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EVIDENCE FOR EXOTIC MESON PRODUCTION IN��p INTERACTIONS AT 18 GeV/�H.J. WillutzkiFor the E852 Collaboration yBrookhaven National LaboratoryUpton, NY 11973, USA(Reeived July 13, 2000)The ��� system has been studied in the reation ��p ! ���p at18 GeV/. A large asymmetry in the angular distribution is observed in-diating interferene between L-even and L-odd partial waves. The datarequire interferene between the a2(1320) and an exoti JPC = 1�+ reso-nane �1(1400) with M = (1370� 16+50�30) MeV/2 and � = (385� 40+65�105)MeV/2. A seond exoti JPC = 1�+ resonane �1(1600) has been foundin the reation ��p ! �+����p in the �� hannel. A mass-dependent�t yields M = (1593 � 8+29�47) MeV/2 and � = (168 � 20+150�12 ) MeV/2.Presumably the same resonane is also found in the �0(959)�� �nal statewith M = (1589� 9) MeV/2 and � = (380� 22) MeV/2.PACS numbers: 12.39.Mk, 13.25.Jx, 13.85.Hd, 14.40.Cs1. IntrodutionAording to the quark model a qq meson with orbital momentum land total spin s must have parity P = (�)l+1 and harge onjugationC = (�)l+s. This exludes states with JPC = 0��; 0+�; 1�+; 2+�; 3�+et.Resonanes with these exoti quantum numbers ould be hybrids, statesonsisting of a quark, an antiquark and a gluon; or multiquark states.The properties of exoti states have been predited by several models[1�7℄. These models inlude the bag model whih predits JPC = 1�+hybrids with masses around 1.4 GeV/2, the �ux tube model whih has� Presented at the Meson 2000, Sixth International Workshop on Prodution, Proper-ties and Interation of Mesons, Craow, Poland, May 19�23, 2000.y The E852 ollaborating institutions are: Brookhaven, Carnegie Mellon, Indiana,IHEP Protvino, Massahusetts Dartmouth, Mosow State, Northwestern, NotreDame, Rensselaer Polytehni Institute, and TJNAF.(2615)



2616 H.J. Willutzkimasses of hybrids near 1.8 GeV/2 and lattie gauge alulations [8℄ withestimates for hybrid masses between 1.7 GeV/2 and 2.1 GeV/2.Experiment E852 was performed at the Multi-Partile Spetrometer fa-ility (MPS) at Brookhaven National Laboratory (BNL). The experimenttook data in 1994 (2:47 � 106 triggers), 1995 (8:12 � 106 triggers), 1997(2:56 � 106 triggers) and 1998 (6:23 � 106 triggers). A detailed desriptionof the apparatus an be found in [9℄.2. Study of the reation ��p! ���pIn this data set of 47 200 events (94 data) the � was deteted throughits 2 deay mode, see Fig. 1(a).
(b)(a)

Fig. 1. (a) Two-photon e�etive mass distribution. The entral ross-hathed regionshows the events whih remain after kinemati �tting. The shaded sidebands showthe regions seleted to estimate the bakground; (b) ��� e�etive mass distribution.The shaded region is an estimate of the bakground.The ��� invariant mass spetrum in Fig. 1(b) is dominated by thea2(1320). The aeptane-orreted angular distribution in the Gottfried�Jakson referene frame shows a strong forward�bakward asymmetry (notshown). This points towards interferene between even and odd spins andindiates the existene of odd-L partial waves. A rank one partial waveanalysis 1 up to spin 2 was done with 7 waves: S0, P0, P�, D0, D� and P+,D+. The �rst set of 5 waves (not shown) has unnatural parity exhange [10℄and is onsistent with zero for ��-masses above 1.3 GeV/2. The unnatu-ral parity exhange waves su�er from an eightfold mathematial ambiguityleading to the same angular distribution [11℄. Sine they are small, the nat-ural parity exhange waves P+, D+ are only indiretly a�eted by this tothe extent that the number of events in a given mass bin is onstant. The1 The PWA formalism de�nes the amplitudes in the re�etivity basis, so they areharaterized by the naturality (") of the exhanged partile, the orbital angularmomentum of the �� system (L), and the projetion of the angular momentum Lalong the beam diretion (M).



Evidene for Exoti Meson Prodution : : : 2617result of the partial wave analysis for the P+ and D+ waves and their phasedi�erene are shown in Fig. 2.
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Fig. 2. Results of the partial wave amplitude analysis. Shown are (a) the �ttedintensity distributions for the D+ and (b) the P+ partial waves, and () their phasedi�erene �� . The range of values for the eight ambiguous solutions is shown bythe entral bar and the extent of the maximum error is shown by the error bars.Also shown as urves in (a), (b), and () are the results of the mass dependentanalysis. The lines in (d) orrespond to (1) the �tted D+ Breit�Wigner phase, (2)the �tted P+ Breit�Wigner phase, (3) the �tted relative prodution phase �, and(4) the overall phase di�erene ��.In order to understand the nature of the P+ wave a mass-dependent �tto the results of the mass independent amplitude analysis was done. In this�t one assumes that the D+ wave and the P+ wave deay amplitudes areresonant and an be desribed by using relativisti Breit�Wigner forms2.The results of the �t are shown as smooth urves in Fig. 2. The massand width of the JPC = 1�+ state are (1370 � 16+50�30) MeV/2 and (385 �2 One further assumes that the prodution phase di�erene is onstant.



2618 H.J. Willutzki40+65�105) MeV/2. This �t gives a �2=dof of 1.49. If one �ts the data with anonresonant P+ wave one obtains a very poor �t with a �2=dof of 7.08. If oneallows a mass-dependent prodution phase a �2=dof of 1.55 is obtained, butthe prodution phase must have a very rapid variation with mass, requiring aslope of�4:3 radians/(GeV/2). This annot be exluded but is not expetedfor any known model. The details of this analysis an be found in [12, 13℄.In 1995 another data set was obtained with some 62 000 events. The data,although they have systemati di�erenes, were analyzed in the same way asdesribed above. The results for the JPC determination, mass, width andphase di�erene are onsistent with the results of the 1994 analysis. This isshown in Fig. 3.
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Fig. 3. Comparison of the ��� PWA results obtained on the 1994 data sample(dashed lines) and the 1995 data sample (solid lines). (a) The �tted intensitydistributions for the P+ wave; (b) its phase di�erene with the D+ wave.3. Study of the reation ��p! �+����pThis data set (1994) ontains 2:5� 105 events after kinemati uts wereapplied. The �+���� and �+�� invariant mass spetra are shown in Fig. 4.The three-pion spetrum is dominated by the well known a1(1260),a2(1320) and �2(1670) resonanes. The two-pion spetrum shows strongsignals from �(770) and f2(1270). A partial-wave analysis of these data wasperformed. Eah event is onsidered in the framework of the isobar model:an initial deay of a parent partile into a �� isobar and an unpaired pionfollowed by the subsequent deay of the isobar. Eah partial wave is har-aterized by the quantum numbers JPC [isobar℄LM " � here JPC are spin,parity and C-parity of the partial wave; M is the absolute value of the spinprojetion on the quantization axis; " is the re�etivity (and orrespondsto the naturality of the exhanged partile); L is the orbital angular mo-



Evidene for Exoti Meson Prodution : : : 2619
4000

8000

1.0 1.5 2.0

10000

20000

0.5 1.0 1.5
Mass  (GeV/c  )2

E
ve

nt
s 

/ (
5 

M
eV

/c
  )2 (a) (b)

a

a

f

ππ

ρρ

1

2

2

2

Fig. 4. Experimental e�etive mass distribution with aeptane orretion:(a) �+���� mass spetrum, (b) �+�� mass spetrum (two entries per event).mentum between the isobar and the unpaired pion. It was determined thata minimal set of 21 partial waves is required in order to ahieve a reason-able agreement between the experimental and predited moments. This settakes into aount all relevant deay modes of the known resonanes. Itinludes three 0�+ waves, four 1++ waves, three 1�+ waves, two 2++ waves,seven 2�+ waves, one 3++ wave, and a non-interfering isotropi wave (whihturned out to be rather small). The 1�+ waves were found to be essentialfor the desription of the moments.The aeptane-orreted numbers of events for the major non-exotispin-parity states predited by the PWA �t are shown in Fig. 5.The JPC = 1++ wave orresponding to the a1(1260) meson is dominantand aounts for almost half of the total number of events in the sample. Thea2(1320) is prominent in the JPC = 2++ waves, and the �2(1670) dominatesthe JPC = 2�+ waves. The JPC = 0�+ spetrum is quite omplex. Itsshape below 1.6 GeV/2 is very sensitive to the hoie of the �+�� S-waveparameterization. Despite this omplexity, the �(1800) state is learly seenin the spetrum.The intensities of the exoti waves are shown in Fig. 6.All three 1�+[�(770)℄P waves with M " = 0�; 1�; 1+ (denoted as P0,P�, and P+) show broad enhanements in the 1.1�1.4 GeV/2 and 1.6�1.7 GeV/2 regions. At the same time, the 1�+[f2(1270)℄D1+ wave (notshown) is onsistent with zero. Monte Carlo studies showed that there isonsiderable leakage from the a1(1260) into these waves at low masses. How-ever, the 1.6 GeV/2 region does not su�er from this.
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Fig. 5. Combined intensities of all (a) 0�+ waves, (b) 1++ waves, () 2�+ waves,(d) 2++ waves.
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Fig. 6. Wave intensities of the 1�+[�(770)℄P exoti waves: (a) the M" = 0� and1� waves ombined, (b) the M" = 1+ wave. The PWA �t to the data is shown asthe points with error bars and the shaded histograms show estimated ontributionsfrom all non-exoti waves due to leakage.The phase di�erene between the 1�+[�(770)℄P1+ wave and all othersigni�ant natural parity exhange waves indiates a rapid inrease in thephase of the 1�+ wave aross the 1.5�1.7 GeV/2 region; this is onsistentwith resonant behaviour.



Evidene for Exoti Meson Prodution : : : 2621To determine the resonane parameters, a series of two-state �2 �ts ofthe 1�+[�(770)℄P1+ and 2�+[f2(1270)℄S0+ waves as a funtion of mass wasmade. Both waves are parameterized with relativisti Breit�Wigner formsinluding Blatt�Weisskopf barrier fators. In addition to Breit�Wignerphases, a prodution phase di�erene whih varies linearly with mass isassumed. The �t yields �2 = 25:8 for 22 degrees of freedom, with theprodution phase di�erene between the two waves being almost onstantthroughout the region of the �t. If instead the 1�+ wave is assumed tobe non-resonant (with no phase motion), then the �t has �2 = 50:8 for22 degrees of freedom, and requires a prodution phase with a slope of 7.6radians/(GeV/2). Suh rapid variation of the prodution phase makes anon-resonant interpretation of the 1�+ wave unlikely.The �tted mass and width of the 1�+ state are M = (1593 � 8+29�47)MeV/2 and � = (168 � 20+150�12 ) MeV/2. The error values orrespond tostatistial and systemati unertainties, respetively. The systemati errorswere estimated by �tting the PWA results obtained for di�erent sets ofpartial waves and di�erent rank of the PWA �t. A more detailed desriptionof this analysis an be found in [14℄.In 1995 a seond data set was obtained with muh larger statistis, 5�106events. The three-pion and two-pion mass spetra are shown in Fig. 7. Theyare remarkably similar to the data shown in Fig. 4 and will allow a muhmore detailed partial wave analysis whih is in progress now.
(a) (b)

Fig. 7. Experimental e�etive mass distribution for 1995 data sample: (a) �+����mass spetrum, (b) �+�� mass spetrum (the �3(1690) region is shown in inset).4. Study of the reation ��p! �0(959)��pThis data set ontains, after kinemati uts, 6 040 events (1995 data) ofthe type ��p ! �0(959)��p where �0(959) ! ��+�� and � ! . Shownin Fig. 8 are the 2, ��+�� and �0�� e�etive mass distributions for thedata.
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Fig. 8. Distribution of the 2 e�etive mass (inset), the ��+�� e�etive mass (left)and the �0�� e�etive mass (right).Clear evidene for the � is seen in the 2 mass distribution. Thesephoton pairs were kinematially onstrained to be onsistent with an �. Theresulting ��+�� mass distribution shows a lear �0 signal. After onstrainingthe ��+�� system to be onsistent with the �0, the resulting �0�� massdistribution shown in the �gure 8 ontains struture in the 1.6 GeV/2 region.
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Evidene for Exoti Meson Prodution : : : 2623The main features of the amplitudes are: the strong prodution of theP+ wave in Fig. 9a; struture in Fig. 9b in the a2(1320) region and at highermass; and signi�ant struture in the phase di�erene plots of Figs. 9d, e,and f.The unnatural parity exhange waves (not shown) are all quite smallalthough they are required to obtain good �ts to the data. We �nd a satis-fatory desription of the data if we assume the presene of a single exotiP -wave resonane, a pair of D-wave resonanes, and a G-wave resonane.A preliminary �t leads to the values for the mass and width of the 1�+exoti state of 1598 � 9 MeV/2 and 380 � 22 MeV/2 respetively. This ismost likely the same state (the �1(1600)) observed previously [14℄ deayingto ��. The �tted parameters of the lower-mass D-wave resonane are on-sistent with those of the a2(1320); and the parameters of the G-wave state(M = 2030 � 40 MeV/2 and � = 320 � 140 MeV/2) are onsistent withprodution of the a4(2040).Fits were arried out with two P -wave resonanes. The �ts did improvesomewhat when the �1(1400) was inluded but sine a satisfatory �t was at-tained without this seond state, we an only say that our data is onsistentwith its prodution but the �t does not require it. The seond D-wave res-onane in the �ts is very broad (�500�600 MeV/2 wide) and peaks around1.8 GeV/2. Although this may be a resonant state, the very broad widthsuggests that it represents the prodution of a slowly varying non-resonantD-wave system. REFERENCES[1℄ N. Isgur et al., Phys. Rev. Lett. 54, 869 (1985).[2℄ N. Isgur, J. Paton, Phys. Rev. D31, 2910 (1985).[3℄ T. Barnes et al., Nul. Phys. B224, 241 (1983).[4℄ F. E. Close, P. R. Page, Nul. Phys. B443, 233 (1995).[5℄ T. Barnes et al., Phys. Rev. DD52, 5242 (1995).[6℄ M. Chanowitz, S. Sharpe, Nul. Phys. B222, 211 (1983).[7℄ R. L. Ja�e, Phys. Rev. D15, 267 (1977).[8℄ P. Laok et al., Phys. Rev. D54, 6997 (1996); C. Berbard et al., Nul. Phys.(Pro. Suppl.) B53, 228 (1997).[9℄ S. Teige et al., Phys. Rev. D59, 012001 (1999).[10℄ S. U. Chung, T. L. Trueman, Phys. Rev. D11, 633 (1975).[11℄ E. Barrelet, Nuovo Cimento A8, 331 (1972).[12℄ D. R. Thompson et al., Phys. Rev. Lett. 79, 1630 (1997).[13℄ S. U. Chung et al., Phys. Rev. D60, 092001-1 (1999).[14℄ G. S. Adams et al., Phys. Rev. Lett. 81, 5760 (1998).


