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The current state of analysis ef e~ annihilation below 2.0 GeV and of the vector component diecay
is reviewed. The evidence for and against the presence of hybrid vectors is discussed. It is concluded that the
data strongly favor their inclusion, and the consequences of this are ouflB@&866-282199)02021-4

PACS numbgs): 12.39.Mk, 12.39.Jh, 13.25.Jx

I. INTRODUCTION Il. e*e” ANNIHILATION AND 7 DECAY

It has been recognized for some time that the data on, The existence of the isovectp(145Q and p(1700, and

. . X . their isoscalar counterparég1420 and w(1600 is now well
vector meson decays appear to be in conflict with the IorGdlcéstablishec[l] The key experimental results in determinin
tions of the 3P, model which has become the standard for ) y exp 9

. : the existence of the two isovector states wexte~
calculating meson decays. One solution has been to suggestw+

- . .
that the physical light vectors are mixgd| and hybrid vec- —m m [2]ande’e” —wm [3]. These original data sets
: . .. have subsequently been augmented by data on the corre-
tors, as the latter have appropriate decay characteristics, . ; .
. - . %pondmg charged channels indecay[4,5], to which they
However this has never been quantified, nor have alternativ .

. . . are related by conservation of vector curré@i/C). These
non-hybrid explanations been actively sought. Here we ®%hew data confirm the earlier conclusions. The data on
plore the limits of the*P, model and apply a specific non- ete o ata [6] and e+e_—>77+77_.770770 16.7]
3P, model to the vector decays in an attempt to avoid the '

introduction of hybrids. Constraints placed on these modeIéeXdUdmgMT) and th_e corr_espondmg charged chz_annels n
by other decays, in particular those of the pseudoscala decay[5] are compatible with the two-resonance interpreta-

rs ;
/(1295 and #(1300, are sufficient to prevent them from tfon [8,9]. However the 4 data alone daot provide such

ood discrimination despiterbeing the major decay chan-
providing a solution to the vector decay problem. Given tha P g J y

! . L . : el. The reason for this is straightforward. & and 7
the inclusion of hybrids is unavoidable, we consider the ad’[here is strong interference with the tail of tpewhich is

vantages and disadvantages of the flux tube model and thg,cent in the case of# It was also found that the™ e~

constituent gluon model of hybrids in the context of the vec-_, pmt @ cross section is better fitted with two interfering
tor decays. The data prefer the constituent gluon model, angssonances than with a single stpt@], with parameters in
we outline briefly the consequences elsewhere of this choicgajr agreement with those found in the analysis of other
The current information on light-quark vectors from channels. Independent evidence for thfo=1" states was
e"e” annihilation andr decay is discussed in Sec. II, and provided in a high statistics study of thgr system inm~p
the decay problems identified. Present understanding of glicharge exchangg11]. Decisive evidence for both the
onic excitations in general and of hybrid models in particularp(1450 and p(1700 in their 27 and 47 decays has come
is summarized in Sec. Ill. In addition to the stand&i®, from the study ofpp andpn annihilation[12]. The masses
approach, which models the string breaking, we suggest and widths obtained from the analysis of the éhannel are
specific hadronic ansatz for relevant light quarkonia decay# reasonably good accord with those found freire™ an-
in analogy to the decays of heavy quarkonia. These two apaihilation andr decay. The significance of these results for
proaches are evaluated in the context of pseudoscalar decagfse observation the vector mesons via theirdecay is that
specifically (1295 and 7(1300, in Sec. IV and limits put they represent a combined analysis of four high-statistics
on the corresponding vector decays. These latter results aohannelspp— 5#°, pd— =~ 47°(p), pp— 7" = 3#° and
confronted with the data in Sec. V, where it is shown that thédd— 7+ 27~ 27%(p). The inclusion of both the(1450 and
limits are too restrictive to resolve the problems identified inthe p(1700, with masses and widths fixed at the values ob-
Sec. Il. This leads naturally to a detailed consideration of théained in the 2r analysis, leads to a significant improvement
two available models for hybrids, and the data appear tan log(L).
favor the constituent gluon model over the flux tube model. The data initially available for the study of the corre-
Our conclusions and their consequences are summarized $ponding isoscalar stateg1420 and »(1600 weree*e”
Sec. VL. —7a 7 7% (which is dominated bypw) and e'e”
—wm "~ [13]. The latter cross section shows a clear peak
which is apparently dominated by th&1600. The former
*Permanent address: Department of Physics and Astronomy, Unéross section shows little structure, but is appreciably larger
versity of Manchester, Manchester M13 9PL, England. than that calculated from the tails of theand ¢. This im-
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TABLE I. Experimental masses and widths of the higher vector TABLE II. The 3P, partial widths forp,s andp;p .
mesons.

Channel =7 @w py why wma; pp po Other Total

Resonance 145 170 (142 (160
p(1450 p(1700 (1429 (1609 Pos 68 115 18 1 3 10 1 80 295

Mass(MeV) 146525 1706520 141931 1649:24
P1D 27 23 13 104 105 6 O 137 415

Width (MeV) 310+60 240+60 174£59 220+35

and as far as one can ascertain fifgy model is reliable.

plies an additional contribution and a best fit is obtained with 1 NUS the success of thi® model for well-known decays
two stateg8], although a fit with only thex(1600 cannot be ~ ¢&n be used to justify its application to predicting other de-
excluded completely. Data gpN annihilation may help to cays, and in particular th'ose.of the radial andsorb|tal excita-
clarify the situation, but analysis is still at a preliminary stage!ionS of thep and w. In its simplest form the’P, model
[14]. contains only two parameters: an inverse Iength s¢'ﬂ|e_

Although there is general consensus on the existence e{yhlch controls the meson form facto_rs, and the pair creation
the p(1450, p(1700, (1420 and w(1600 there is consid- strengthy. These are not known precisely, but are reasonably
erable disparity on the parameters of these resonances. The¥gl!l constrained with3~0.4 GeV, y=0.39. Assummgg that
show variation from one reaction to another and, even withif"€ir masses are respectively 1.45 and 1.70 GeV, g
one particular process, are dependent on the analysis tech@rtial widths forpzs andp;p are given in Table 1.
niques employed. Results from channels for which there is In Table Il “other” includes KK, K*K+c.c. and 6r
strong interference with the tail of theor of thew and¢ are  channels, and the is the broadS-wave 77 enhancement,
sensitive to the choice of model used to estimate this contriconsidered as the 3P, qq state. Altogether 16 channels
bution. For thep(1450 the most extreme low mass comes have been incorporated in the calculation in which we have
from an analysis of ther™ 7~ spectrum in the reaction not used the narrow-width approximation for final meson
K~ p— =" A [15], which gives 1266 14 MeV. However states, so the results differ slightly but not significantly from
such a low mass is not supported by any other analysis ari#tose that dg21].
does require confirmation. Most of the results of the analyses It is not necessary to go through a detailed analysis to
of e"e™ annihilation, r decay andN annihilation are clus- show that thes€P, model results exclude interpreting the
tered round the preferred Particle Data GrdBPG) values e'e” and 7 decay data in terms of the,s and p,p if the
[1], which are the ones we use here. These are given in TablBodel is strictly applied. As already implied, the key is in the
l. 47 decays. From Table Il one can see that thedécays of

A natural explanation of these states is that they are th#éhe p,s are negligible, and so the,s effectively makes no
first radial, 23S;, and first orbital, 1D, excitations of the contribution to the 4 channel. In contrast therAdecays of
p and w as the masses are close to those predicted by th&ep;p are large, and the two dominant onbgsr anda, 7,
quark model[16]. This interpretation is given further cre- are comparable. Nowh,7 contributes only to the
dence by the observation g{1680 which has the appropri- 7" 7~ 7°#° channel ine*e™ annihilation, buta, 7 contrib-
ate mass to be a candidate for the first radial excitation of thetes to both this and ta* 7~ 7" 7~. An immediate conse-
. quence is that we would expeet(e*e — 7" 7 70x°
Despite the reasonable agreement of the observed massesr(ete” —n" 7 7w 7~), after subtraction of theww
with the quark model predictions, the ratio of tle¢e™ cross section from the totat™ 7~ #%#°. This contradicts
width of the p(1700 to that of thep(1450 is surprisingly  observation. Despite considerable uncertainty in the
large. In the non-relativistic limit the™e~ width of the =" 7 #%x° cross section, enhanced by the need to subtract
1 3D, state vanishes, and although some non-zero width wilthe w7 cross section, it is undeniably appreciably smaller
be created by relativistic corrections this is expected to b¢han thew* 7 7" 7~ cross section over most of the rel-
small. Additionally the data on themchannels ine"e” evant energy range.
annihilation and inr decay do not appear at first sight to be  One explanation of this has been to suggest thatgife
compatible with those expected for the vector radial and orvector states are mixed with a hybrid vec{@®2,23 as this
bital excitations of the/q system. This statement is of course decays predominantly ta; 7 in flux tube model§23], and
model dependent as it assumes that we can predict the hait a; 7 and p(7 )¢ in constituent gluon model®4]. Both
ronic decays of the vectayq excitations. The®P, model thenw" 7~ #" 7~ and ther® 7~ w°#° channels are accessed
[17-21] does appear to allow this with some accuracy. Aby the a;7 and p(m7)s decays so, in either case; e~
systematic study of known lightjq decays shows that a annihilation and the correspondingdecays should in prin-
3p,-type amplitude dominates, and widths which are pre<iple be explicable in terms of some suitable combination of
dicted to be large or small are found respectively to be sop, p»s, p1p and hybridp,, and with the implication that
More quantitatively, calculated widths agree with data tothere must be very littlgp,p to ensure the dominance of
within 25—-40%. Of course the accuracy of tAB, model "7 7" 7~ overm' 7~ #°#°. The surprisingly large ratio
has only been tested on specific well-known decays and if thee*e™ widths is also a good indicator of mixing.
may be that its accuracy elsewhere is less certain. However However such evidence as we have from the isoscalar
there is no hard evidence to support this latter conjecturestates indicates that the picture might not be quite as simple
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TABLE Ill. The 3P, widths for thew,s and wqp . dard parameters. Whether a similar mechanism is operating
here as for heavy quarkonia, or whether these decays arise
Channel pT wn  bim oo Other  Total  from the sensitivity of the’P, model for radial decays in-
9 328 12 1 8 36 385 volving (7)g, is undetermined.

Before applying these various ideas to the vector meson
®1p 101 13 371 0 53 561  decays we consider the current status of hybrid mesons and
of radial decays to the corresponding ground state plus
(7 )g in light quarkonia.

as this. The®P, widths for thew,s and w,p are given in
Table lll [21] assuming that their masses are respectively
1420 and 1650 MeV. Il HYBRID MESONS

The large widths of the bare states predicted by 1Rg Evidence for the excitation of gluonic degrees of freedom

model are well in excess of the quoted experimental totahas emerged in several processes. There are two independent
widths [1]. There must be strong mixing in the isoscalaringications of an isovector]’S=1-+ exotic resonance

channel as the™ e~ widths of thew; andw) are almost the p(1600) in 7 N—a* 7w N, specifically in thep®m™

same, and one would not expect either #g or thewy 10 channel. The E852 Collaboratiof27] quote a mass of
have an electromagnetic coupling comparable to that of th@593+ 8 MeV and width of 168 20 MeV, which are consis-
wss. In the flux tube model the width of they, is predicted  tent with the preliminary claim of the VES Collaboration
to be small,~20 MeV [23], and is essentially all tpm. The  [2g] of a resonance at 162020 MeV with a width of 240
wy width can be appreciably larger in constituent gluon+50MeV. There is also evidence for this state in ther
models [24] but again thepm decay dominates although channe[28,29. It has been argued that tper, 7' 7 and 5
some w(7m)s decay is allowed24]. Thus omitting the couplings of this state support the hypothesis that it is indeed
wip, in analogy with the isovector case, would seem diffi-a hybrid meson, although other interpretations cannot be
cult to reconcile with the integrated cross sectiondoe™  eliminated entirelyf{30]. A peak in thepm mass spectrum at
—omm which, up to 1.8 GeV, is about 60% of the inte- 1.4 GeV withJ°P¢=1"", in the reactionr” N— n7 N, has
gratede”e” — pr cross section and could be taken to imply also been interpreted as a resonaf@#]. Additional evi-
some significanty;p component. dence for the same state in the same mode is provided by the
The arguments relating to the(77)s and w(7m)s de-  Crystal Barrel Collaboratio{32], in an analysis ofpp
cays ofp,s and w,g presuppose that there is no mechanism— 7" 7. In this case the signal is deduced from a phase
which can generate these in any significant way. A possiblgariation in theJ°¢=1"" amplitude seen as interference in
approach is to invoke an inherent uncertainty in t#,  the Dalitz plot. There is evidence from the VES Collabora-
model when applied to the decays of radial excitations to theion [33] for two isovector 0 * states in the mass region 1.4
ground state plus aB-wave 7 pair. In the 3P, model the  to 1.9 GeV. One is the well-established1800 [34] with a
decays of they,s to p(77)s and of thew,s to w(7m)s are  mass of 1798 6+ 12 MeV and width of 2259+ 15 MeV,
strongly suppressed by a cancellation between two termgnd one a new state, thg1600, with a mass of 158843
one of which is strongly dependent on the model parameters: 75 MeV and width of 456 60+ 100 MeV[33]. The quark
If these decays could be sufficiently enhanced within themodel predicts only one state in this mass region. Thus there
structure of the model then ther4oroblem in the isovector s evidence for degrees of freedom beyayg and the un-
sector and the comparatively largerm in the isoscalar sec- usual decay pattern of the(1800 encourages the belief that
tor could possibly be resolved. Note that thémm)s and it has a strong hybrid componef&1,23.
w(m)s decays of the,p andw,p respectively are strictly The interpretation of the peak in ther mass spectrum at
forbidden in the®P, model. 1.4 GeV as a resonanf@l] has been challengg@5]. It was
Further, many radial excitations are known to decay prefshown that the E85%7 peak and phase can be obtained
erentially to the ground state, or a lower radial excitation,without the need to invoke the presence of an exotic reso-
plus (m)s. The most obvious ones occur in higher quarko-nance. The two key ingredients are the presence of a strongly
nia. The branching fractions of these decays #@S)  coupled threshold in this mass regitiaken to beb, ) with
—(1S), 50.8:3.7%; Y(25)—Y(1S), 27.3:t1.4%; rescattering to produce therw signal. A Deck-type back-
Y(3S)—Y(1S), 6.5£0.4%, Y(3S)—Y(2S), 4.8£0.7%. ground interfering with a hybrid resonance of higher mass,
These decays cannot proceed via string breaking and are fir which thep at 1.6 GeV is an obvious candidate, was
specifically non®P, decays. The relevance of this is the im- considered as the production mechanism. The Deck mecha-
plication that the {rr) 5 state couples rather strongly to glu- nism also provides the predominant natural parity exchange
ons. It has been suggestg2b] on the basis of QCD sum for the 1.4 GeV peak which is observed experimentally, in
rules that thes-meson is a low-lying scalar glueball and an contrast to the 1.6 GeV state which has a significant contri-
estimatg 26] of its coupling to light quarks indicates that itis bution from unnatural parity exchange. Of course the Deck
strong. Thus it is not surprising that a similar phenomenon isnechanism is not applicable to tipg annihilation experi-
seen in light quarkonia: for example’(1295)— n(7m)s  ment[32], but the strongly-coupled threshold with rescatter-
andw(1300)— m(7)g, assuming for the moment that both ing can generate sufficient phase variation without requiring
7'(1295) andw(1300 are radial excitations. Both of these a resonance at 1.4 Ge\36].
latter decays are essentially zero in &, model with stan- If the above is the correct interpretation of ther data
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then thep(1600) is the lowest mass exotic hybrid. An alter- spin-spin contact interactiof24]. The heavy-quark expan-
native viewpoint is to accept that the 1.4 Ger signal  sion of QCD in Coulomb gaugfet8] demonstrates that spin-
really is an exotic resonand@4] and to explore the conse- orbit splitting of low-lying hybrids withJ*=J3"* andJ*~
quences. One of these, which will be relevant for our subseis such thatl=1 lies betweed=0 andJ=2, and the order-
quent discussion, is that ti€=0"" 7(1300 is predomi- ing is the same for both sets. However eitherJefO or J
nantly a hybrid meson, although there may be some=2 can be the lowest-lying. In lattice QCD calculations of
admixture of theyq 2 'S, state which has the same quantum heavy-quark hybrid states it is found that 0<2*~ [49] so
numbers. One argument usually given in favor of the hybricthat combining the two results gives 0<1~*<2~" (and
interpretation is a larger(m)g branching fraction, much 0%~ <1"~<2%7). Whether it makes sense to extrapolate
larger thanmp, although as we shall see in Sec. IV B there isthese heavy-quark results to the light quark sector is debat-
considerable experimental disagreement on this point. Able, but nonetheless the qualitative agreement with the bag
large w(mm)s width would be in complete disagreement and constituent model results is encouraging. It has to be
with the predictions for thgq 2S level in the®P, model for ~ noted that in the light-quark sector it is found that nominally
which the () mode is strongly suppressed. However if 2* ~<0"~ [44]. However the errors on the masses, which
the w(1300 is aqq radial excitation then, as noted in Sec. I, are much greater relative to the central values than in the
the decay is very sensitive to tH®, parameters. The decay heavy-quark sector, are still sufficiently large for this result
may also be generated by a néRp mechanism. Thus the not to be considered definitive.
m(mr)s decay may be possible without invoking a hybrid.  The lack of precision in mass estimates is matched by
This possibility will be explored fully in Sec. IV. uncertainty on decay modes. Again the two standard ap-
Ideally we would have mass predictions for hybrids com-proaches are the constituent gluon md@d,50 and the flux
parable to those for thgq states. Unfortunately the absolute tube mode[23,39. In the former the hybrids are considered
mass scale for light-quark hybrids is not precisely deterspecifically as having three components: quark, antiquark
mined, with predictions for the lightest hybrids lying be- and gluon. Decays proceed by dissociation of the constituent
tween 1.3 and 1.9 GeV. Bag mod§®¥,39 tend towards the  gluon [50]. In the latter it is assumed that the hybrids are
lower end of this range, but it is not clear just how reliablequark-antiquark states moving on an adiabatic surface gen-
their results are. Parameters are tuned to fitffespectrum  erated by an excited flux tube of gluons, with the standgrd
and it is questionable whether the same parameters should B&esons corresponding to the unexcited flux tube. Decays of
used for theqqg states. Attempts to accommodate this leadhybrids andgqq mesons then proceed by the same phenom-
to considerable variation in the predictions, giving a massnological pair-creation mechanism, for example ft,
value for the lightest hybrid in the range 1.4 to 1.7 GeV.model, coupled with a flux tube overl@B9]. While there are
However it is perfectly possible to accommodate an"Gat ~ many common features in the decay modes predicted by
~1.3GeV and an 1" at ~1.4 GeV with the lightest 1~ these approaches there are some substantial differences
hybrid at~1.65GeV. Flux tube model89] predict hybrid ~ which become rather crucial in interpreting data, and which
masses to be considerably higher than these, at about 12g€ caused partly by the different level of flexibility allowed
GeV. The constituent gluon model0] gives the light-quark ~ Within the models. In the constituent model the decay
hybrid mass at 1.7—1.8 GeV. In principle QCD sum rulesstrength is proportional to the strong coupling constant
could resolve the issue of mass scale as they are a powerfak(q?) given at some characteristic scafé As the present
tool for the understanding of hadron properties in terms ofével of modeling does not permit definition of this scale, the
the vacuum condensates of QCD. However even here there @gcay strength was treated as a model parame{e&4i5Q.
a major divergence of view, either giving an upper limit of The analysis in24] was based on the assumptiorpg¢fi400)
1.5 GeV on the mass of the T hybrid [41], with a prefer-  being a hybrid and some upper limits of g& mode, which
ence for a somewhat lower value, or putting it somewhere iwvere used as an input to define the decay strength. In the
the range 1.6 to 2.1 GeV42], with a preference for the original version[39] of the flux tube model the decay
upper end. The principal difference between the two calcustrength was defined from the data qg decays. In prin-
lations is the application of a low-energy theorem[#1] ciple, in the flux tube model the quark pair creation vertex is
which in turn gives an important role to trg(G3) term  uncorrelated with the gluonic modes of the hybrid. This per-
with the effect of lowering the mass. This is acknowledgedmits the inclusion of different decay vertices within the same
in [42]. Applications of lattice gauge theories to the light- overall structure. One has recently been propd&ddi mo-
quark hybrid sectof43—-46 give essentially consistent re- tivated by the heavy-quark limit of the QCD Hamiltonian,
sults for the mass of the 1" hybrid, predicting it to be and its predictions compared with those of the standrgl
around 2 GeV, although admittedly with quite large errors.vertex[48]. Once again there are many similarities but some
Indeed they are still sufficiently large that this mass is conmajor differences which should be amenable to experimental
sidered not to be inconsistent with the hybrid interpretatiorntest although present data cannot distinguish.
of the p(1600) [44]. The hybrid decays of particular interest to us here are
However it does seem to be generally agreed that théhose of the isovector 0" and 1" *, and both the isovector
mass ordering is 0" <1~ "<1~ <2~ ", This is certainly and isoscalar 1~. There are some substantial differences
the case for bag mode[87,38, and also appears to hold in between the flux tube mod¢B9,51 and the constituent
the heavy-quark sectof47]. The same mass ordering gluon model24,5Q for these.
emerges if one assumes that the splittings are due to the 0~ *: In the flux tube model, the principal decay modes
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arepm and, if the hybrid is sufficiently massivég(1370)7.  models, but puts the 1~ vector hybrid mass at 2.0 GeV,
The prr width in the constituent gluon model is comparable making strong mixing with the radial and orbital excitations
to that of the flux tube model, but it also has a very largeunlikely.
() g width which dominates the decay.
1~ ": In this case the flux tube model and the constituent |v. PSEUDOSCALAR DECAYS TO GROUND STATE
gluon model are in reasonable accord. The principal decay PLUS (wm)s
modes are7 andb,, with the latter the larger of the two.
17 7: The flux tube model predicts a rather narrow is-
ovector state, witha; 7 as the dominant mode. In contrast
the constituent gluon model predicts a much larger width

still with a; = dominant, but with significani( =) s andwm (1300 should have a large hybrid admixture and the
components. For the corresponding isoscalar, the flux IUb?r(l3OO decays would then allow a test of the two models.
model predicts a very narrow state decaying almost entirélyyq oypiore both this hypothesis and the hypothesis that the
to pm. Again the'constltuent gluon model predicts a muchﬂ(1300 is aqq state, specifically the first radial 25, exci-
larger width, havingor as the largest decay mode but alsoaiion of the 7. For the latter assumption we can use the
with a significantw(sr) fraction. decays of they(1295 as a control. To begin with we sum-

We would like to comment here on an important point marize the current experimental situation with respect to the
concerning decays which includer)s in the final state. decays of both these mesons.

The flux tube calculations do not consider such decays at all,
on the grounds that the complicated dynamics of ther)s A. 5(1279

final state is incompatible with the simple decay chaimjqf The most detailed study of the decay(1295)

in the 3P, state going intorr. It has even been suggested _ p(mm)s comes from the E852 charge-exchange reaction
that an effective Lagrangian approach may provide a better _77_) S_ *n [54]. The data are sm?fficientl grecise o
simulation of dynamics when ther(r) 5 system is involved m p=am m N ; y P .

— . allow a separation of thay7 and »(7m)s decays despite
[52]. Nevertheless, as th&P, qq couples strongly tarr, it the similarity of these two channels. Tram/ ()
should participate in therm dynamics even if there exists a y \ NS

non-qq mechanism which generates this dynamics. So therlé)ranchmg ratio is estimated to be 0:48.22, although this

is no reasons to neglect the decay channels gdghn the may contain a large :;ystematic error due to the difficulty of
3p, state, unless the corresponding amplitude is very smaffiStinguishing unambiguously between ter and (7 m)s
perose ' decays. This ratio dlsggrees -Wlth the GAMS result Qf ;.86
The interaction in the £)s channel is very strong and +0.60[55], although it also is possibly subject to similar
. o S ; systematic errors. The total width of thg1295 is rather
requires the unitarized coupled channel analysis, butrthe

phase shift can be described with tﬁéo gq as an interme- well defined: 66-13MeV from E852, 536 MeV from

diate state(see the detailed analysis (53] and a simple E?;w ;a/tra(l. ([56]') ?ﬁ:ﬂﬂ?ﬂ thrztti;f;e iz/vc\alorefssc?:;blz)ru thir
model in Appendix A. It is not surprising that a naive quark o) !~ AN TS, 9 9 bp

model, such as théP, one, fails to describe the low-mass and lower limits, we can conclude that the partial width for

part of themm S-wave phase shift, where constituent quarksn(1295)_) 7(mm)s is in the approximate range 20 to 40
are not the proper degrees of freedom and chiral physics

enters the game instead. It still remains an open question of

how to incorporate the chiral symmetry constraints into the B. #(1300

quark model unless it is done in a purely phenomenological Until recently there has been little information on the
way. In the simple model described in Appendix A tf, a(7)g branching fraction of ther(1300, and there is still
amplitude is modified to interpolate smoothly between theconsiderable uncertainty in the total width, which can lie
chiral perturbation theory regime with Adler zeros and thesomewhere in the range 200 to 600 M¢YV]. The recent
confinement regime with string-breaking modeled by theVES data[33,34] show a clearm(1300 peak in 37, with a

We have already commented that in the constituent gluon
model of hybrids the decays of the 0 state is very differ-
ent from those predicted by the flux tube model. It has been
suggested[24] that if the p(1405) does exist then the

3P, mechanism. width of I'~400 to 500 MeV in bothr () g and mp. The
In summary there are two main lines which can be fol-latter appears particularly strong and it has been suggested
lowed. [21] that as the size of the Deck backgroundsim)g is

(i) Hybrids are comparatively light, ther(1300 and  uncertain it could provide the totality of the( )¢ signal.
p(1400) are hybrid state®r, in the former case, predomi- If this is correct then the dominant decay would f=. In
nantly hybrig and the mass of the hybrigpy, wy  contrast the E852 experimeli7] claims three decay modes
~1.6GeV. This would allow strong mixing of the vector of the #(1300: mp, 7f,(1270) andm(7m)s. No comment
hybrids with the radial and orbital excitations of thend w, is made on the mass or width of th€1300 other than it is
but is not compatible with flux tube models. broad. As for the VES experiment, the genuine resonance

(if) Hybrids are comparatively heavy, tii€1600) is the signal could be confused by interference with the Deck back-
lightest 1" " state and ther(1600 presumably the corre- ground.
sponding O * hybrid (or at least contains a significant hy-  An uncertain Deck background is not a problem fqy
brid component This scenario is compatible with flux tube annihilation experiments. In their study &§(1500) decays
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in 470 in pp—5#° at rest, the Crystal Barrel experiment 120
[58] found a very substantial improvement in their fit when
the 77(1300 decay of thefy(1500) was included. As the
final state in this case is att® the decay of ther(1300
cannotbe top andmustbe to 7 (7). However because
of the restriction to the purely neutral channel nothing can be
said about ther(77)g branching fraction. The parameters
of the m(1300, if left free in the fit, are determined to be
M=1.114 GeV,I'=340 MeV. Errors on these are not given.
In a preliminary analysi$59] of pp andpn annihilation to
5, the ratio [ 7(1300)— m(mm)s]/[ 7(1300)— mwp] is
guoted as being not more than 10%. The mass and width o
the (1300 are found to beM =1.400+0.04 GeV andl’
=275+50MeV respectively. The Obelix experimef@0], 03 055" o
in their analysis ofpp—2#7"27~ also find a significant ' ' beta (GeV)
improvement in their fit if thew(1300 is included in the i , )
decay chain. Ther(1300 parameters are found to Hd FIG. 1. Width of the decay (1.295?; 7(mm)s as a function of
—1.275+-0.015 GeV,I' = 218+ 100 MeV. Both them(mm)s B. The sqlld Ilnt_a is calculated using tl @_0 T phase Shlf‘t and the
- . ) dashed line using théP, m phase shift modified to include the
andp modes were required by the fit, and the ratio betweer}\ dler zero
them was found to be large: [7(1300) '
—ar(m)g]/[ m(1300)— 7p]=5.25+0.7. This is apprecia-
bly larger than the result-2.12 obtained from much earlier only a weak constraint, in this case because the theoretical
data[54]. Thus the situation is very confused with grosswidth is almost independent ¢f over quite a wide range. In
discrepancies among the experiments. However it is reasogontrast the theoretical widths ¢6— 7, a,—pm andp
able to believe that the decay(1300)— 7(77)g does exist, — aar vary strongly withg3. The two former favor a value of
but with a completely undetermined branching fraction. It isgB close to the mean of 0.4 GeV, but the latter prefers a much
perhaps significant that thep annihilation experiments find smaller value,~0.3 GeV. In contrast th®/S ratios for the
a smaller width than therp—(3m)p production experi- decaysb;—wm anda;— pm, which are sensitive tests of
ments, which could be due to the effect of the Deck backthe P, model, prefer a larger value, particularly the latter,
ground on the latter. If this is the case, then a total width ofyhich could go as high ag~0.5GeV. Taking everything
~300 MeV would seem reasonable, with a partial width forjnto account, 0.3 GeV and 0.5 GeV do seem to provide ex-
w(7m)s somewhere between 30 and 200 MeV. treme lower and upper limits o8, with 0.35 GeV and 0.45
GeV being more reasonable.
The variation of theyn(7m)g width of the (1295 is
C. Pseudoscalar decays in théP, model given in Fig. 1 as a function of the value gffor (77)s.
For this part of the discussion we assume that#k800  Clearly the experimental limits on thg(1299 width provide
is a qq state, specifically the first radial B, excitation of ~ a strong constraint on the allowed valuesspindependently
the 7. For calculating decays in th&P, model we also as- of other decays. In théP, model with standard values of the
sume that the §m)g is contained in that model and is the parameters3 and y the width I' (7' — 7p)~200 MeV and
1 3P, state. A two-channel model which reproduces the exthe width I'[ 7' — (7 )s]~0 MeV [21]. The mp partial
perimentalS-wave 77 amplitude is described in Appendix width does have quite a strong dependenceBpdecreasing
A. Both versions of the £)g amplitude described there from ~300 MeV at 3=0.3 GeV to ~100 MeV at B
were used in these calculations i.e. without and with the~0.5 GeV[21]. The variation of ther (7 m)g width is much
Adler zero included. The results are very much the same istronger, due to the effect of the node in the wave function.
both cases. This variation is shown in Fig. 2, where we have taken into
In the P, model, with standard wave-function param- account the effect of symmetrization of like pions. The pro-
eters, the decay of a radial excitation to the correspondingedure for this is outlined in Appendix B. The constraints
ground state plus#)gis small, a few MeV at most. Thisis imposed by then(1295 decay width clearly restrict the
true forpg, wg, 7(1299, m(1300. It is caused by a node in  maximum partial width for ther(1300)— (7 7)g to about
the wave function, with the consequence that the decay i60 MeV. This is consistent with the latest result from Crystal
very sensitive to the paramet@: Of course there are limits Barrel [59], but is appreciably smaller than the result from
within which B8 can vary. A good guide to these limits is Obelix [60].
provided by[20]. Of the standard decays used to spe@fy We can conclude the théP, model cannot be used to
and vy, a;— pm provides no constraint because of the veryexplain a very larger(w)g width of the w(1300, should
large experimental uncertainty on its width;—p7 pro-  that prove to be required. However a largém ) 5 width of
vides only a weak constraint (6s33<0.5GeV), again be- the m(1300 does not necessarily provide an argument in
cause of experimental uncertainty coupled with a rather weakavor of a hybrid interpretation and we now consider an al-
theoretical dependence o8 and b;—w= also provides ternative non®P, mechanism.

100 r
80 |
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40 |

Eta-sigma decay width of eta(1295)

20 |

0.45 0.5
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FIG. 2. Width of the decayr(1300)— #(#)g as a function of FIG. 3. Width of the decay(2S)— p(7)g as a function ofs.
B. The curves are as in Fig. 1. In contrast to Figs. 1 and 2 only one curve is shown as the results of

using the different phase shifts are indistinguishable.

D. Non-3P, decays of the pseudoscalars

) ) o V. VECTOR STATES
The decays of heavy-quarkonia radial excitations to the

ground state, or to a lower radial, plus£)s raise the pos- We now cqnsider the implications. of the results of the
sibility of analogous norP, decays in the light-quark sec- PieVJOUS ;;epﬂpns for the |nterpretat|on of the data from
tor. The detailed mechanism is presumably rather differen © annihilation andr decay. We consider two extremes.
from that of the models applied to the decays of heavy (1) The vector hybrids are too heavy to permit significant
quarkonia as they rely on a multipole expansion of the gluodXing With theqq states in the relevant kinematical region.
field [61,62. The interactions of gluons with a wavelength T_he ps and “s decays are some combination BIPO_and
much larger than the radiug,q of quarkonia are suppressed _‘Ij_'k:eCt hadrgmc %ecay tp(mm)s ar|1dw(777'r)s respeptlvijly.
in the multipole expansion by powersg§g/x. So although e pp and wp decays are purelyP;. Some mixing be-
it is reasonable to consider only the leading operator fofV€€n the & and ID states can be allowed.
heavy quarkonia it is not so for light quark states. 2 Th'e' vectpr hybﬂjs are sufficiently light to allow
An alternative mechanism which does not rely on a mul-Sirong mixing with theqq states. For completeness we con-
tipole expansion, “vacuum excitation,” has been suggesterf'der _the predictions of both the qu>_< tube model and th_e
[63]. This is applicable in principle to both light and heavy constituent gluon model for the hybrid decays. However it
quarkonia. The essential idea is that a radial excitation degluSt be remembered that the flux tube model prefers a
cays to a lower radial excitation or to the ground state byigher mass for the vector hybrid.
exciting a virtual state from the vacuum into reality. This
naturally has the quantum numbers of the vacuum, li.e. A. No vector hybrids
=0, J=0 which of course are precisely those af+f)s. For . . .
our present purposes we simplify the calculation by consid- 1 he Width of the decay,s— p(7m)s in the °Po model is
ering relative phase-space as the spatial wave functions (?POW” in Fig. 3. Not surpr_lsmgly it is too small to account
the (1295 and 7w(1300 are identical, and so overlap inte- or the observed largemwidth of the p(1450, even at the
grals will be the same. We consider both unweighted andnaximum acceptable Vall.Je @ To extend the noriPo
weighted phase space, using for the latter the s&mave decqy process sugge;ted in Sec. VD to the decay qﬁztgg
m amplitude of Appendix A. It is irrelevant whether this is F¢au!res th? assumption that orBywaves are relevant. .Th's
or is not a genuingq state. All that is required is an accurate IS ce_rtamly in accord with the decay of heavy quar_kon_la. The
representation of the amplitude. We find that the ratio ofatrix element for the decay 0f(1299 or (1300 is sim-
[ 7(1300)— 7 () oJ/[ 7(1295)— 5(mwm)s] is 3.6 for un- ply a constantfg say. Th_e general form of the matrix ele-
weighted phase space and 7.7 for weighted phase spaé@.ent for the decay 0pys is
Thus given a width of 20 to 40 MeV for thg(1295 decay k,k, q,0, (kgk,q
it is not difficult to generate the required large width for the A= f( gt V)
m(1300 decay. K q kg
So we conclude that this particular ndf, mechanism (ka)k, q )( (kq)qy)
y23 v

can correlate they (1295 and (1300 decays and provide a +g —Z —
large 7 () 5 width for the latter without the need to invoke

a hybrid. Of course this remains a hypothesis as we do not
have a specific model with which to calculate these decaywherek andq are respectively the four-momenta of thgs
for light quarks. and thep. If only S-wave is present then

q
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f=fs, g=—"fs/my(m;+E;) |p1)~cosd|ps) +sing|pp).

wheremg andm; are the masses of theg andp, andE, is o
the energy of the in the p,g rest frame. One has then to This SWQDLG scheme would make the”7 7' 7" and
calculate3 A% A, which is simplyf. So the only differ- 7w m” widths of thep(1450 the same, with only the
ence between the decays of the vector radial excitations arf@ther smallp(7m)s decay of thepy contributing to the
the pseudoscalar radial excitations is due to phase space. A§served difference. Further this suppression ofatfiecon-
the available phase space for the depay— p(77)s is not tribution is not compatible with the isoscalar data. Without
very different from that for the decay(1295)— n(wm)s,  the wip there is no source for the strongrm channel ob-
the partial width will be comparable. served experimentally. The(m)s decay ofwy is not suf-
Thus neither mechanism by itself can explain thede-  ficient to redress the imbalance. The dynamics would be
cays of thep(1450. Nor can one add them to increase thecomplex indeed if the'D, state were absent, or nearly so, in
width, as the combined strength is controlled by #i&295  the isovector channel but gave a significant contribution in
decay. It should be recalled that mixing of thes and the  the isoscalar channel. This is perhaps not entirely implau-
pip is unlikely to resolve the difficulty as, even with an Sible as the isoscalar channel is complicated by the presence
increase in the () s width of the former within the limits ~ Of the ¢,s right in the middle of the relevant mass range.
allowed, thewr " 7~ 7%7° cross section will still exceed the Hadronic mixing with the nearbyo,s, wip and wyy will
o wta~ cross section. This conclusion is not affectedcertainly occur at some level, modifying the isoscalar mixing
a,m and h,m widths move in unison and the equality re- Strong to produce the differences observed.
mains essentially unchanged. Thus we are forced to conclude The opposite view, that the hybrid mass is high, also does
that thee®e — 4 data cannot be explained in terms of not permit a simple mixing scheme. Mixing essentially be-
conventionalgq dynamics. tween the hybrid and théD, state is immediately ruled out
The partial width for the decay,s— w (7 ) in either of by the p(.145Q decays, although it Wo_uld appear a sustain-
these models is comparable to that of the correspongigg able option for the isoscalar hadronic decays. Further the
decay. This does not pose any particular problem for th& € Widths of the p(1700 and (1650 demand mixing
isoscalar sector and does not provide any further insight intd/ith the pos. _ _ o
the likely mechanisms as it is not nearly sufficient in itself to _1he necessity to consider a complicated mixing scheme
provide the requisite integratesiz fraction. Thus we re- brings us back to the problem of the hybrid mass scale. The

main with the earlier conclusion that within the isoscajar ~ Simplest way to achieve strong mixing betwess and the
structure there must be a significant, component. hybrid is to have them nearly degenerate, which means that

the hybrid is very light, about 1.4 GeV. Setting the mass
scale in such a way opens up exciting possibilities for the
spectroscopy of states with nonexotic quantum numbers,
It is now apparent that the inclusion of a isovector vectoralong the lines discussed [ig4]. It has the additional advan-
hybrid is essential to explain the"e” — 47 data, and con- tage of being compatible with the sum rules reqdt],
sequently the corresponding isoscalar vector hybrid must b&vhich we consider as the most reliable of the sum rules
included in any discussion of the"e” —pm, 07w data. It  analyses. Nevertheless, the exagpier signals at 1.6 GeV
is reasonable to assume that the hidden-strange vector hybficom BNL and VES appear sound, and an alternative expla-
is sufficiently massive not to affect the discussion. nation of the BNL signal at 1.4 GeV has been proposed.
The real question is, what can be inferred about the naturlyloreover, it is very improbable to have two exotic hybrids
of these hybrids? The flux tube model with its dominaptr  so close to each other. Another argument against such a light
decay would appear to resolve the problem in the isovectonybrid comes from the pseudoscalar sector: if there is no
sector. To achieve strong mixing with thes and w,5 re-  need to invoke a hybrid interpretation to explain the decay
quires a comparatively low mass. We have seen in Sec. Ilpattern of (1300, the new pseudoscalars(1600 and
that the mass scale for the flux tube model is high, makingm(1800 from VES can be economically considered as ad-
strong mixing unlikely. However spin-dependent foroesy =~ mixtures of 35 qqgand hybrid states. It should be remem-
lower the mass of the hybridandw, which are spir5=0 in bered that the hybrid interpretation of th&1800 [21,23
contrast to the conventionajq components which ar&  emerges from its decay properties.
=1, sufficiently to allow strong mixing between hybrid and  An alternative scenario is to let the hybrid mix strongly
conventional quarkonia. There is perhaps less of a problewith the 1D state through their near-degeneracy, and then let
with the constituent gluon model, but it is still a concern.the lower of the two mixed states mix with theS2 This
However accepting the low-mass hybrid scenario, one coul#ould mean that the# decays of the two observed physical

B. Vector hybrids

then have states would be quasi-identical. This also suggests that the
5 . 5 _ third state is put rather high and, in addition, does not have
|V)=cos¢{cos6|2°S;) +sin6]1°D 1)} +sing|Vyy). much electromagnetic coupling. This scenario assumes the

vector hybrid at~1.7 GeV, which makes the mass problem
To explain the predominance of the" 7~ 7"~ channelin  easier to swallow and is compatible with the exotic and pseu-
this model it is necessary to takke- 0, so thaip; is given by  doscalar hybrid sector, including the splitting ordering.
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However this scenario is no longer the straightforwardother than that it should be small compared to|@®). The
two-level mixing scheme initially proposed for the isovectore*e™ amplitudes for the physical states are
channel. All three states must be included, and in the isosca-

lar channel one cannot ignore the possible additional compli- (eTe"|y)=ci e e [2S)

cations arising from thep,s. The results of such mixing . .

depend on the fine details of the positions of the bare states (e7e"[H)=—siLoi(e7e|2S)

and the mixing strengths. It is wor.th mentioning here thqt +s,6e"e"[1D)

one could expect rather strong mixing between quarkonia

ano_l h_ybrlds in the constituent model via constituent gluon (eTe | ) =s15eTe|2S)

emission and/or absorption. On the other hand, there are no

distinguishable gluons in the flux tube model, and, conse- +c,5e"e”|1D). 4

quently, no obvious mechanism to provide such mixing. i , .
We have not attempted to construct a detailed mixing/Ve S€€ immediately that provided;c,3>0 (andsz>0 as

scheme here as it requires consideration of all channels andti€ electromagnetic coupling ¢1D) has the opposite sign

theoretically-constrained fit to the dafté5]. As a first step 10 that of[2S)) we will get the correct relative signs of the
we present below a simple three-level mixing model whichelectromagnetic couplings of the observed sté8sin the

describes qualitatively the isovector data. limit of a vanishing electromagnetic width for theD) then
we requires;C,3 to be ~ 3 to agree with the data analyses.
C. A simple mixing scheme We know that thep(1700 has a smalwz width, which
We consider the mixing of the the 1D and the hybrid gtgs another constraint on the mixing. Ther amplitudes
Hgo. For the 33 mixing matrix use the standard PDG one
without the phase: (07| h) =1 w|2S)
C11s S113 $13 (wH)= =102 07[25)
—S120237 C12523513  C12C237 S12523513  S23C13 + 8,5 07| 1D)
$12S237 C12023813  —C128237 S12C23513  C23Ca3
@) (07|¢r) =S8158,4 0|2S)
Then +Cox{ 07| 1D). (5)
| 1) = €114 2S) +S1€13 Ho) + 514 1D) We have already established tisgjc,5>0 and, in principle,
that s,5>0. The latter is important as it allows here some
|H)= —[S12Co3+ C15525513]|2S) +[C12C 23 cancellation between the two terms for the decay of the
[H). A very small width is thus not ruled out in principle,
—S1252513l|Ho) + 52614 1D) although in practice it may not be quite so simple as in the
3P, model the|2S) width is very much larger than tH&D)
|h2) =[S12525~ C12C23513]| 2S) — [ 15523 width.
+51,C05513]|Ho) + CaC14 1D). 2) Finally we look at the 4 decays. We can ignore tleg 7

and hy7 decays of thg2S) but we can let it have some

We hypothesize that we want no direct mixing between the(7m)s decay generated by other means. We should also let
|2S) and the|1D) so sets;3~0 andc,z~1. Thus we have the bare hybrid have somg 7m)s decay as well. The am-

plitudes are then
[¢h1)=C122S) +515/Ho)

(ay7| ) =s1ay7|Ho)
|H) = — 515624 2S) + €154 Ho)
(ay7|H)=c15(ar | Ho)
+5,41D)
+s,5(a,m|1D)

PYr)=5s 2S)—c Hg)+Coq1D).
|12) = 512523 2S) = C12829 Ho) + g >(3) (87| i) = — C1s8,5ay 7| Ho)

Obviously we identify] ¢, ) with the p(1450. In the absence *cafaym|1D) ©)
of a proper dynamical model of the mixing we are free togq
identify p(17000 either with|H) or with |,). For definite-
ness we choose the former, but the subsequent discussion (hym|iy)=0
follows analogously for the latter.
It is reasonable to assume that the bare hyltigh has no (hym|H)=s,5(h;7|1D)
direct electromagnetic coupling. We make no specific as-
sumption on the electromagnetic coupling of the Har®) (hym| i) =Cox{hy 7| 1D) (7
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and are predicated to exist on the basis of hybrid mixing. The
second is to establish the decay modes of these vector states,
(p(mm)gl 1) =(p(mm)sC12|2S) +S1{p(77)5|H0) particularly the specific content of therdchannel for the
p(1450 andp(1700 and of the 5r channel for thew(1420
(p(mm)glH)=—81o5(p(7)g2S) and w(1600. The third is to obtain a better understanding of
the corresponding states, of which rather little is known at
+Cy Lo p(mm) g Ho)

present.
The obvious place to study the vector mesons ig’ie~
(p(mm)g|tho) = S128, p( ) | 2S) annihilation, ang DAPNE WOL)J/|d be an ideal facility in its
—C15So5 p(mm) g Ho). (8)  higher energy mode. Photoproduction and/or electroproduc-
tion provide another possibility, and the higher energies pro-
None of these are qualitatively inconsistent with observationposed for TINAF would make this an excellent source. Dif-
They all seem reasonable, particularly the lack of apyr  fractive production is unlikely to be the dominant
decay of|i,). Note that|#,) has a non-zere“ e~ width,  mechanism at TINAF energies, so the vector mesons will not
and is presumably somewhere “off-stage.” There is somebe produced in a clean environment. However this is not
evidence for isovector states in the vicinity of 2.0 GeV whichnecessarily negative, as interference with known states can
decay strongly into & [64]. One of these could be the miss- provide important phase information and other states of in-

ing member of the trio. terest in the hybrid story e.g. thg1300 and thep(1405), if
it is genuine, will also be produced at these intermediate
VI. CONCLUSIONS energied68,69. The expected continuation of the VES pro-

gram will provide information on a wide range of mesonic

Our general conclusion is that tlee e~ annihilation and  states and could resolve the problem of #@300 decays
7 decay data require the existence of a “hidden” vector hy-and of the existence of th&(1405).
brid in both the isovector and isoscalar channels. The argu-
ment is based strongly on the pattern of the observed decays
to p(mr)g for the isovectors and t@ ()¢ for the isosca-
lars. The strong mixing evident from the electromagnetic This research is supported in part by PPARC, by grant
widths is also a key feature. The mixing required is non-RFBR 96-15-96740 and by the EEC-TMR Progrérantract
trivial, involving the first radial and the first orbitalg exci-  NCT98-0169. We are grateful to Frank Close for helpful
tations and the ground-state vector hybrid. Before coming taliscussions.
our general conclusion we explored the limits of tPe,
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model and proposed a s_pecific ndRy mo_del in an unsuc- APPENDIX A: THE (r)s AMPLITUDE
cessful attempt to explain these data without going beyond
the qq sector. The simple3P, model for therm S-wave amplitude as-

More specifically we are inclined towards the constituentsumes that the scattering takes place via® Gntermediate
gluon model rather than the flux tube model to describe thestates. There are two such states in this case, one is
characteristics of the hybrids. This is based on two aspect$12)(uu+ dE) and the other iss
the constituent gluon model can more readily encompass a The 7 phase shifts and the inelasticityy are given by
hybrid mass in the relevant range; and the hybrid decays in
the constituent gluon model are the more compatible with the ab;—ajb
data. It is interesting to note that there are indications in tan(26) =
lattice gauge theories in the heavy-quark sef6af that at

QQ separations of less than 2 fm treating glue as string 2 B 2
fluctuations is doubtful i.e. the flux tube is not an appropriate nZZ(aa1+ bb1)2+ (621b1 3;b) ,
picture. Whether these results are straightforwardly appli- a*tb
cable to the light quark sector is of course an open question.

The suggestion that the ground state vector hybrid is comwhere
paratively light, i.e. about 1.6 GeV, has major consequences.
Given the hybrid spin-parity sequence discussed in Sec. lll,
namely 0 <1~ "<1 ", it reopens the question of a hy- a=a(s)=1+
brid component in ther(1300 [24] and emphasizes the ur-
gency of clarifying the status of thg(1405). For the former 1 1
it is essential to resolve the current major experimental dis- b=b(s)=——ImAj;+ ——ImA,,,
crepancies on ther(w)s width, and for the latter to dis- STS S™%;
prove the possibility that it may be an artifact of a strongly
coupled thresholdi35,36].

For the vector mesons there are three key requirements.
The first is to identify the missing partner of tp&l450 and ~ ~
p(1700, and equally that of the(1420 andw(1600, which —ImA;ImA,,,

aa;+bb;’

m[(lm Alz)z— Im A11|mA22)],

1 -
a;=a,(s)=1+ m[('m App)?

114011-10



HUNTING THE VECTOR HYBRID

160

140

120

£ 100 |
g 80 | }iﬁﬁﬁﬁ}
s g
2 el §%§Fw
w0

ﬁ@

0.3

04

0.6 07
pipi mass (GeV)

0

08

09

0.5

FIG. 4. TheS-wave 7 phase shift. The solid curve is the result
of the 3P, calculation and the dashed curve is the result of the
low-energy modification to include the Adler zero. The data are
from [66].

1 ~ ~
bl:bl(S):S__SJ_ImAll+ ImAzz.

s—s,

In these formulas/s; and /s, are the masses of intermediate
states, and

Im Aab=§ Im Aa(i),

IMAp=1MA—2 IMA (77,

where a,b=1,2 label the intermediate states, arjd

=7 KK are the coupled channels taken into account.
The quantities InA,(j) are calculated in the framework
of 3P, model as

lm%djb%fsfa(j)fbu)

with the 3P, form factorsf,(j) defined as if18].

This model is an oversimplified version of a coupled
channel method and preserves unitarity but not analyticity; in
contrast to the much more sophisticated mofi&s] the
physical resonance positionga are taken to be constants
and are not defined via dispersion relations.

The =7 S-wave phase shift given by thé&P, model is
shown as the solid line in Fig. 4. To improve the agreement
with the data close to ther threshold the Adler zero is now
introduced. We make it pragmatically by substituting

fo(mm)—T () =f(mm)F(S)

with F(s) being a smooth function os. F(mi/2)=0,
F(s)—1 whens increases. In such a way we have the Adler

114011-
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zero atsosz,/z in the w7 amplitude as required by chiral
symmetry. Therm S-wave phase shift with this modification
is shown as the dashed line in Fig. 4 for the simple choice

{ag ael

with \/s;=0.7 GeV so that chiral dynamics and quark dy-
namics are matched at 0.7 GeV.

The idea to insert Adler zeroes into the quark model form
factors was suggested [53]. Our procedure differs from
that one. In contrast t§53] we believe that the soft pion
physics governs only the lower end of ther mass spectrum
and does not affect the whole mass range available, leaving
room for the strong interaction of quarks at higher energies.
Moreover it is our belief that with the more QCD-motivated
model for hadronic decay€8], which takes into account the
Goldstone nature of pions, the quark model description is

F(s)=6(s;—s)

valid at lowermm masses as well. This makes the Adler zero

constraints responsible for only a rather small energy range

just above thers threshold.

APPENDIX B: THE PIPRIME DECAY WIDTH

The width of the decay ofr’® into =" 7~ = is given by

dI’ 2 1 ! M .|2ds,.d
—gwmﬁ o/ “dsids;3
IMc[*=D

and the width into three neutral pions is

11
(2m)° 32m°,

™

dr=

- 2
3 [Mo|“ds;ds;3

IMo|2=D+2I
D=12,(s1)f2(s12) P(512)

=1, (S1)f (819 5(S12) f (S13) P(S12) P(S13)

X[(S12=M3) (S35~ M3) +Im(s1)IM(S13)]
fr(8) =11 pn(mMZ, 5,m2)
fo(S)=fyma(s,m?,m?)
P(s)=[(s—m3)*+Im*(s)] !
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Im(s)= 7T\/_p(s m2.,m?)f2(s).
The total widths of these decays are given by
S12max SlSmax
-lemm -Llsmm

2 2
m_,+3m;—s;,

S13max— 2

(S1o—4m?) (m’,
2 4

2 2
p— M= S1)% - 4m?7s;,
4s,,

PHYSICAL REVIEW D 60114011

2 2
m_,+3m; —Sg,

(S1o—4m2) (M
-2 7

S13min~™

r mi._ 512)2_ 4m121.312
4s,,

_ 2
S1omax— (mﬂ" mﬂ')

)
S1omin= 4M7,.

[1] Particle Data Group, C. Caset al,
(1998.

[2] L. M. Barkov et al, Nucl. Phys.B256, 365(1985; D. Bisello
et al, Phys. Lett. B220, 321(1989.

[3] S. I. Dolinskyet al, Phys. Lett. B174, 453(1986); D. Bisello
et al, in Proceedings of the XXV ICHERSingapore, 1990,
edited by K. K. Phua and Y. YamaguctiVorld Scientific,
Singapore, 1992

[4] ALEPH Collaboration, R. Baratet al, Z. Phys. C76, 15
(1997; CLEO Collaboration, L. P. Perera, idroceedings of

Eur. Phys. J. C3, 415

HADRON’97 BNL, 1997, edited by S-U Chung and H. J.

Willutski (American Institute of Physics, New York, 199%.
595.

[5] ARGUS Collaboration, H. Albrechet al, Phys. Lett. B185,
223(1987.

[6] S. I. Dolinskyet al, Phys. Rep202 99(1991); DM2 Collabo-
ration, L. Stanco, irProceedings of HADRON’9IMaryland,
1991, edited by Y. Oneda and D. Peas(#¢orld Scientific,
Singapore, 1992

[7] C. Bacciet al, Nucl. Phys.B184, 31(1981); G. Cosmeet al,
ibid. B152, 215(1979.

[8] A. B. Clegg and A. Donnachie, Z. Phys.82, 455(1994); A.
Donnachie and A. B. Clegg, Phys. Rev.3}, 4979(1995.

[9] N. N. Achasov and A. A. Kozhevnikov, Phys. Rev 3B, 2663
(1999.

[10] A. Antonelli et al, Phys. Lett. B212, 133(1988.

[11] S. Fukuiet al, Phys. Lett. B202, 133(1988.

[12] Crystal Barrel Collaboration, A. Abelet al, Phys. Lett. B
391, 191 (1997; Crystal Barrel Collaboration, U. Thoma, in
Proceedings of HADRON'97BNL, 1997, edited by S-U
Chung and H. J. WillutskiAmerican Institute of Physics, New
York, 1998, p. 322; Crystal Barrel Collaboration, A. Abele
et al, Phys. Lett. B450, 275(1999.

[13] A. Antonelli et al, Z. Phys. C56, 15 (1992.

[14] Crystal Barrel Collaboration, R. McCrady, iroceedings of

HADRON’'97 BNL, 1997, edited by S-U Chung and H. J.

Willutski (American Institute of Physics, New York, 199&.
331.

[15] LASS Collaboration, D. Astoret al,
Suppl) 21, 105 (1992.

[16] S. Godfrey and N. Isgur, Phys. Rev.32, 189(1985.

Nucl. Phys. B(Proc.

[17] G. Busetto and L. Oliver, Z. Phys. 20, 247(1983; P. Geiger
and E. S. Swanson, Phys. Rev. 3D, 6855 (1994; H. G.
Blundell and S. Godfreyipid. 53, 3700(1996.

[18] R. Kokoski and N. Isgur, Phys. Rev. 85, 907 (1987.

[19] A. LeYaouanc, L. Oliver, O. Pene, and J. Raynal, Phys. Rev.
D 8, 2223(1973.

[20] E. S. Ackleh, T. Barnes, and E. S. Swanson, Phys. Rev4,D
6811(1996.

[21] T. Barnes, F. E. Close, P. R. Page, and E. S. Swanson, Phys.
Rev. D55, 4157(1997).

[22] A. Donnachie and Yu. S. Kalashnikova, Z. Phys5@ 621
(1993.

[23] F. E. Close and P. R. Page, Phys. Re\a®) 1584 (1997).

[24] Yu. S. Kalashnikova, Z. Phys. 62, 323(1994.

[25] L. S. Kisslinger, J. Gardner, and C. Vanderstraeten, Phys. Lett.
B 410, 1 (1997.

[26] L. S. Kisslinger and W-h. Ma, hep-ph/9905479.

[27] E852 Collaboration, D. P. Weygand, Rroceedings of HAD-
RON'97, BNL, edited by S-U Chung and H. J. Willutski
(American Institute of Physics, New York, 199%. 313.

[28] VES Collaboration, Yu. P. Gouz, iRroceedings of the XXVI
ICHEP, Dallas, 1992, edited by J. R. Sanford, p. 572.

[29] E852 Collaboration, D. Ryabchikov, iRroceedings of HAD-
RON’'97, BNL, edited by S-U Chung and H. J. Willutski
(American Institute of Physics, New York, 199&. 527.

[30] P. R. Page, Phys. Lett. B15 205(1997).

[31] E852 Collaboration, D. R. Thompsat al, Phys. Rev. Lett.

79, 1630(1997.

[32] Crystal Barrel Collaboration, A. Abelet al,
423 175(1998.

[33] VES Collaboration, A. Zaitsev, inProceedings of HAD-
RON’97 BNL, 1997, edited by S-U Chung and H. J. Willutski
(American Institute of Physics, New York, 1999. 461; VES
Collaboration, D. V. Amelinjbid., p. 770.

[34] VES Collaboration, D. V. Ameliret al,, Phys. Lett. B356,
595 (1995.

[35] A. Donnachie and P. R. Page, Phys. Rev.5B 114012
(1998.

[36] A. Donnachie and Yu. S. Kalashnikovi preparation

[37] T. Barnes and F. E. Close, Phys. Leitl6B 365 (1982;

Phys. Lett. B

114011-12



HUNTING THE VECTOR HYBRID PHYSICAL REVIEW D60 114011

123B, 89 (1983; T. Barnes, F. E. Close, and F. de Viron, S-U Chung and H. J. WillutskiAmerican Institute of Physics,
Nucl. Phys.B224, 241(1983. New York, 1998, p. 892.

[38] M. Chanowitz and S. Sharpe, Nucl. Ph{222 211 (1983. [53] N. A. Tornqvist, Z. Phys. &8, 647 (1995.

[39] N. Isgur and J. E. Paton, Phys. Lel24B, 247 (1983; N.  [54] J. J. Manak, Ph.D. thesis, Notre Dame University.
Isgur, R. Kokoski, and J. E. Paton, Phys. Rev. LB#. 869  [55] GAMS Collaboration, D. Aldeet al, Yad. Fiz.60, 458(1997)

(1985; N. Isgur and J. E. Paton, Phys. Rev. 31, 2910 [Phys. At. Nucl.60, 386 (1997)].

(1985; T. Barnes, F. E. Close, and E. S. Swanson, Phys. ReVi5g] A, Fukui et al, Phys. Lett. B267, 293 (1991).

D 52, 5242(1995)' [57] E852 Collaboration, D. Weygand, inProceedings of
[40] Yu. S. Kalashnikova and Yu. B. Yufryakov, Phys. Lett3B9, HADRON'95 Manchester, 1995, edited by M. Birse, G. Laf-

175(1995; Yu. S. Kalashnikova and Yu. B. Yufryakov, Yad.
Fiz. 60, 374 (1997 [Phys. At. Nucl.60, 307 (1997)].
[41] I. 1. Balitsky, D. I. Dyakonov, and A. V. Yung, Z. Phys. &3,

ferty, and J. McGoverfWorld Scientific, Singapore, 1996p.
241.
[58] Crystal Barrel Collaboration, A. Abelet al, Phys. Lett. B

265 (1986.
. 380, 453(1996.
42] J. |. Latorre, P. Pascual, and S. Narison, Z. PhyR4C347 . .
[ ](1987) ysac [59] Crystal Barrel Collaboration, U. Thoma, Proceedings of the

[43] C. McNeile, hep-at/9904013 Workshop on Hadron Spectroscopy, Frascati, 1999.
[44] P. Lacock and K. Schilling, Nucl. Phys. @roc. Suppl. 73, [60] Obelix Collaboration, A. Bertiret al, Phys. Lett. B414, 220

261(1999. (1997.
[45] C. Bernarcet al, Phys. Rev. [56, 7039(1997; Nucl. Phys. B [61] R. Aaron and R. S. Longacre, Phys. Rev2@ 1207(1981).
(Proc. Supp). 73, 264 (1999. [62] K. Gottfried, Phys. Rev. Lett40, 538 (1978; T.-M. Yan,
[46] P. Lacock, C. Michael, P. Boyle, and P. Rowland, Phys. Lett. ~ Phys. Rev. D22, 1652(1980; Y.-P. Kuang and T.-M. Yan,
B 401, 308(1997. ibid. 24, 2874(1981); J.-W. Chen and M. J. Savagéjd. 57,
[47] P. R. Page, hep-ph/9806233, Proceeding of MESON'98, Cra-  2837(1998.
cow, Poland. [63] A. Donnachie and N. Isguiprivate communication
[48] A. P. Szczepaniak and E. S. Swanson, Phys. Rev5[3987  [64] A. B. Clegg and A. Donnachie, Z. Phys.45, 677 (1990.
(1997. [65] A. B. Clegg, A. Donnachie, and Yu. S. Kalashnikovia
[49] UKQCD Collaboration, P. Lacoclkt al, Phys. Rev. D54, preparation
6997(1996; Phys. Lett. B401, 308 (1997. [66] S. D. Protopopescet al, Phys. Rev. D7, 1279 (1973; B.
[50] F. Iddir, A. Le Yaouanc, L. Oliver, O. e, and J. C. Raynal, Hyamset al, Nucl. Phys.B64, 134 (1973; L. Rosselett al,
Phys. Lett. B205 564 (1988; A. Le Yaounac, L. Oliver, O. Phys. Rev. D15, 574 (1977.
Pene, J. C. Raynal, and S. Ono, Z. Phys28 309 (1985. [67] K. J. Juge, J. Kuti, and C. J. Morningstar, Nucl. PhygPBoc.
[51] P. R. Page, E. S. Swanson, and A. P. Szczepaniak, Phys. Rev. Suppl) 73, 590(1999; hep-lat/9809211.
D 59, 034016(1999. [68] A. Afanasev and P. R. Page, Phys. RevsD) 6771(1998.

[52] F. E. Close, inProceedings of HADRON'9BNL, edited by  [69] A. Donnachie and Yu. S. Kalashnikoyim preparation

114011-13



