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RESONANCE FORMATIONIN TWO-PHOTON COLLISIONS�Saverio BrainiUniversity of Geneva24, Quai Ernest-Ansermet, 1211 Genève 4, Switzerlande-mail: Saverio.Braini�ern.h(Reeived July 3, 2000)Two-photon ollisions at the e+e� olliders allow to investigate the for-mation and the properties of resonant states in a very lean experimentalenvironment. A remarkable number of new results have been reently ob-tained giving important ontributions to meson spetrosopy and glueballsearhes. The most reent results from the LEP ollider at CERN andCESR at Cornell are reviewed here.PACS numbers: 13.65.+i, 24.30.Gd1. IntrodutionTwo-photon ollisions at eletron positron storage rings are a good lab-oratory to investigate the properties of meson resonanes and play a ruialrole in glueball searhes.A resonant state R an be formed by the ollision of two photons via thereation e+e� ! e+e�R (Fig. 1). The outgoing eletron and positron areusually sattered at very small angles and are not deteted (no-tag mode).In this ase the two photons are quasi real and the resonant state R must beneutral and un�avoured with C = 1 and J 6= 1. If one of the two photons ishighly virtual, the outgoing eletron or positron an be deteted at low angleand the spin of the resonant state is allowed to be one (single-tag mode). Inboth ases the two outgoing partiles arry nearly the full beam energy andthe mass of the resonant state is muh smaller than the e+e� entre of massenergy. This fat allows a lean separation between the two-photon and theannihilation proess by using a ut in the visible energy. Sine there are nopartiles produed other than R, the reonstrution of the �nal state an beperformed in a very lean experimental environment.� Presented at the Meson 2000, Sixth International Workshop on Prodution, Proper-ties and Interation of Mesons, Craow, Poland, May 19�23, 2000.(2143)



2144 S. Braini
Fig. 1. Diagram of the formation of a resonant state in two-photon ollisions ate+e� olliders.The ross setion for this proess is given by the onvolution of the QEDalulable luminosity funtion L, giving the �ux of the virtual photons, withthe two-photon ross setion �( ! R) that is expressed by the Breit�Wigner funtion�( ! R) = 8�(2J + 1) �(R)� (R)(W 2 �m2R)2 +m2R� 2(R) ; (1)where W is the invariant mass of the two-photon system, mR; J; �(R)and � (R) are the mass, spin, two-photon partial width and total width ofR, respetively. This leads to the proportionality relation�(e+e� ! e+e�R) = K � �(R) (2)that allows to extrat the two-photon width from the ross setion. Theproportionality fator K is evaluated by a Monte Carlo integration.In the single tag-mode the high virtuality of one of the two photons istaken into aount by multiplying the Breit�Wigner funtion by a VDMpole transition form fatorF 2(Q2) = � 11 +Q2=�2�2 ; (3)where Q2 is the four vetor squared of the virtual photon and � is a param-eter to be measured experimentally.Sine gluons do not ouple diretly to photons, the two photon width ofa glueball is expeted to be very small. A state that an be formed in a gluonrih environment but not in two photon fusion has the typial signature of aglueball. Aording to lattie QCD preditions [1℄, the ground state glueballhas JPC= 0++ and a mass between 1400 and 1800 MeV. The 2++ tensorglueball is expeted in the mass region around 2200 MeV while the 0�+



Resonane Formation in Two-Photon Collisions 2145pseudosalar glueball is predited to be heavier. Sine several 0++ stateshave been observed in the 1400�1800 MeV mass region, the salar groundstate glueball an mix with nearby quarkonia, making the searh for thesalar glueball and the interpretation of the salar meson nonet a omplexproblem [2�4℄. The results from two-photon formation represent therefore afundamental piee of information for glueball searhes.In order to distinguish ordinary quarkonia from glueballs, a parameteralled stikiness has been introdued [5℄. The stikiness is an estimate of theratio jhRjggij2=jhRjij2 evaluated from the the ratio � (J= !R)=� (R!)orreted by a phase spae fator. The s�s mesons have the largest stiki-ness among quarkonia (14.7 for the f 02(1525)) while muh larger values areexpeted for glueballs.Beause of the large mass of the harm quark, the study of the forma-tion of harmonium states allows to test non-relativisti perturbative QCDalulations and to measure �s at the harm sale.Two e+e� olliders have olleted a large amount of data in the lastfew years. The four LEP experiments ALEPH, DELPHI, L3 and OPAL atCERN have olleted approximately 150, 55, 175, 240 pb�1 eah at ps � 91,183, 189, 191-202 GeV respetively. The CLEO experiment at CESR (Cor-nell) has olleted about 3000 pb�1 at ps � 10.6 GeV. Sine the luminosityfuntion L inreases with the beam energy, the higher energy allows LEP topartially ompensate the smaller luminosity by a larger ross setion.In this paper the most reent results on resonane formation and glueballsearhes obtained at LEP and CESR are reviewed.2. The �+���0 �nal stateA study of the reation  ! �+���0 is performed by L3 [6, 7℄ usingonly untagged events. The mass spetrum (Fig. 2) is dominated by theformation of the a2(1320) tensor meson. A lear enhanement is visiblearound 1750 MeV where the study of the total transverse momentum dis-tribution shows evidene for an exlusive proess. The study of the angulardistributions shows that the a2 formation is dominated by a JPC=2++ he-liity 2 wave. measured to be 0:92 � 0:05 � 0:05. The radiative width isfound to be �(a2) = 0:98 � 0:05 � 0:09 keV. A spin-parity analysis in themass region above the a2(1320) shows that also this region is dominatedby a JPC=2++ heliity 2 wave, on�rming the observation of the CERN-IHEP ollaboration [8℄ and in ontradition with CELLO [9℄ and CrystalBall [10℄ measurements. This an be interpreted as the formation of a radialreurrene of the a2 for whih �(a02(1765))�BR(a02(1765) ! �+���0) =0:29 � 0:04 � 0:02 keV in agreement with theoretial preditions [11℄. TheJPC=2�+ wave ontribution is found ompatible with zero.
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Fig. 3. The �+�� mass spetrum for Q2 < 0:01 GeV2.



Resonane Formation in Two-Photon Collisions 2147theoretial preditions [13℄. The value 0:900�0:046�0:022 GeV is obtainedfor the parameter �.The transition form fators for the three pseudosalar mesons �0, � and�0 are studied by CLEO [14℄ using only the single-tag mode. The values��0=0.776�0.010�0.012�0.016 GeV, ��=0.774�0.011�0.016�0.022 GeV,��0=0.859�0.009�0.018�0.020 GeV are measured. Data are onsistent witha similar wave funtion for the �0 and �. The non-perturbative properties ofthe �0(958) are found to be di�erent from those of the �0 and �. Aording toFeldmann [15℄, another interpretation of these results leads to the onlusionthat �0, �0 and �0 mesons behave similarly in hard exlusive reations.Interesting new preliminary results on the K0SK��� and the ��+�� �nalstates are obtained by L3 [16℄. The K0SK��� mass spetrum is studied as afuntion ofQ2 (Fig. 4). A prominent signal is present at 1470 MeV at low andat high Q2. At very high Q2 another signal appears around 1300 MeV due tothe formation of the f1(1285). The study of the ross setion as a funtionof Q2 in the 1470 MeV region reveals that both the 0�+ and 1++ waves areneeded to �t the data. The 0�+ wave is due to the formation of the �(1440)and largely dominates at low Q2 while at high Q2 the formation of thef1(1420) is found to be dominant. The value �(�(1440))�BR(�(1440) !
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2148 S. BrainiK �K�) = 234 � 55 � 17 eV is obtained by using data at low Q2. This �rstobservation of the �(1440) in untagged two-photon ollisions disfavours itsinterpretation as the 0�+ glueball in agreement with the lattie QCD alu-lations. The �(1440) an therefore be interpreted as a radial exitation [17℄.The ��+�� �nal state shows no evidene for the formation of the �(1440)at low and at high Q2 (Fig. 5). A prominent signal due to the formation ofthe �0(958) is present in the two spetra while the f1(1285) is visible onlyat high Q2. The upper limits �(�(1440)) � BR(�(1440) ! ���) < 88 eVand �(�(1295))�BR(�(1295) ! ���) < 61 eV at 90% C.L. are obtained.

Mass ,  GeV

E
ve

nt
s 

/ 1
5 

M
eV L3

preliminary

0

50

100

150

200

250

0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Mass ,  GeV

E
ve

nt
s 

/ 1
5 

M
eV L3

preliminary

0

25

50

75

100

125

150

175

1 1.2 1.4 1.6Fig. 5. The ��+�� mass spetrum for Q2 < 0:02 GeV2 (left) and Q2 > 0:02 GeV2(right).4. Glueball searhes in the K0SK0S and �+�� �nal statesA study of the reation  ! K0SK0S is performed by L3 [7, 18℄. Themass spetrum is shown in Fig. 6 (left). The 1100�1400 MeV mass re-gion shows destrutive f2(1270)�a2(1320) interferene in agreement withtheoretial preditions [19℄. The spetrum is dominated by the formationof the f 02(1525) tensor meson in heliity 2 state as learly shown by theangular distribution in the K0SK0S enter of mass. The preliminary value�(f 02(1525)) � BR(f 02(1525) ! K �K)= 0.076 � 0.006 � 0.011 keV is ob-tained. A lear signal is present in the 1750 MeV mass region due to theformation of the fJ(1710). The presene of a 0++ s�s meson would supportthe glueball interpretation of the f0(1500) [2℄. The study of the angulardistribution in the 1750 MeV mass region favours the presene of a 2++,heliity 2 wave. This is onsistent with the interpretation of the fJ(1710)as a radial reurrene of the f 02(1525) [11℄. The presene of a 0++ waveannot however be exluded. The BES Collaboration [20℄ reported the
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Resonane Formation in Two-Photon Collisions 2151= 6.9 � 1.7 (stat.) � 0.8 (sys.)� 2.0 (BR) keV is measured. Despite thelimited statistis, the study of the formation of the �(2980) as a funtionof Q2 allows to exlude a VDM � pole transition form fator. Data areonsistent with a J= VDM pole form fator, as expeted. From the reation ! �2(3555) ! J=  ! l+l� with l = e; �, the two-photon width ofthe �2 is measured by OPAL [27℄. The signal is seen in the distributionof the mass di�erene m(l+l�)�m(l+l�) when m(l+l�) is ompatible withthe mass of the J= (Fig. 9). The value �(�2) = 1.76 � 0.47 (stat.) �0.37 (sys.)� 0.15 (BR) keV is obtained. The value �(�2) = 1.02 � 0.40(stat.) � 0.15 (sys.)� 0.09 (BR) keV is measured by L3 [28℄ using the samemethod.
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Fig. 9. The signal of the formation of the �2(3555) from the mass di�erenem(l+l�)�m(l+l�).The measurements of the two-photon width of the � performed in two-photon ollisions are in good agreement with the ones obtained in p�p anni-hilations [29℄. For the �2 the agreement is not good and the two-photonmeasurements are signi�antly higher than the value �(�2)=0:31�0:05�0.04 keV measured by E835 at Fermilab [30℄ in p�p annihilations. This valueis in agreement with a previous measurement by E760 [31℄. The reason forthis is not known but it is interesting to remark that all the two-photonmeasurements are performed by using the same �nal state and the sameexperimental method.No signal for the formation of the �0 is observed at LEP. Five di�erentdeay hannels are examined by DELPHI [32℄ as shown in Fig. 10. The



2152 S. Brainiformation of the �(2980) is learly observed while no signal is present inthe �0 mass region. The upper limit �(�0)�(�) < 0:34 at 90% C.L. is obtained.The upper limit �(�0) < 2:0 keV at 95% C.L. is obtained by L3 [26℄ usingnine di�erent deay modes.

Fig. 10. The mass spetrum of the sum of �ve di�erent deay hannels.6. ConlusionsA remarkable progress on the study of resonane formation in two-photonollisions has been ahieved in the last few years. Data from the LEP olliderat CERN and CESR at Cornell allowed to improve signi�antly the prei-sion on the two-photon widths of several resonanes, to study the transitionform fators, to identify some radial exitations and to searh for glueballandidates. All these results are summarised in Table I. They represent animportant ontribution to meson spetrosopy and glueball searhes.



Resonane Formation in Two-Photon Collisions 2153TABLE IThe most reent results on the two-photon width of mesons, harmonia, radialexitations and glueball andidates. (y the value is given times the deay branhingratio.)Resonane Exp. Final state JPC � Ref.�0(958) L3 �+�� 0�+ 4.17�0.10�0.27 keV [12℄a2(1320) L3 �+���0 2++ 0.98�0.05�0.09 keV [6℄f 02(1525) L3 K0sK0s 2++ 0.085�0.007�0.012 keV [18℄�(2980) L3 9 han. 0�+ 6.9�1.7.�0.8 keV [26℄�0 L3 9 han. 0�+ < 2:0 keV [26℄�2(3555) L3 l+l� 2++ 1.02�0.40�0.15 keV [28℄�2(3555) OPAL l+l� 2++ 1.76�0.47�0.37 keV [27℄�(1440) L3 K0sK��� 0�+ 234y�55�17 eV [16℄fJ(1710) L3 K0sK0s (?)++ [18℄a02(1752) L3 �+���0 2++ 0.29y�0.04�0.02 keV [6℄f0(1500) ALEPH �+�� 0++ < 310y eV [24℄f0(1710) ALEPH �+�� 0++ < 550y eV [24℄�(2230) CLEO �+�� 2++ < 2:5y eV [23℄�(2230) CLEO K0sK0s 2++ < 1:3y eV [22℄�(2230) L3 K0sK0s 2++ < 1:4y eV [18℄I would like to aknowledge the two-photon physis groups of the ALEPH,CLEO, DELPHI, L3 and OPAL ollaborations. I would like to thankM.N. Foai-Kienzle, J.H. Field, M. Wadhwa, I. Vodopianov, A. Buijs,H.P. Paar, C. Amsler, L. Montanet, U. Gastaldi and P. Minkowski for thevery onstrutive disussions and suggestions. I would like to express mygratitude to B. Monteleoni, reently deeased.REFERENCES[1℄ C. Mihael, Nul. Phys. A655, 12 (1999) and referenes therein.[2℄ C. Amsler, F.E. Close, Phys. Rev. D53, 295 (1996).[3℄ P. Minkowski, W. Ohs, Frasati Physis Series Vol.XV (1999) 245 andhep-ph/9905250.[4℄ U. Gastaldi et al. ., LNL-INFN(rep) 148/99 and QCD99 proeedings, Montpel-lier, Frane.
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