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Pe30HaHChI B J/'I! -+ ,(11"+ 11"-11"+11"-) pacDClAe 

AHHOTa~lI.B 

B.B.AHHCOBBq, lI.B.Barr, T.r.BJOpHeT, B.C.3y, 

A.B.Cap~eB,H.CRoTT, C.CYTnH 


OKcnepHMeHTaJILHhIe ,lI;aHHhIe peaKIUW JI'I! ---+ ,(11"+11"-11"+11"-), nOJIy

qeHHLIe KOJIJIa6opaIUfeii MARK-III, 6hIJIH nepeaHaJIH3HpOBaHLI HaMK 

C yqeTOM pOjJ{,lI;eHHH aa H PP B KOHeqHOM COCTOHHHH. 3,l1;eCL no,ll; a 
nO,ll;pa3YMeBaeTCH S BOJIHOBaH 1I"1I"-aMnJIHTY,ll;a. MLI HamJIH pe30HaHCLI 

= 0+ :JPc JPcC IG = 0++ C MaCCOH 1505 H 2100 MaB H = 2++ C 

MaCCOH 1770 MaB. Pe30HaHcLI C JPc = 0++ pacna,ll;alOTCJI rJIaBHLIM 

o6pa30M Ha aa. 2++-pe30HaHc TaKjJ{e HMeeT CHJILHYlO MO,ll;y pacna,ll;a 

Ha aTO COCTOHHHe. 06cYjJ{,lI;aeTCH cneKTp ceMH HH3umX r JIlO6oJIL

HLIX COCTOHmm:, npOHBiIJlIOUJ;HXCH B pacna,ll;e Ha '1/, '1/', qij P-BOJIHY, a H 

12(1270) Me30HLI. 

Abstract 

Mark III data on JI'I! ---+ ,(11"+ 11"-11"+11"-) have been re-analyzed including 
aa final states as well as pp. Here a stands for the 11"11" S-wave amplitude. We 
find resonances with I = 0 J Pc = 0++ at 1505 MeV, 2++ at 1770±20 MeV 
and 0++ at 2100 MeV. The 0++ resonances decay dominantly to aa, and 
the 2++ resonance has a strong decay mode to aa with L = 2. We discuss 
a spectrum for the seven lowest glueball states, consistent with dominant 
decays through '1/, '1/' and qiJ. P-states a and 12(1270). 
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Fig.1 (a) reproduces the rr11 spectrum observed [1] in the Fermilab E760 
experiment on pp -+ 7r0qq at center of mass energies ~ 3.0 GeV. It bears 
a striking resemblance to that observed in J/w -+ ,(27r+27r-) in Mark III 
data [2], shown in Fig.1(b), and in DM2 data [3]. Previously, the J/w data 
have been interpreted in term of J PC 0-+ resonances decaying to PP with 
L = 1. However, these quantum numbers are forbidden to qq. 

The coincidence in Fig. 1 prompts us to re-analyze the Mark III data, 
adding the possibility of ,(J(J final states, where (J stands for the 7r7r S-wave; 
this amplitude squared has a broad maximum close to the p. We find a 
considerably superior fit with 0++ resonances at 1505 and 2100 MeV and 
a 2++ resonance at 1770 MeV. All show strong decays to (J(J. It is widely 
recognised that radiative J /w decays are a likely source of mesons with 
large admixtures of glueball states. This leads us to speculations about a 
possible glueball spectrum and favoured decay modes. 

We first discuss the fit to Mark III data. We find a satisfactory fit with 
resonances decaying to (J(J and PPi (J12(1270) has been tried, but is not 
needed. The P is described by a Breit-Wigner amplitude with a centrifugal 
barrier of radius 0.68 fm. The parametrization of the (J amplitude is given 
in equns. (23)-(28) of Anisovich et al. [5]; it fits 7r7r -+ 7r7r and 7r7r -+ K k 
data accurately up to 1.3 Ge V with a broad enhancement near 0.8 Ge V and 
a two-pole structure at the K j{ threshold. 

The Mark III data are fitted to J/w -+ ,X with X having JP 0+,0
or 2+. We have tried in addition 4+, 2~ and 1+ but find negligible contri
butions, as in the earlier analyses [2,3]. Amplitudes are written in terms of 
relativistic tensor expressions. These are lengthy but straightforward, and 
will be given in full in a more detailed paper. Couplings of resonances to 
J/w and photon are given in Table 1, and also the decay channels. For a 
single resonance X -+ (J(J, all 2+ amplitudes take the same phase; likewise 
all X -+ PP amplitudes have a separate common phase. The amplitudes are 
symmetrised in terms of identical particles and include centrifugal barriers 
wh(~re necessary, with radius 0.68 fm. 

We now discuss separately the mass ranges (a) 1300-1650 MeV, (b) 
1650-1900 MeV, and (c) 1900--2350 MeV, though they are all fitted with a 
single set of amplitudes. The fit is made by optimizing S = log likelihood. 
The resonances fitted to the data are summarized in Table 2. In the first 
mass range, the extreme low energy region down to threshold requires an 
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lo( 133!j) ---t (J(J ('Olltrilmtion. N('xt, a strong 0- ---t PP COIllPOlH'ut is l'('llllin'd 
from 1400 to 17:>0 :'vI('V. It aeCOllnts for 40% of the cross s('diol1 inh'gnltf'd 
11p to 23;:)0 :McV. It is snppr('ssed dose to the pp threshold by th(' L 
c('ntrifllgal harri('f. Th(' resonance mass optimis('s strongly ill t h(' r<'gioll of 
1440 ,M('V. as shown ill Fig. 2(d). Th(' width of th(' r(,SOIlam'p we' fit is HI:) 

M('V, ratht'r larger than that of i(1440), possibly b('nms(' of tIl<' o]H'llilll!, of 
the decay channel to pp. 

How('v('r tlH' 1(1440) and 10(1335) amplitu<i('s alOll(' do not d('snil)(, tli(' 

region 1300 1650 MeV. Adding a further 0+ resonam'(' at 1·')0:1 ~II'\' illl
prow's S hy 60. It is our experience els('whcf<' that a chang(\ of 20 ill S 
needs to bf' takeu seriously and 40 is definitive. Th(' fitted r('sonHll("(' gi\('s 
an optimum at 1490 MeV, as shown in Fig. 2('). This is dOSE' to wl}('1"(' 
the Crystal narrd gronp finds a 0+ resonance [4,5J, so W(' ('oufirm the' ()+ 
assignIlH'ut. Its pr(,8(,11('e in Jj'fl radiative decays, the traditional hl1uting 
ground for ghl<'halls, str('ngth('ns the case for a glueball int('rpn'tal iOlI. \\'(, 

hav(' tripd 2+ for tll(' 1505 11('V peak, but this gives a. poorer fit (kspit(, 
the large' lllllIlh('l' of possihle amplitudes in Table 1. SOlIl(' 2+ amplitude' is 
l'f'qllired ill this n'gion. but is w('ll described by tll(' tail of 12(1770). 

In r('gioll (hL 2+ gives a distinct optimum at 1770 ± 20 ~1('\" Fi~.2(b). 
but 0- and 0-+ (10 not. Also 0- gives S wors(' by 58 and 0+ WOl'S(, hy 42. SOllH' 

0- and ()+ cOlltributions are needed in this mass range, hut an' a<it'(111atdy 
fitted by the tails of i(1440), 10(1335), 10(1505) and 10(2100). \V(, 1Ia\,(' 
tried adding 8(1710) with JP = 0+, but this does not significantly illlprow 
the fit. \V(' find a width for 12(1770) of 150± 40 MeV, ratlH'r IH1lTO\wr thall 
the 264 ± 25 ~'f('V quot.ed by E760 [1]. However, tlH'ir IH'ak ri<l(,s OIl a large' 
background, to which th(' width determination may be s('nsitiv('. 

In rt'gioll (c). t 11(' 0+ identification is definite. It gives a strong optimum 
in Fig.2(a); 0- gives no sueh optimum and S is wors(' by 58, whil(' 2+ giv('s 
a weak optimulll near 2200 MeV, but a value of S worse by 42 d('spit(' tht' 
large number of possible amplitudes. GAMS have observed a 2+ 1'('80na11("(> 
in 1111 at 2175 M('V [6]. When w(' add this to 10(2100), S improv('s by 25. It 
is suggestive of th(' presence of this resonance, but not quite d('fillitive. 

In th(' high mass range, there is a minor technicality. \Ve ar(' fitting with 
resonam'('s IIp to 2100 1IcV. At yet higher masses> 2350 :NIt'V, tht're is a 
broad peak in th(' mass spectrum. We accommodate it by an incoh('rellt 
phase space contribution to the cross section, weighted by a Ilreit-Wigller 
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shape with M = 2700 MeV, r = 400 MeV. Without the tail of this contri
bution, fit.s to the mass spectrulll from 2100 to 2350 Me V are distorted in 
shape, bnt the a..')signment of .J P is not affected. 

Our final fit to the mass spectrum is shown by the histogram on Fig.1 (b). 
Masses and widths of 10(1505) and 10(2100) are fixed to the more accurate 
values from refs. [51 and [11 respectively. Other distributions, integrated 
from 1300 to 2350 MeV are compared with the fit in Fig.3; Fig. 3(b) is 
sensitive t.o p - (J intt~rference in 7r+7r-. Fits to individual ma.<;s ranges (a), 
(b) and (c) are just a." good a.') in Fig. 3. 

We now compare with earlier data. Around 1770 Me V, there are two 
previous candidates for 2+ resonant states. In particular, GAMS [71 claim a 
2+ resonance at 1810 Me V in 47r final states. Their peak sits on a strongly 
sloping background and emerges only after cuts to the production angle, so 
the 40 MeV mass difference from 12(1770) may not be significant. Secondly, 
GAMS observe a narrow TJrl resonance at 1744 ± 15 MeV [8], but do not 
determine .J p. It seems likely this can be identified with the peak in E760 
data and 12(1770). Interference with background amplitudes can easily shift 
mass peaks by 25 MeV. 

We now come to a possible interpretation of the results. The strong 
JPc = 0++ resonance at 2100 MeV is very striking; it seems far too strong 
to be a second radial excitation of 10(1335). Some new spectroscopy is re
quired. Likewise, 10(1505) does not fit naturally into the qij 3 Po nonet. It is 
too heavy compared with 3 PI, 3P2 and 1 PI nonets; and the 3 Po nonet is al
ready completed by 10(1335) [4,5], ao(1450) [9] and G(1590), now identified 
by the Crystal Barrel group in K k final states[10]. 

Gerstein et al. [111 have argued that glueballs decay to TJTJ and rl'l]'. We 
collect into Fig. 4 other known resonances with these decays. The 2++ 
resonance at 2175 MeV is observed in rlr} [61 and could be the same state 
as seen at 2220 :MeV in TJTJ'[12]. GAMS [13] also rf'port a resonance at 1910 
Me V decaying to rlTl but not r/11; tlH'Y suggf'st .J f'(' 1-+, though this 
needs confirmation. There is a llew 2-+ candidate. Cooper [14], analy~illg 
Crystal Barrel data on pp ---! 1]7r07r07r0 

, has recently reported two I = 0 
.]pc = 2-+ states at 1650 :NleV in A2 (1320)7r and a second at 1850 MeV 
decaying purely to 12(1270)1/. W<' select the latter as a gluehall candidate 
because of its decay mode. Mark III data on .J1/) ~ ,(1]7r7r) [151 also show 
a peak at 1850 MeV, though no ./1' analysis has yet be(,l1 done. 



There is a close similarity hetween Fig. 4 and the spectrum proposed 
for glnehalls in a simple cavity model by .Jaffe and Johnston [16], but th(> 
energy is shifted up by ~ 550 MeV. They do not consider spin splitting. In 
t.heir scheme the (TEl )(T.Nfl) states lie at the centre of gravity of (TE1)2 
and (TM1)2. For states in Fig. 4 this predids 1890 Me V, remarkably dose 
to the 2-+ and possible 1-+ states. However t(1440) lies much lower in 
mass, possibly because of strong mixing with 1] and 1]'. 

The strong decays into a and 12(1270) are striking. They arc both qij 
states with L = 1. Isgur and Paton [17] suggest that hybrids decay to oue 
qij state with L = 0 and a second with L = 1, because one unit of orbital 
angular momentum parallel to the qij axis is carried by the gluouic string. 
It is tempting to extrapolate this idea to glue balls , though it does not follow 
directly from the algebra of the present flux-tube model. It would explain 
the strong decays to a and 12(1270) for states in Fig. 4. 

There is a s('cond important consequence. A naive expeetation for glue
balls is flavour-blindness, hence strong K K modes. However, if decays to qij 
P-states are preferred, the heavy Ko(1430) would inhibit ss decays, whieh 
would then proceed through the .'IS components of 11 and 1]' rather than 
through K k or ItK* . 

The strong decays into aa could also be associated with the 3Po model 
for ijq production in the QeD strong conpling limit [17]. 

\Ve thank the Mark III group for generously making their data available. 
VVA and AVS thank the Royal Society for financial support in two visits 
to Q:NlvVC. 
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Channels 

0- 3 Po [PP]L=I 
2+ 582 , 5D2 , aD'}" lD'}" sF'}, [aa]L=2, [PP]L=:::O 

Table 1: Amplitudes included in the fit. Tll(' notation is 28+1 L J , where S 
is the combined spin of .Jj'l! and" L is the orbital angular momt'nhUI1 of 
the photon and J is the spin of X. 

0+ 1335 280 aa 
0+ 1505 148 aa(92%), pp(8%) 

pp(70%)2+ 1770 150 
0+ 2104 200 

Table 2: Resonances fitted to the Mark III data. 
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Figure Captions 

Fig.. 	 1. (a) The1J1/111aSS spectrum from jJp - 'PIrro at 3.0 Ge V C~I energy, 
n'f. 1: (b) the 4rr mass sp('ctrum from :VIark III data on Jj\J! -,(4rr), 
r('f. 2: crosses are data points and th(' histogram our fit. 

Fig. 	2. Plots of S=log likelihood scanning the fitted masses of (a) 10(2100), 
(b) !:Z(lTTO). (c) 10(1505) and (cl) 11(1440). 

Fig. 	3. Comparison with data SllllllIl('(l from 1300 to 2350 .MeV for (a) 
rr+iT- mass, (h) 7r+iT+ and rr-rr- mass. (c) cosO, where 0 is th(' anglE
of r.+ with n'spect to the rr+rr- pair in their rest frame (adding both 
combinations). (d) as (c) for rr+7i+ and 7r-7r- pairs, (e) the azimuthal 
angl(' 0 between th(' planE's of 7r+ 7r- pairs in th(' rest· frame of X. (f) 
as (') for rr+ rr+ and 7r- 7r- pairs. Cross('s arc' oata and histograms the 
fit. The n~rtical scale shows the nlUllber of ev('nts. 

Fig. 	4. A suggestN{ sIJf'ctrum for the lowest s('\'en glue ball states. 
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Fig. 3. 
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Fig. 4. 
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