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Gluonic Excitations:

Theory vs Experiment
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FIG. 3. The isovector mesons [— ud,V'1/2(ufl —dd ),d#]. The dominant spectral compoSition and icted masses of states in
GeV are shown near solid bars representing their masses. Shaded areas correspond to the cxpcnmmtal masses and their uncertain-
ties, normally taken from the Particle Data Group (1984). The comparison of the 1=~ and 0% * sectors with experiment requires spe-

cial consideration: see Secs. VA and VD, respectively. Significant spectroscopic mixing in this sector: 177(1.45)
~1.00(235,)+0.04(1°D,). '
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_ In this paper we survey all radial and orbital excitations of the I=0 and /=1 n# system anticipated up to 2.1 525 de
GeV. We give detailed predictions of their quasi-two-body branching fractions and identify characteristic alf meodcs
decay modes that can isolate quarkonia; this should be useful in distinguishing quarkonia from glueballs and S‘il P f’ .

hybrids. Several of the ‘‘missing mesons’” with L,z=2 and L,z=3 are predicted to decay dominantly into
certain S+ P and S+ D modes, and should appear in experimental searches for hybrids in the same mass
region. We also consider the topical issues of whether some of the recently discovered or controversial meson

(Z-LOL.‘)

resonances, including glueball and hybrid
[S0556-2821(97)02205-4]

PACS number(s): 12.39.Mk, 12.39.Jh, 13.25.—k
L. INTRODUCTION

Theoretical studies of light hadron spectroscopy have led
to the widespread belief that gluonic excitations are present
in the spectrum of hadrons, and so more resonances should
be observed than are predicted by the conventional gg and
gqq quark model. The two general categories of gluonic
mesons expected are glueballs (dominated by pure glue basis
states) and hybrids (dominated by basis states in which a gq
is combined with a gluonic excitation).

Some of these novel states, notably the light hybrids, are
predicted to have exotic quantum numbers (forbidden to gg),
such as J°€=1"". The confirmation of such a resonance
would be proof of the existence of exotic non-gq states and
would be a crucial step towards establishing the spectrum of
gluonic states. There are detailed theoretical predictions for
the decays of these exotic hybrids [1,2], which have moti-
vated several experimental studies of purportedly favored
hybrid channels such as b, and f, .

Although one would prefer to find these unambiguously
non-gg J' exotics, glueballs and hybrids with nonexotic
quantum numbers are also expected. For example, in the flux
tube model the lowest hybrid multiplet, expected at ~1.8—
1.9 GeV [3,4), contains the nonexotics J7¢=0"", 17%, 177,
and 2°" in addition to the exotics 0", 17", and 277. To
identify these nonexotic states one needs to distinguish them
from the ‘‘background’ of radial and orbital gg excitations
in the mass region ~1.5-2.5 GeV, where the first few glu-
onic levels are anticipated [5,6].

Our point of departure is to calculate the two-body decay
modes of all radial and orbital excitations of nn states (n
=u,d) anticipated up to 2.1 GeV. This includes 25, 38, 2P,
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candidates,

can be accommodated as quarkonia.

1D, and 1F multiplets, a total of 32 resonances in the nn
seclor. We also summarize the experimental status and im-
portant decays of candidate members of these multiplets and
compare the predictions for decay rates with experiment.

We start by briefly reviewing the established 15 and 1P
states that confirm that >P, pair creation dominates most
hadronic decays. Simple harmonic oscillator (SHO) wave
functions are employed for convenience; these lead to ana-
lytic results for decay amplitudes and are known to give
reasonable empirical approximations. This is sufficient for
our main purpose, which is to emphasize selection rules and
to isolate major modes to aid in the identification of states. In
addition to the 1S and 1P states we also find reasonable
agreement between the model and decays of 1D, 2P, and
1F states where data exist; this confirms the extended utility
of the model and adds confidence to its applications to un-
known states.

Examples of new results include the following.

The radial 2 *P, a,z—pw is strongly suppressed in S
wave and dominant in D wave. This contrasts with the ex-
pectation for a hybrid a,. The model’s prediction of a domi-
nant D wave has been dramatically confirmed for the
a,(1700) [7,8] and thereby establishes 1.7 GeV as the ap-
proximate mass of the ni members of the 2P nonets. This
includes the 0" nonet whose /=0 members share the quan-
tum numbers of the scalar glueball.

In the scalar glueball sector, we find that the decays of the
fo(1500) and the f;(1710) are inconsistent with radially ex-
cited quarkonia.

We identify the 25 0~ " nonet. The 7 members are pre-
dicted to have narrow widths relative to the 7 counterpart.
This is consistent with the broad 7(1300) and the narrower
candidates 7(1295) and 74(1440).

The vector states p(1465) and «(1419) are interesting in
that the decay branching fractions appear to show anomalous
features requiring a hybrid component. We identify the ex-
perimental signatures needed to settle this question.

The 7(1800) has been cited as a likely hybrid candidate
[2,9,10] on the strength of its decay fractions. The 35 0~
gq T is also anticipated in this region. We find that the

4157 © 1997 The American Physical Society



JARNING ¢ 93 way rﬂ-‘fﬂ' S+P

W 4186

#h" Gou-lw-h-

artial widths of 2 'P b, and h, states (MeV).

Al 397 welas of 3

d.sua,s'ho!

R. PAGE, AND
2 nh s

ﬁ ANSON

TABLE XVIL. Pama.l widths o @

Q.%- éb "‘q _~s+‘P Uﬁ-ﬂ\:sl\

in Sove - 55
Cafes .

» and 7 states (MeV),

Mode

Mode b,(1700) Mode h,(1700) Mode m(1670) @645)
(15)3 (18)2
wp 56 pm 173 pm 118 pp 33
N 18 wn 17 wp 41 ww 8
PP 60 (25)(18)
(25)(15) p(1465)m 0
w(1419)7 13 p(1465)7 31 (1P)(1S)
(1P)(15) b,(1231)7 0
Ay (1170) 7 0 b,(1231)7 0 fo(1300) 7 0 ag(1450)7 0
an(1450)m 2 f1(1282)mr 1 a,(1230)w 5
a,(1230)7 10 f2(1275)m 75 a)(1318)7_ 189
a,(1318)w 67 (15)? strange
(15)? strange K*K 30 26
K*K 30 30 Total
Total E;l", - 250 261
3T, 257 252 Cexpe 258(18) 180230(25)
TABLE XVIIL Partial widths i z: ‘ 2, states (MeV).
Mode Mode ' a,4(2037) a,(2080) 050)
(15)3
T i 12 13
@ 19 73 35 LV 3 13
P7 2 28 16 pm 33 86 37
PP 71 15 14 wp 54 28 19
(25)(18) (25)(18)
m(1300) 7 0 0 n1295)w 1 0
w(1419)7 0 0 0 m(1300) 7 0 (4]
(1P)(18) p(1465)m 0 1 0
h(1170)7 6 5 > 124 (1P)(18)
a"%mﬁro T 0 - b|§1231)1r 20 12 140
a,(1230)= t 3 > 134 0 ™ 4
—I{az 1318)7 4 201 -7 f1(1282)mr 2 6 36
(15)? strange f2(1275)w 10 67 14
KK 9 36 ag(1450)n 0
K*K 2 44 26 a(1230)n 0 1 16
Total ay(1318)n 0 24 4
b o 174 369 435 hy(1170)p 0 40 21
 p— 215(20) 235(50) b,(1231)w (] 17 5
- — (2P)(15)
b,(1700) 0 0 2
- (1700)m 0
3@. MR (17007 0 0 0
TABLE XVI. Partial widths n‘ ma tates (MeV). £2(1700) 7 0 1 0
: Q (1D)(15)
Mode w(1667) @»(1670) 7 (1645)r 0 3 67
- (o 04 p,(1700) 7 0 1 1
(15) p2(1670) 7 - 0 1 89
pr 50 221 101 ps(1691)7r 2 127 1
wn 2. 27 13 (15)? strange
(25)(15) KK ) 8 14
p(1465) 7 0 0 - 0 K*K 4 28 15
. K*K* 9 5 2
(1P)(15) (1P)(15) strange
b,(1231)7 7 , 8 '3;1.1_ K3(1429)K 0
(15)“ strange *
KK g i KI(1273)K (] 3 91
: 3 K} (1402)K 0 0 0
k5K 2 44 21 KY(1429)K 0 31 4
Total Total
Ir, 69 300 542 =T, 161 483 606
Texp 168(10) 220(35) Cexpt 427(120) 340(80)
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Fig. 3. The partial-wave intensity distributions as a func-
tion of fin~ mass. (a) JPCM®¢ = 1++0+ wave. (b)
JPCMe™=™ 1=+1+ wave with combined ) (1285)xn
and n(1295)n decay modes. The dotted spectrum shows
n(1295) wave only. (c) JPCMe = 2++1+. (d) All partial
waves included in the fit. The open circles in the plot show
the background.

distributions with the predicted ones, and found good
agreement.

The results of the fit, in the form of the pre-
dicted number of events attributed to the spin-
parity states, are given in fig. 3. It was found that
‘the states J7C[isobar]M* = 1**[f;(1285)]0*,
1=+ [/1(1285) and n(1295)]1*, 2**[f1(1285)]1+,
all produced via natural-parity exchange, and an in-
coherent phase-space background wave, were suffi-
cient to describe the data. The high background level
(See fig. 3d) is due to the tail of the f;(1420) (~
35%) and a non-resonant contribution (~ 15%) in
the data sample. All the other waves turned out to
be very small including the spin-zero waves, which
can only be produced via unnatural-parity exchange.
The £ (1285)n~ decay mode was required for all the
waves, and a n1(1295)n decay mode was needed only
in the J?€ = 1=+ wave, contributing ~ 11% of the
total events above the background.

It was pointed out recently that the helicity-
coupling amplitudes acquire extrs. energy-dependent
factors beyond those arising fro..: the usual angular-
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momentum barrier effect because of the require-
ment of Lorentz invariance [27]. According to
this prescription, the 1**[f,(1285)] amplitudes
should be multiplied by a factor m(fix), while the
17*[/1(1285)] and 2**[f;(1285)] amplitudes ac-
quire a factor E(f;)/m(f) - in the rest frame of the
/1(1285)x system - if the f; helicity is zero. These
factors have been tried in our fit; however, the results
do not change by more than 15% throughout all the
mass bins when compared to those without the extra
factors.

The salient features of the results from PWA on the
data are follows:

(i) The data are well described by reflectivity =
+ waves only, i.e., the reaction (1) is dominated
by natural-parity exchange processes, presumably
£2(1270) or p exchange. This is in s.arp contrast
to our initial expectation for a substantial b, (1235)
exchange.

(ii) The ratio of the 1™+ wave to total is substan-
tial, at 45 £+ 6%, and it shows a broad structure in
the mass region from 1.6 to 2.2 GeV/c?. This struc-
ture is suggestive of being a composite of two objects,
at 1.7 and 2.0 GeV/c? (see fig. 3b). The 1=+ “ob-
ject” near 2.0 GeV/c? is dominated by the f; (1285)
channel (see fig. 4), whereas that at 1.7 GeV/c? ap-
pears to have a substantial coupling to the 7(1295)
channel. The relative phase of 1=+ [ f; (1285)]1+ vs.
1**[£1(1285)]0* is shown in fig. 5. The phase vari-
ation could be interpreted as being due to a resonant

BNL ES|
Lee o

?ofﬂ-LL \—+

cxtic
m ™,

— | T am

—

It
ti



3
2 P, Q (1700)  ppiiat vidtns of 2’P_a (1700) radial excitation

300 T

( 'P‘ decay model, with y=0.5 and wavefunction parameter 3 variable.)

L

pe |

250 |
T (MeV) |

200 |

150 |

100 |

50 |

0.0

. )
0.1 0.2 03 04 05 06 0.7 08

B (GeV) ; 0.35-0.4GeV is typical

standerd
win langth
scale, "

pyY
a,(1300)

Seen In
rTl' ?



=\
VES Collaboration / Physics Letters B 356 (1995) 595-600 597
RIS Total events| = T—prime|
~ v 40000
% i0 :—a) E i0 %
= o o =
o 15 o o 30000
N o ~ o 3
~ o @ ~
w 5 < 20000
5 E 2 10 8
> C w >
w28 W 10000
10
° I I 1 1 1 L I L 1 L 1 1 I 1 I 1 1 u
1 2 o 0.5 1
M;. , Gev/c? It1, GeV? Mg, . GeV/c
Fig. |. Effective mass distribution, acceptance corrected (a); ¢ distribution (b); Deck model predictions for some waves (c).
=~ 80000 - "
X N 1780+ p| ¥ - 1"PO+¢e| & _ 1°D0+ p
3 F 000 2 10000~ Tt
= goooo |- 2 F 2 4000\~
I 4000 & 1s00F- &
~ L ~ - ~ L
4 40000 — 2000 s F g |
[= = < 5000 C c
[ - v - 2000 |—
2 - 3772 25 S : > i
20000 (— 2500 L
N of A - . N = P 0
1 2 1 2 2 .
My n o GEV/ Moo o- o GeV/c Muo e me Gyz
- ++ Yo
11',‘(’[9] Fig. 2. Main JPC = 1"+ waves. '“'ft"] I . I Hew
dovwa
value significantly exceeds the expected contribu- ~ 1.7GeV and M = 2.1 GeV. The first one L )
tion from the Deck effect. In the region 0.8-1.3 GeV

can be identified as 7 (1670) while the second is )_d‘\,{
probably a new object. The first indication of its = , 5=,
existence was presented earlier in [9]. In the wave P

2~ D0+ f; onecan see a signal with the maximum at

M =~ 1.8 GeV. This signal has a non-Breit-Wigner

this wave is badly measurable due to the huge sig-
nal in the 1*50 + p wave and its shape depends on
the p(770) parameterization. So we don’t consider
the structures in this region as significant.

A significant excess of the 17 S0+ p wave over the shape and phase motion, and the reason of its ap-
Deck effect together with the structure in 1¥ D0+ p pearance can be an interference of two objects seen
and possibly 1*P0 + € waves can be considered as in 2= DO ¥ € The wave 2~ D0 + fo(980) is an or-
an indication of an existence of an object with J*C = der of magnitude smaller than the wave 27 D0 + €,

1++; M = 1.7 GeV, which decays into all thosc which is in accordance with the expectations for
channels with comparable probability. A similar sig- the decays of isovector qG mesons. Parameters of
nal in the 1*+ wave was observed in f;(1285)7 this objects were determined by the K-matrix for-
channel [14]. = malism [15,9]. The two poles, a Deck background
JPC =2-+. The waves with J°C & 2= aré shown and a polynomial background were included in the
in Fig. 3. In the wave 2750 + f2 a clear signal model. The parameters of the K-matrix poles are
is seen from the 7,(167() resonance. In the wave 4 ' - T

\|
27P0 + p an enhancement in the 7, region and and D my: M =173+£0.02GeV, I =310£20 MeV,

) a broad maximum at M = 1.2 GeV are observed. 7. M=2.09+0.03GeV, I =520£100 MeV.
This wave around the maximum has a small co- -

herence factor with respect to the diffractive waves

| and large systematic em-s( In the 2~ DO + € wave
one can observe the structure with two maxima at

—Errors include both systematic and statistical ones.
These values are consistent with the results of the
previous work [9].
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2) “Exotica”

Other color-singlet combinations are mathematically
possible, and these exotica should exist in nature as well.
They are:

MULTIQUARKS /...

| q q gbar gbar >, | qqqqqq >, ...

(baryonia, dibaryons. H dibaryon.) WARNING: controversial, may
not exist as resonances. The “multiquark fiasco”. “fall-apart” decays
allow direct coupling (q q qbar gbar)  (q gbar) (q gbar) without

an interaction.

GLUEBALLS  ‘“ohij~

|82 >,| 888>, ... (maybe ! known)

Popular with the LGT community.

HYBRIDS “quarks + excibodgloe”

|qqbarg >,|qqqg >, ...

(maybe 2-3 known) The most attractive experimentally.

Exotic quantum numbers.
]qQ —». Bsor novely
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44 nh states, approx 30 known.

(+0.1 GeV) 22 K states, 16 known.
(+0.2 GeV) 22 sS states, approx 6 known.
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NEW MEASUREMENT OF pp EXCITATION FUNCTIONS 383
and again demonstrates that the structure depends on the resolutionm,
i.e. the target thickness. A further check was that the structure
occurred in two independent measurements, about one month apart.

The structure is also seen in the spectra due to the up and down
detectors separately. All these tests have not revealed any experi-
mental problem.

Although there may still be doubts about the statistical sig-
Mmg it is remarkable that it occurs at a
momentum of 495 MeV/c® or 1936 MeV/c?, which is just the value of
the S meson. In Fig. 8 a comparison of the new result (spectrum E)
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Fig. 8. Comparison of several recent annihilation spectra: A
(Ref. 7), B (Ref. 8), C (Ref. 6), D (Ref. 5), E (this
work). The spectra have been shifted by: A, +20 mb; B,
+10 mb;. C, O mb; D, -10 mb; E, -20 mb. The spectrum
E is the same as in Fig. 5 multiplied by a factor of 4.3
(see text). .
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Fig. 3. Total cross-section as a function of laboratory momentum
fitted by a function (a + b/p) where a = 65.78 (% 1.71),
b = 53759 (% 845). X" = 40.9
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high intensity low energy 5 facility, with a capability for polarized
beams and targets, would shed light on a variety of fundamental
_guestions.

RELATION BETWEEN NN AND NN INTERACTIONS

Vﬁﬂ Q-O? . The connection between the meson exchange contribution to the NN
” and NN potentials (real, non-annihilation part) 1is provided by the
pu G-parity rule. Given an interaction potential
]i Ve = LY, (1)
N i N i _

’ for the nucleon-nucleon QIN) system, where i labels the contribution
| of any meson exchange (i = {y, n, p. 8§, £ «.. 1), the correspond-
| ing potential V - is given by

N -\ p—

VNE = E&Vi , (2)
Mq where Gy is the G-parity of meson 1. In coordinate space, the
g = *

potentials V; have the form
N .
N l 1

1,4 i i
| o Vi = [fl.rz) « (VotVg o100, + Vig L+§ + VpS), + V152Q,) (3

corresponding to isoscalar (1) or isovector (T, * T,) exchanges. The
1 2
<

tensor and quadratic spin orbit operators S12 and le have the well
known form

S12 = 3g;*F g - g0,

(%)
Qa = M2 (gL 0peL + gyl g)°1)

\ ‘ | where L is the relative orbital angular momentum and § = (gl + 92)/2
is the total intrinsic spin.
h.l The apparently innocent phase factor Gy = %1 produces an NN
potential which is qualitatively different from that for the NN case.
!"\h‘ The key concept1 is coherence, namely the tendency for all mesons i

to yield a contribution of the same sign to certain components of the
. interaction. For the NN system, scalar (e) and vector (w) meson ex—
Cia \‘;‘ weslow 1. 1S change add coherently in the spin orbit term Vi g, while they teand
to cancel in the central part V,. Pseudoscalar (n) and vector (p)
m‘“‘t& ."‘ contributions appear with like signs in V, and opposite signs in
Vr. The coherent spin-orbit potential is evident in NN scattering,
| S L A O.Z-Fu-.. for instance, the zero in the P, phase shift is due to the short
, NN \M,“ * range coherent and repulsive V s (which gives §<0) competing against
A MJ 'L' ) the long range attraction aria}.'ng from n exchange (which alone leads
J_ qvaspan

to §>0).

For NN, in contrast, coherences occur in the cemtral (wte),

tensor (w+p) and quadratic spin-orbit potentials. The very strong NN
attraction due to VU leads one to 1

,R W expected to be very broad and difficult to observ »-0—,-—~
e*f._‘-_‘(J Q';l‘l‘ -LL.. LEA he coherent tensor force for NN has several striking consequences ‘W
‘ for spin observables, which we discuss later. To summarize, althoug v P
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Figure 9. Two-gluon intermediate states in ¢+Xy.

A thec-retical analysis of the ¢+ ygg Feynman diagram t}f] leads
one to expec: the production of JP-2++ tensor mesons as well as O an
0—+scalars and pseudogcalars. One generally scans specific final

states X in ¢+%y for prominent resonances in M(X) which do not

correspond to known qE states. States thus far identified have all
-+ -+
been 38Ca2 or 0 : their measured branching fractions in ¢+Xy are

shown in figure 10.
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glueballs o exchies S 4 GV (beT)
Schematic light qd spectrum to approx 2.1 GeV.
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Figure 10. Identified resonances in psi radiative decays. _
w(4e)  fo(riie)
The two surprises are the large signa ., from the iota and theta,
which had not been clearly identif'ed befo:e. In summary, their

properties are

PC Final Statez and
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Fig. 28. The ¥(2220) meson
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at Mark III [53].
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Here as above the mg.a is found from

(mg-2)(8) = nphitty

The operators T are loops of various shapes and sizes up to size 8 bonds.
Then the mp~. & is measured at two values of t = 1, 2. These are not large
compared to the loops. The systematic shift down from t =1 to 2 is worry-
ing. The calculation of Ishekawa et al [10] is shown below. Here the
"constant™ m;(B) is presented for both 0+, 2 states on a 4% x 8 lattice.

m
1] T T T T i T T T
° 000
3} o 2% -
t-]
2+ T T - _//./ -
-~
== VMalp)
-
+ /"'// ‘ '
1+ =" 7
—_ ' ¢
string tension
-— CIOSS Over —a
0 9
] 1 1 1 i | | ] 1
8 S %2 &8 S. 8 S8 S7 58 59 60
B

LGT fig. 5
a‘“hl' '”M The only check on being near the continum limit is the constancy of these

graphs over some restricted g range.

2
Taking YK = (1/21:0:)” ~ 400 MeV gives a glueball spectrum of

M‘O"‘) - ?QD*"ID 3(0“) = 740 + 40 MeV Scaling check eCerfot™
240
Qe m(0™") = 1420 = Me V
M " m(2*) = 1620 + 153 MeV Scaling check -b.f' anu“"
M(17%) = 1730 + 220 MeV

2880 + 300 MeV

o-* lqzo’“o ()

“1%0
By playing with loop sizes they expect the glueball diameter to be ~ .5
fermi. while from their Wilson loop measurements and /K ~ 400 MeV their lattice

2** "20*.” (4a) is ~ 1 fermi across. The value of a(5.7) = .27 Fermi while a(6) = .19

fermi using their own string tension measurement.

These are substantially different from the lattice spacings measured in

« v 4
ept “L( W'lo)"o new 701440
“6(1Y4o) 2+ | £, (1710)

¥ X
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Observation of two JP¢ = 0+ + isoscalar resonances
at 1365and 1520 MeV
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From a simultaneous analysis of data on Fp — z%2%2° and pp — nnx0 at rest, two I = 0, JP€ = 0++ resonances
are identified above 1 GeV. The first has mass M = 1365:§§' MeV and width I" = 268 + 70 MeV, close to the
Jo(1400) of the Particle Data Group. The second has M = 1520+ 25 MeV, I' = 148+2 MeV.
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Crystal Barrel

Search for the scalar groundstate' glueball with the
Crystal Barrel detector at LEAR of CERN.
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Figure 6: The cross section o(7y — n°r ) and its partial wave decomposition as a
function of the invariant mass. Points with error bars: data, full line: Breit-Wigner
fit, dashed line: D—wave, dotted line: S— wave.

An e.‘. o“' 34&-“;‘11&3 1:‘ aund v\.-p.-f"'
w ¥Y.



10.11.99 kphl0é

‘KSKS — Mass S_pectruml o

Finally, 253 K?K{ events were selected. The spectrum of the
KYKY invariant mass is dominated by the f,(1525) resonance.
The region f3(1270) — a3(1320) shows a destructive

_interference predicted by SU(3). A clear enhancement is
visible in the 1750 MeV region.

In an attempt to determine a resonance spin-parity, the
angular distribution of decay products can be analysed in the
resonance rest frame.
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Figure 5: The KK invariant mass spectrum for the vy = K$K%
process. The solid line is a fit with two Breit-Wigner functions
for the f](1525) and 1750 MeV region, and a Gaussian for the

f2(1270) - a2(1320) region plus a constant background. See the

Table 1: Results of the fit to the K3K% mass spectrum.
f3(1525) | 1750 MeV

Mass (MeV) | 1532+4 | 1768+ 0.6
Width (MeV) | 6468 | 32329
No. of Events | 414+ 36 | 967 £ 72 |

MeV. To obtain a background shape, we fit the Mgk
distribution with a linear function from 2.11 to 2.35 GeV,
excluding the signal region. We observed 36 events in the
signal region and the expected background is 27.0. Using
a Poisson distribution with background, we obtain an up-
per limit of 20.7 signal events at the 95% C.L. Assuming
(J,A) = (2,2) for £;(2220), this corresponds to

T (£(2220)) x B(f7(2220) - K3K2) < 1.17eV

at 95% C.L. without considering the systematic errors.

4.4 Angular Analysis

We have applied the same method of partial wave analy-
sis, described in Sec. 3.3, to the K3 K3 data sample. The
angular distribution of each W bin is fit by Eq. 2. Fig-
ure 6 shows the W dependences of the fitted results, 2'/5
and &', which correspond to the contribution of J = 2
and J = 0 components in the total cross section, respec-
tively. It is clear that the peak of f3(1525) is dominated
by spin-2 component as expected. However, there is a

iiﬂ

Belle

8 Preliminary

n
© (nb)
s

e : *
R .
- -
2r - ® e
Fe oo
o Ll vutniutn ®ima, oy
128 15 178 2 225 ¥ s
spin-2 spin-0

Figure 6: The contribution to the total cross section from the com-
ponents (a) Z’/5, dominated by spin-2 component, and (b) X,
dominated by spin-0 component.

large spin-0 component in the 1750 MeV region while
some spin-2 structure appears around 1.8 — 2.0 GeV.

5 Summary

We have studied the reactions vy — K+ K~ and vy —
K3 K$ using the large data samples collected by the Belle
experiment at KEKB. A prominent f}(1525) resonance is
observed in both channels. A broad structure in the 1.7—
2.1 GeV region is found in K* K~ and an enhancement
around 1750 MeV is observed in K3K§. A partial wave
analysis has been performed to explore these resonance
structures. Upper limits for f;(2220) are also obtained
in both channels, respectively.
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3 Fitting the mass spectrum

The 7#*7~ invariant mass spectrum obtained is shown in figure 1. The clear peak in the spectrum
above 1 GeV can be identified with the known tensor resonance f,(1270). The experimental
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Figure 1: The invariant mass distribution for two-pion final states: data (left) and the fit to data
(right) with the Breit-Wigner for the f,(1270) (dotted line), the polynomial for the background
(dashed line) and the combination of these functions (solid line) are shown. The dotted line from
1.38 to 1.62 GeV indicates the exclusion of this region from the fit.
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Table B5. Partial widths of 23P; a; states (MeV). "

Mode a(1700) a,(1700) ao(1700)
Wé
nw 23. 5.
n'r 10. 5.
L 58.
wp {09y 15. 46.
(28)(18)
n(1295) 3. 43.
p(1465) = 0. 41. fl
B (1P)(18)
by(1231) 7 28. 41. q’@
u fo(1300) = 2.
f1(1282) 4. 18. 30.
f2(1275) = 39
(1S)? strange
KK 20. 0.
K*K 17. 33.
total "
il 336. 246. 293. "
156 (Ne)(34)
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¢. hybrids
lhybrid meson> =
| q + gbar + excited glue> + ...

Construction of Iq gbar g> basis states

shows that all JFC are allowed,
unlike Iq gbar>.

Exotic JPC are
o—, o, 1—+, 2+, 3— .

Experimental J¥C-exotic mesons are
usually considered hybrid candidates,
since theorists at present have no other

class of JPC-exotic that cannot “fall
apart” into light lqgbar> meson pairs.

If a JPC-exotic meson is found, you are
certainly beyond the
Ilggbar> quark model.



Hybrid masses and quantum numbers:
1) bag model, lowest hybrid multiplet
gxqxg (here g=u,d,s)

Dirac and Helmholz egs. + OGE forces | 5 ~

P - = + — —+
lowestd =0 ,1 x 1 = 1 1
-
T bag 0
VT eg
-o, gluon
s=ef JPCexotic!

= fochidden 4o 99
o0t V7Y 2"",3’:
Spectrum of states: |
j— Feénmn ﬂc&is .

T.Barnes, Caltech PhD (1977)
NPB158, 171 (1979)

TB,F.E.Close, PL116B, 365 (1982) —

M.Chanowitz, S.Fi.Sharg2 NPB222, 211 (1983)

TB,FEC, F.deViron, NPB224, 241 ( 1983)
Flensberg, Pe/tgersen Skold, ZPC22, 293 (1984) )

(all MIT bag model) V
wix  1gqg >¢--->'|q§a>€—b(€,§31> Oe had Mx1.4GeV
result: wonenehe 3PS — y.

=L

——r



Specific models of hybrids

Models of the spectrum of hybrids
use a physical picture of the nature of
excited glue. These are

poe 23)

:,"'-3. OE

1) bag model 7% 1Y) conshbuedt gloon rodel

2) flux tube model ¢~ 7
\

Exotic masses are also predicted by

MeT

3) QCD pum rules  <o'(2-16(50> — ¢
4) LGT .

which require no assumption about the
nature of excited glue; they just extract
masses from operator matrix elements.
As input they require

3) VEVs “vacuum condensates”,

4) one physical mass.
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hybrids
Schematic light qq spectrum to approx 2.1 GeV.
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Hybrid meson decay calculations. iw ,,\...;z,,.’P
™eGue el +
m'?uk\.cﬁ (A= |‘

Previous (most familiar work) f-t Lm'uua (=3p)
N.Isgur, R.Kokoski and J.Paton, PRL54, 869 (1985).

Properties of lightest hybrid mesons in the flux tube model.
M(nn-H) = 1.9(1) GeV
Preferred decay modes are S+P.
eg 17" ->b.m L=

IKP however only considered the J"C~exotics, 0, 17+, 2" .

There are also 5 nonexotic hybrid J PC combinations in this
lightest 1.9 GeV flux tube hybrid multiplet, each is a flavor nonet..
What do these nonexotic hybrids decay to? How wide are they?
Would any stand out clearly as non-qq states?

Nonexotic hybrid decay calculations (and check of exotics) by
F.E.Close and P.R.Page, NPB443, 233 (19995).

J PC = 0—+,“1 -

Concl: Yes there are some interesting predictions of relatively
narrow nonexotic flux—tube hybrids, with characteristic

decay modes:
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TABLE I. The dominant decays of the low-lying exotic meson hybrids.

S+

o

Hybrid state? JPo (Decay m'ode);_.,fdm, Partial width (MeV) ‘”‘M
S T
%+~ (1900) 2%+ (mA)p 450 P
IT=) (mA)e 100
(wH)p 150 k.,.\u,\‘
3 PCn _2‘*“ 3 3(190) 2+~ (wB)p s00 7 eresd
2 - (2100) 2¥= [KK*(1420) +cc.]p 250
s; i (KQ;+C.C.)p 200
e ———
I=| i ¥+ (1900) 1=- (wB)sp 100,30 =+
l-* (wD N,lﬁ‘l‘u&)‘! e
Ny (1900) 1=+ (wd))sp 100,70
- [ (1300) 1, 100 wh, , w7
| (RQy+cc)s ~ 100
2" (2100) (KQi+cc)p 80 B
(£Q2+C.C.)s 250
[KK (1400) +c.c.]p 30
—— ]
%"~ (1900) 0+ (wd)p 800 B
(‘H’H)p 100
[7#(1300)] 900
ot={ - (190 0+- (wB)p 250
2"~ (2100) 0%~ (KO, +cc)p 800
(JEQZ‘)'C.C.JP 50
[KK (1400) +c.c.]ls 800

2%, y, and z denote the flavor states (1/~/2)(u — dd), (1/v/2)(uii + dd ), and 53, The subscript on a

state is J: the superscripts are Pand C,.

—p w\enkﬂf

decays mainly to [AﬂlZ?ﬁ:F& and [7(1300)7]p;
considering the notorious difficulty of seeing the A4,
and the large width of the =(1300), we see that these
channels would probably not be conducive to our find-
ing the y;~ *. Similar difficulties would seem likely to
obscure the z;”* (2100). The remaining four states,
while still presenting formidable challenges. should be
easier to see: y;"~ (1900) and yg" ~ (1900) both de-
cay dominantly to [B(1235)#7]p, 2,7~ (2100) will de-
cay much of the time to [K*(1420)K +c.c.]p, and the
x~*(1900) will be found most of the time in
[B(1235)m]s.

Neither the flux-tube mode! masses nor the widths
of Table I are at this time very precise: The predicted
‘masses are uncertain by about 100 MeV and. even
without the changes in phase space thereby induced,
the predicted widths are uncertain by an overall
strength factor of 1.5 from the flux-tube overlap factor
K and a further model error of about 1.2 (based on the
mean errors found in the ordinary meson analysis of
Ref. 3). Nevertheless. the main message of Table [ is
clear and compelling: Exotic meson hybrids musr be in
these channels with the general characteristics that we
have detailed.

£ kkd‘ nvbu 'LLQ_ l\-‘La-:J mulkrlﬂi"

=, -+ +t,—-=
(0,1,2Y * "5 I
TPC clades
It remains to discuSs how to produce these exotic
states. In this case we can provide some suggestions,
but no quantitative results. One of the implications of
the flux-tube model is that the hadronic spectrum be-
comes very dense with new non-quark-model states
for masses greater than about 2 GeV. These states are
all strongly interacting and so, in particular, meson hy-
brids will be produced as copiously as ordinary mesons
in hadronic collisions which probe such mass scales.
We would suggest that high-mass meson diffractive
scattering will be particularly rich in hybrids. In the
case where the beam flux tube is simply “‘plucked’’ by
the target one will produce hybrids with the flavor and
spin of the'-beam: A 7 beam would, for example, pro-
duce by this mechanism the nonexotic /=1, JC
=1*"* and 1™~ hybrids. More complicated spin-flip
and quantum-number exchange mechanisms in which
the hybrid is produced by quark scattering rather than
pure glue scattering could produce the other hybrids,
including the desirable exotic ones. Diffractive pho-
toproduction on the other hand, can produce
“plucked’ p, w, and ¢ states and so could be a good
source for all four of the desirable exotics vz y I T

x~ %, and yy Traditional “‘gluon-rich’” channels

871
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Table 3: Dominant widths in MeV for \/g(uﬂ — dd) hybrid A — BC for various J¥¢ in
partial wave L. The quark model assignments for the mesons are those of the PDG tables
[28]. All 8’s are rescaled from the ISGW /[ Merlin values by 5/4 to form “effective” j3’s
consistent with that of 8 = 0.4. Hybrid masses before spin splitting are 2.0 GeV, except
for 0+~ (2.3 GeV), 17~ (2.15 GeV) and 2*~ (1.85 GeV), following ref. [29]. Final states
containing 7 have 3 = 0.36 GeV, otherwise B = 0.40 GeV. For the hybrid we use 34 = 0.27
GeV. n indicates 1/I(u@ + dd) at 550 MeV. The >P;/ ! P;-mixing is 34° in the L = 1 kaon

sector.
[A [B,C __|L[ T[A [BC L I‘!A [B,C L] T]
2=% | [2(1270)x S 40 || 1%~ | a2(1320)r | P | 175 f1(1285)w S 40
D 20 a;(1260)x | P 90 D 20
b1(1235)x D 40 hi(1170)x | P | 175 bi(1235)7 S 150
az(1320)n S| ~40 b1(1235)n P | 150 D 20
K3(1430)K | S | ~ 30 K3(1430)K | P 60 a1(1260)n S 50
2% | ay(1320)7 P | 200 K;(1270)K | P | 250 Ky(1270)K | S 20
a(1260)r | P | 70 K;(1430)K |P | 70 K1(1400)K | S | ~ 125
h(1170)r | P | 90 [TFF [ (1270)x | P | 175 [0~F [ .(1270)x | D 20
b1(1235)n P|~15 fi(1285)x | P | 150 fo(1300)7 S | ~ 150
0%~ | a1(1260)7 P | 700 fo(1300)xr [P | ~20 Kj(1430)K | S | ~ 200
h1(1170)7 P 125 az(1320)n P 50 || 177 | a2(1320)r D 50
b1(1235)n P 80 a1(1260)n P 90 a1(1260)x S 150
K,(1270)K | P | 600 K3(1430)K | P | ~ 20 D 20
K,(1400)K | P | 150 Ky(1270)K | P 40 Ky (1270)K | S 40
K,(1400)K [P | ~ 20 K,(1400)K | S | ~ 60
Table 4: As in table 3 but for initial hybrid \/g(uﬁ + dd).
[A [B,C_ L[ TJA [BC [ZL] TJA [BC L] T
2=% | ap(1320)7 S 125 Qi“ b1(1235)7 P 250 || 17+ | a2(1320)7 P 500
D 60 || h, | h:(1170)p | P 30 a,(1260)7 P 450
f2(1270)n S |~ 50| 07~ | by(1235)7 p 300 f(1270)p | P 70
K;(1430)K | S | ~30 hy(1170)p | P 90 f1(1285)n p 60
17= | 6,(1235)7 P | 500 Ky(1270)K | P 600 K3(1430)K | P | ~20
hi(1170)p | P | 175 || . | K:(1400)K | P 150 Ky(1270)K | P 40
K;(1430)K | P 60 U a1(1260)x S 100 K,(1400)K | P | ~20
K,(1270)K | P | 250 , D 70 || 077 | a2(1320)7 D 60
K;(1430)K | P 70 7' f1(1285)n S 50 fo(1300)n S | ~ 200
177 | K4(1270)K | S 40 Ky(1270)K | S 20 K3(1430)K | S | ~ 200
K;(1400)K | S 60 K,(1400)K | S | ~ 125

mn

Clou ¢’F>a%e
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Abstract. Data on pp — nr’7"7" taken at beam momenta
of 1.2 and 1.94 GeV/c reveal evidence for two [ =0 JFC =
27" resonances in nmm. The first, at_1645 + 14(stat.) £+

15(syst.) MeV with width 180 *¥, + 25 MeV, decays to

a,(1320)m with L = 0. It may be interpreted as the ¢§ 'D,
partner of m2(1670). A strong signal is also observed just
above threshold in_f;(1270)n with L = 0. It is 11-22 times

stronger than is expected for the high mass tail of the 1645
MeV resonance. It can be fitted as a second 2~ resonance

at 1875 & 20 & 35 MeV with width 200 £+ 25 + 45 MeV.

A third resonance having J© = 2** is observed at 2135 +
20+45 MeV with I" = 250+25+45 MeV, decaying to both
a>(1320)7 and f>(1270)n with L = 1. There is no evidence
for resonances with decays to ap(980)7. an or fo(980)7.
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1 Experiment and data processing

An isospin [ =0 ' D, ¢g resonance is expected in the vicin-
ity of 1650-1700 MeV, as partner for 7,(1670). Also, in
the cavity model of glueballs proposed by Jaffe and John-
ston [1], a 27° state is predicted. These missing states have
prompted us to study 77 states in pp — (qr°7°)7’. There
is evidence already for a 27" state at ~ 1870 MeV from
the Crystal Ball [2] and Cello [3] experiments, and we shall
make comparisons with their results.

The data were taken with the Crystal Barrel detector us-
ing 7 beams of 1.2 and 1.94 GeV/c from LEAR. The detector
has been described in detail earlier [4]. For present purposes.
the v detection is crucial. A barrel of 1380 Csl crystals. each
of 16 radiation lengths, covers 98% of the solid angle around
a liquid hydrogen target 4 cm long. Immediately surrounding
the target are two multiwire chambers which are used here to
veto events producing charged particles. The resulting trig-
ger selects final states containing only neutral particles. The
trigger includes a coincidence with silicon counters which
detect the incident p just upstream of the target: it also in-
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Fig. 2. The 7" w°r® channel. a) The total mass spectrum, b) 17% pp, ¢) 0% pp, d) 07" o, €) 27" a,(1320)7 and natt
£,(1270)m . The superimposed curves are the resonance contributions coming from the fits described in the text.

parameterization of the ¢ found from the 7% 7w %r® analysis is used. If the parameterizations of the o used to

fitthe 7"~ 7" 7~ channel in our previous publication [4] are used here, the same conclusion would be drawn,
ie. no JFC=0"" go wave is required. Hence as was stated in the introduction the parameterization used to
describe the o is crucial. There is no need for any J°“=0"" 7 ~(1300)w wave irrespective of the
parameterization used.

Superimposed on the J* =1" pp wave shown in Fig. 2b is a Breit—Wigner convoluted with a Gaussian
used to describe the f;(1285) in the fit to the 7" 7~ 7" m~ mass spectrum [4]. As can be seen the £,(1285) is
well described.

The J¥ = 0" pp distribution in Fig. 2c shows a peak at 1.45 GeV together with a broad enhancement around
2 GeV. A fit has been performed to the J”=0" pp amplitude in Fig. 2c using a single channel K matrix
formalism [13] including poles to describe the interference between the f,(1370), the f,(1500) and a possible
state at 2 GeV. No account has been made for the pp threshold in this fit. The result of the fit is superimposed
on the J¥ = 0" pp distribution shown in Fig. 2c and describes the data well. The resulting T-matrix sheet II
pole positions {14] for the resonances are

£,(1370) M = (1309 + 24) — i(163 + 26) MeV,
£,(1500) M= (1513 + 12) — i(58 + 12) MeV,
£,(2000) M = (1989 + 22) — i(224 + 42) MeV.
These parameters are consistent with the PDG [12] values for the f,(1370) and £,(1500).
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TABLE XIX. Partial widths of *F f; states (MeV). 3 F 2+*TABLE XX. Partial widths of ' F5 by, and hj states (MeV).
Mode f4(2044) f3(2050) £2(2050) Mode b4(2050) Mode h+(2050)
(15)2 (18)?
T 62 34 wT 37 pm 115
m 2 4 P 13 wn 13 .
7y 0 5 o' 4 wy' 4
7' 0 0 pp 33
PP 86 37 31 (28)(158)
b 27 1 9 w(1419) 7 1 p(1465) 1
(25)(18) p(1465)n 0 w(1419)n 0
m{(1300) 7 2 1 (AP)(18)
(35)(15) hy(1170) 0 b,(1231)7 0
w(1800)w 0 0 b,(1231) 5 0 hy(1170)7 0
AP)(1s) a,(1450)7r 1
ag(1450)7 2 a,(1230) 14
a,(1230)7 9 20 113 a,(1318)7 107
a {13187 2 192 40 ,(1230)w 3 4,(1230)p 12
fo(1300) 5 0 2P)18)
£(1282)n 0 0 13 1y (1700) 0 b,(1700) 0
[2(1278)n 1 25 5 an(1700)m 0
@ras a,(1700) 7 0
ag(1700) 7 0 (1700) .
a,(1700) 7 0 0 1 a2 - -
a1700) 0 } 0 m,(1670)mr o( .
1S5) strange
113(1670!11- -.4; -[W‘(ID)I( : ¢ 4 wn (1700) 7 0 p(1700) 7 0
2 (18)? strange < w,(1670) 1 pa(1670) 2
KK 9 14 (03(1667)17 48 pa(1691) 7 138
K*K 5 26 15 (].S)z strange
K*K* 10 4 2 K*K 22 22
(1P)(1S) strange K*K* 5 5
KF(1429K 0 (1P)(15) strange
K*(1273)K 0 2 91 K¥(1429)K 0 0
K*(1402)K 0 0 0 K¥(1273)K 0 0
K¥(1429)K 0 23 4 K} (1402)K 0 0
Total K¥(1429K 17 17
Ty 237 350 579 Total
Texpt 208(13) T 308 330
—— ——— ] e
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TABLE VI. Partial widths of 1D and hybrid 172(1875) states.

PP ww fan ao(1450)x aw asm K*K total
nop)(1875)  147.  46.  45. 1. 43. 264. 61. 607.
1]2(;;)(1875) 0 0 20 2 0 160 10 ~ 190
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Evidence is presented for the charge-cxchange photoproduction, in two distinct reactions, of an
isovector prr state of mass — 1775 MeV. Results of an analysis of the decay-angular distributions

are also presented, from which it is concluded that J*=1~,2", or 3*.

About fifteen years ago Deutschmann et al.! presented
evidence for an isovector 37 state at a mass of
~1.8 GeV/c2. Their analysis, utilizing data from a 16
Gev/cn* p experiment, employed the thesis that the de-
cay pions from higher-mass states would exhibit larger
values of the transverse momentum than pions from com-
peting processes. Somewhat later the Amsterdam-
Briston-CERN-Cracow-Munich-Rutherford (ACCMOR)
Collaboration,? in a massive study of the reaction
o p—rn 7 n'p, confirmed the existence of the
m,(1670) (formerly denoted as A;) as a (J"=27) state

with dominant f,(1270)r decay, but also with a substan-.

tial pr decay mode. They also observed a second isovec-
tor JF=2" state at a mass of ~1.85 GeV/c? which,
when combined with a multichannel analysis, indicated a
resonant mass of ~2.1 GeV/c®.  Subsequently,
Chanowitz and Sharpe® observed that, since this heavier

43

state was unlikely to be a radial excitation of the
m,{1670), because of the proximity of their masses, this
second 3 state was a strong candidate for a hybrid (¢gg)
state’ (even if its mass was as great as 2.1 GeV/c?).
Another strong indication of the existence of an isovector
3 state in this mass region has been presented by Aston
et al.,* who observed such a state, with substantial prr de-
cay, at a mass of ~1760 MeV /c?, as a 6.60 enhance-
ment in the photoproduction reaction
yp—(pr*)Nw* " =), A similarly positioned peak can
also be seen in the p7* spectrum, presented by Eisen-
berg et al.,’ from the reaction yp—nw*7* 7", where
the charge-exchange photoproduction of the a,(1320)
was first reported. In a related matter, we have recently
presented evidence® that peripheral A** production, in
the reaction yp—A**r*»"x~, was consistent with
production via the absorptive one-pion-exchange model.

2787 ©1991 The American Physical Society
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Ip - nrtwtw”

o T ] E events The fit to the full spectrum (smooth curve)

L ] shown on this figure yields a resonance mass of 1787118

r ] MeV/c? with a width of 118460 MeV. In Fig. 2(b) we

180 - @ present the dipion mass spectrum for 37 events m the

1 range 1.7-1.9 Gev/c?. After correcting for direct p° pro-
] ductxon, which we estimate by the excess of forward-

8 i 1 gomg p° to be ~20% of the p° signal we find the
v e ~ p°z* /f,m" branching ratio to be 1.8+0.5.
2 [ ] Thus we have observed, in two distinct channels, evi-
L ] dence for an isovector. predominantly p, state at a mass
50 — - of ~1775 MeV/c* with a_width of ~100-200 MeV, width of ~100-200 MeV.
I ] This is apparently the state first observed by Aston et al.
1 Because of the relatively large mass and branching-ratio
P Y P IR I Bl i ' differences between the photoproduced state and the
0 et (“J“_) (c.v:/':E) 2 25 3 w,(1670) it would not seem to be identifiable as the latter.
' It should be pointed out that all previous observations of
the 7,(1670) have been made in experiments employing
pion beams where dxﬂ'racnvc Deck processes can be im-
portant (7* —7=p°% #%f9,...). The current experiment
uses a photon beam which because of charge-conjugation
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FIG. 2. For the reaction yp—n7"7 7" (a) The full 37

FIG. 1. For the reaction yp—A " wm'w 7~ at  massspectrum at |t} ,,| <O.1 GeVZ. The shaded area indicates
It} 1,1 <0.2 GeV? (no peripheral p°N**): (a) The neutral- the results of requiring at least one 7" 7~ combination to be a
dipion spectrum; (b) the p”7~ spectrum: (c) the =" 7~ spectrum  p% (b) the 7'7~  spectrum for events  with
for events with 1.65 < M(37)<1.95 GeV /¢, L7<M(3m)<1.9 GeV/c*
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TABLE V. Partial widths of 1D and hybrid 72(1800) states.

pw wp  prr b for  fir  for KK total
To(py(1800)  162. 69, 0. 0. 1. 5. 86. 49. 372.
7o) (1800) 8 0 5 15 1 0 50 1 80
6T eo  pliwshr folBeyw £ kK* e todal
Tl Beo) 30 ¥4 sL b 29 34 Z3)
T, (1809 20 © 30 (7o b 5 & 240
¢ : |
N T, e KK kK ks aw il
f?_s(wes) Y 122 25 - 35 19 L 3 279
A (13e0 48 35 16 14 2L 26 l24 139 H3§
£y (15e0) = 5 ) o > o © 140 =®|so

: o



Table 5: As in table 3 but for an initial s3-hybrid. Hybrid masses before spin splitting
are 2.15 GeV, except for 01~ (2.25 GeV). Final states containing K have 3 = 0.40 GeV,

9; - k\\kl: ls

otherwise A = 0.44 GeV. For the hybrid we use 84 = 0.30 GeV.

cy

Table 6: Partial wave amplitudes Mr(A — BC) indicated in terms of the functions defined

in eqn. 22 and named in accordance with partial waves S, P, D, F or G. We display various

JPC of the initial hybrid A decaying into pseudoscalar 0=* (P)

mesons. Starred amplitudes vanish even with non-

A |BC M A |BC|] M, ||[A |BC My,
5T [VD | VIP/vV2 |1 |PP |0x P~ | 1T~ | VP [ 2V3S
F VP | 3P V3D/V2

A% 3v/5P VvV | 3v2P VV | 0xS8*

F 0x F* 3D

1-* | PP 3P 2+ | PP | V3D |0t [PP | —v6S
VP | 3P/V2 VP | 3D/V?2 VV | —v28
\'AY 3v/2P VV | 21108 -2D

‘ F | 22D || 1T | VP V6S

0-+ | VP V6P G —\/3D
VvV | 0xP* vV | 2v3S
—v/6D

21

| ssg | B,C L] T]ssg|BC [L] T |ss¢ | BC L| T
T2F | K3(1430)K | S | 100 | 17+ [ K4(1270)K [ S | 40 || 0%~ K,(1270)K | P | 400
K,(1270)K | D | 20 D| 60 K+ (1400)K | P | 175
T+ [ K5(1430)K | P | 70 || _— | Ki(1400)K | S | 250 [0=% [ K;(1430)K | D 20
K,(1270)K | P | 250 [[2¥5)[ K;(1430)K [ P | 90 Kz(1430)K | S | 400
Kz(1430)K | P | 125 K\ (1270)K | P | 30°[1T-- [K;(1430)K | D | 20
17+ | K;(1430)K | P [ 125 K,(1400)K | P | 70 K, (1270)K | S | 60
K,(1270)K | P | 70 K1(1400)K | S | 125
K1(1400)K | P | 100
hy

or vector 17~ (V) final
§.H.0. radial wave functions.
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TABLE I. Partial widths of 25, 1D and hybrid p states.

T wT PN pp KK K*K hym am total
pgf_( 1465) 74. 122, 25. - 35. 19. 1. 3. 279.
p_D.(1700) 48. 35. 16. 14. 36. 26. 124. 134. 435.
%(1500) 0 5 1 0 0 0 0 140 ~ 150

W we a.,

wh, w
c 29 =» W, wWw LZH aclear
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< Mool 9" TABLE IL Partial widths of 25, 1D and hybrid w states.
pT wn KK K*K ﬁ | total
> ’ T
was(1419) 328. 12. 31. 5. 1. 378.
__ KX 25%. 127485, 1. 2.
w1D(1649) 101. 13. 35. 21. 371. 542.
r KI F2. _ 4s. 4yo. P
wrr(1500) 20 1 0 0 0 (z 20 )
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+
| S = m (I=1)
: G=(-) favored
n (0, G=(-), I=1) exchange
0
P B
2—+ 3++ 4-+ 5++
J PCn _ 1—+ 2++ 3—+ 4++

G=(-), C_=(+) shown;G=(+), C_=(-) also allowed but weaker.

| J"Zexotics produced by charged pion exchange
photoproduction at CEBAF.
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II. Experiment:

- a) m,(1600) Do we have a problem?

LGT predicts a 7;(2000) exotic, with
estirnated error of ca.100 MeV.

The flux tube model predicted a
7;(1900 +/- 100), with dominant decay

modes b; and f;7.

Experimentally, we have 2 exotic
candidates, 7t,(1600) and 7,(1400),

400-600 MeV below the LGT mass
prediction. Decays are not dominantly

b;m and .

The 7,(1600) is the clearest signal,

our “best exotic”, since it is repoited in 3
modes and has a relatively narrow
reported width...
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Abstract

With antiprotons stopped in liquid deuterium. the pn annihilation channel 7~ 7% was studied using a final sample of
52576 events obtained for a spectator proton momentum < 100 MeV /¢. In the intensity distribution the nm P-wave is
clearly apparent by its interferences with the dominant p~(770) and a,(1320) two-meson resonances. A partial wave
analysis of the data yields evidence for resonant behaviour of the n7 P-wave, which has the non-gg quantum_numbers
[S=1,JPC =1"" The extracted Breil-Wigner resonance parameters are m = (1400 + 20 + 0) MeV /c® and_=(310
+3507359) MeV/c”. © 1998 Published by Elsevier Science B.V.

0370-2693 /98 /$19.00 © 1998 Published by Elsevier Science B.V. All rights reserved.
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TABLE II. Comparison of the results of E852 and the Crystal Barrel for the parameters o

JFC = 1~* resonance.

f the

Mass (MeV/c?)

Width (MeV/c?)

B 1370 £16 23 385 £40 155
Crystal Barrel 1400 £20 +20 310 £50 130
F fla stede —
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Table 2
Widths in MeV for hybrid A — BC for exotic_hybrid J*C in partial wave L. Here 7,  and ¢ indicate
flavour states \/%— (ua — dd), \/%_ (u + dd) and s§ respectively. We adopted hybrid masses of 1.9 GeV
(m,w) and 2.1 GeV (¢); a *P;/ ' P, mixing of 45° in the P-wave kaon sector: and assumed f=lLk=1,
é = | in order to compare with the widths I"; of Ref. [16]. Our optimal fit to Ref. [16] gives widths I
(see Section 4).

A B,C L r I A B,C

L rn r,
mI=t ) bi(1235)7 (S) (100 100 1=+  Ki(1270K D 90 80
=\ -~ D/ \20 30 et K1(1400) K S 200 250
\— | fia2ss)m (’[5)) ( gg ;g 0t~ a4 (1260)r P 600 800
h1(1170) 7 P 100 100
wl”t a(1260)m SD 28 ”,;g w0t~ b(1235)r P 250 250
K\ (1400)K. S 100 100 ®0*~ Ki(1270)K P 500 800

K
w2t a;(1320) 7 P 350 450 K1(1400) P 70 30
a; (1260) 7 P 100 100 w2t— b1(1235)ﬂ' P 350 500
h(1170)m P 125 150 P2+- K3 (1430)K P 300 250
K1 (1400) K P 250 200

m wot beoad if ot 19GeV! P expected weak.

If we use the same hadron masses as Ref. [16], follow their prescription (as outlined in
Ref. [15]) of ignoring all quark flavour symmetry breaking and normalizing the decays
as above, we find that the optimal comparison with Ref. [16] follows with 84 = 0.27
GeV and B = 0.28 GeV throughout: this gives the widths in Table 2. We confirm their
result that the decays i: dica‘ed are dominant, except for the case J = 0%~ where
we find also ‘prominent decz /5 (7, w)0"~ — K;(1270)K (with width 400 MeV) and
m1~% — K, (1400) K (with width 100 MeV) which were not listed in Ref. [16].

Our analysis provides an i :dependent check on the results of Ref. [16] and enables
us to examine their sensitivity to the parameters. This merits attention since the best
fit to the widths of conventional mesons by Ref. [15] used a rather different value
for B, namely B4 - B = 0.4. Indeed, this is in line with the modern preferred values
from harmonic oscillator basis approximations to meson spectroscopy e.g. in the ISGW
work [18]. Our preferred choice today is to adopt the harmonic oscillator basis fit
to spin-averaged meson spectroscopy of Ref. [18]. Wherever values for B8 are not
available, we abstract them from the mean meson radii of Merlin [27]. We take the
string tension b = 0.18 GeV?, and the constituent-quark masses m, = my = 0.33 GeV,
m; = 0.55 GeV and m. = 1.82 GeV. Meson masses are taken from Ref. [28], and
where not available (as in the case of 3P /P, mixing angles) we abstract them from
spectroscopy predictions [26] suitably adjusted relative to known masses. Hybrid S’s,
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Section 2

2.1.3.2 Light Hybrids

Two spin-exotic 17+ states, =®,(1400) and =, (1600), have been found in mwp reactions
and more recently in Pp annihilations [23,24,18,19]. The most striking feature is that
their production rate in Pp annihilation is comparable to that of normal qf states
(see Figure 2.9). This feature makes annihilation reactions a prime tool in the search
for further exotic states.

Several predictions put 1* hybrids at masses around 2 GeV/cz [22,32]. The
discrepancy between these predictions and the experimentally measured =, (1400) and
7, (1600) needs further clarification. This can be done by measuring an entire
spectrum of light hybrids by means of formation and production experiments. As in
the search for charmonium hybrids, experiments would take advantage of the
dynamical selection rule forbidding ¢tg — (Tq)L=o + (cG)L=0 reactions and thus
enhancing light-hybrid decays into specific final states, e.g., f1(1285)x, b1(1235)r and
K;K. Given the relatively large cross sections (on the order of pb), conclusive results
should be achievable within a few months of measuring time.

2,(1320) large w, (1e0)
enede 3‘33...‘.

n,(1400) n §d -.[v'-l] v’

~oo3cZ

- O

ITITllllllllllllllllll]

w30 <0

2
m2 [GeVZc*)
™

Figure 2.9. Square of the invariant # n mass as measured in the pd — x nx’ p reaction by the
Crystal Barrel Collaboration at LEAR [18]. The peak at 1.7 GeVZ/c? corresponds to the well
known 2++'qq meson as(1320), the structure al 2.0 GeV2/c4 lo the exotic m;(1400). The shoulder

at 2.4 GeV2/c? is a kinematical reflection of the p(770). The n; state has the quantum numbers
_JFC = 1-+ and thus cannol be a qq state. The a; and the m; signals are of similar size, thus
demonstrating thal qq and exotic states are produced in PN annihtlations at similar rates.

2.1.3.3 Glueballs

There have been many searches for the glueball ground state over the last twenty-five
years, but the best candidate has emerged recently from Pp annihilation
experiments. This rather narrow state, called fo(1500), has the non-exotic quantum
numbers JFC = 0+, Since it mixes with nearby conventional 0**qq -states, the fo(1500)

214



Section 2

GST pm;rel'

scientists, mainly from Europe with particularly strong participation from Italy and
Germany.

Carsten Schwarz, GSI

Figure 2.1. Artist's view of the universal detector system for experiments at the internal target of
the antiproton siorage ring. It allows the detection and identification of neutral and charged
particles generated over the relevant angular and energy range. This task will be shared by the
combination of a central and a forward spectrometer of modular design which are optimized for
the specific kinematics of the antiproton annihilation process.

In comparison with other facilities, the physics opportunities outlined in the present
proposal go far beyond the earlier SUPER-LEAR concept and are complementary to
the physics program at the planned Japanese High Intensity Hadron Facility which is
focused on kaon- and neutrino beams. The search for gluonic excitations at HESR is
complementary to the corresponding program at the proposed 12 GeV upgrade at
Jefferson lab which — due to the accelerator energy — is limited to light quark hybrids.
There is partial overlap with research at BES and the D meson physics program
proposed at Cornell where - being e*e colliders - studies of in-medium meson
properties can, however, not be performed. With the realization of the HESR-project,
GSI will thus play a pioneering and unique role in the experimental exploration of
long distance (non-perturbative) QCD and the structure of hadronic matter. GSI has a
distinguished history of many important contributions to the physics of the strong
interaction. This program will enable GSI to play an equally significant role in the
future.
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A partial-wave analysis of the reaction 7~ p — w*w m p at 18 GeV/c has been performed

on a data sample of 250000 events obtained by Brookhaven experiment E852.
JP€ = 1**a,(1260), 2**a(1320), and 27" m,(1670
JPC = 1~* wave produced in the natural parity exchange processes s
motion at about 1.6 GeV/c* in the p7 channel.
MeV/c? and a width of 168 = 207}3’ MeV/c?.

1593 = 8%3

PACS numbers: 12.39.Mk, 13.25.Jx. 13.85.Hd. 14.40.Cs

The expected

) resonant states are clearly observed. The exotic
hows distinct resonancelike phase
A mass-dependent fit results in a resonance mass of
[S0031-9007(98)07994-0]

Much progress has been made in recent years in the
theoretical description of hadrons which lie outside the
scope of the constituent quark model. Quantum chro-
modynamics (QCD) predicts the existence of multiquark
q3qq and hybrid ¢gg mesons as well as purely gluonic
states. The most suggestive experimental evidence for an
exotic meson would be the determination of ouantum num-
bers JPC = 0~~, 0%, 17%, 2%, atc. A < pair cannot
form a state with such quantum numbers.

Several isovector 1~* exotic candidates have been re-
ported recently. A 177 signal in the 7 channel has
been seen by several groups. Although early measure-
ments [1,2] were inconclusive, the most recent measure-
ments [3.4] have presented strong evidence for a 17*
state near 1.4 GeV/c?. Another 1~* state with a mass
of 1.6 GeV/c* was observed in the 7’7 [2] and pr [5]
channels. Additionally, a state with resonant phase be-
havior has been seen above 1.9 GeV/c? in the fim (6]
channel.

Theoretical predictions for the mass of the lightest 1=
hybrid meson are based on various models. The flux tube
model [7.8] predicts 1™~ states at 1.8-2.0 GeV/c?. Simi-
lar results are obtained in the calculations based upon
lattice QCD in the quenched approximation [9]. Earlier

5760 0031-9007/98/81(26)/3760(4)515.00

bag model estimates suggest somewhat lower masses in
the 1.3-1.8 GeV/c? range [10]. Quantum chromody-
namics sum-rule predictions vary widely between 1.5 and
2.5 GeV/c?* [11]. The diquark cluster model [12] predicts
the 1~* state to be at 1.4 GeV/c>. Finally, the constituent
gluon model [13] concludes that light exotics should lie in
the region 1.8-2.2 GeV/c?. Most of these models predict
the dominance of such decay modes of the, h!l;;:‘ﬁﬂ Tenon as
b, (1235)7 or f(1285)7. with smail (but nofi a:giizible)-
pm decay probability [14].

In this Letter we present experimental evidence for
an isovector 1~ exotic meson produced in the reaction
7~ p — wtmw m p. Experiment E852 was performed
at the Multi-Particle Spectrometer facility at Brookhaven
National ‘Laboratory (BNL). The experimental apparatus
is described elsewhere [3.15.16]. A 7~ beam of mo-
mentum 18.3 GeV/c and a liquid hydrogen target were
used. The trigger was based on the requirement of three
forward-going charged tracks and one charged recoil track.
Seventeen million triggers of this type were recorded by
the experiment during the 1994 run. After reconstruction.
700 000 events with the correct topology remain. Of these.
250000 events remain after kinematic cuts are applied to
ensure an exclusive sample of events with a proton recoil.

© 1998 The American Physical Society
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An amplitude analysis of an exclusive sample of 5765 events from the reaction 7~ p — n'w p al
18 GeV/c is described. The n'awr~ production is dominated by natural parity exchange and by three
partial waves: those with JP¢ =177, 2°" and 4'". A mass-dependent analysis of the partial-wave
amplitudes indicates the production of the @2(1320) meson as well as the a4(2040) meson, observed
for the first time decaying to n'# . The dominant, exotic (non-gg) 1~ partial wave is shown to be

+0.045

resonant with a mass of 1.597 * 0.010°001 GeV/c? and a width of 0.340 = 0.040 * 0.050 GeV/c2.
This exotic state, the m(1600), is produced with a ¢ dependence which is different from that of the
a3(1320) meson, indicating differences between the production mechanisms for the two states.

DOI: 10.1103/PhysRevLett.86.3977

Exotic mesons —those whose valence structure is not
composed of a quark-antiquark (gg) pair —have been dis-
cussed [1-10] for many years but have only recently been
observed experimentally. The underlying structure of the
observed exotic states at 1.4 GeV/c? decaying into n7~
[11-13] and at 1.6 GeV/c? decaying into p'7~ [14] is
not yet understood. Possible explanations for these I = 1
states could be that they are hybrid mesons, consisting of
a gg pair and a constituent gluon, or four-quark (gg4g)
states. However, within the framework of the flux-tube
model the masses of these states are somewhat low to be
hybrid mesons [6]; and four-quark states are expected to
be very broad [1].

Since the models for exotic mesons typically predict
masses, widths, and branching ratios, and since it is im-
portant to classify the exotic states to provide necessary
input to the QCD models, there is a strong motivation to
search for additional states as well as to search for addi-
tional decay modes for the observed states. In this pa-
per, we describe the search for exotic states decaying into
the n’# " final state using the reaction 7~ p — '7 p,
where ' = no*7” and n — yy.

The data sample was collected during the 1995 run of ex-
periment E852 at the Multi-Particle Spectrometer facility
at Brookhaven National Laboratory (BNL). A 7~ beam
with laboratory momentum 18 GeV/c and a liquid hydro-

0031-9007/01/86(18)/3977(4)$15.00 © 2001 The American Physical Society

PACS numbers: 13.85.Ni, 14.40.Cs, 25.40.Qa

gen target were used. A detailed description of the experi-
mental apparatus can be found elsewhere [12].

The trigger required three forward-going charged
tracks, a charged recoil track, and a signal in a lead-glass
electromagnetic calorimeter (LGD). A total of 165 X 10°
triggers of this type were recorded. After reconstruction,
1.37 X 10° events satisfied the trigger topology and had
two clusters in the LGD. The 7 signal is seen in the yy ef-
fective mass distribution in Fig. 1(a). Applying kinematic

4000 n

2 2000 g™
s =
6 olas a 150

M GeVIe? 8
g M 3 100 2

1000
E i so .1
o 10 14 .18 22 0 4 1.6 1.8 2.
M(nw'n) GeVic? M(n'x') GeVic?

FIG. 1. (a) The 7' 7~ effective mass distribution for events

consistent with the reaction 7~ p — pnpw a7~ (two entries
per event). The inset shows the yy effective mass distribution
in 0.01 GeV/c? bins. (b) The n'm~ effective mass distribution.
The distributions are uncorrected for acceptance. The smooth

w

curve in (b) shows the true mass acceptance based upon the -

angular distributions determined in the partial-wave analysis.
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I=l hybads, “hebidlen  S*S wolag

Table 7: Dominant widths in MeV for \/g(uﬁ - dd) hybrid A — BC, where B and C are

both L=0 quarkonia. I' = T'r x (eqn. 24). n(y’) indicates \/}(ut + dd) at 550 MeV (960
MeV) respectively. |Starred I['’s tend to be < and are highly sensitive to model
dependent assumptions about final state

[A4 [B.C|L|Ta|T|A [BCJL[I‘R]I‘HA [B,C [L] Ta]

2- p P| 40| 81+ 1™7 | wr P| 40| 8
on P| 15| 4 K*K |[P| 30| 4
on’ P 8| 2 p S| 80|20
KK |P| 15| 2 o S| 60|15
pw P| 70| = o’ S| 70|15

0=t | pr P | 150 | 30 K*K | S |125 | 15
on P| 70115 pw S |.125 | =*
om' |P| 40| 8
K*K |P| 60| 8

nb C‘lll.* L‘Pu“\

™, S4S wedes, ftiwm,

. A
T=0 hybrids, “Jorbiddas S+S mades
Table 8: As in table 7 but for initial hybrid \/3(ui + dd).

|lA |B,C|L|Tp|T|A |B,C|LJ—ER|F|J-4. lB,CIL_LI‘R|I‘|
1== | pw P|100 202t |K*K [P | 15| 2| 1% | pr S | 200 | 40
wn Pl 30 7([17%F|ny P| 30| = wn S {100 | 20
wn' P| 15| 3 KK |P| 15| 2 wn' S | 150 | 30
K*K|P| 30| 4|17 |K*K|[S|125 |15 K*K | S |200 |30
27 | pr D 5/ 1|0 | K*K [P | 60| 8

Table 9: As in table 7 but for initial hybrid s, and 75(7’) mdlcatmg 35 at 550 MeV (960

MeV) respectively . .
|A [B,C [L[Tr[T|[A |B,C|L|I‘R|I‘||A |B,C |L|Tr| T|
17" |K*K [P |9 |15| 1 | K*K|S|150 |20 1°% |nn Pl 70| =
on |P| 60| 8| |én |S|350]40 K*K |P| 50| 6
on' | P| 15| 2 én' |S |35 |40 | 1FF [ K*K [S| 80|10
2*= | K*K [D| 6| 1|0 |K*K|P|175[30(|2F | K*K [P | 40| 6
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Fig. 1. O(ag) energy shifts. (a) Gluon hyperfine. (b) Quark

hyperfine. (c) Compton and Z graphs.
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with a slightly smaller radius to fit the lowest experimental
turbed meson and baryon radii. The overall
due to possible small differences in radii
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light quark component.

These results are quite different. The largest
difference comes from differences in the unmixed
masses, with Teper having mg, = 1.36, ms, =
1.61 and my = 1.48 GeV and the GF11 group
having mgy = 1.47, ms, = 1.51 and my = 1.63
GeV. Note that in the first analysis the unmixed
§s is heavier than the glueball, while in the sec-
ond it is lighter. Not surprisingly, the heavi-
est physical particle is mostly s or mostly glue-
ball, respectively. Clearly it is important to
know whether the quenched ss is heavier than
the quenched glueball, and the GF11 group has
attacked this question by calculating quarkonium
and glueball masses on the same samples.

It is also interesting to test the effects of dy-
namical quarks on the glueball spectrum. In prin-
ciple this is tricky, since a full QCD spectrum cal-
culation with a glueball source operator will pro-
duce the masses of the physical states, which are
mixtures of glueballs and quarkonia. In practice,
the calculations that have been done so far have
used quark masses large enough that the quarko-
nium mass exceeds the glueball mass, and it is
reasonable to simply say thay they have measured
the glueball mass. The largest calculation is from
the TxL/SESAM collaborations[25], and another
preliminary result from UKQCD was presented at
this conference[26]. The TxL/SESAM results for
the 0%+ glueball are within errors of the quenched
results, although they do see hints of a larger de-
pendence on the lattice size. However, the pre-
liminary UKQCD results have a much smaller
mass, despite being done at approximately the
same sea quark mass, as measured by m,/m,.
The UKQCD results are done on much coarser
lattices, albeit with the clover action rather than
the Wilson quark action. (UKQCD used 8 = 5.2
while TxL/SESAM used 5.6.) The 0+ glueball
mass has long been known to be small on coarse
lattices[27], but the preliminary UKQCD results
are even smaller than we would expect from our
experience with the quenched theory.

Since the exotic 171 signal found in experi-
ments at 1400 MeV is much lower than expected
from lattice calculations (and most other theo-
retical approaches), it is tempting to ask whether
it could be something else, most likely a 4-quark

\ =+ D, ToossainT
hap-lat/2909088
S P ( ﬁo:ms\
C. Morwna stoe
l - \la¥/ 0009814
Table 1
Some results fo hybrid masses
Date  Ref. Metho AM (GeV)
’ bb:
o990 [9]  St. 1.11(3)(7)
1993 [10] NR. 0.8(7)(?)
1997 [13] NR. 1.68(10)
1.40(14) (1)
1997 [15] NR. 1.14(21) +9.45GeV
1997 [14] St 1.3
1998 %18% NR.(An)  1.542(8)= l’lo-‘ﬁ(l)
1?§9 [19] St+NR(An) 1.49(2)(5) GeaV
1990 LEg] St. 0.94(3)
1996 [12] Rel.(Wil.) 1.34(8)(20)
1998 %17] Rel.(Cl'lo.) 1.22(15)(7) +3.03GeV
1999 [18] NR.(An.) 1.323(13) —Ltq.sq(l)
589 M (GeV. @\)
1996 [11]  Rel.(Clo.) 2.00(20) (2)
1996 [12]  Rel.(Wil.) 2.17(8)(20) (3)
W6 [11] Rel(Clo)  1.88(20) %\ (4)
1996 [12] Rel.(Wil.) 1.97(9)(30) L (5 CeV
1998 [16] Rel.(Wil)  1.90(20) e
1998 [17] Rel.(Clo.) 2.11(10)(?) J (7) L e
Abbreviations: St. =Static, NR.=NRQCD, Rel. D T

= Relativistic, An. = anisotropic, Wil. = Wilson,
Clo. =clover.

Notes: (1): value with a determined differently,
(2): @ =0.095 fm, (3): a = 0.075 fm, (4): Model
to extrapolate to my = 0, 120 MeV below 5s
mass, ¢ = 0.095 fm, (5): Extrapolation from
several amg values, a = 0.075 fm, (6): Ny = 2
dynamical quarks, extrapolate from several am,
values, a = 0.086 fm, (7): Same as (5).

(77qq) state. In principle, this question is an-
swerable with lattice methods, but it is a difficult
subject. Nonetheless, there is a small but grow-
ing body of work on lattice 4-quark states[28,29],
beginning with the simplest case where all four
quarks are static, and moving into the case of two
static and two moving quarks. An amusing limit
has recently been studied by Michael and Penna-
nen[29], where the two quarks are very heavy, and
the two antiquarks light. The two quarks have an
attractive interaction in the 3 color combination,
and since they are very heavy they can bind into
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Hybrid meson decay from the lattice
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We discuss the allowed decays of a hybrid meson in the heavy quark limit. We deduce that an important
decay will be jnio 3 heavy quark nonhybrid state and a light quark meson, in other words, the deexcitation of
an excited gluonic string by emission of a light quark-antiquark pair. We discuss the study of hadronic decays
from the lattice in the heavy quark limit and apply this approach to explore the transitions from a spin-exotic
hybrid to y, 7 and x5 where S is a scalar meson. We obtain a signal for the transition emitting a scalar meson

and we discuss the phenomenological implications.

DOI: 10.1103/PhysRevD.65.094505

I. INTRODUCTION

Hybrid mesons are those with nontrivial excited gluonic
components. The simplest such case is when the spin-parity
is exotic, namely, not allowed in the quark model. Here we
specialize to heavy quarks and so our comparisons with ex-

periment will be for bb systems. In this context, there will be
a spin-exotic (J"=1"") meson whose properties can be
determined from lattice QCD. We review here first the infor-
mation on the nature and spectrum of such excited gluonic
states. We then discuss in general the allowed decay modes
of such a state. In most of this discussion we focus on pre-
dictions in the heavy quark limit, so with heavy quark, spin-
flip neglected.

We then review lattice methods to extract hadronic tran-
sition matrix elements. In the case of hybrid decay, we ex-
plore the creation of a light quark-antiquark state from the
gluonic field of the hybrid meson. It is possible to fulfill the
rather restricted conditions on a lattice and we are able to
explore these transitions. We study hybrid meson transitions
to x,m and y,S where S is a scalar meson. We obtain a
signal for the transition emitting a scalar meson and we dis-
cuss the phenomenological implications.

II. HYBRID STATES ON THE LATTICE

The static quark approach gives a very straightforward
way to explore hybrid quarkonia. These will be QQ states in
which the gluonic contribution is excited. The ground state
of the gluonic degrees of freedom has been explored on the
lattice, and, as expected, corresponds to a symmetric cigar-
like distribution of color flux between the two heavy quarks
at separation R. One can then construct less symmetric color
distributions which would correspond to gluonic excitations.
For a review see Ref. [1]. The properties of the physical
states can then be obtained from these static potentials by
solving the Schrodinger equation in the adiabatic approxima-
tion.

*Electronic address: cmi@ liverpool.ac.uk
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PACS number(s): 12.38.Ge, 11.15.Ha, 13.20.Gd, 14.40.Cs

65 094505-1

The way to organize this is to classify the gluonic fields
according to the symmetries of the system. This discussion is
very similar to the description of electron wave functions in
diatomic molecules. The symmetries are (i) rotation around
the separation axis z with representations labeled by J,, (ii)
CP with representations labeled by g and u and (iii) CR.
Here C interchanges Q and Q, P is parity and R is a rotation
of 180° about the mid-point around the y axis. The CR op-
eration is only relevant to classify states with J,=0. The
convention is to label states of J,=0,1,2 by Z,11,A respec-
tively.

In lattice studies the rotation around the separation axis is
replaced by a four-fold discrete symmetry and states are la-
beled by representations of the discrete group D,,. The
ground state configuration of the color flux is then 2 (A,
on the lattice). The exploration of the energy levels of other
representations has a long history in lattice studies [2,3]. The
first excited state is found to be the I1, (E, on a lattice)—see
Fig. 1 for an illustration. This can be visualized as the sym-
metry of a string bowed out in the x direction minus the same
deflection in the —x direction (plus another component of
the two-dimensional representation with the transverse direc-
tion x replaced by y), corresponding to flux states from a
lattice operator which is the difference of U-shaped paths
from quark to antiquark of the form M—uJ.

A summary of lattice determinations of the energy of this
lowest hybrid state [1] puts it at m(H)=10.76(7) GeV for b
quarks, so approximately 1.3 GeV heavier than the Y. This
hybrid state in the adiabatic approximation will have lowest
angular momentum L= 1 and combining this with the heavy
quark spins gives 8 degenerate J©© values. Of special inter-
est is the spin exotic state with J°“=1"" which is expected
to be the lightest spin-exotic meson. Since it is spin-exotic, it

cannot mix with the non-hybrid QQ states and is thus of
considerable theoretical and experimental interest.

III. HYBRID MESON DECAYS

We shall be discussing hybrid meson decays in the heavy
quark limit, so our conclusions will be more applicable to b

©2002 The American Phvsical Societv
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