV, for eachK0
s candidate, where

the Armenteros–Podolanski variablepA
T is the

projection of the candidate pion momentum on
a plane perpendicular to theK0

s candidate line of
flight [18].
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Fig. 1. The distribution ofπ+π− invariant mass for events wit
at least twoK0

s candidates passing all selection cuts. The solid
shows the result of a fit using one linear and two Gaussian functi

The cuts on the decay length, distance of clos
approach and collinearity angle significantly redu
the non-K0

s background as determined by Monte Ca
(MC) simulations. After thepA

T cut, backgrounds from
Λ, Λ̄ and photon conversions are negligible. On
events with at least two selectedK0

s candidates were
kept for further analysis.

Fig. 1 shows the invariant mass distribution f
K0

s candidates in the range 0.45 < M(π+π−) <

0.55 GeV after theK0
s -pair candidate selection. Th

distribution was fitted using one linear and two Ga
sian functions. The linear function fits the backgrou
one of the Gaussians fits the peak region in
central π+π− invariant mass distribution, and th
other Gaussian improves the fit at the tails. The t
Gaussians were constrained to have the same m
value. A mass of 498 MeV and standard deviat
width of 4 MeV were obtained from the fit wit
the central Gaussian, and a standard deviation w
of 8.5 MeV was obtained from the fit with th
other Gaussian. The normalization factor betwe
the narrower and broader Gaussians is approxima
5.5. The invariant mass width is dominated by
momentum resolution of tracks reconstructed with
CTD. Only K0

s candidates in the region of±10 MeV
around the fitted central mass were used to recons
n

t

Fig. 2. The distribution inx andQ2 of events passing all selectio
cuts. The dashed lines delineate approximately the kinematic re
selected. The solid line indicates the kinematic limit for HER
running with 920 GeV protons.

the K0
s K0

s invariant mass. High-statistics samples
Monte Carlo events, generated without resonan
were used to confirm that the event-selection crite
did not produce artificial peaks in theK0

s K0
s invariant

mass spectrum.
Fig. 2 shows the distribution inx and Q2 of se-

lected events containing at least one pair ofK0
s candi-

dates. The kinematic variables were reconstructed
ing the double angle method [19]. The virtual-phot
proton centre-of-mass energy was in the range 5<

W < 250 GeV.

5. Results

The K0
s K0

s spectrum may have a strong enhan
ment near the K0

s K0
s threshold due to the

f0(980)/a0(980)state [20,21]. Since the highK0
s K0

s

mass is the region of interest for this analysis, the co
plication due to the threshold region is avoided by i
posing the cut cosθK0

s K0
s

< 0.92, whereθK0
s K0

s
is the

opening angle between the twoK0
s candidates in the

laboratory frame.
After applying all selections, 2553K0

s -pair candi-
dates were found in the range 0.995< M(K0

s K0
s ) <
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Fig. 3. TheK0
s K0

s invariant mass spectrum forK0
s pair candidates

with cosθ
K0

s K0
s

< 0.92 (filled circles). The thick solid line is th

result of a fit using three Breit–Wigners (thin solid lines) and
background function (dotted-dashed line). TheK0

s pair candidates
that fail thecosθ

K0
s K0

s
< 0.92 cut are also shown (open circles).

2.795 GeV, whereM(K0
s K0

s ) was calculated using th
K0

s mass of 497.672 MeV [4]. The momentum reso
tion of the CTD leads to an averageM(K0

s K0
s ) res-

olution which ranges from 7 MeV in the 1300 Me
mass region to 10 MeV in the 1700 MeV region. Fig
shows the measuredK0

s K0
s invariant mass spectrum

Two clear peaks are seen, one around 1500 MeV
the other around 1700 MeV, along with an enhan
ment around 1300 MeV. The data for cosθK0

s K0
s

>

0.92 are also shown. The mass scale uncertaintie
the region of interest, arising from uncertainties in
magnetic field, is at the per mille level.

The distribution of Fig. 3 was fitted using thre
modified relativistic Breit–Wigner (MRBW) distribu
tions and a background functionU(M);

(1)F(M) =
3∑

i=1

m∗,iΓd,i

(m2∗,i − M2)2 + m2∗,iΓ
2
d,i

+ U(M),

where Γd,i is the effective resonance width, whic
takes into account spin and large width effects [2
m∗,i is the resonance mass, andM is K0

s K0
s invariant
mass. The background function is

(2)

U(M) = A
(
M − 2mK0

s

)B exp
{
−C

√
M − 2mK0

s

}
,

whereA, B andC are free parameters andmK0
s

is the

K0
s mass defined by Hagiwara et al. [4]. Monte Ca

studies showed that effects of the track-momen
resolution on the mass reconstruction were small c
pared to the measured widths of the states. There
the resolution effects were ignored in the fit.

Below 1500 MeV, a region strongly affected by t
cosθK0

s K0
s

cut, a peak is seen around 1300 MeV wh

a contribution fromf2(1270)/a02(1320) is expected
This mass region was fitted with a single Bre
Wigner.

Above 1500 MeV, the lower-mass state has a fit
mass of 1537+9

−8 MeV and a width of 50+34
−22 MeV, in

good agreement with the well establishedf ′
2(1525).

The higher-mass state has a fitted mass of 172±
7 MeV and a width of 38+20

−14 MeV. The widths
reported here were stable, within statistical errors,
wide variation of fitting methods including those usi
30 MeV bins rather than the default 15 MeV bins. T
width is narrower than the PDG value (125±10 MeV)
[4] reported forf0(1710), but when it is fixed to this
value, the fit is still acceptable. For the purposes
the following discussion, this state is referred to
f0(1710).

The masses, widths and number of events from
fit with statistical errors are given in the top row of T
ble 1. It should be noted that there are correlations
tween the obtained parameters. In particular, the w
and the number of events for each state are hig
correlated. The mass spectrum is also consistent
the background function at higher masses, but ma
above 2795 MeV were not included in the fit due
limited statistics. The sensitivity of the data to t
widths of the resonances was studied. Several fits w
performed fixing the width of the statesf ′

2(1525)and
f0(1710)to their PDG values; the results are shown
rows 2 to 4 of Table 1.

In the literature, there are several states reporte
the mass region near 2000 MeV [4], namely,f2(1950)

andf0(2020)which need confirmation, andf2(2010),
a4(2040)and f4(2050)which have been confirmed
While no visible structure in this mass region ex
in the data, these states may affect the backgro
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shape. The effect of the inclusion of a state in t
region was examined, with the result shown in row
of Table 1. The description of the data between 1
and 2000 MeV is improved with respect to the oth
fits. However, there is no improvement in the over
χ2/dof.

The K0
s K0

s spectrum after all cuts was also fitte
with the background function only. The fit can b
rejected with a 99.4% confidence level using a sim
χ2 test over the mass region 1000 to 2800 MeV.

It was found that 93% of theK0
s -pair candidates

selected within the detector and trigger accepta
are in the target region of the Breit frame [23], t
hemisphere containing the proton remnant. Of theK0

s -
pair candidates in the target region, 78% are in
region xp = 2pB/Q > 1, wherepB is the absolute
momentum of theK0

s K0
s in the Breit frame. High

xp corresponds to production of theK0
s -pair in a

region where sizeable initial state gluon radiation m
be expected. This is in contrast to the situation
e+e− colliders where the particles entering the ha
scattering are colourless.

6. Conclusions

The first observation inep deep inelastic scatterin
of a state at 1537 MeV, consistent withf ′

2(1525), and
another at 1726 MeV, close tof0(1710), is reported.
There is also an enhancement near 1300 MeV wh
may arise from the production off2(1270) and/or
a0

2(1320)states. The width of the state at 1537 M
is consistent with the PDG value for thef ′

2(1525).
The state at 1726 MeV has a mass consistent
the glueball candidatef0(1710), and is found in a
gluon-rich region of phase space. However, it’s wid
of 38+20

−14 MeV is narrower than the PDG value
125± 10 MeV for thef0(1710).
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