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Hunting the vector hybrid
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The current state of analysis ofe1e2 annihilation below 2.0 GeV and of the vector component oft decay
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 outlined.@S0556-2821~99!02021-4#

PACS number~s!: 12.39.Mk, 12.39.Jh, 13.25.Jx
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I. INTRODUCTION

It has been recognized for some time that the data
vector meson decays appear to be in conflict with the pre
tions of the 3P0 model which has become the standard
calculating meson decays. One solution has been to sug
that the physical light vectors are mixedqq̄ and hybrid vec-
tors, as the latter have appropriate decay characteris
However this has never been quantified, nor have alterna
non-hybrid explanations been actively sought. Here we
plore the limits of the3P0 model and apply a specific non
3P0 model to the vector decays in an attempt to avoid
introduction of hybrids. Constraints placed on these mod
by other decays, in particular those of the pseudosca
h~1295! and p~1300!, are sufficient to prevent them from
providing a solution to the vector decay problem. Given t
the inclusion of hybrids is unavoidable, we consider the
vantages and disadvantages of the flux tube model and
constituent gluon model of hybrids in the context of the ve
tor decays. The data prefer the constituent gluon model,
we outline briefly the consequences elsewhere of this cho

The current information on light-quark vectors fro
e1e2 annihilation andt decay is discussed in Sec. II, an
the decay problems identified. Present understanding of
onic excitations in general and of hybrid models in particu
is summarized in Sec. III. In addition to the standard3P0

approach, which models the string breaking, we sugge
specific hadronic ansatz for relevant light quarkonia dec
in analogy to the decays of heavy quarkonia. These two
proaches are evaluated in the context of pseudoscalar de
specificallyh~1295! andp~1300!, in Sec. IV and limits put
on the corresponding vector decays. These latter results
confronted with the data in Sec. V, where it is shown that
limits are too restrictive to resolve the problems identified
Sec. II. This leads naturally to a detailed consideration of
two available models for hybrids, and the data appea
favor the constituent gluon model over the flux tube mod
Our conclusions and their consequences are summarize
Sec. VI.

*Permanent address: Department of Physics and Astronomy,
versity of Manchester, Manchester M13 9PL, England.
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II. e1e2 ANNIHILATION AND t DECAY

The existence of the isovectorr~1450! and r~1700!, and
their isoscalar counterpartsv~1420! andv~1600! is now well
established@1#. The key experimental results in determinin
the existence of the two isovector states weree1e2

→p1p2 @2# and e1e2→vp @3#. These original data set
have subsequently been augmented by data on the c
sponding charged channels int decay@4,5#, to which they
are related by conservation of vector current~CVC!. These
new data confirm the earlier conclusions. The data
e1e2→p1p2p1p2 @6# and e1e2→p1p2p0p0 @6,7#
~excludingvp! and the corresponding charged channels it
decay@5# are compatible with the two-resonance interpre
tion @8,9#. However the 4p data alone donot provide such
good discrimination despite 4p being the major decay chan
nel. The reason for this is straightforward. Invp and pp
there is strong interference with the tail of ther, which is
absent in the case of 4p. It was also found that thee1e2

→hp1p2 cross section is better fitted with two interferin
resonances than with a single state@10#, with parameters in
fair agreement with those found in the analysis of oth
channels. Independent evidence for twoJP512 states was
provided in a high statistics study of thehpp system inp2p
charge exchange@11#. Decisive evidence for both the
r~1450! and r~1700! in their 2p and 4p decays has come
from the study ofp̄p and p̄n annihilation@12#. The masses
and widths obtained from the analysis of the 2p channel are
in reasonably good accord with those found frome1e2 an-
nihilation andt decay. The significance of these results f
the observation the vector mesons via their 4p decay is that
they represent a combined analysis of four high-statis
channels:p̄p→5p0, p̄d→p24p0(p), p̄p→p1p23p0 and
p̄d→p12p22p0(p). The inclusion of both ther~1450! and
the r~1700!, with masses and widths fixed at the values o
tained in the 2p analysis, leads to a significant improveme
in log(L).

The data initially available for the study of the corr
sponding isoscalar statesv~1420! and v~1600! were e1e2

→p1p2p0 ~which is dominated byrp! and e1e2

→vp1p2 @13#. The latter cross section shows a clear pe
which is apparently dominated by thev~1600!. The former
cross section shows little structure, but is appreciably lar
than that calculated from the tails of thev andf. This im-

ni-
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A. DONNACHIE AND YU. S. KALASHNIKOVA PHYSICAL REVIEW D 60 114011
plies an additional contribution and a best fit is obtained w
two states@8#, although a fit with only thev~1600! cannot be
excluded completely. Data onp̄N annihilation may help to
clarify the situation, but analysis is still at a preliminary sta
@14#.

Although there is general consensus on the existenc
the r~1450!, r~1700!, v~1420! andv~1600! there is consid-
erable disparity on the parameters of these resonances. T
show variation from one reaction to another and, even wit
one particular process, are dependent on the analysis
niques employed. Results from channels for which there
strong interference with the tail of ther or of thev andf are
sensitive to the choice of model used to estimate this con
bution. For ther~1450! the most extreme low mass com
from an analysis of thep1p2 spectrum in the reaction
K2p→p1p2L @15#, which gives 1266614 MeV. However
such a low mass is not supported by any other analysis
does require confirmation. Most of the results of the analy
of e1e2 annihilation,t decay andp̄N annihilation are clus-
tered round the preferred Particle Data Group~PDG! values
@1#, which are the ones we use here. These are given in T
I.

A natural explanation of these states is that they are
first radial, 23S1 , and first orbital, 13D1 , excitations of the
r and v as the masses are close to those predicted by
quark model@16#. This interpretation is given further cre
dence by the observation off~1680! which has the appropri
ate mass to be a candidate for the first radial excitation of
f.

Despite the reasonable agreement of the observed ma
with the quark model predictions, the ratio of thee1e2

width of the r~1700! to that of ther~1450! is surprisingly
large. In the non-relativistic limit thee1e2 width of the
1 3D1 state vanishes, and although some non-zero width
be created by relativistic corrections this is expected to
small. Additionally the data on the 4p channels ine1e2

annihilation and int decay do not appear at first sight to b
compatible with those expected for the vector radial and
bital excitations of theqq̄ system. This statement is of cours
model dependent as it assumes that we can predict the
ronic decays of the vectorqq̄ excitations. The3P0 model
@17–21# does appear to allow this with some accuracy.
systematic study of known lightqq̄ decays shows that
3P0-type amplitude dominates, and widths which are p
dicted to be large or small are found respectively to be
More quantitatively, calculated widths agree with data
within 25–40 %. Of course the accuracy of the3P0 model
has only been tested on specific well-known decays an
may be that its accuracy elsewhere is less certain. How
there is no hard evidence to support this latter conject

TABLE I. Experimental masses and widths of the higher vec
mesons.

Resonance r~1450! r~1700! v~1420! v~1600!

Mass~MeV! 1465625 1700620 1419631 1649624

Width ~MeV! 310660 240660 174659 220635
11401
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and as far as one can ascertain the3P0 model is reliable.
Thus the success of the3P0 model for well-known decays

can be used to justify its application to predicting other d
cays, and in particular those of the radial and orbital exc
tions of ther and v. In its simplest form the3P0 model
contains only two parameters: an inverse length scaleb
which controls the meson form factors, and the pair creat
strengthg. These are not known precisely, but are reasona
well constrained withb;0.4 GeV, g50.39. Assuming that
their masses are respectively 1.45 and 1.70 GeV, the3P0
partial widths forr2S andr1D are given in Table II.

In Table II ‘‘other’’ includes KK̄, K* K̄1c.c. and 6p
channels, and thes is the broadS-wave pp enhancement,
considered as the 13P0 qq̄ state. Altogether 16 channel
have been incorporated in the calculation in which we ha
not used the narrow-width approximation for final mes
states, so the results differ slightly but not significantly fro
those that do@21#.

It is not necessary to go through a detailed analysis
show that these3P0 model results exclude interpreting th
e1e2 and t decay data in terms of ther2S and r1D if the
model is strictly applied. As already implied, the key is in t
4p decays. From Table II one can see that the 4p decays of
the r2S are negligible, and so ther2S effectively makes no
contribution to the 4p channel. In contrast the 4p decays of
ther1D are large, and the two dominant ones,h1p anda1p,
are comparable. Nowh1p contributes only to the
p1p2p0p0 channel ine1e2 annihilation, buta1p contrib-
utes to both this and top1p2p1p2. An immediate conse-
quence is that we would expects(e1e2→p1p2p0p0)
.s(e1e2→p1p2p1p2), after subtraction of thevp
cross section from the totalp1p2p0p0. This contradicts
observation. Despite considerable uncertainty in
p1p2p0p0 cross section, enhanced by the need to subt
the vp cross section, it is undeniably appreciably smal
than thep1p2p1p2 cross section over most of the re
evant energy range.

One explanation of this has been to suggest that theqq̄
vector states are mixed with a hybrid vector@22,23# as this
decays predominantly toa1p in flux tube models@23#, and
to a1p andr(pp)S in constituent gluon models@24#. Both
thep1p2p1p2 and thep1p2p0p0 channels are accesse
by the a1p and r(pp)S decays so, in either case,e1e2

annihilation and the correspondingt decays should in prin-
ciple be explicable in terms of some suitable combination
r, r2S , r1D and hybridrH , and with the implication that
there must be very littler1D to ensure the dominance o
p1p2p1p2 overp1p2p0p0. The surprisingly large ratio
of the e1e2 widths is also a good indicator of mixing.

However such evidence as we have from the isosc
states indicates that the picture might not be quite as sim

r TABLE II. The 3P0 partial widths forr2S andr1D .

Channel pp pv rh ph1 pa1 rr rs Other Total

r2S 68 115 18 1 3 10 1 80 295

r1D 27 23 13 104 105 6 0 137 415
1-2
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HUNTING THE VECTOR HYBRID PHYSICAL REVIEW D60 114011
as this. The3P0 widths for thev2S and v1D are given in
Table III @21# assuming that their masses are respectiv
1420 and 1650 MeV.

The large widths of the bare states predicted by the3P0
model are well in excess of the quoted experimental to
widths @1#. There must be strong mixing in the isosca
channel as thee1e2 widths of thev18 andv28 are almost the
same, and one would not expect either thev1D or thevH to
have an electromagnetic coupling comparable to that of
v2S . In the flux tube model the width of thevH is predicted
to be small,;20 MeV @23#, and is essentially all torp. The
vH width can be appreciably larger in constituent glu
models @24# but again therp decay dominates althoug
some v(pp)S decay is allowed@24#. Thus omitting the
v1D , in analogy with the isovector case, would seem di
cult to reconcile with the integrated cross section fore1e2

→vpp which, up to 1.8 GeV, is about 60% of the inte
gratede1e2→rp cross section and could be taken to imp
some significantv1D component.

The arguments relating to ther(pp)S and v(pp)S de-
cays ofr2S andv2S presuppose that there is no mechani
which can generate these in any significant way. A poss
approach is to invoke an inherent uncertainty in the3P0
model when applied to the decays of radial excitations to
ground state plus anS-wavepp pair. In the 3P0 model the
decays of ther2S to r(pp)S and of thev2S to v(pp)S are
strongly suppressed by a cancellation between two ter
one of which is strongly dependent on the model paramet
If these decays could be sufficiently enhanced within
structure of the model then the 4p problem in the isovector
sector and the comparatively largevpp in the isoscalar sec
tor could possibly be resolved. Note that ther(pp)S and
v(pp)S decays of ther1D andv1D respectively are strictly
forbidden in the3P0 model.

Further, many radial excitations are known to decay pr
erentially to the ground state, or a lower radial excitatio
plus (pp)S . The most obvious ones occur in higher quark
nia. The branching fractions of these decays arec(2S)
→c(1S), 50.863.7%; Y(2S)→Y(1S), 27.361.4%;
Y(3S)→Y(1S), 6.560.4%, Y(3S)→Y(2S), 4.860.7%.
These decays cannot proceed via string breaking and ar
specifically non-3P0 decays. The relevance of this is the im
plication that the (pp)S state couples rather strongly to glu
ons. It has been suggested@25# on the basis of QCD sum
rules that thes-meson is a low-lying scalar glueball and a
estimate@26# of its coupling to light quarks indicates that it
strong. Thus it is not surprising that a similar phenomeno
seen in light quarkonia: for exampleh8(1295)→h(pp)S
andp(1300)→p(pp)S , assuming for the moment that bo
h8(1295) andp~1300! are radial excitations. Both of thes
latter decays are essentially zero in the3P0 model with stan-

TABLE III. The 3P0 widths for thev2S andv1D .

Channel rp vh b1p vs Other Total

v2S 328 12 1 8 36 385

v1D 101 13 371 0 53 561
11401
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dard parameters. Whether a similar mechanism is opera
here as for heavy quarkonia, or whether these decays a
from the sensitivity of the3P0 model for radial decays in-
volving (pp)S , is undetermined.

Before applying these various ideas to the vector me
decays we consider the current status of hybrid mesons
of radial decays to the corresponding ground state p
(pp)S in light quarkonia.

III. HYBRID MESONS

Evidence for the excitation of gluonic degrees of freedo
has emerged in several processes. There are two indepe
indications of an isovectorJPC5121 exotic resonance
r̂(1600) in p2N→p1p2p2N, specifically in ther0p2

channel. The E852 Collaboration@27# quote a mass of
159368 MeV and width of 168620 MeV, which are consis-
tent with the preliminary claim of the VES Collaboratio
@28# of a resonance at 1620620 MeV with a width of 240
650 MeV. There is also evidence for this state in theh8p
channel@28,29#. It has been argued that therp, h8p andhp
couplings of this state support the hypothesis that it is ind
a hybrid meson, although other interpretations cannot
eliminated entirely@30#. A peak in thehp mass spectrum a
1.4 GeV withJPC5121, in the reactionp2N→hp2N, has
also been interpreted as a resonance@31#. Additional evi-
dence for the same state in the same mode is provided by
Crystal Barrel Collaboration@32#, in an analysis ofpp̄
→hp1p2. In this case the signal is deduced from a pha
variation in theJPC5121 amplitude seen as interference
the Dalitz plot. There is evidence from the VES Collabor
tion @33# for two isovector 021 states in the mass region 1.
to 1.9 GeV. One is the well-establishedp~1800! @34# with a
mass of 179066612 MeV and width of 22569615 MeV,
and one a new state, thep~1600!, with a mass of 1580643
675 MeV and width of 4506606100 MeV @33#. The quark
model predicts only one state in this mass region. Thus th
is evidence for degrees of freedom beyondqq̄, and the un-
usual decay pattern of thep~1800! encourages the belief tha
it has a strong hybrid component@21,23#.

The interpretation of the peak in thehp mass spectrum a
1.4 GeV as a resonance@31# has been challenged@35#. It was
shown that the E852hp peak and phase can be obtain
without the need to invoke the presence of an exotic re
nance. The two key ingredients are the presence of a stro
coupled threshold in this mass region~taken to beb1p) with
rescattering to produce thehp signal. A Deck-type back-
ground interfering with a hybrid resonance of higher ma
for which the r̂ at 1.6 GeV is an obvious candidate, w
considered as the production mechanism. The Deck me
nism also provides the predominant natural parity excha
for the 1.4 GeV peak which is observed experimentally,
contrast to the 1.6 GeV state which has a significant con
bution from unnatural parity exchange. Of course the De
mechanism is not applicable to thepp̄ annihilation experi-
ment@32#, but the strongly-coupled threshold with rescatte
ing can generate sufficient phase variation without requir
a resonance at 1.4 GeV@36#.

If the above is the correct interpretation of thehp data
1-3
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A. DONNACHIE AND YU. S. KALASHNIKOVA PHYSICAL REVIEW D 60 114011
then ther̂(1600) is the lowest mass exotic hybrid. An alte
native viewpoint is to accept that the 1.4 GeVhp signal
really is an exotic resonance@24# and to explore the conse
quences. One of these, which will be relevant for our sub
quent discussion, is that theJPC5021 p~1300! is predomi-
nantly a hybrid meson, although there may be so
admixture of theqq̄ 2 1S0 state which has the same quantu
numbers. One argument usually given in favor of the hyb
interpretation is a largep(pp)S branching fraction, much
larger thanpr, although as we shall see in Sec. IV B there
considerable experimental disagreement on this point
large p(pp)S width would be in complete disagreeme
with the predictions for theqq̄ 2S level in the3P0 model for
which thep(pp)S mode is strongly suppressed. However
thep~1300! is aqq̄ radial excitation then, as noted in Sec.
the decay is very sensitive to the3P0 parameters. The deca
may also be generated by a non-3P0 mechanism. Thus the
p(pp)S decay may be possible without invoking a hybri
This possibility will be explored fully in Sec. IV.

Ideally we would have mass predictions for hybrids co
parable to those for theqq̄ states. Unfortunately the absolu
mass scale for light-quark hybrids is not precisely det
mined, with predictions for the lightest hybrids lying b
tween 1.3 and 1.9 GeV. Bag models@37,38# tend towards the
lower end of this range, but it is not clear just how reliab
their results are. Parameters are tuned to fit theqq̄ spectrum
and it is questionable whether the same parameters shou
used for theqq̄g states. Attempts to accommodate this le
to considerable variation in the predictions, giving a ma
value for the lightest hybrid in the range 1.4 to 1.7 Ge
However it is perfectly possible to accommodate an 021 at
;1.3 GeV and an 121 at ;1.4 GeV with the lightest 122

hybrid at;1.65 GeV. Flux tube models@39# predict hybrid
masses to be considerably higher than these, at abou
GeV. The constituent gluon model@40# gives the light-quark
hybrid mass at 1.7–1.8 GeV. In principle QCD sum ru
could resolve the issue of mass scale as they are a pow
tool for the understanding of hadron properties in terms
the vacuum condensates of QCD. However even here the
a major divergence of view, either giving an upper limit
1.5 GeV on the mass of the 121 hybrid @41#, with a prefer-
ence for a somewhat lower value, or putting it somewhere
the range 1.6 to 2.1 GeV@42#, with a preference for the
upper end. The principal difference between the two cal
lations is the application of a low-energy theorem in@41#
which in turn gives an important role to theg3^G3& term
with the effect of lowering the mass. This is acknowledg
in @42#. Applications of lattice gauge theories to the ligh
quark hybrid sector@43–46# give essentially consistent re
sults for the mass of the 121 hybrid, predicting it to be
around 2 GeV, although admittedly with quite large erro
Indeed they are still sufficiently large that this mass is c
sidered not to be inconsistent with the hybrid interpretat
of the r̂(1600) @44#.

However it does seem to be generally agreed that
mass ordering is 021,121,122,221. This is certainly
the case for bag models@37,38#, and also appears to hold i
the heavy-quark sector@47#. The same mass orderin
emerges if one assumes that the splittings are due to
11401
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spin-spin contact interaction@24#. The heavy-quark expan
sion of QCD in Coulomb gauge@48# demonstrates that spin
orbit splitting of low-lying hybrids withJPC5J21 andJ12

is such thatJ51 lies betweenJ50 andJ52, and the order-
ing is the same for both sets. However either ofJ50 or J
52 can be the lowest-lying. In lattice QCD calculations
heavy-quark hybrid states it is found that 012,212 @49# so
that combining the two results gives 021,121,221 ~and
012,112,212). Whether it makes sense to extrapola
these heavy-quark results to the light quark sector is de
able, but nonetheless the qualitative agreement with the
and constituent model results is encouraging. It has to
noted that in the light-quark sector it is found that nomina
212,012 @44#. However the errors on the masses, whi
are much greater relative to the central values than in
heavy-quark sector, are still sufficiently large for this res
not to be considered definitive.

The lack of precision in mass estimates is matched
uncertainty on decay modes. Again the two standard
proaches are the constituent gluon model@24,50# and the flux
tube model@23,39#. In the former the hybrids are considere
specifically as having three components: quark, antiqu
and gluon. Decays proceed by dissociation of the constitu
gluon @50#. In the latter it is assumed that the hybrids a
quark-antiquark states moving on an adiabatic surface g
erated by an excited flux tube of gluons, with the standardqq̄
mesons corresponding to the unexcited flux tube. Decay
hybrids andqq̄ mesons then proceed by the same pheno
enological pair-creation mechanism, for example the3P0
model, coupled with a flux tube overlap@39#. While there are
many common features in the decay modes predicted
these approaches there are some substantial differe
which become rather crucial in interpreting data, and wh
are caused partly by the different level of flexibility allowe
within the models. In the constituent model the dec
strength is proportional to the strong coupling const
as(q

2) given at some characteristic scaleq2. As the present
level of modeling does not permit definition of this scale, t
decay strength was treated as a model parameter in@24,50#.
The analysis in@24# was based on the assumption ofr̂(1400)
being a hybrid and some upper limits of itsrp mode, which
were used as an input to define the decay strength. In
original version @39# of the flux tube model the deca
strength was defined from the data onqq̄ decays. In prin-
ciple, in the flux tube model the quark pair creation vertex
uncorrelated with the gluonic modes of the hybrid. This p
mits the inclusion of different decay vertices within the sam
overall structure. One has recently been proposed@51#, mo-
tivated by the heavy-quark limit of the QCD Hamiltonia
and its predictions compared with those of the standard3P0
vertex@48#. Once again there are many similarities but so
major differences which should be amenable to experime
test although present data cannot distinguish.

The hybrid decays of particular interest to us here
those of the isovector 021 and 121, and both the isovecto
and isoscalar 122. There are some substantial differenc
between the flux tube model@39,51# and the constituen
gluon model@24,50# for these.

021: In the flux tube model, the principal decay mod
1-4
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HUNTING THE VECTOR HYBRID PHYSICAL REVIEW D60 114011
arerp and, if the hybrid is sufficiently massive,f 0(1370)p.
The rp width in the constituent gluon model is comparab
to that of the flux tube model, but it also has a very lar
p(pp)S width which dominates the decay.

121: In this case the flux tube model and the constitu
gluon model are in reasonable accord. The principal de
modes arerp andb1p, with the latter the larger of the two

122: The flux tube model predicts a rather narrow
ovector state, witha1p as the dominant mode. In contra
the constituent gluon model predicts a much larger wid
still with a1p dominant, but with significantr(pp)S andvp
components. For the corresponding isoscalar, the flux t
model predicts a very narrow state decaying almost enti
to rp. Again the constituent gluon model predicts a mu
larger width, havingrp as the largest decay mode but al
with a significantv~pp! fraction.

We would like to comment here on an important po
concerning decays which include (pp)S in the final state.
The flux tube calculations do not consider such decays at
on the grounds that the complicated dynamics of the (pp)S

final state is incompatible with the simple decay chain ofqq̄
in the 3P0 state going intopp. It has even been suggeste
that an effective Lagrangian approach may provide a be
simulation of dynamics when the (pp)S system is involved
@52#. Nevertheless, as the3P0 qq̄ couples strongly topp, it
should participate in thepp dynamics even if there exists
non-qq̄ mechanism which generates this dynamics. So th
is no reasons to neglect the decay channels withqq̄ in the
3P0 state, unless the corresponding amplitude is very sm
per se.

The interaction in the (pp)S channel is very strong an
requires the unitarized coupled channel analysis, but thepp
phase shift can be described with the3P0 qq̄ as an interme-
diate state~see the detailed analysis of@53# and a simple
model in Appendix A!. It is not surprising that a naive quar
model, such as the3P0 one, fails to describe the low-mas
part of thepp S-wave phase shift, where constituent quar
are not the proper degrees of freedom and chiral phy
enters the game instead. It still remains an open questio
how to incorporate the chiral symmetry constraints into
quark model unless it is done in a purely phenomenolog
way. In the simple model described in Appendix A the3P0
amplitude is modified to interpolate smoothly between
chiral perturbation theory regime with Adler zeros and t
confinement regime with string-breaking modeled by
3P0 mechanism.

In summary there are two main lines which can be f
lowed.

~i! Hybrids are comparatively light, thep~1300! and
r̂(1400) are hybrid states~or, in the former case, predom
nantly hybrid! and the mass of the hybridrH , vH
;1.6 GeV. This would allow strong mixing of the vecto
hybrids with the radial and orbital excitations of ther andv,
but is not compatible with flux tube models.

~ii ! Hybrids are comparatively heavy, ther̂(1600) is the
lightest 121 state and thep~1600! presumably the corre
sponding 021 hybrid ~or at least contains a significant hy
brid component!. This scenario is compatible with flux tub
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models, but puts the 122 vector hybrid mass at;2.0 GeV,
making strong mixing with the radial and orbital excitatio
unlikely.

IV. PSEUDOSCALAR DECAYS TO GROUND STATE
PLUS „pp…S

We have already commented that in the constituent gl
model of hybrids the decays of the 021 state is very differ-
ent from those predicted by the flux tube model. It has be
suggested@24# that if the r̂(1405) does exist then th
p~1300! should have a large hybrid admixture and t
p~1300! decays would then allow a test of the two mode
We explore both this hypothesis and the hypothesis that
p~1300! is aqq̄ state, specifically the first radial 21S0 exci-
tation of thep. For the latter assumption we can use t
decays of theh~1295! as a control. To begin with we sum
marize the current experimental situation with respect to
decays of both these mesons.

A. h„1275…

The most detailed study of the decayh(1295)
→h(pp)S comes from the E852 charge-exchange react
p2p→hp2p1n @54#. The data are sufficiently precise t
allow a separation of thea0p and h(pp)S decays despite
the similarity of these two channels. Thea0p/h(pp)S
branching ratio is estimated to be 0.4860.22, although this
may contain a large systematic error due to the difficulty
distinguishing unambiguously between thea0p andh(pp)S
decays. This ratio disagrees with the GAMS result of 1
60.60 @55#, although it also is possibly subject to simila
systematic errors. The total width of theh~1295! is rather
well defined: 66613 MeV from E852, 5366 MeV from
Fukui et al. @56#. Assuming that the two results for th
G(a0p)/G(h(pp)S) branching ratios give reasonable upp
and lower limits, we can conclude that the partial width f
h(1295)→h(pp)S is in the approximate range 20 to 4
MeV.

B. p„1300…

Until recently there has been little information on th
p(pp)S branching fraction of thep~1300!, and there is still
considerable uncertainty in the total width, which can
somewhere in the range 200 to 600 MeV@1#. The recent
VES data@33,34# show a clearp~1300! peak in 3p, with a
width of G;400 to 500 MeV in bothp(pp)S andpr. The
latter appears particularly strong and it has been sugge
@21# that as the size of the Deck background inp(pp)S is
uncertain it could provide the totality of thep(pp)S signal.
If this is correct then the dominant decay would berp. In
contrast the E852 experiment@57# claims three decay mode
of the p~1300!: pr, p f 2(1270) andp(pp)S . No comment
is made on the mass or width of thep~1300! other than it is
broad. As for the VES experiment, the genuine resona
signal could be confused by interference with the Deck ba
ground.

An uncertain Deck background is not a problem forpp̄
annihilation experiments. In their study off 0(1500) decays
1-5
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in 4p0 in pp̄→5p0 at rest, the Crystal Barrel experime
@58# found a very substantial improvement in their fit wh
the pp~1300! decay of thef 0(1500) was included. As the
final state in this case is allp0 the decay of thep~1300!
cannotbe topr andmustbe top(pp)S . However because
of the restriction to the purely neutral channel nothing can
said about thep(pp)S branching fraction. The paramete
of the p~1300!, if left free in the fit, are determined to b
M51.114 GeV,G5340 MeV. Errors on these are not give
In a preliminary analysis@59# of p̄p and p̄n annihilation to
5p, the ratio @p(1300)→p(pp)S#/@p(1300)→pr# is
quoted as being not more than 10%. The mass and widt
the p~1300! are found to beM51.40060.04 GeV andG
5275650 MeV respectively. The Obelix experiment@60#,
in their analysis ofpp̄→2p12p2 also find a significant
improvement in their fit if thep~1300! is included in the
decay chain. Thep~1300! parameters are found to beM
51.27560.015 GeV,G52186100 MeV. Both thep(pp)S
andpr modes were required by the fit, and the ratio betwe
them was found to be large: @p(1300)
→p(pp)S#/@p(1300)→pr#55.2560.7. This is apprecia-
bly larger than the result;2.12 obtained from much earlie
data @54#. Thus the situation is very confused with gro
discrepancies among the experiments. However it is rea
able to believe that the decayp(1300)→p(pp)S does exist,
but with a completely undetermined branching fraction. It
perhaps significant that thepp̄ annihilation experiments find
a smaller width than thepp→(3p)p production experi-
ments, which could be due to the effect of the Deck ba
ground on the latter. If this is the case, then a total width
;300 MeV would seem reasonable, with a partial width
p(pp)S somewhere between 30 and 200 MeV.

C. Pseudoscalar decays in the3P0 model

For this part of the discussion we assume that thep~1300!
is a qq̄ state, specifically the first radial 21S0 excitation of
the p. For calculating decays in the3P0 model we also as-
sume that the (pp)S is contained in that model and is th
1 3P0 state. A two-channel model which reproduces the
perimentalS-wave pp amplitude is described in Appendi
A. Both versions of the (pp)S amplitude described ther
were used in these calculations i.e. without and with
Adler zero included. The results are very much the sam
both cases.

In the 3P0 model, with standard wave-function param
eters, the decay of a radial excitation to the correspond
ground state plus (pp)S is small, a few MeV at most. This is
true forrS , vS , h~1295!, p~1300!. It is caused by a node in
the wave function, with the consequence that the deca
very sensitive to the parameterb. Of course there are limits
within which b can vary. A good guide to these limits
provided by@20#. Of the standard decays used to specifyb
and g, a1→rp provides no constraint because of the ve
large experimental uncertainty on its width;h1→rp pro-
vides only a weak constraint (0.3<b<0.5 GeV), again be-
cause of experimental uncertainty coupled with a rather w
theoretical dependence onb; and b1→vp also provides
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only a weak constraint, in this case because the theore
width is almost independent ofb over quite a wide range. In
contrast the theoretical widths off 2→pp, a2→rp and r
→pp vary strongly withb. The two former favor a value o
b close to the mean of 0.4 GeV, but the latter prefers a m
smaller value,;0.3 GeV. In contrast theD/S ratios for the
decaysb1→vp and a1→rp, which are sensitive tests o
the 3P0 model, prefer a larger value, particularly the latte
which could go as high asb;0.5 GeV. Taking everything
into account, 0.3 GeV and 0.5 GeV do seem to provide
treme lower and upper limits onb, with 0.35 GeV and 0.45
GeV being more reasonable.

The variation of theh(pp)S width of the h~1295! is
given in Fig. 1 as a function of the value ofb for (pp)S .
Clearly the experimental limits on theh~1295! width provide
a strong constraint on the allowed values ofb, independently
of other decays. In the3P0 model with standard values of th
parametersb and g the width G(p8→pr);200 MeV and
the width G@p8→p(pp)S#;0 MeV @21#. The pr partial
width does have quite a strong dependence onb, decreasing
from ;300 MeV at b50.3 GeV to ;100 MeV at b
;0.5 GeV@21#. The variation of thep(pp)S width is much
stronger, due to the effect of the node in the wave functi
This variation is shown in Fig. 2, where we have taken in
account the effect of symmetrization of like pions. The pr
cedure for this is outlined in Appendix B. The constrain
imposed by theh~1295! decay width clearly restrict the
maximum partial width for thep(1300)→p(pp)S to about
60 MeV. This is consistent with the latest result from Crys
Barrel @59#, but is appreciably smaller than the result fro
Obelix @60#.

We can conclude the the3P0 model cannot be used t
explain a very largep(pp)S width of the p~1300!, should
that prove to be required. However a largep(pp)S width of
the p~1300! does not necessarily provide an argument
favor of a hybrid interpretation and we now consider an
ternative non-3P0 mechanism.

FIG. 1. Width of the decayh8(1295)→h(pp)S as a function of
b. The solid line is calculated using the3P0 pp phase shift and the
dashed line using the3P0 pp phase shift modified to include th
Adler zero.
1-6
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HUNTING THE VECTOR HYBRID PHYSICAL REVIEW D60 114011
D. Non-3P0 decays of the pseudoscalars

The decays of heavy-quarkonia radial excitations to
ground state, or to a lower radial, plus (pp)S raise the pos-
sibility of analogous non-3P0 decays in the light-quark sec
tor. The detailed mechanism is presumably rather differ
from that of the models applied to the decays of hea
quarkonia as they rely on a multipole expansion of the glu
field @61,62#. The interactions of gluons with a wavelengthl
much larger than the radiusr QQ̄ of quarkonia are suppresse
in the multipole expansion by powers ofr QQ̄ /l. So although
it is reasonable to consider only the leading operator
heavy quarkonia it is not so for light quark states.

An alternative mechanism which does not rely on a m
tipole expansion, ‘‘vacuum excitation,’’ has been sugges
@63#. This is applicable in principle to both light and heav
quarkonia. The essential idea is that a radial excitation
cays to a lower radial excitation or to the ground state
exciting a virtual state from the vacuum into reality. Th
naturally has the quantum numbers of the vacuum, i.eI
50, J50 which of course are precisely those of (pp)S . For
our present purposes we simplify the calculation by cons
ering relative phase-space as the spatial wave function
the h~1295! andp~1300! are identical, and so overlap inte
grals will be the same. We consider both unweighted a
weighted phase space, using for the latter the sameS-wave
pp amplitude of Appendix A. It is irrelevant whether this
or is not a genuineqq̄ state. All that is required is an accura
representation of the amplitude. We find that the ratio
@p(1300)→p(pp)S#/@h(1295)→h(pp)S# is 3.6 for un-
weighted phase space and 7.7 for weighted phase sp
Thus given a width of 20 to 40 MeV for theh~1295! decay
it is not difficult to generate the required large width for t
p~1300! decay.

So we conclude that this particular non-3P0 mechanism
can correlate theh~1295! andp~1300! decays and provide a
largep(pp)S width for the latter without the need to invok
a hybrid. Of course this remains a hypothesis as we do
have a specific model with which to calculate these dec
for light quarks.

FIG. 2. Width of the decayp(1300)→p(pp)S as a function of
b. The curves are as in Fig. 1.
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V. VECTOR STATES

We now consider the implications of the results of t
previous sections for the interpretation of the data fro
e1e2 annihilation andt decay. We consider two extremes

~1! The vector hybrids are too heavy to permit significa
mixing with theqq̄ states in the relevant kinematical regio
The rS and vS decays are some combination of3P0 and
direct hadronic decay tor(pp)S andv(pp)S respectively.
The rD and vD decays are purely3P0 . Some mixing be-
tween the 2S and 1D states can be allowed.

~2! The vector hybrids are sufficiently light to allow
strong mixing with theqq̄ states. For completeness we co
sider the predictions of both the flux tube model and
constituent gluon model for the hybrid decays. Howeve
must be remembered that the flux tube model prefer
higher mass for the vector hybrid.

A. No vector hybrids

The width of the decayr2S→r(pp)S in the 3P0 model is
shown in Fig. 3. Not surprisingly it is too small to accou
for the observed large 4p width of ther~1450!, even at the
maximum acceptable value ofb. To extend the non-3P0
decay process suggested in Sec. IV D to the decay of ther2S
requires the assumption that onlyS-waves are relevant. This
is certainly in accord with the decay of heavy quarkonia. T
matrix element for the decay ofh~1295! or p~1300! is sim-
ply a constant,f S say. The general form of the matrix ele
ment for the decay ofr2S is

Amn5 f S 2gmn1
kmkn

k2 1
qmqn

q2 2
~kq!kmqn

k2q2 D
1gS ~kq!km

k2 2qmD S kn2
~kq!qn

q2 D
wherek andq are respectively the four-momenta of ther2S
and ther. If only S-wave is present then

FIG. 3. Width of the decayr(2S)→r(pp)S as a function ofb.
In contrast to Figs. 1 and 2 only one curve is shown as the resul
using the different phase shifts are indistinguishable.
1-7
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f 5 f S , g52 f S /m0~m11E1!

wherem0 andm1 are the masses of ther2S andr, andE1 is
the energy of ther in the r2S rest frame. One has then t
calculate1

3 Amn* Amn which is simply f S
2 . So the only differ-

ence between the decays of the vector radial excitations
the pseudoscalar radial excitations is due to phase spac
the available phase space for the decayr2S→r(pp)S is not
very different from that for the decayh(1295)→h(pp)S ,
the partial width will be comparable.

Thus neither mechanism by itself can explain the 4p de-
cays of ther~1450!. Nor can one add them to increase t
width, as the combined strength is controlled by theh~1295!
decay. It should be recalled that mixing of ther2S and the
r1D is unlikely to resolve the difficulty as, even with a
increase in ther(pp)S width of the former within the limits
allowed, thep1p2p0p0 cross section will still exceed th
p1p2p1p2 cross section. This conclusion is not affect
by adjusting the3P0 parameters for ther1D decays, as the
a1p and h1p widths move in unison and the equality r
mains essentially unchanged. Thus we are forced to conc
that thee1e2→4p data cannot be explained in terms
conventionalqq̄ dynamics.

The partial width for the decayv2S→v(pp)S in either of
these models is comparable to that of the correspondingr2S
decay. This does not pose any particular problem for
isoscalar sector and does not provide any further insight
the likely mechanisms as it is not nearly sufficient in itself
provide the requisite integratedvpp fraction. Thus we re-
main with the earlier conclusion that within the isoscalarqq̄
structure there must be a significantv1D component.

B. Vector hybrids

It is now apparent that the inclusion of a isovector vec
hybrid is essential to explain thee1e2→4p data, and con-
sequently the corresponding isoscalar vector hybrid mus
included in any discussion of thee1e2→rp,vpp data. It
is reasonable to assume that the hidden-strange vector h
is sufficiently massive not to affect the discussion.

The real question is, what can be inferred about the na
of these hybrids? The flux tube model with its dominanta1p
decay would appear to resolve the problem in the isove
sector. To achieve strong mixing with ther2S and v2S re-
quires a comparatively low mass. We have seen in Sec
that the mass scale for the flux tube model is high, mak
strong mixing unlikely. However spin-dependent forcesmay
lower the mass of the hybridr andv, which are spinS50 in
contrast to the conventionalqq̄ components which areS
51, sufficiently to allow strong mixing between hybrid an
conventional quarkonia. There is perhaps less of a prob
with the constituent gluon model, but it is still a concer
However accepting the low-mass hybrid scenario, one co
then have

uV&5cosf$cosuu2 3S1&1sinuu1 3D1&%1sinfuVH&.

To explain the predominance of thep1p2p1p2 channel in
this model it is necessary to takeu;0, so thatr18 is given by
11401
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ur18&;cosfurS&1sinfurH&.

This simple scheme would make thep1p2p1p2 and
p1p2p0p0 widths of ther~1450! the same, with only the
rather smallr(pp)S decay of therH contributing to the
observed difference. Further this suppression of ther1D con-
tribution is not compatible with the isoscalar data. Witho
the v1D there is no source for the strongvpp channel ob-
served experimentally. Thev(pp)S decay ofvH is not suf-
ficient to redress the imbalance. The dynamics would
complex indeed if the3D1 state were absent, or nearly so,
the isovector channel but gave a significant contribution
the isoscalar channel. This is perhaps not entirely impl
sible as the isoscalar channel is complicated by the pres
of the f2S right in the middle of the relevant mass rang
Hadronic mixing with the nearbyv2S , v1D and vH will
certainly occur at some level, modifying the isoscalar mixi
pattern. However this mixing would have to be remarkab
strong to produce the differences observed.

The opposite view, that the hybrid mass is high, also d
not permit a simple mixing scheme. Mixing essentially b
tween the hybrid and the3D1 state is immediately ruled ou
by the r~1450! decays, although it would appear a susta
able option for the isoscalar hadronic decays. Further
e1e2 widths of ther~1700! and v~1650! demand mixing
with the r2S .

The necessity to consider a complicated mixing sche
brings us back to the problem of the hybrid mass scale.
simplest way to achieve strong mixing betweenr2S and the
hybrid is to have them nearly degenerate, which means
the hybrid is very light, about 1.4 GeV. Setting the ma
scale in such a way opens up exciting possibilities for
spectroscopy of states with nonexotic quantum numb
along the lines discussed in@24#. It has the additional advan
tage of being compatible with the sum rules result@41#,
which we consider as the most reliable of the sum ru
analyses. Nevertheless, the exoticr-p signals at 1.6 GeV
from BNL and VES appear sound, and an alternative exp
nation of the BNL signal at 1.4 GeV has been propos
Moreover, it is very improbable to have two exotic hybrid
so close to each other. Another argument against such a
hybrid comes from the pseudoscalar sector: if there is
need to invoke a hybrid interpretation to explain the dec
pattern of p~1300!, the new pseudoscalarsp~1600! and
p~1800! from VES can be economically considered as a
mixtures of 3S qq̄ and hybrid states. It should be remem
bered that the hybrid interpretation of thep~1800! @21,23#
emerges from its decay properties.

An alternative scenario is to let the hybrid mix strong
with the 1D state through their near-degeneracy, and then
the lower of the two mixed states mix with the 2S. This
would mean that the 4p decays of the two observed physic
states would be quasi-identical. This also suggests that
third state is put rather high and, in addition, does not h
much electromagnetic coupling. This scenario assumes
vector hybrid at;1.7 GeV, which makes the mass proble
easier to swallow and is compatible with the exotic and ps
doscalar hybrid sector, including the splitting ordering.
1-8
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HUNTING THE VECTOR HYBRID PHYSICAL REVIEW D60 114011
However this scenario is no longer the straightforwa
two-level mixing scheme initially proposed for the isovect
channel. All three states must be included, and in the iso
lar channel one cannot ignore the possible additional com
cations arising from thef2S . The results of such mixing
depend on the fine details of the positions of the bare st
and the mixing strengths. It is worth mentioning here th
one could expect rather strong mixing between quarko
and hybrids in the constituent model via constituent glu
emission and/or absorption. On the other hand, there ar
distinguishable gluons in the flux tube model, and, con
quently, no obvious mechanism to provide such mixing.

We have not attempted to construct a detailed mix
scheme here as it requires consideration of all channels a
theoretically-constrained fit to the data@65#. As a first step
we present below a simple three-level mixing model wh
describes qualitatively the isovector data.

C. A simple mixing scheme

We consider the mixing of the 2S, the 1D and the hybrid
H0 . For the 333 mixing matrix use the standard PDG on
without the phase:

S c12c13 s12c13 s13

2s12c232c12s23s13 c12c232s12s23s13 s23c13

s12s232c12c23s13 2c12s232s12c23s13 c23c13

D .

~1!

Then

uc1&5c12c13u2S&1s12c13uH0&1s13u1D&

uH&52@s12c231c12s23s13#u2S&1@c12c23

2s12s23s13#uH0&1s23c13u1D&

uc2&5@s12s232c12c23s13#u2S&2@c12s23

1s12c23s13#uH0&1c23c13u1D&. ~2!

We hypothesize that we want no direct mixing between
u2S& and theu1D& so sets13;0 andc13;1. Thus we have

uc1&5c12u2S&1s12uH0&

uH&52s12c23u2S&1c12c23uH0&

1s23u1D&

uc2&5s12s23u2S&2c12s23uH0&1c23u1D&.
~3!

Obviously we identifyuc1& with ther~1450!. In the absence
of a proper dynamical model of the mixing we are free
identify r~17000! either with uH& or with uc2&. For definite-
ness we choose the former, but the subsequent discus
follows analogously for the latter.

It is reasonable to assume that the bare hybriduH0& has no
direct electromagnetic coupling. We make no specific
sumption on the electromagnetic coupling of the bareu1D&
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other than that it should be small compared to theu2S&. The
e1e2 amplitudes for the physical states are

^e1e2uc1&5c12̂ e1e2u2S&

^e1e2uH&52s12c23̂ e1e2u2S&

1s23̂ e1e2u1D&

^e1e2uc2&5s12s23̂ e1e2u2S&

1c23̂ e1e2u1D&. ~4!

We see immediately that provideds12c23.0 ~ands23.0 as
the electromagnetic coupling ofu1D& has the opposite sign
to that of u2S&) we will get the correct relative signs of th
electromagnetic couplings of the observed states@8#. In the
limit of a vanishing electromagnetic width for theu1D& then

we requires12c23 to be; 1
2 to agree with the data analyse

We know that ther~1700! has a smallvp width, which
puts another constraint on the mixing. Thevp amplitudes
are

^vpuc1&5c12̂ vpu2S&

^vpuH&52s12c23̂ vpu2S&

1s23̂ vpu1D&

^vpuc2&5s12s23̂ vpu2S&

1c23̂ vpu1D&. ~5!

We have already established thats12c23.0 and, in principle,
that s23.0. The latter is important as it allows here som
cancellation between the two terms for thevp decay of the
uH&. A very small width is thus not ruled out in principle
although in practice it may not be quite so simple as in
3P0 model theu2S& width is very much larger than theu1D&
width.

Finally we look at the 4p decays. We can ignore thea1p
and h1p decays of theu2S& but we can let it have some
r(pp)S decay generated by other means. We should also
the bare hybrid have somer(pp)S decay as well. The am
plitudes are then

^a1puc1&5s12̂ a1puH0&

^a1puH&5c12c23̂ a1puH0&

1s23̂ a1pu1D&

^a1puc2&52c12s23̂ a1puH0&

1c23̂ a1pu1D& ~6!

and

^h1puc1&50

^h1puH&5s23̂ h1pu1D&

^h1puc2&5c23̂ h1pu1D& ~7!
1-9
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A. DONNACHIE AND YU. S. KALASHNIKOVA PHYSICAL REVIEW D 60 114011
and

^r~pp!Suc1&5^r~pp!Sc12u2S&1s12̂ r~pp!SuH0&

^r~pp!SuH&52s12c23̂ r~pp!Su2S&

1c12c23̂ r~pp!SuH0&

^r~pp!Suc2&5s12s23̂ r~pp!Su2S&

2c12s23̂ r~pp!SuH0&. ~8!

None of these are qualitatively inconsistent with observati
They all seem reasonable, particularly the lack of anyh1p
decay ofuc1&. Note thatuc2& has a non-zeroe1e2 width,
and is presumably somewhere ‘‘off-stage.’’ There is so
evidence for isovector states in the vicinity of 2.0 GeV whi
decay strongly into 6p @64#. One of these could be the mis
ing member of the trio.

VI. CONCLUSIONS

Our general conclusion is that thee1e2 annihilation and
t decay data require the existence of a ‘‘hidden’’ vector h
brid in both the isovector and isoscalar channels. The a
ment is based strongly on the pattern of the observed de
to r(pp)S for the isovectors and tov(pp)S for the isosca-
lars. The strong mixing evident from the electromagne
widths is also a key feature. The mixing required is no
trivial, involving the first radial and the first orbitalqq̄ exci-
tations and the ground-state vector hybrid. Before coming
our general conclusion we explored the limits of the3P0
model and proposed a specific non-3P0 model in an unsuc-
cessful attempt to explain these data without going bey
the qq̄ sector.

More specifically we are inclined towards the constitue
gluon model rather than the flux tube model to describe
characteristics of the hybrids. This is based on two aspe
the constituent gluon model can more readily encompa
hybrid mass in the relevant range; and the hybrid decay
the constituent gluon model are the more compatible with
data. It is interesting to note that there are indications
lattice gauge theories in the heavy-quark sector@67# that at
QQ̄ separations of less than 2 fm treating glue as str
fluctuations is doubtful i.e. the flux tube is not an appropri
picture. Whether these results are straightforwardly ap
cable to the light quark sector is of course an open quest

The suggestion that the ground state vector hybrid is c
paratively light, i.e. about 1.6 GeV, has major consequen
Given the hybrid spin-parity sequence discussed in Sec.
namely 021,121,122, it reopens the question of a hy
brid component in thep~1300! @24# and emphasizes the u
gency of clarifying the status of ther̂(1405). For the former
it is essential to resolve the current major experimental
crepancies on thep(pp)S width, and for the latter to dis-
prove the possibility that it may be an artifact of a strong
coupled threshold@35,36#.

For the vector mesons there are three key requireme
The first is to identify the missing partner of ther~1450! and
r~1700!, and equally that of thev~1420! andv~1600!, which
11401
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are predicated to exist on the basis of hybrid mixing. T
second is to establish the decay modes of these vector st
particularly the specific content of the 4p channel for the
r~1450! andr~1700! and of the 5p channel for thev~1420!
andv~1600!. The third is to obtain a better understanding
the correspondingf states, of which rather little is known a
present.

The obvious place to study the vector mesons is ine1e2

annihilation, and DAFNE would be an ideal facility in its
higher energy mode. Photoproduction and/or electroprod
tion provide another possibility, and the higher energies p
posed for TJNAF would make this an excellent source. D
fractive production is unlikely to be the dominan
mechanism at TJNAF energies, so the vector mesons will
be produced in a clean environment. However this is
necessarily negative, as interference with known states
provide important phase information and other states of
terest in the hybrid story e.g. thep~1300! and ther̂(1405), if
it is genuine, will also be produced at these intermedi
energies@68,69#. The expected continuation of the VES pr
gram will provide information on a wide range of meson
states and could resolve the problem of thep~1300! decays
and of the existence of ther̂(1405).
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APPENDIX A: THE „pp…S AMPLITUDE

The simple3P0 model for thepp S-wave amplitude as-
sumes that the scattering takes place via 011 intermediate
states. There are two such states in this case, on
(1/&)(uū1dd̄) and the other isss̄.

The pp phase shiftd and the inelasticityh are given by

tan~2d!5
ab12a1b

aa11bb1
,

h25
~aa11bb1!21~ab12a1b!2

a21b2 ,

where

a5a~s!511
1

~s2s1!~s2s2!
@~ Im D12!

22Im D11 ImD22!],

b5b~s!5
1

s2s1
Im D111

1

s2s2
Im D22,

a15a1~s!511
1

~s2s1!~s2s2!
@~ Im D̃12!

2

2Im D̃11 Im D̃22#,
1-10
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b15b1~s!5
1

s2s1
Im D̃111

1

s2s2
Im D̃22.

In these formulasAs1 andAs2 are the masses of intermedia
states, and

Im Dab5(
j

Im Dab~ j !,

Im D̃ab5Im Dab22 ImDab~pp!,

where a,b51,2 label the intermediate states, andj
5pp,KK̄ are the coupled channels taken into account.

The quantities ImDab(j) are calculated in the framewor
of 3P0 model as

Im Dab~ j !5
pj

8pAs
f a~ j ! f b~ j !

with the 3P0 form factorsf a( j ) defined as in@18#.
This model is an oversimplified version of a coupl

channel method and preserves unitarity but not analyticity
contrast to the much more sophisticated model@53# the
physical resonance positionsAsa are taken to be constan
and are not defined via dispersion relations.

The pp S-wave phase shift given by the3P0 model is
shown as the solid line in Fig. 4. To improve the agreem
with the data close to thepp threshold the Adler zero is now
introduced. We make it pragmatically by substituting

f a~pp!→ f̃ a~pp!5 f a~pp!F~s!

with F(s) being a smooth function ofs. F(mp
2 /2)50,

F(s)→1 whens increases. In such a way we have the Ad

FIG. 4. TheS-wavepp phase shift. The solid curve is the resu
of the 3P0 calculation and the dashed curve is the result of
low-energy modification to include the Adler zero. The data
from @66#.
11401
n

t

r

zero ats05mp
2 /2 in thepp amplitude as required by chira

symmetry. Thepp S-wave phase shift with this modificatio
is shown as the dashed line in Fig. 4 for the simple choi

F~s!5u~s12s!F2S As2As0

As12As0
D 2

12S As2As0

As12As0
D G

with As150.7 GeV so that chiral dynamics and quark d
namics are matched at 0.7 GeV.

The idea to insert Adler zeroes into the quark model fo
factors was suggested in@53#. Our procedure differs from
that one. In contrast to@53# we believe that the soft pion
physics governs only the lower end of thepp mass spectrum
and does not affect the whole mass range available, lea
room for the strong interaction of quarks at higher energ
Moreover it is our belief that with the more QCD-motivate
model for hadronic decays@48#, which takes into account the
Goldstone nature of pions, the quark model description
valid at lowerpp masses as well. This makes the Adler ze
constraints responsible for only a rather small energy ra
just above thepp threshold.

APPENDIX B: THE PIPRIME DECAY WIDTH

The width of the decay ofp80 into p1p2p0 is given by

dG5
2

3

1

~2p!3

1

32mp8
3 uMcu2ds12ds13

uMcu25D

and the width into three neutral pions is

dG5
1

3

1

~2p!3

1

32mp8
3 uM0u2ds12ds13

uM0u25D12I

D5 f p8
2

~s12! f s
2~s12!P~s12!

I 5 f p8~s12! f p8~s13! f s~s12! f s~s13!P~s12!P~s13!

3@~s122ms
2 !~s132ms

2 !1Im~s12!Im~s13!#

f p8~s!5 f p8sp~mp8
2 ,s,mp

2 !

f s~s!5 f spp~s,mp
2 ,mp

2 !

P~s!5@~s2ms
2 !21Im2~s!#21

e
e

1-11
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Im~s!5
1

8pAs
p~s,mp

2 ,mp
2 ! f s

2~s!.

The total widths of these decays are given by

G5E
s12min

s12maxE
s13min

s13max
dG

s13max5
mp8

2
13mp

2 2s12

2

12A~s1224mp
2 !

4

~mp8
2

2mp
2 2s12!

224mp
2 s12

4s12
J.

n

e

J.

11401
s13min5
mp8

2
13mp

2 2s12

2

22A~s1224mp
2 !

4

~mp8
2

2mp
2 2s12!

224mp
2 s12

4s12

s12max5~mp82mp!2

s12min54mp
2 .
ev.

hys.
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