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Masses, branching ratios, and full widths of heavyr8, r9 and v8, v9 resonances

N. N. Achasov* and A. A. Kozhevnikov†
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~Received 20 July 2000; published 10 November 2000!

Based on previous and recent fits of multiple data on the reactions ofe1e2 annihilation,t lepton decay, and
the reactionK2p→p1p2L, the magnitude of the branching ratios and total widths of the isovectorr8, r9,
and the isoscalarv8, v9 resonances are calculated. Some topics on the spectroscopy of ther(1450) and
v(1420) states are discussed.

PACS number~s!: 13.65.1i, 13.25.Jx, 14.40.Cs
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The situation with the resonancesr8[r18[r(1450), r9
[r28[r(1700), with isospin one andv8[v18[v(1420),
v9[v28[v(1600) with isospin zero is still far from clear
Although the characteristic peaks corresponding to th
resonances were observed in a number of channels of
photone1e2 annihilation,t lepton decays,NN̄ annihilation,
photoproduction, etc., the specific masses and branching
tios are not properly established and hence are not give
the Particle Data Group~PDG! tables @1#. Recently, the
present authors undertook an attempt to fit then existing
on e1e2 annihilation, t lepton decays, and the reactio
K2p→p1p2L, where the above heavy resonances w
observed, in the framework of the unified approach. The
proach is based on a scheme that takes into account bot
energy dependence of the partial widths and the mixing
common decay modes among the latter and the ground
r(770) andv(782) resonances, in the respective isovec
@2# and isoscalar@3# channels. Here we calculate the branc
ing ratios and total widths of ther1,28 and v1,28 resonances
using new data on the cross section of the reactionse1e2

→p1p2p0 @4,5#, e1e2→vp0 @6#, and data on the spectra
function v1 measured in the decayst2→vp2nt , t2

→p1p2p2p0nt @7#. We also comment on the issue of wh
the resonances with masses greater than 1400 MeVshould

be wide in the conventionalqq̄ model, and why their bare
masses get shifted towards the greater values as compar
the visible peak positions. The latter point, as will be sho
below, is of direct relevance to the hadronic spectroscop
the r(1300) resonance reported by the LASS group@8# and
the v(1200) resonance reported by the SND team@5#.

As is known @1#, the indications on the existence of th
r1,28 andv1,28 resonances were obtained, in particular, in
VP channels, whereV andP stand, respectively, for the vec
tor and pseudoscalar mesons. It is also known that the typ
magnitude of theVVP coupling constant isgvrp.14.3
GeV21. All other VVP coupling constants can be express
throughgvrp via the SU~3! Clebsch-Gordan coefficients o
equivalently, the quark model relations. As far asV1,28 VP
coupling constants are concerned, the theoretical situatio
unclear. Indeed, the QCD sum rule approach@9# used to
evaluategvrp @10# cannot give any prediction, since the co
tributions of heavy resonances are suppressed due to
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Borel transformation. The quark model predictions are rat
uncertain; e.g., Ref.@11# predicts ugr

18vpu54 –24 GeV21,

ugr
28vpu53 –5 GeV21, and@12# predictsugr

18vpu'6 GeV21,

ugr
28vpu'2 GeV21, while @13# gives ugr

18vpu'5 GeV21.

Hence, we did not rely on any specific value of theV1,28 VP
coupling constants in Refs.@2,3# and took them to be free
parameters. Their extracted values turned out to be in
intervals ugr

18vpu510–18 GeV21, and ugr
28vpu52 –13

GeV21, see the details in@2,3#. Qualitatively, the relation
ugr

1,28 vpu;ugv
1,28 rpu was found to be satisfied. One can s

that there are no reasons to expect, both theoretically
phenomenologically, that theV1,28 VP coupling constants
should be drastically suppressed as compared to theVVP
ones. Hence, takinggr

1,28 vp;gv
1,28 rp.10 GeV21 and mr

18

'mv
18
51400 MeV, one finds

Gr
18→vp5gr

18vp
2

qvp
3 ~mr

18
!/12p;280 MeV,

Gv
18→rp5gv

18rp
2

qrp
3 ~mv

18
!/4p;820 MeV. ~1!

Hereqbc(ma) is the momentum of the final particleb or c in
the rest frame system of particlea, in the decaya→b1c,
and the three isotopic modes in thev18→rp decay are taken
into account. To appreciate the rapid growth of theVP
widths with energy, their evaluation, assuming the masse
be 1200 MeV, gives, respectively, 92 and 295 MeV. Ana
gously, assuming thatmr

28
'mv

28
51750 MeV, one finds

Gr
28→vp;880 MeV, Gv

28→rp;2600 MeV. ~2!

Since theVP decay modes are not the only ones to whi
heavy resonances can decay@1#, the resonancesr1,28 and
v1,28 , in fact, should be rather wide. The large width of
resonance is one of the obstacles in its identification, beca
such a resonance often reveals itself as rather smooth fe
in the energy behavior of the cross section. Of course, div
ing the above adopted magnitude of coupling constants b
factor of 2 does not result in changing our qualitative co
clusions concerning theV1,28 VP partial widths.

The second obstacle, as was pointed out in@2,3#, is the
shift of the resonance peak position from the input value
the resonance mass. Indeed, let us consider, for simpli
the single resonanceR with bare massmR observed in some
channel f of e1e2 annihilation, e1e2→R→ f . Then the
cross section of the above process can be written as
©2000 The American Physical Society03-1
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TABLE I. Masses, total widths~in the units of MeV!, leptonic widths~in the units of keV!, and branching ratios~percent! of the r18
resonance, calculated using the coupling constants extracted from the fits of the specific channel@2#. The symbol; means that the centra
value is given, with the errors exceeding it considerably. Ther18 resonance does not reveal itself in thee1e2→vp0 reaction andt2 decay.

Channel p1p2 a rh a 2p12p2 a p1p22p0 a J/c→3p K2p→p1p2L

mr
18

1370270
190 14606400 1350650 14002140

1220 15702190
1250 13602160

1180

Br
18→p1p2 1.161.1 ;3.7 ;1.4 ;8.0 ;0 ;0.7

Br
18→vp0 86.5641.5 ;56.9 93.6660.0 77.8662.2 66.5665.5 93.3682.7

Br
18→rh

b ;5.6 ;3.6 ;5.0 ;6.6 ;13.2 ;5.5
Br

18→K* KK̄1cc
b 0 ;4.3 0 ;0.4 ;15.0 0

Br
18→4p ;6.8 ;31.5 ;0.2 ;7.2 ;4.4 ;0.7

Gr
18→ l 1 l 2 6.421.4

11.2 ;13 5.421.8
12.6 6.322.5

13.3 2 2

Gr
18

7636500 ;2222 ;518 ;970 ;3444 ;460

aThis is the final state ine1e2 annihilation. bCalculated assuming SU~3! relations among theVVP coupling constants.
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s~s!512pmR
3GRl1 l 2~mR!gR f

2 s23/2WR f~s!

~s2mR
2 !21sGR

2~s!
, ~3!

wheres is the square of the total center-of-mass energy,
GRl1 l 2(mR) is the leptonic width of the resonance evaluat
at As5mR . The partial hadronic width of the decayR→ f is
represented in the formGR f(s)5gR f

2 WR f(s), where gR f is
the coupling constant ofR with final statef, andWR f(s) is
the dynamical phase space factor of the decayR→ f that
includes the possible resonance intermediate states as
example, in the decayv→rp→3p. The total width of the
resonance isGR(s)5( fGR f(s). The peak position is given
by the condition of the vanishing derivative ofs(s) with
respect tos:

s2mR
25„G~s!…21 $16@11sGR

2F~s!G~s!#1/2%, ~4!

where G(s)5@ ln(s23/2WR f)#8, F(s)5@ ln(s5/2GR
2/WR f)#8.

Hereafter,GR[GR(s), WR f[WR f(s), and the prime denote
differentiation with respect tos. Equation~4! should match
the usual expressions2mR

250 in the limit of slow varying
narrow width; hence the lower minus sign should be cho
in Eq. ~4!. The latter is still a very complicated equation f
the determination of the peak position, so numerical meth
should be invoked for its solution. However, all necess
qualitative conclusions can be drawn upon approximating
right hand side of this equation by taking its value ats
11750
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5mR
2 . One can convince oneself that the dominant de

modes of heavy resonances have phase space factors g
ing faster than the decrease of the leptonic width ass23/2.
Then the functionG(s) is positive. Also positive is the func
tion F(s). Hence, the factor followingG21(s) in Eq. ~4! is
negative. To first order in the derivative of the phase sp
volume, one finds from Eq.~4! the peak positionsR :

sR'mR
22 1

2 sGR
2F~s!us5m

R
2. ~5!

One can see that in the case of a sufficiently narrow (GR
,200 MeV! resonance such asr(770), v(782), and
f(1020), the peak position, with good accuracy, coincid
with the bare massmR .

The situation changes when the resonance is wide
takes place in the case of ther1,28 and thev1,28 one. See Eqs
~1! and ~2!. The peak position is shifted towards the low
value as compared to the magnitude of the bare mass. Th
just what was revealed in the fits@2,3#. The greater the width
of the resonance width, the more it is shifted, so that, say,
r28 and v28 resonances with bare masses around 1900 M
are revealed as peaks at 1500–1600 MeV.

After these preliminary remarks let us present the res
of the calculation of the branching ratios and full widths. A
compared to Refs.@2,3#, recent data on the reactionse1e2

→p1p2p0 @4,5#, e1e2→vp0 @6#, andt lepton decays@7#
are used to extract the necessary resonance parameters
TABLE II. The same as in Table I, but in the case of ther28 resonance. The latter does not reveal itself in theK2p→p1p2L reaction.

Channel p1p2 a vp0 a rh a 2p12p2 a p1p22p0 a J/c→3p t2→(4p)2nt

mr
28

19002130
1170 1710690 19102370

11000 18512240
1270 1790270

1110 20802900
1160 18602160

1260

Br
28→p1p2 ;0 ;0 ;0.4 ;1.2 ;0.4 ;0 1.561.4

Br
28→vp0 ;16.7 22.368.0 ;1.6 13.463.9 31.0618.6 ;28.4 18.962.8

Br
28→rh

b ;5.9 6.362.0 ;0.3 4.661.4 9.668.6 ;11.5 10.362.2
Br

28→K* K̄1cc
b ;8.9 8.762.8 ;0.9 6.762.0 14.0611.2 ;17.8 6.861.5

Br
28→4p ;68.5 61.267.8 ;96.9 74.0632.1 45.0618.0 ;42.2 62.665.0

Gr
28→ l 1 l 2 1.861.5 5.261.5 ;1.1 4.0220.27

10.28 4.561.3 2 9.360.6c

Gr
28

;303.9 18866613 ;3284 31236296 315161281 ;9386 32556388

aThis is the final state ine1e2 annihilation.
bCalculated assuming SU~3! relations among theVVP coupling constants.
cFound assuming the conserved vector current~CVC! relation between the spectral function and the combination of thee1e2 annihilation
cross sections; see Ref.@18#.
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TABLE III. Masses, total widths~in the units of MeV!, leptonic widths~in the units of eV!, and branching ratios~percent! of the v1,28
resonances, calculated using the coupling constants extracted from the fits of the specific channel ofe1e2 annihilation@3#. The symbol;
means that the central value is given, with the errors exceeding it considerably.

Channel p1p2p0 vp1p2 K1K2 KS
0K6p7 K* 0K7p6

mv
18

1430270
1110 ;1400 ;1460 ;1500 ;1380

Bv
18→3p ;21.6 ;8 ;67 ;96 ;34

Bv
18→K* K̄1cc ;0.2 ;0 ;1 ;4 0

Bv
18→K* K̄p ;0 0 0 0 0

Bv
18→vp1p2 ;78.2 ;92 ;31.2 ;0 ;65.8

Gv
18→ l 1 l 2 144258

194 ;0.2 ;8 ;8 ;48
Gv

18
;903 ;129 ;173 ;1252 ;112

mv
28

19402130
1170 20006180 17802300

1170 ;2120 188021000
1600

Bv
28→3p ;22.1 ;34.2 ;88.8 ;91.2 ;60.1

Bv
28→K* K̄1cc ;3.5 ;5.8 ;11.2 ;15.8 ;8.9

Bv
28→K* K̄p ;68.2 ;53.4 0 0 ;30.9

Bv
28→vp1p2 ;6.2 ;6.6 0 0 ;0

Gv
28 l 1 l 2 109246

158 5316225 0 ;189 11626922
Gv

28
;14000 ;5757 ;2420 ;9854 ;13820
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results of the evaluation of the branching ratios and
widths are shown in Tables I, II, and III. One can see that
simple qualitative estimates displayed in Eqs.~1! and ~2!,
assuming modes besides theVP one are included, agree wit
the results presented there.

Now, some remarks on the spectroscopy of the hea
vector mesons are in order. First, ther(1300) state reported
by the LASS detector team@8#, who studied the reaction
K2p→p1p2L, revived an old discussion concerning th
possible existence of ther(1250) meson, in addition to th
r(1450) claimed to be observed ine1e2 annihilation. The
results presented in Table I show that the corresponding p
observed by the LASS group should be attributed to
same stater(1450) as that presented by the PDG@1#.

A similar situation is with the statev(1200) observed
recently by the SND team in the reactione1e2

→p1p2p0 @5#. The new data on this reaction@4,5# are
included in the fit done to consider thev(1200) state in the
framework of the approach@2,3#, however, upon neglecting
the contributions of thef1,28 resonances, because their co
plings in the above reaction were found to be consistent w
zero @3#. The parameters of thev1,28 resonances extracte
from this new fit coincide within errors with those reporte
earlier@3#. They are used in filling the corresponding entri
in Table III. The corresponding curves are plotted in Fig.
Our conclusion is that thev(1200) state observed by SN
@5# is the same state asv(1420)[v18 presented by the PDG
@1#. The shift of the visible peak as compared to the b
mass of the resonance should be attributed, as is expla
above, to the rather large width and the rapid growth of
partial widths with the energy increase. As far as thev28
resonance is concerned, its huge width~see Table II! results,
in accordance with Eq.~5!, in a shift of the peak to.1600
MeV from the bare mass.1900–2000 MeV. The large par
tial widths found in the analysis@2,3# are also in qualitative
agreement with the expectations shown in Eqs.~1! and ~2!.

The recent data on the reactione1e2→vp0 @6# have
been included in the fit. The resonance parameters are fo
11750
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to agree within errors with those obtained in Ref.@2#. Spe-
cifically, ther18 resonance is not revealed, since its extrac
parameters are consistent with zero within very large err
Hence we excluder18 from the fit, leaving only ther(770)
1r28 contribution. The corresponding curve is shown in F
2. When comparing each individual resonance contribut
with the total one in Figs. 1, 2, and 3, one should bare
mind that the latter is not directly connected to the form
ones, because the mixing among resonances via their c
mon decay modes is very strong@2,3#.

The joint fit of the CLEO data@7# results in a consider-
ably improved accuracy of the determination of ther28 reso-
nance parameters as compared to the earlier fit@2# of the
ARGUS data@17#. Here also ther18 resonance is unneces
sary, and the data are well described by the onlyr28 reso-
nance in addition to ther(770). The results are shown i

FIG. 1. The cross section of the reactione1e2→p1p2p0

above 1 GeV. The data are SND@5#, ND @14#, DM2 @15#.
3-3



he
s

o
m
e
t

t-

,
as
th

rg

ive
the
to
-

nge
e

.
The
S

BRIEF REPORTS PHYSICAL REVIEW D 62 117503
Table II and Fig. 3. The shift of the visible peak towards t
lower invariant mass of the 4p system around 1500 MeV i
explained by the discussed effect exemplified by Eq.~5!.

Our conclusions are as follows. First, the statesr1,28 and
v1,28 turn out to be wide resonance structures, as if the c
ventional quark picture of them as radial excitations is i
plied. In this respect, the present results, having in mind th
significant uncertainties, do not contradict the assignmen
r18 andv18 resonances to the state 23S1 @1,12#. In the mean-
time, the resonancesr28 andv28 are found to be wide, which
contradicts assigning them to the state 13D1 predicted to be
relatively narrow@12#. Second, one should be careful in a
tributing the specific peak or structure in the cross section
the specific spectroscopy state, because the large width
rapid growth of the phase space with the energy incre
and the mixing among the resonances result in a shift of
visible peaks in the cross sections. Third, the very la

FIG. 2. The cross section of the reactione1e2→vp0. The data
are SND@6#, DM2 @16#.
,
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widths of resonances found in this paper may indirectly g
evidence in favor of some nonresonant contributions to
amplitudes. The accuracy of the existing data is still poor
isolate such contributions reliably. The forthcoming im
provement of the accuracy of the data in the energy ra
1400–2000 MeV will hopefully permit one to specify th
above nonresonant contributions~if any! and to test the
whole resonance interpretation of the high mass states.

We are grateful to V. P. Druzhinin, S. I. Eidelman, E. V
Pakhtusova, and S. I. Serednyakov for discussions.
present work is supported in part by grant RFBR-INTA
IR-97-232.

FIG. 3. The spectral function in the decayt2→vp2nt ~a! and
t2→p12p2p0nt ~b!. The data are CLEO@7#, ARGUS @17#.
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