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£(2220 reexamined: Strong decays of the $F, and 1°F, ss mesons
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We calculate the decay widths of the®d, and 1°F, ss mesons and compare them to the measured
properties of the£(2220) [now known as thd ,(2220)]. Including previously neglected decay modes we find
that the width of the®F, statess meson is much larger than previously believed, making this explanation
unlikely. On the other hand the predicted width of fte, state, although broader than the observed width, is
consistent within the uncertainties of the model. This interpretation predicts large partial widths to
KK*(892) andK*(892)K*(892) final states which should be looked for. A second possibility that would
account for the different properties of tl§¢2220) seen in different experiments is that two hadronic states
exist at this mass. The first would be a broadEy, ss state which is seen in hadron beam experiments while
the second would be a narrow state with high glue content seen in the gluail gicladiative decay. Further
experimental results are needed to sort this out.

PACS numbg(s): 13.25.Jx, 12.39.Jh, 12.39.Ki, 12.39.Pn

I. INTRODUCTION the glueball interpretation. At the same time, although the
narrow £(2220) was not seen iV s radiative decays by the
It is roughly a decade since th€2220), now known as DM2 experiment despite the fact that DM2 has slightly
the f,(2220), was discovered by the Mark Ill Collaboration higher statistics, DM2 did observe a broader state decaying
in J/ radiative decays t& "K~ andK K final state§1].  into KK [10]. If all the experiments are taken at face value
lts most interesting property, which attracted considerabléhe overall picture is confused and contradictory.
attention, was its narrow width of roughly 30 MeV. Because In this paper we reexamine the nature of the
the width was inconsistent with expectations for a conven£(2220)/f,(2220) meson and calculate the partial widths of
tional g meson with such a large mass, thie discovery ~ the 3F, and®F, ssstates to all Okubo-Zweig-lizukd©OZI-)
led to speculation that it might be a Higgs bo$ah a bound ~ allowed two-body final states allowed by phase space. To
state of colored scalaig], a four quark staté4,5], a AA  Yive ameasure of the reliability of our analysis we calculate
B - the widths using both théP, decay model(often referred to
bound statd6], a hybrid[7], or a glueball[8]. Despite the as the quark-pair creation decay modab. 16 and the flux-
prevailing wisdom, the authors of Ref®,5] argued that the q P y !

. . . tube-breaking decay modél7]. As an additional consis-
propertl_es of thef(22?0) could be con5|st_ent \,ivc';th trlo+se of atency check we calculated several partial widths using the
conventional meson: the=3 ss meson withJ"~=2"" or

JPCogtt pseudoscalar decay moddl8]. Our goal is tp shed some
light on the nature of th&(2220) by comparing the quark
model predictions for the hadronic widths to the various ex-
perimental results.
The outline of the paper is as follows. In Sec. Il we briefly

outline the models of hadron decays and the fitting of the
arameters of the models. We relegate the details to the Ap-
endixes. In Sec. Ill we present the results of our calcula-
ions for theL =3 mesons and discuss our results. In the final
section we attempt to make sense of the various contradic-
E'tory experimental results and put forward our interpretation
along with some suggested measurements which may clear
up the situation.

In the original analysis of =3 ssproperties it was shown
that of theqq states with the appropriat®’© quantum num-
bers only the®F, and 3F, ss states of the first =3 multip-
let have masses consistent with #2220) [9]. According
to this analysis these two states were exceptional in that th
have a limited number of available decay modes which ar
all relatively weak. However, the analysis was not exhaustiv
in that it did not calculate the decay widths to all possible
final states. In particular it made the assumption, which w
will see to be incorrect, that the decays tolaw 1 meson
and aK or » were small on the basis of phase space argu
ments alone.

To further complicate the discussion, more recent experi-
ments have observed a hadronic state decayingKoin
different reactions and with different properties. The various The quark model has proven to be a useful tool to de-
experimental results relevant to t§€2220) are summarized scribe the properties of hadrons. The quark model has suc-
in Table 1. The most recent measurement of §{@220) cessfully described weak, electromagnetic, and strong
properties by the BES Collaboratidi1] indicates that its couplings! In some cases we will use simplified meson wave
decays are approximately flavor symmetric giving support tdfunctions which have been used elsewhere to describe had-

ronic decays[17] while in other cases we will use more

II. MODELS OF MESON PROPERTIES AND DECAYS
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TABLE |. Summary of£(2220) measurements.

Mass Width
Experiment (MeV) (MeV) Production Decays
Mark Il 2 2231+ 8 21+17 I p— yé B(J/p— y&) X B(E—KTK™)
=(4.2'}11+0.8)x107°
B(J/p— vE) XB(§—KsKy)
= (3.1'15+0.7)x10°®
B(J/ y— yE) XB(é— mm)
<2x107° (90% C.L)
B(J/¢p— v€) X B(£é—pp)
<2x10°(90% C.L)
DM2 ° 2230°¢ 26°¢ I p— yE B(J/y— y&) X B(é—K K")
<2.3x10°°(95% C.L)
B(J/y— y£) X B(§é—+KKs)
<1.6x107° (95% C.L)
2197+ 17 201+51 I g— yX B(J/ y— yX) X B(X—KcKg)
=1.5x10"*
BES¢ 2233+5 19+ 11 I p— yé B(J/ y— y&) XB(é—mtm7)
=(5.6"18+1.4)x10°°
B(J/y— y§) XB(§—pp)
=(1.5"08+0.5)x107°
B(J/y— y€) XB(é—KTK™)
=(3.3'15+1.1)x10°®
B(J/y— y£) X B(£—KK)
=(2.7"53+1.0)x10°°
LASS®© 2209'1{+10 60"y’ K p—K KA
E147° 2230+ 20 80+ 30 T p—KgKgn
PS185° 2231° 30°¢ pp—KgKs B(é—pp) XB(é—KKyg)
<5.4x10 % (3 S.D.J=4)
8Referencd1].
bReferencd10].
‘Note that these values are not measurements; they were assumed in order tBskmite
dreferencd 11].
*Referencd12).
Referencd 13].
9Referencq 14].

complicated wave functions from a relativized quark modelto occur, as in Fig. 1. The created pair will have the quantum
which includes one-gluon exchange and a linear confiningiumbers of the vacuuntP,. There is one undetermined
potential[18]. The strong decay analysis was performed usparametety in the model — it represents the probability that
ing the QCD based flux-tube-breaking mofi&r]. It has the — a quark-antiquark pair will be created from the vacuum. The
attractive feature of describing decay rates to all possibléest of the model is just the description of the overlap of the
final states in terms of just one fitted parameter. We alsdnitial meson @) and the created pair with the two final
include results for the}P, model, often referred to as the Mesons B,C), to calculate the probability that rearrange-
quark-pair creation modglL5,16], which is a limiting case of ment(a_nd .hence de_cayvnl occur. A brief descrlptlon.of the
the flux-tube-breaking model and which greatly simplifies™0del is included in Appendix A, and the techniques by
the calculations and gives similar results. As a final check wvhich the calculations were performed are discussed in Ap-
calculated some partial widths using the pseudoscalar emi®endixes C and D.
sion model[18] and confirmed that it also gave results simi- )
lar to those of the flux-tube-breaking model. B. Decays by the flux-tube-breaking model
In the flux-tube picture a meson consists of a quark and
antiquark connected by a tube of chromoelectric flux, which
is treated as a vibrating string. For mesons the string is in its
The 3P, model [15,16 is applicable to OZI-allowed vibrational ground state. Vibrational excitations of the string
strong decays of a meson into two other mesons, as well agould correspond to a type of meson hybrid, particles whose
the two-body strong decays of baryons and other hadrongxistence have not yet been confirmed.
Meson decay occurs when a quark-antiquark pair is produced The flux-tube-breaking decay modél7] is similar to the
from the vacuum in a state suitable for quark rearrangementP, model, but extends it by considering the actual dynam-

A. Decays by the®*P, model
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5 relativized quark modelRQM) of Ref. [18]. In all we
B looked at six cases: théP, model using the SHO wave

/ 6 functions, the flux-tube-breaking model again using the SHO
: 4 _ wave functions, and the flux-tube-breaking model using the
A RQM wave functions of Ref.18]; in all three cases we used

2 \

both choices of phase space/normalization.

7 Some comments about the details of the calculations are

C in order. For the SHO wave functions we took for the oscil-
lator parameter3=400 MeV which is the value used by
Kokoski and Isgur{17]. However, different quark models
find different values of3 so that there is the question of the
sensitivity of our results tg3. We will address this issue
below. We used quark masses in the ratig,:my:mg
=3:3:5 — this differs from the calculations of Ref17],
which ignored the strange-quark mass difference. In the
RQM wave functions these parameters are already set; the
values ofg were found individually for each meson, and the
quark masses were fittenl, =220 MeV,my= 220 MeV, and
m,=419 MeV. We have treated all mesons as narrow reso-

FIG. 1. The two possible diagrams contributing to the meson1ances and have '_9”0fed_ mass differences between members
decayA—BC in the *P, model. In many cases only one of these Of the same isospin multiplétMasses were taken from the
diagrams will contribute. 1994 Particle Data GroufPDG) book [21] if the state was
included in their Meson Summary Tabléf it was not, then
the masses predicted in REL8]: were used(This includes

ics of the flux tubes. This is done by including a factor rep- 3 3 — ]
resenting the overlap of the flux tube of the initial mesonthe masses of the’E, and I'F, ssmesons: 2240 MeV and

with those of the two outgoing mesons. A brief review of the 2200 MeV, respectivelyMeson flavor wave functions were

model is given in Appendix B, and the techniques by which@SO taken from Ref[18]; for the isoscalars we assumed
the calculations were performed are discussed in Appendixddeal mixing [ ¢ nonstrangs 1\2 (uu+dd), ¢ syangsSS),

C and D. except for the radial ground-state pseudoscalars, where we
assumed perfect miXiHQ(ﬁ”: 1/\/§(¢nonstrange_ d’strangé’
C. Fitting the parameters of the decay models b= 11\2 (Pronstrangd™ Pstrangd J-

The point of these calculations is to obtain a reliable es- Ve fitted y, the one undetermined parameter of the
timate of the3F, and 3F, ss meson decay widths. To do so model, in a global Ieas_t squares fit of 28 o_f the b_est known
we considered several variations of the flux-tube-breakingn€son decays[We minimized the quantity defined by
model. By seeing how much the results vary under the varix’=Zi{(I°*~ T/ 0. where oy, is the experimental
ous assumptions we can estimate the reliability of the preerror?] The experimental values for these decays and the
dictions. fitted values for the six cases are listed in Table Il. To give a

The first variation lies with the normalization of the mock more descriptive picture of the results we plotted in Fig. 2,
meson wave functions and the phase space used to calculag a logarithmic scale, the ratio of the fitted values to the
the decay widthg19]. In the Appendixes we have normal- experimental values. From Table Il one can see that the re-
ized the mock meson wave functions relativistically 8 2 sults for the®P, and flux-tube-breaking models for the SHO
and used relativistic phase space, which leads to a factor gfave functions are very simildrWe therefore only plotted
EgEc/M, in the final expression for the width in the center- the *P, model results using the SHO wave functions and the
of-mass frame. We will refer to this as relativistic phaseflux-tube-breaking-model results for the RQM wave func-
space/normalizatiodRPSN. However, there are arguments tions. A reference line is drawn in each case for
[20] that heavy quark effective theory fixes the assumptiong medejTexP= 1 tg guide the eye. Since all the partial widths
in the mock meson prescription and suggests that the energite proportional toy?, using a different fit strategy rescales
factor be replaced byigMc/M,, where theM; are the . This is equivalent to simply shifting all points on the plot
calculated masses of the mesonin a spin-independent
guark-antiquark potentidll7]. (In other wordsM; is given
by the hyperfine averaged mass that is equal to the center ofThe one exception was for the decay—K*K~ where the
gravity of the triplet and singlet masses of a multiplet of charged and neutral kaon mass difference is significant to the phase
given L.) We will refer to this as the Kokoski-Isgur phase space.
space/normalizatiofKIPSN). 3The one exception was théR, ss state — see Table IV.

The second variation in our results is the choice of wave “For the calculations in the flux-tube-breaking model, a 1% error
functions. We calculate decay widths for two cases. In thelue to the numerical integration was added in quadrature with the
first we use simple harmonic oscillat¢8HO) wave func-  experimental error.
tions with a common oscillator parameter for all mesons. In >The one exception to this is tf&wave decayK (1430)—K
the second case we use the wave functions calculated inwvehich seems particularly sensitive to the model.
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TABLE II. Experimental and calculated widthg MeV) of decays used in our global fit of the decay
models’ parameters.

3P, Flux-tube-breaking  Flux-tube-breaking
(SHO (SHO (RQM)

Decay I'(experiment RPSN KIPSN RPSN KIPSN RPSN KIPSN
y 9.73 6.25 16.0 104 20.5 12.8
p— T 151.2+1.2 96 148 93 148 104 152
b,(1235)— @ 142+8 176 115 155 104 306 190
a,(1320)—pm 75.0+4.5 65 38 67 40 84 46
a,(1320)-KK 5.2+0.9 11 80 11 8.5 7.3 5.0
m(1670)— f (1270} 135+11 147 116 143 117 327 246
my(1670)—p7r 74+11 232 74 226 74 323 97
7,(1670)~K*(892)K +c.c.  10.1+3.4 38 17 37 17 49 21
p3(1690)— 7 50.7+5.5 116 35 122 38 68 19
p3(1690)— wr 34+13 36 11 39 13 45 13
p3(1690)— KK 3.4+0.6 9.2 3.8 9.7 4.2 4.2 1.7
f2(1270)— 7 156.8:3.2 203 109 209 116 157 80
f,(1270)-KK 8.6+0.8 7.2 5.4 7.4 5.7 5.0 35
d—K K™ 2.17+0.05 2.37 2.83 2.28 2.80 2.30 2.60
f1(1525)—~KK 61+5 117 61 118 64 98 49
K*(892)— K 50.2+-0.5 36 52 34 51 38 52
K% (1430)— K 267+36 163 84 117 63 875 430
K3 (1430)—~Km 48.9+1.7 108 56 112 60 88 43
K3 (1430)— K* (892)r 24.8+1.7 27 16 27 17 31 18
K3 (1430)—Kp 8.7+0.8 9.3 4.9 9.6 5.2 12 5.8
K3 (1430}~ Kw 2.9+0.8 2.6 14 2.6 1.4 3.2 1.6
K3 (1780)—Kp 74+10 24 7.7 25 8.4 28 8.7
K% (1780)—K* (892)m 45+7 33 11 34 12 37 12
K3 (1780)—~Km 31.7£3.7 87 28 92 30 54 16
K (2045)—~Km 19.6+3.8 55 13 59 14 28 6.1
K7 (2045)—K* (892)¢ 2.8*+1.4 3.2 1.0 3.3 11 4.7 1.4
f4(2050)- ww 54+13 53 11 54 11 94 18
f4(2050)— 77 35.4+3.8 123 25 132 28 58 11
f 4(2050)— KK 1.4+0.7 5.4 1.6 5.8 1.7 1.8 0.5

simultaneously making it easy to visualize any change irRPSN and the KIPSN. The resulting valuesyofind 8 are
agreement for specific decays. 13.4 and 481 MeV, respectively, for RPSN and 5.60 and 371
The KIPSN gives a better overall fit to the data. Even soMeV, respectively, for KIPSN. In both cases the overall fits
certain decaysK3 (1780)—Kp andf,(2050)— ww, for ex-  improved slightly, with some widths in better agreement and
ample, are fit much better using the RPSN. For both th&ome in worse agreement with experiment when compared
RPSN and KIPSN one can see in Fig. 2 that a significanto the fits for3=400 MeV. However, the fitted widths of the
number of the decays differ from the experimental values bynost relevant®F, decays improve slightly for RPSN but

factors of 2 or more. Decays with two pseudoscalars in th@now mixed results for KIPSN. We also redid our fitsyofo
final state tend to do better with the KIPSN but the KIPSN{o decay widths fo3=350 GeV andB=450 GeV. For
generally underestimates decays of higmesons with vec- 62350 MeV the overall fit improves slightly for KIPSN

tor mesons in the final states. Qn the other hand the RPSaIthough the predicted,(2050) decay widths are a little
tends to overestimate decays with two pseudoscalars in the : ;
) T ; worse and thd<,(2045) widths are a little better. For RPSN
final states. Similar observations can be made for the qux,Eh I fit i litt 1R d F
tube-breaking model using the RQM wave functions. Having € overal Tt IS a Qittle worse as are 4 aecays. For
450 MeV the overall fit with KIPSN becomes a little

said all this we stress that these are only general observatioﬁs: . . )
and exceptions can be found to any of them in Table II. OndVorse as does thesﬂtteal_a widths while for RPSN the
must therefore be very careful not to take the predictions a@verall fit and fitted*F, widths become a litle better. We
face value but should try if possible to compare the predictegonclude that while there is some sensitivitydpthe results
decay to a similar one that is experimentally well known. for modest changes i@ (including theg we obtain by fitting
Finally, we consider the sensitivity of our results@oIn v and B simultaneously are consistent with those for
addition to the fits discussed above we performed simultag=400 MeV within the overall uncertainty we assign to our
neous fits of bothy and B to the 28 decay widths for both the results. It should be stressed that it is not sufficient to simply
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FIG. 2. The ratio of decay model predictions for partial widths to the experimental values. The error bars only include the effects of
experimental errors in the ratiog) and (b) correspond to théP, model using SHO wave functions and RPSN and KIPSN, respectively
(columns 3 and 4 of Table)ll(c) and(d) correspond to the flux-tube-breaking model using the RQM wave functions of Ffind RPSN
and KIPSN, respectivelycolumns 7 and 8 of Table)ll

changeg but that a new value of must be fitted to the ever, the3F, also has large partial widths 6K ,(1270),
experimental widths included in our fit. K*(892)K(1270), KK} (1430), andxf;(1510). In fact,
KK1(1270) is the dominant decay mode. It is large in all
variations of the calculation we give in Table IV. The most
closely related decay in our fit is the decay
,(1670)— f,(1270)r which is relatively large and is well
reproduced by the Kl normalization and SHO wave function
case. The total width for this case is400 MeV® Even if
this width is overestimated by a factor of 2, it would still be
too large to identify with thet(2220).

Although this result appears surprising it has a straight-
bé, KK3(1430, KK(1400, 57, 77’ (1)  forward explanation. Examining Table IV, the lowest angular

momentum final states ify, decay are® waves. All of these

For the KIPSN and the SHO wave functions the totaldecays are relatively broad but tli¢—K(1270K is the
width is 132 MeV with the®P, model. For this set of as- P-wave decay with the largest available phase space. In fact,
sumptions theKK, %7, and %’ modes are probably rea- one could almost order tHe-wave decays using phase space
sonably good estimates. However, the decay widths talone. The analogous decay of thgis in an F-wave and
KK*(892) andK* (892)K* (892) are likely to be larger than therefore is subject to a larger angular momentum barrier.
the predictions. On this basis it does not seem ||ke|y to USThe lowest angu|ar momentum partia| wave fgrdecays is
that thef, width is less than the predicted total width by a
factor of 2 or more, i.e., we do not expect it to be less than———
about 70 MeV. If anything, we would expect it to be larger Swe note that the LASS Collaboration has observet#1980)

lll. RESULTS FOR 3F, AND 3F, sS MESON DECAYS

Using they’s obtained from our fit we calculated all ki-
nematically allowed partial widths for théF, and 3F, ss
meson decays. The results are given in Tables Il and IV.

For the °F, state the main decay modes are

f,—K*(892K* (892, KK, KK* (892,

than the predicted width, i.e% 140 MeV.
For the F, state we obtain results similar to tRE, state
for theKK, KK*(892), andK* (892)K* (892) modes. How-

state with a large total width of 372333+ 60 MeV which could be
associated with the strange meson partner of ¥ig(ss) meson
[21].
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TABLE lIl. Calculated partial decay widthén MeV) for the 3F, ssstate. We have calculated the widths
of all kinematically allowed decays, but only show those partial widths thatakeMeV in at least one
model. For this reason the total widths may not equal the sum of the partial widths shown. The subscripts on
the decays refer to th8 andL (see Appendix € of the given partial wave — thé is in spectroscopic
notation S,P,D,F,G,H).

3P, Flux-tube-breaking Flux-tube-breaking
(SHO (SHO (RQM)

Decay RPSN  KIPSN  RPSN KIPSN RPSN KIPSN
f1—[KK]og 118 29 125 31 62 14
f1—[K,K+c.clog 2 0.7 0.4 0.4 0.2 2.4 1.2
f4—[K* (892K +c.clyq 107 27 115 29 112 26
f4—[K*(1410K +c.clyg P 1.7 0.9 0.8 0.4 5.0 2.4
f4—[K4(1270)K +c.clyf © 6.4 2.8 7.0 3.1 10 4.2
f4—[K4(1270)K +c.Clyp © 1.3 0.6 1.4 0.6 3.7 15
f4—[K1(1400)K +c.c]yf © 14 6.4 15 7.0 29 12
f4—[K%(1430)K +c.clor 15 7.0 16 7.7 35 15
f4—[K* (892)K* (892)]o 6 2.1 0.5 2.3 0.6 4.3 1.0
f4—[K*(892)K* (892)],p 181 44 184 46 312 72
f4—[K*(892)K* (892)],6 8.2 2.0 8.9 2.2 17 3.9
fa—[nnloc 14 35 15 3.9 5.0 1.2
fa—[n' 7los 6.9 1.7 75 1.9 2.4 0.6
fi—[bdlp 20 6.6 21 7.1 31 9.5
=T 498 132 522 142 633 166

3, is our notation for the first radial excitation {&,) of the K.

PWe used the following mixing[18]: K*(1410)=1.00(2S,)+0.04(1°D;);K* (1680)= — 0.04(2S,)
+1.00(2°D,).

“We used the following mixing [21]: K;(1270)" =cos45°(1P,)" +sin45°(1P,) ;K (1400)"
= —sind5°(1P;) " +cos45°(£P,) *.

a D wave which although it has the largest partial width of erably, by roughly a factor of 2 going fros=350 MeV to

all f; decays is still smaller than tHe-wave f;, decay. B=450 GeV[except for thel'(3F,) with RPSN which var-
As another measure of the reliability of these predictionges by a factor of 3 these values are consistent within the

we calculated the widths of thH€} (2045) andf,(2050) me- large uncertainties we assign to our results.

sons(the F, K-like and nonstrange isoscalar mesons, re-

spectively. The results for all significant kinematically al- IV. DISCUSSION AND CONCLUSIONS

lowed final states are given for tht#P, model using SHO o ) ]

wave functions in Tables V and VI, respectively. The results _ "€ motivation for this paper was to reexamine the pos-

are consistent with the general fit results given in Table 11SiPility that the£(2220) is anl =3 ss meson. This question
and Fig. 2. In general, the widths calculated using RPSNS especially timely given the recent BES measurements of a
tend to be larger and those calculated using the KIPSN tenf@mow resonance with a mass of 2.2 GeV seell inradia-
to be smaller. More specifically, decays to two pseudoscaldfve decays. To do so we calculated all kinematically allowed
mesons using RPSN are generally overestimated while th@/o-body hadronic decays of th&, and °F, ss states us-
results calculated using KIPSN are in reasonable agreemelftd several variations of the flux-tube-breaking decay model.
with experiment. There is no pattern for the decays to two It appears very unlikely that thg(2220) can be under-
vector final states. The decal (2045)—K*(892)p is stood as the’F, ss state. All variations of our calculation
greatly overestimated using RPSN but is in good agreemedpdicate that the’F, ss is rather broad=400 MeV. The
using KIPSN. In contrast, the predicted decaydomlnant dgcay mode is 'Fhe difficult . to reconstruct
f,(2050)— ww agrees well using RPSN but is greatly under__KK1(127Q) final state. Other final states with large branch-
estimated using KIPSN. The total widths tend to be overesi"d ~ ratios — are K*(892)K,(1270),  KK*(892),
timated using RPSN but are underestimated using KIPSNK™ (892)K* (892), KK3 (1430), KK, and 5f;(1510).
both to varying degrees. The only conclusion we can draw It is more likely that the®F ,(ss) state can be associated
from these results is that the total width probably lies be-with the {(2220). The calculated width is=140 MeV but
tween the two estimates but it is difficult to guess if it is given the uncertainties of the models it is possible, although
closer to the lower or upper value. perhaps unlikely, that the width could be small enough to be
Finally, in Table VIl we give the predicted total widths for compatible with the width reported in the 1994 PDG book
the °F, and °F, ss states for the different values gfcon-  [21]. In this scenario the largest decay modes are to
sidered in the previous section. Although they vary considK* (892)K* (892), KK, KK*(892), andp¢. Since only the
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TABLE IV. Calculated partial decay widthén MeV) for the 3F, ss state. We do not include a decay to
f0(980)f((980) because we question its assignment aP@qq meson. At a more likely mass for the
3P, ss meson, this decay is kinematically inaccessible. For other comments and notes, see Table III.

3P, Flux-tube-breaking Flux-tube-breaking

(SHO) (SHO) (RQM)
Decay RPSN KIPSN RPSN  KIPSN  RPSN  KIPSN
f5—[KK]op 51 12 47 12 101 23
f5—[K,K+c.clop 2.9 15 0.9 0.5 25 12
f5—[K* (892K +c.clyp 108 26 107 26 165 38
f5—[K*(1410K +c.clip 2.6 1.3 0.6 0.3 4.0 1.9
f3—[K(1270K +c.clyp 445 187 449 194 1072 426
f3—[Ky(1270K +c.cly ¢ 25 11 27 12 41 16
f4—[K,(1400)K +c.Cly p 14 6.3 15 6.9 29 12
f5—[K41(1400K +c.clyf 0.8 0.4 1.0 0.4 ~0 ~0
f5—[K3 (1430 +c.Clop 54 24 55 25 112 47
f4—[K3 (1430)K +c.c o5 9.6 43 10 47 22 9.1
f5—[K* (892)K* (892)]op 24 5.7 24 5.9 39 8.9
f5—[K* (892)K* (892)],p 14 3.3 14 3.4 23 5.1
f5—[K* (892)K* (892)],6 48 12 52 13 83 19
f5—[K(1270)K* (892)+c.Cl.p 99 40 102 42 209 79
f5—[K1(1270)K* (892)+c.C]f 0.5 0.2 0.6 0.2 1.1 0.4
f5—[K(1270)K* (892)+c.Clop 33 13 34 14 70 26
f5—[K1(1270)K* (892)+c.C.]5 0.8 0.3 0.9 0.4 1.8 0.7
f5—[79]op 14 3.3 13 3.2 20 4.4
fo—[7"nlop 29 7.0 29 7.2 29 6.6
f5—[f1(1510)7],p 45 22 46 24 92 43
f5—[f5(1525)p],p 14 6.9 14 7.3 29 14
f5—[7"n"lop 6.6 1.6 6.7 1.7 4.9 11
f5—[dblop 3.9 1.2 3.9 1.3 5.5 1.6
fo—=[ddlap 2.2 0.7 2.3 0.7 3.1 0.9
fy—[ddlas 1.0 0.3 1.0 0.3 1.1 0.3
ST 1046 391 1058 406 2181 797

KK final state has been observed an important test of thid”“=4"". We would then identify the narrow hadron state
interpretation would be the observation of some of thes®bserved in the gluon ricl/ ¢ radiative decays as a glueball
other modes. B candidate predicted by lattice gauge theory reJ@%. Re-

There are, however, some problems with tFig,(s9 cent lattice results indicate that glueballs may be narrower
identification of the£(2220). Foremost is the flavor symmet- than one might naively expef@3]. The scalar glueball width
ric decay patterns recently measured by the BES collaboras expected to be less that 200 MeV and one might expect a
tion [11]. These results contradict the expectations for a conhigher angular momentum state to be even narrower. The
ventionalss meson. Second is the wide range of measuregharrow state is not seen in hadron beam production because
widths for this state. Although the 1994 PDG book lists anit is narrow, is produced weakly in these experiments through
average width of 3}3 MeV the widths measured in hadron intermediate gluons, and is hidden by the state. Con-
production experlments LASS and E147, are larger whileversely, the broader state is not seed/iy radiative decays
those measured id/¢ radiative decay tend to be narrow. since this mode preferentially produces states with a high
The exception is the DM2 experiment which does not see, ifjlue content. Crucial to this explanation is the experimental
J/ radiative decay, a narrow state Jhyy— yKK but does verification of the BES results on the flavor symmetric cou-
observe a relatively broad state at this mass. plings of the state produced il ¢ radiative decay and the

To account for these contradictions we propose a seconabservation of other decay modes for the broader state in
explanation of what is being observed in this mass region —addition to the theoretical verification that the predicted ten-
that two different hadron states are observed, a narrow stator glueball is as narrow as the observed width.
produced inJ/ ¢ radiative decay and a broader state pro- The £(2220) has been a long-standing source of contro-
duced in hadron beam experiments. The broader state wouldrsy. It is a dramatic reminder that there still is much that
be identified with the®F 4(s9) state. The measured width is we do not understand about hadron spectroscopy and dem-
consistent with the quark model predictions and the LASSonstrates the need for further experimental results to better
Collaboration shows evidence that its quantum numbers anenderstand this subject and ultimately better understand non-
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TABLE V. Calculated partial decay widthg MeV) for theK (2045) state. For comments and additional

notes, see Table Il

SPO
(SHO

Decay Experiment RPSN KIPSN
K% (2045)—[Km]og 19.6+3.8 55 13
K% (2045)~[Kpli o 19 4.4
K} (2045)—[Kb,(1235)], ¢ 4.9 2.2
K% (2045)—[Ka, (1260)]; ¢ 1.3 0.6
Kj(2045)—>[Ka2(1320)]2YF 2.2 1.0
K} (2045)—[K*(892)7], ¢ 23 55
KE(ZO45)H[K**(892)p]2D 18107 76 18
K3 (2045 —[K*(892p],c 2.1 0.5
K% (2045)—[K4(1270)m], 1.6 0.7
K} (2045)—[K4(1400)7], ¢ 5.3 2.6
K% (2045)—[K3 (1430)m], ¢ 5.2 2.6
K} (2045)~[K7'Joe 3.3 0.9
K% (2045)~[Kw]; g 6.0 1.4
K} (2045)—[K¢]1 6 1.1 0.4
K% (2045)—[Kh;(1170)], 2.9 1.3
K% (2045)—[Kf,(1270)],¢ 1.3 0.6
K% (2045)—[K*(892)7]1 6 4.9 1.4
K% (2045)—[K* (892)w],p 24 5.7
KX (2045)—[K* (892)$],p 2.8+1.4 3.2 1.0
T 198+ 30 247 65

&This number is actually for the final stalke® (892)7r, and is the total for all partial waves.

TABLE VI. Calculated partial decay widthgn MeV) for the f,(2050) state. For comments and additional

notes, see Table Il

3P0
(SHO)

Decay Experiment RPSN KIPSN
f4(2050)~[ 7)o 35.4+3.8 123 25
f 4(2050)—[ 7w m(1300)]o 3.9 1.9
f4(2050)—[ a, (1260)], ¢ 18 7.5
f 4(2050)—[ a,(1320)],¢ 44 19

f 4(2050)—[ wm,(1670)],p 2.1 1.8
f4(2050)—[pplogc 1.9 0.4
f4(2050)—[pplap 159 33
f4(2050)—[pplac 7.3 15
f4(2050)—[ 77]oc 3.2 0.9
f4(2050)~[ 77 loc 1.0 0.3
f4(2050)—[ 7f»(1270)],¢ 1.1 0.5
42050 —[wwlsp 50 10
£4(2050 —[ww]sg 5413 2.0 0.4
f4(2050)—[KK]og 1.457 5.4 1.6
f4(2050)—[KK* (892)+c.cli g 2.7 0.8
f4(2050)—[KK,(1270)+c.c]y f 23 1.2
f4(2050)—[K* (892)K* (892)], 7.3 2.1
=T 198+ 30 435 109

&This number is the total for all partial waves.
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TABLE VII. Calculated total decay widthgin MeV) for the tum numbers of the total angular momentum &f

°F, and °F, ss states for different values . s=1/(1+ 8gc) is a statistical factor which is neededdfand
5 5 C are identical particles, ankllM.MsMs. is the decay am-

B (MeV) y I'(°F2) I'(°F4) plitude.

RPSN For the meson state we use a mock meson defingad4jy
350 7.42 590 540 AN, 251 )P
400 9.73 1046 498 [AA A 3,) ()
450 12.0 1549 429
4812 134 1841 387

=\2Ex 2 (LaM,SiMs [IaM,)

KIPSN M, Ms,

350 5.16 256 170 32 >\ 12 12 12
x1d
3712 5 60 309 152 f Pathn,am ( pA)XsAMSA¢A wa
400 6.25 391 132 m m
450 7.39 534 104 X ! B.+p.la I
41 m1+m2PA Pa |42 ml—i-mZPA Pa] /-

8 rom the simultaneous fit g8 and y. (A3)

Abelian gauge theories, of which QCD is but one example. . .
The subscripts 1 and 2 refer to the the quark and antiquark of

ACKNOWLEDGMENTS mesonA, respectively;|51 and m; are the momentum and
mass of the quark. Note that the mock meson is normalized
This redseEarc_h was Sl;{pportedhlrclz part _?yftge N%tur‘_iljhsc'relativistically to ZE,5%(P,o—Par), but uses nonrelativistic
ences and Engineering Research Council of Canada. The ay-. : S _ 2 2
thors thank Nathan Isgur, Winston Roberts, Philip Page, Ro Inors and.ci.m. CooidlnatE?A P1t P2 IS t_he moment.um
Kutschke, and Eric Swanson for helpful conversations. ~ ©f the ¢.m;pa=(mzp;—myp,)/(my+m,) is the relative
momentun). ny is the radial quantum numbekLA,MLA>
APPENDIX A: REVIEW OF THE 3P, MODEL and|SA,MSA> are the quantum numbers of the orbital angu-

OF MESON DECAY lar momentum between the two quarks, and their total spin
angular momentum, respectivefi; M S\M SA|JAMJA> is

. : 3
We are looking at the meson dec&y—BC in the P, a Clebsch-Gordan coefficier)géi,\,,s L 612 andw?? are the
A

model (Fig. 1). Define theS matrix
. appropriate factors for combining the quark spins, flavors,
S=1-2mis(E—ENT and colors, respectively, angt, | . (Pa) is the relative
A
and then wave function of the quarks in momentum space.
For the transition operator we use

(f|T)i)= 83(P¢— P ) MM3MaMag (A1)

which gives, using relativistic phase space, the decay widtd = _37§m: (Im1- m|00>J d*p3dps8°(Ps+ pa)
in the center-of-masg&.m,) frame

ol PP L
%1( > “)xi“m S03pl(Po)di(Pa),  (Ad)

Femeo S S MM Mo M2

T M2 (234H 1) Wy 7 My,
(A2) where y is the one undetermined parameter in the model
andl%m(f))zp'Y,m(ap ,#p) is a solid harmonic that gives the
momentum-space distribution of the created pair. Here the
spins and relative orbital angular momentum of the created
quark and antiquarkreferred to by subscripts 3 and 4, re-
created pair (3,4) spectively are combined to give the pair the overall
JP€=0"" quantum numbergn the 3P, state.

Combining Egs(Al), (A3), and(A4) gives, for the am-
plitude in the c.m. framéafter doing the color wave function
overlap,

HereP is the magnitude of the momentum of either outgoing
meson,M , is the mass of mesaof, |JA,MJA> are the quan-

"Our value ofy is higher than that used by Kokoski and Is§i]
FIG. 3. The position-space coordinates used in the flux-tubéy a factor of /967 due to different field theory conventions, con-
model. The cigar-shaped dashed line shows a possible surface stant factors irl, etc. The calculated values of the widths are, of
constantw i, - course, unaffected.



£(2220 REEXAMINED: STRONG DECAYS OF THE £F, ... 3709

Eq. (A5) except that y is and

[(P,m;,m,,ms) is replaced by

MMaMaMac( B replaced by vy,

>

LyMs ML Mg,
M Mg ,m
LeMse

X(LgM_ SgM g [IgM ) (LcM L ScMs [IcM )

12
SaMs,

=7YV8EAEREC (LaM(,SaMs,[3aM;,)
M

1P, my,m,,mjg)

3
2

~ s [ o a s
(27) jd rJd Wl//”BLBMLB( w=r)
X (1m 1—m|00) X { x&*, x32 b V—F
( |00) <XSBMSBXSCMSC|X X1-m xw;CLCMLC(W—r)

X[( s pE| pp2H3H (P,my,my,m3)

, N - 3
42 14 12 24 Xf//fln([(P+|VFA)¢nALAMLA(rA)]FA=72F)e 22%min
(=)L ¢p% o

Jro |

The two terms in the last factor correspond to the two poswhere they's are now the relative wave functions in position
sible diagrams in Figl — in thefirst diagram the quark ia ~ SPace.
ends upB; in the second it ends up i@. The momentum

space integral(ﬁ,ml,mz,mg) is given by

my my
Myt mg Myt mg

my
my+mz  my+mg

my

X1(—P,m,,my,m3)]. (A5) Xeiﬁ'H *

APPENDIX C: CONVERTING
TO PARTIAL WAVE AMPLITUDES

- - my - . : .
|(p,m1,m2,m3):f dap(’[/:BLBML T3p+p The decay amplitudes of th&#, and flux-tube-breaking
s\ My Mg models derived in Appendixes A and B)MiM3Mic, are
Ms given for a particular basis of the final state:
N . - _
X'/’"chMLC —m2+m3P+p 16,6,M3,M; )=|Q,M;_,M; ). Here § and ¢ are the

spherical polar angles of the outgoing momentum of meson
B in the c.m. frame.

We would prefer to calculate amplitudes for particular
partial waves, since they are what are measured experimen-
tally: |[J,M,S,L). Here|J,M) are the quantum numbers of
the total angular momentum of the final std®Mg) are the
quantum numbers for the sum of the total angular momenta
of B andC, and|L,M) are the quantum numbers for the

The flux-tube-breaking model of meson decay extends th@Pital angular momentum betweénhandC. .
3p, model by considering the actual dynamics of the flux Th_e form_ula _for the decay width in terms of partial wave
tubes. This is done by including a factor representing thé@MPplitudes is different from EA2):
overlap of the flux tube of the initial meson with those of the _ sL
two outgoing mesons. Kokoski and Isgik7] have calcu- F_Z "5

XL, (PHPIZT(P),  (R6)
where we have takeR=Pgz= —P_.

APPENDIX B: REVIEW OF THE FLUX-TUBE-BREAKING
MODEL OF MESON DECAY

lated this factor by treating the flux tubes as vibrating strings. St

They approximate the rather complicated result by replacingyhere

the undetermined parametgiin the 3P, model with a func- p

tion of the location of the created quark-antiquark pair, and a FSLZZ _§| MSH2,
new undetermined parameteg: 4 My

MStis a partial wave amplitude ardd® is the partial width

of that partial wave.

Hereb is the string tensioka value of 0.18 Ge¥is typically We used two methods to convert our calculated ampli-
used andw,;, is the shortest distance from the line segmentudes to the partial wave bag2S]: a recoupling calculation
connecting the original quark and antiquark to the location a@"d Py use of the Jacob-Wick Formula.

which the new quark-antiquark pair is created from the

N 1 9
y(r, W)= yge~ 22%in .

vacuum(see Fig. 3

) w2sir?6 The

W ... =
M 24+ w?—2rw|cos)|

if r=w|cos|,
if r<w|cosd|.

To incorporate this into thé P, model we first Fourier
transform Eq(A6) so that the integral is over position space.
We then pull the parameter inside the integral, and replace
it by the function of positiom(F,W). The expression for the
amplitude in the flux-tube model is then the same as that of

1. Converting by a recoupling calculation

result of a recoupling calculation is

p)

MMy Mg, M

MSY(P)= (LM SMg[JaM; )
X(JgM;,IcM; [SMs)

xf dQYfML(Q)MMJAMJBMJC(ﬁ). (C1)
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Note that this can be done for any value MfJA; alterna- integrals of Eqs(A6) and (C1l), was converted into a sum
tively, one could sum oveM ; and divide by (3,+1), on  OVer angular momentum quantum numbers, using the tech-
the right side A nigues of_ Roberts anq S|Ivestre—B|{axﬁ]_(a result very simi-

' lar to theirs was obtaingdThese techniques require that the
radial portion of the meson wave functions be expressible in
2. Converting with the Jacob-Wick formula certain functional forms, which encompass simple harmonic

|3,M,S,L) to the helicity basi$J,M,\g,\c), wherexg and ously_ meet these requirements3 and_ since the detailed wave
\c are the helicities oB andC, respectively. To use it we functions of Ref[18] are expansions in terms of SHO wave-

must first convert the basis that we calculate with to thefunctlons, they do too. .
. i o i N~ ) These expressions for the amplitudes were then computed
helicity basis. This is done by first choosift=Pg to lie

o o _ symbolically using routines written foMATHEMATICA [26].
along the positive z axi¢in the c.m. frame sti)l so that  These routines are usable for any meson decay where the

Ag=M,_ and\c=—M,;_. Then one can use another expres-radial portion of the wave functions can be expanded in

sion that relates the helicity basis to the baslshg,\¢). terms of SHO wave functions, and are limited only by the

The final result is size of the symbolic problem that results, and the available
computer resources.

sL V4m(2L+1) In the flux-tube-breaking model there are two three-

M=H(P)= ZJA—+1 dimensional integrations before converting to partial wave

amplitudes. The wish to be able to write general routines for
any meson decay meant that only two of the six integrations

X MJ%J <LOS(M‘]B+ MJc)l‘]A(MJB+ M‘]C)> could be done analytically; the remaining four must be done
8c numerically. In order to minimize the numerical integration,
X{JgM; IJcM; |S(M;_ +M; ) the Jacob-Wick formula, rather than a recoupling calculation,
BVlagdcM . e T My . ) ;
was used to convert to partial wave amplitudes since no fur-
X M M3, =Myt My My My (PZ). ther integrals are involved.

) ) _ An integrand for each partial wave amplitude was pre-
Here M, in the calculated amplitude is replaced by pared symbolically and converted t6ORTRAN code using

My +Mj.. routines written formATHEMATICA, and then integrated nu-
merically using either adaptive Monte CafloEGAS[27]) or
APPENDIX D: CALCULATIONAL TECHNIQUES a combination of adaptive Gaussian quadrature routines.

Again, these routines are usable for any meson decay where
The decay amplitudes in th#P, model were converted to the radial portion of the wave functions can be expanded in
partial wave amplitudes by means of a recoupling calculaterms of SHO wave functions, and are limited only by the
tion. The whole expression for the amplitudes, including thesize of the problem and available computer resources.
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