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lusive K0SK0S resonan
e produ
tionin ep 
ollisions at HERA

ZEUS Collaboration
Abstra
tIn
lusive K0SK0S produ
tion in ep 
ollisions at HERA was studied with theZEUS dete
tor using an integrated luminosity of 0.5 fb�1. Enhan
ements inthe mass spe
trum were observed and are attributed to the produ
tion off2(1270)=a02(1320), f 02(1525) and f0(1710). Masses and widths were obtainedusing a �t whi
h takes into a

ount theoreti
al predi
tions based on SU(3) sym-metry arguments, and are 
onsistent with the PDG values. The f0(1710) state,whi
h has a mass 
onsistent with a glueball 
andidate, was observed with a sta-tisti
al signi�
an
e of 5 standard deviations. However, if this state is the sameas that seen in 

 ! K0SK0S, it is unlikely to be a pure glueball state.

http://arXiv.org/abs/0806.0807v2
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1 Introdu
tionThe existen
e of glueballs is predi
ted by QCD. The lightest glueball is expe
ted to havequantum numbers JPC = 0++ and a mass in the range 1550{1750 MeV [1℄. Thus, it 
anmix with qq states from the s
alar meson nonet, whi
h have I = 0 and similar masses.Four states with JPC = 0++ and I = 0 are established [1℄: f0(980), f0(1370), f0(1500) andf0(1710), but only two states 
an �t into the nonet. In the literature, the state f0(1710) isfrequently 
onsidered to be a state with a possible glueball or tetraquark 
omposition [2℄.However, its partoni
 
ontent has yet to be established.The ZEUS Collaboration previously observed [3℄ indi
ations of two states, f 02(1525) andf0(1710), de
aying to K0SK0S �nal states in in
lusive deep inelasti
 s
attering (DIS) events.The statisti
al signi�
an
e of the observation did not ex
eed three standard deviations.The state in the 1700 MeV mass region had a mass 
onsistent with that of the f0(1710);however, its width was signi�
antly narrower than that quoted by the Parti
le Data Group(PDG) [1℄.The results presented here 
orrespond to the full HERA luminosity of 0:5 fb�1 and super-sede the earlier ZEUS results. The measurement of the K0SK0S �nal states is presented ina kinemati
 region of ep 
ollisions dominated by photoprodu
tion with ex
hanged photonvirtuality, Q2, below 1 GeV2. The data allow the re
onstru
tion of the K0SK0S �nal stateswith mu
h larger statisti
s than previously used.2 Experimental set-upThe data were 
olle
ted between 1996 and 2007 at the ele
tron-proton 
ollider HERAusing the ZEUS dete
tor. During this period HERA operated with ele
trons or positrons1of energy Ee = 27:5 GeV and protons initially with an energy of 820 GeV and, after 1997,with 920 GeV.A detailed des
ription of the ZEUS dete
tor 
an be found elsewhere [4℄. Charged parti
leswere tra
ked in the 
entral tra
king dete
tor [5℄ whi
h operated in a magneti
 �eld of1:43 T provided by a thin super
ondu
ting solenoid. Before the 2004{2007 running period,the ZEUS tra
king system was upgraded with a sili
on Mi
ro Vertex Dete
tor (MVD) [6℄.The high-resolution uranium{s
intillator 
alorimeter (CAL) [7℄ 
onsisted of three parts:the forward, the barrel and the rear 
alorimeters.1 Here and in the following, the term \ele
tron" denotes generi
ally both the ele
tron (e�) and thepositron (e+). 1



3 Event sampleA three-level trigger system [4, 8℄ was used to sele
t events online. No expli
it triggerrequirement was applied for sele
ting K0SK0S events. The photoprodu
tion sample is dom-inated by events triggered by a low jet transverse energy, ET , requirement (ET > 6 GeV).Deep inelasti
 s
attering events were triggered by requiring an ele
tron in the CAL.Events were sele
ted o�ine by requiring j Zvtx j< 50 
m, where Zvtx is the Z�
oordinateof the primary vertex position determined from the tra
ks. The average energy of thetotal hadroni
 system, W , of the sele
ted events was � 200 GeV. The data sample wasdominated by photoprodu
tion events with Q2 < 1 GeV2.4 Re
onstru
tion of K0S 
andidatesThe K0S mesons were identi�ed via their 
harged-de
ay mode, K0S ! �+��. Both tra
ksfrom the same se
ondary de
ay vertex were assigned the mass of the 
harged pion andthe invariant mass, M(�+��), of ea
h tra
k pair was 
al
ulated. The K0S 
andidates weresele
ted by requiring:� M(e+e�) � 50 MeV, where the ele
tron mass was assigned to ea
h tra
k, to eliminatetra
ks from photon 
onversions;� M(p�) � 1121 MeV, where the proton mass was assigned to the tra
k with highermomentum, to eliminate � and �� 
ontamination to the K0S signal;� pT (K0S) � 0:25 GeV and j�(K0S)j � 1:6, where pT (K0S) is the transverse momentumand �(K0S) is the pseudorapidity;� �2D < 0:12 rad (�3D < 0:24 rad), where �2D (�3D) is the two (three) dimensional
ollinearity angle between the K0S-
andidate momentum ve
tor and the ve
tor de�nedby the intera
tion point and the K0S de
ay vertex. For �2D, the XY plane was used.The 
uts on the 
ollinearity angles signi�
antly redu
ed the non-K0S ba
kground in thedata during the 2004{2007 period. These 
uts were ne
essary due to the extra materialintrodu
ed by the MVD. After all these 
uts, the de
ay length distribution of the resultingK0S 
andidates peaked at � 2 
m.Events with at least two K0S 
andidates were a

epted for further analysis. More than twoK0S were allowed in one event, unlike for the previously published result [3℄, and all distin
t
ombinations of K0SK0S were used. In the mass range of 481 � M(�+��) � 515 MeV thenumber of K0S 
andidates is 1258399. 2



Figure 1 shows the invariant-mass distribution of K0S 
andidates. A �t over the wholemass range in
luding a �rst-order polynomial was used to estimate the ba
kground 
on-tribution at � 8%. The 
entral region was �tted with two bifur
ated Gaussian fun
tionsto determine the mass and width of the K0S meson. For the HERA II data, 
orre
tionswere applied to take into a

ount the extra dead material introdu
ed into the dete
tor.After the 
orre
tions, the mass and width of the K0S were 
ompatible with the PDG valueand dete
tor resolution, respe
tively.5 ResultsThe K0SK0S invariant-mass distribution was re
onstru
ted by 
ombining two K0S 
andidatessele
ted in the mass window 481 �M(�+��) � 515 MeV. Tra
ks used for the K0SK0S pairre
onstru
tion were required to be assigned uniquely to ea
h K0S in the K0SK0S pair.Figure 2a shows the measured K0SK0S invariant-mass spe
trum. Three peaks are seenat around 1300, 1500 and 1700 MeV. No state heavier than the f0(1710) was observed.The invariant-mass distribution, m, was �tted as a sum of resonan
e produ
tion and asmoothly varying ba
kground U(m). Ea
h resonant amplitude, R, was given a relativisti
Breit-Wigner form [9℄: BW (R) = MRp�RM2R �m2 � iMR�R ; (1)where MR and �R are the resonan
e mass and width, respe
tively. The ba
kgroundfun
tion used was U(m) = mA � exp (�Bm) ; (2)where A and B are free parameters. The K0SK0S mass resolution is about 12 MeV for themass region below 1800 MeV and its impa
t on the extra
ted widths is small 
omparedto the expe
ted widths of the states [3℄. Therefore, resolution e�e
ts were ignored in the�t.Two types of �t, as performed for the rea
tion 

 ! K0SK0S by the L3 [10℄ and TASSO [9℄Collaborations, respe
tively, were tried, using Eqs. (1) and (2). Fit 1 is an in
oherentsum of three Breit-Wigner 
ross se
tions representing the f2(1270)=a02(1320), f 02(1525) andf0(1710) plus ba
kground. Fit 2 is motivated by SU(3) predi
tions [11℄. The de
ays ofthe tensor (JP = 2+) mesons f2(1270), a02(1320) and f 02(1525) into the two pseudos
alar(JP = 0�) mesons K0 �K0 are related by SU(3) symmetry with a spe
i�
 interferen
e pat-tern. The intensity is the modulus-squared of the sum of these three amplitudes plus thein
oherent addition of f0(1710) and a non-resonant ba
kground. The predi
ted 
oeÆ
ientsof the f2(1270), a02(1320) and f 02(1525) Breit-Wigner amplitudes for an ele
tromagneti
3



produ
tion pro
ess are, respe
tively, +5, -3 and +2 [11,12℄. This results in the �t fun
tion:F (m) = a � j5 BW (f2(1270))� 3 BW (a02(1320)) + 2 BW (f 02(1525))j2 ++ b � jBW (f0(1710))j2 + 
 � U(m); (3)where a, b and 
 are free parameters.All the resonan
e masses and widths were allowed to vary in the �ts. The results of the�ts are shown in Table 1. The quality of both �ts, 
hara
terized by the �2 per numberof degrees of freedom (see Table 1), is good. However, �t 2 des
ribes the spe
trumaround the f2(1270)=a02(1320) region better and, unlike �t 1, reprodu
es the dip betweenf2(1270)=a02(1320) and f 02(1525). For this reason and, based on the theoreti
al motivation,�t 2 is preferred and shown in Fig. 2. The ba
kground-subtra
ted mass spe
trum is shownin Fig. 2b together with the �t.The a02(1320) mass in �t 2 is below the PDG value [1℄. A similar shift, attributed tothe destru
tive interferen
e between f2(1270) and a02(1320), was also seen in a study ofresonan
e physi
s with 

 events [11℄. Fit 1 without interferen
e yields a narrow widthfor the 
ombined f2(1270)=a02(1320) peak, as also seen by the L3 Collaboration [10℄. Fit2 with interferen
e yields widths 
lose to the PDG values for all observed resonan
es.The �tted masses for f 02(1525) and f0(1710) are somewhat below the PDG values withun
ertainties 
omparable with those of the PDG (Table 1). The quality of a �t withoutthe f0(1710) resonan
e (not shown) yields �2/ndf= 162/97 and is strongly disfavored.The systemati
 un
ertainties of the masses and widths of the resonan
es, determinedfrom the �t shown in Fig. 2, were evaluated by 
hanging the sele
tion 
uts and the �ttingpro
edure. Variations of minimum tra
k pT , tra
k pseudorapidity range, tra
k momentaby �0:1%, a

epted �+�� mass range around the K0S peak and 
ollinearity 
uts were done.In addition a maximum likelihood �t was used instead of the �2 �t and event sele
tion
uts were varied. A 
he
k for the possible in
uen
e of the JP = 0+ state f0(1500) was
arried out by in
luding in the �t a Breit-Wigner amplitude of this state interfering withthe amplitude of the f0(1710). The resulting 
hanges of the �tted values of the mass andthe width of the f0(1710) are in
luded in the systemati
 un
ertainties [13℄. The largestsystemati
 un
ertainties were: �tting with �xed PDG mass and width on f 02(1525) a�e
tsthe f0(1710) width by -19 MeV and the largest e�e
t of varying the tra
k momenta onthe f0(1710) width is +7 MeV. The 
ombined systemati
 un
ertainties are in
luded inTable 1.The number of events in the f0(1710) resonan
e given by the �t is 4058 � 820, whi
hhas a 5 standard-deviation statisti
al signi�
an
e. This is one of the best f0(1710) signalsreported. This state is 
onsidered to be a glueball 
andidate [2℄. However, if it is the sameas seen in 

 ! K0SK0S [9, 10℄, it is unlikely to be a pure glueball state, sin
e photons4




an 
ouple in partoni
 level only to 
harged obje
ts. Figure 3 
ompares the results ofthis analysis with other measurements from 
ollider and �xed-target experiments. Thef0(1710) mass as dedu
ed from the quarkonium de
ays by the BES Collaboration is signif-i
antly higher than the values given by all other experiments, in
luding older J= -de
ayanalyses [1℄.6 Con
lusionsIn 
on
lusion, K0SK0S �nal states were studied in ep 
ollisions at HERA with the ZEUSdete
tor. Three enhan
ements whi
h 
orrespond to f2(1270)=a02(1320), f 02(1525) andf0(1710) were observed. No state heavier than the f0(1710) was observed. The stateswere �tted taking into a

ount the interferen
e pattern predi
ted by SU(3) symmetry ar-guments. The measured masses of the f 02(1525) and f0(1710) states are somewhat belowthe world average, however, the widths are 
onsistent with the PDG values. The f0(1710)state, whi
h has a mass 
onsistent with a JPC = 0++ glueball 
andidate, is observed witha 5 standard-deviation statisti
al signi�
an
e. However, if this state is the same as thatseen in 

 ! K0SK0S, it is unlikely to be a pure glueball state.7 A
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Fit No interferen
e Interferen
e�2=ndf 96/95 86/97 PDG 2007 Valuesin MeV Mass Width Mass Width Mass Widthf2(1270) 1268� 10 176� 17 1275:4� 1:1 185:2+3:1�2:5a02(1320) 1304� 6 61� 11 1257� 9 114� 14 1318:3� 0:6 107� 5f 02(1525) 1523� 3+2�8 71� 5+17�2 1512� 3+1:4�0:5 83� 9+5�4 1525� 5 73+6�5f0(1710) 1692� 6+9�3 125� 12+19�32 1701� 5+9�2 100� 24+7�22 1724� 7 137� 8Table 1: The measured masses and widths for the f2(1270), a02(1320), f 02(1525)and f0(1710) states using K0SK0S de
ays as determined by one �t negle
ting interfer-en
e and another one with interferen
e as predi
ted by SU(3) symmetry argumentsin
luded. Both statisti
al and systemati
 un
ertainties are quoted. The systemati
un
ertainty for the f2(1270)=a02(1320) peak is expe
ted to be signi�
ant and it is notlisted. Also quoted are the PDG values for 
omparison.
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Figure 1: The measured �+�� invariant-mass distribution for events with at leasttwo K0S 
andidates (dots). The shaded area represents the signal window used forK0SK0S pair re
onstru
tion. The �t performed (see text) is displayed as a solid line.
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Figure 2: (a) The measured K0SK0S invariant-mass spe
trum (dots). The solidline is the result of the �t des
ribed as �t 2 in the text (Eq.(3)) and the dashed linerepresents the ba
kground fun
tion. (b) Ba
kground-subtra
ted K0SK0S invariant-mass spe
trum (dots); the result of the �t is shown as a solid line.
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Figure 3: Comparison of the present mass and width measurements of thef 02(1525) and f0(1710) states with other sele
ted measurements [1℄. The bands showthe PDG values and error estimates.
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