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Summary. — The meson resonances g(1660), ¢,(1650), ¢,(1830) and
K,(1760) are tentatively grouped in an «ideal» SU; nonet having
JPC=3 . A discussion of their masses and their decay modes is pre-
sented showing general agreement with the available experimental data.
Our results are also discussed in the light of finite-energy sum rules for
the reactions nK —+ oK and nK — oK.

1. — Introduction.

It is generally accepted that two of the main features of our understanding
of hadron interactions, at least from a phenomenological point of view, are
the approximate validity of unitarity symmetry schemes and the Regge behav-
iour of the scattering amplitudes. Only in a reduced number of cases however
the immediate application of these models leads to a successful description
of the experimental facts. When mesons are considered, one obgerves that
only the natural, spin-parity J7°=1"" and 2'" nonets are well understood
in the framework of a fundamental quark model or S8U, (1). Similarly the
only well-established Regge trajectories are those containing these mesons.
For the large majority of the remaining cases the introduction of supple-
mentary and sometimes arbitrary assumptions is often unavoidable. In this
sense we think that an attempt to study the 37~ mesons, belonging to the

(*) To speed up publication, the authors of this paper have agreed to not receive the
proofs for correction.

(*) On leave of absence from Departmento de Figica Teérica, Barcelona.

() See for example the rapporteurs’ talks by B. FrexcH, H. HArARI and G. Morg-
PURGO: at the XIV International Conference on High-Energy Physics (Vienna, 1968).
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natural series and lying on the leading Regge trajectories, would be particularly
attractive.

On the other hand a new K*-resonance decaying mainly into Kn and Krr
has been very recently observed (%), suggesting a natural spin-parity assign-
ment to this state.

In the present paper a phenomenological analysis of the 3~ resonances is
done, showing that the observed properties of these states ean be fairly well
understood in terms of an «ideal » ST, nonet structure. In Sect. 2 we discuss
the mass properties of these 3~ mesons suggesting the identification of some
of the actually known resonances with the members of this nonet. Further
evidence in favour of these assignments is obtained in Sect. 3 where the decay
widths and branching ratios are analysed. Finally we study the implications
of our results in the framework of finite-energy sum rules for the reactions
K - oK and 7K — K.

2. — Masses and linear trajectories.

The g or p,(1660) has been for some time the only meson showing some
evidence for a J® = 3~ assignment (). This choice was also supported by the
value of its mass, (16604-20) MeV, which allowed to identify the g, in a world
of linear Regge trajectories with a common slope, as the first recurrence of
the p-meson. Because of the experimental confusion existing in the R-region,
to which the g-meson belongs, it is however very hard to establish clearly
its main properties and decay modes.

In a recent paper CARMONY efal. (?) have reported on the observation
of a K (1760) strange meson with a probable 3— spin-parity assignment and
whose mags and width are (1759-4-10) MeV and (604-20) MeV, respectively. The
interpretation of this state as the Regge recurrence of the K*(890)-meson
follows quite naturally.

The whole situation is shown in Fig. 1, where a common slope o'~
~ (0.9 (GeV)~2 has been assumed for all trajectories. The very approximate
p-o mass degeneracy implies a similar equality between the masses of the g
and its isoscalar partner. This suggests the identification of the ¢,(1650) of
mags (1664--14) MeV and natural spin-parity as such an I =0 state. Anal-
ogously the recurrence of the ¢-meson is predicted to have a mass roughly
corresponding to the o,(1830) enhancement observed in different experi-

() D.D. Carmony, D. Corps, H. W. Crorp, A. F. GARFINKEL, R. F. HoLLAND, F. J.
LorrrLER, H. B. MatHis, L. K. RaveaN, J. Erwix, R. L. LaNpER, D. E. PELLETT,
P. M. Yacer, ¥. T. Metere and W. L. YEN: Phys. Rev. Lett., 27, 1160 (1971).
(%) PartioLE Data GroUP: Rev. Mod. Phys., 43, No. 2, Part. 2 (1971).
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ments (#5). The nonet of tensor mesons is also shown in Fig. 1 indicating that
within the experimental uncertainties the expected degeneracy of trajectories
Olp == 00y, == gy = Gy Oy = Ogan ANA 06, = 0t i well satisfed (%).

Re «(t)
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Fig. 1.
The quark model, on the other hand, predicts the following mass for-

mula (7):

(1) 2R* =9+, it & ~p,

where the symbol ¥ means the squared mass of the V-like mesons, which is
well satisfied by the vector and tensor meson nonets. Since eq. (1) is linear

(*) J. A. Davysz, B. R. FreENcH and V. SiMmax: Nuove Cimento, 31 A, 801 (1967).
(®) B. R. FrENCH, J. B. KixsoN, R. Rigoporros, V. SiMmax, F. McDoxaLp, G. PrT-
MEZAS and L. RIiDpIrorD: Nuovo Cimenio, 52 A, 438 (1967).

(¢) C.B. Cm1v and J. FINKELSTEIN: Phys. Lett., 27 B, 510 (1968); see also M. Jacos:
Lectures on elementary particles and quanium field theory, in Brandeis Summer Institute,
edited by S. Drser, M. GRIsaRU and H. PENDLETON (1970).

(") See for example the papers by R. H. Davirz and by G. Zwric: in Meson Spectro-
scopy, edited by C. Bartay and A. H. RosexrerLp (New York, 1968).
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in the squared masses of the particles, it is also expected to be satisfied by the 3~
nonet. Itpredictsin fact the mass of the ¢,(1830) to be 1.85 GeV. Note however
that a very similar value is obtained using eq. (1) for the masses ingtead of the
squared masses of the particles.

From the Gell-Mann—Okubo (linear or quadratic) mass formula the value
of the masgs of the isoscalar member of the octet is predictcd to be 1.79 GeV.
The mixing angle between the ¢,(1664) and ¢,(1850) states is then 6 ~34°
in both cases and roughly coincides with that obtained for the well-established
1~ and 27 nonets.

Consequently, the nonet of 3™ mesons seems to present, as expected, an
«ideal » quark model structure. In particular, the ©,(1664) state is analogous
to the w or f mesons in the sense that it can be considered as constructed by
nonstrange quarks only. The o,(1850) on the contrary is a pure XA state similar
to the ¢ and f’ mesons.

3. — Decay rates and coupling constants.

According to ref. (*) the only final states observed in the decay of the
K, (1760)-meson are Km, K*(890)r and Kp. This suggests that the dominant
decay modes of the other members of the 3™ nonet, let us symbolize them
by G, are also of the type G —PP’' and G — VP, where P and V stand for
pseudoscalar and vector mesons. They are explicitly listed in the first column
of Table I.

The Lorentz-invariant matrix elements for the decays G ->PP’ and G — VP
are given by (*)

(2a) TGPP' = Yapp’ G“ﬂyq:xqﬁqr
and
(2b) TGVP = Gavplapys V“pﬂquanﬂQA ’

where G* and V* are the polarization tensors of the 3~ and 1~ mesons respec-
tively, g is the four-momentum of one of the pseudoscalars and p that of the
vector meson. Usual phase-space integrations lead to the expressions for the
partial widths:

2

Jare 1 [q°
(3&) FG—>PP' == Z:: g’g 71}’1L|—(2} 9

2

Jave 4
3b yp = T 7
(30) Tasvp in 1051’],

(®) G. CarBONE: Nuovo Cimenio, 58 A, 23 (1968).
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TasrLE 1.

Decay modes Phase Coupling Branching Partial

G- PP/, VP space-10* constant ratios width

(GeV) (>7) (%) (MeV)

K4(1760) - Kr 20 1/2 g% 23.6 14.2 + 5.9
K 8.3 1/2 45 9.4 5.6 - 2.3
K#x 17 9/204% 35.7 21.4 4 8.9
oK 12 9/20¢% 22.5 13.5 4 5.6
oK 10 3/204% 6.7 4.0 - 1.7
oK 1.0 6/204% 1.4 0.84 4+ 0.35
K*y 2.7 1/2045 0.7 0.42 4 0.18

Total 60 420

g (1660)— mw 26 2/3 ¢~ 42.1 24.4 410.2
KK 6.0 1/2 ¢~ 4.9 2.8 + 1.2
T 16 3/5 g% 46.3 26.8 +11.2
K*K 1.3 3/5 ¢° 3.7 2.1 4+ 0.9
o 3.2 1/5 ¢% 3.0 1.7 4+ 0.7

Total 58 24

oy (1664) > KK 6.3 1/3 ¢% 2.9 2.9 L 1.2
o 18.7 9/5 ¢ 93.0 98 139
K*K 1.5 3/5 ¢% 2.5 2.5 4+ 1.0
o 3.1 1/5 ¢ 1.6 1.6 £+ 0.7

Total 100 143

oy (1850) > KK 14.6 2/3 ¢ 28.5 13.7 + 5.7
K*K 9.5 6/5 ¢ 64.2 30.8 +12.8
o1 1.6 4/5 g% 7.3 3.5 4+ 1.5

Total 48 £ 20

whose numerical values, apart from the coupling constants g*/4m, are given

in Table 1.

Let us now turn to the problem of relating different coupling constants
under the assumption of exact SU, symmetry. The pseudoscalar mesons are
assumed to transform according to an octet representation considering that
the small n-n’ mixing angle hag negligible effects in this case (*). The 3~ and 1~

(*) In so doing no predictions can be made for processes involving the mainly singlet
meson 7', But due to its large mass these processes are expected to be strongly depressed.



526 A. BRAMON and M. GRECO

mesons, on the contrary, belong to two «ideal » nonets of SU,, as discussed
at the end of the preceding Section. Because of the violation of charge conjuga-
tion parity by the coupling G PP, all different G —PP’ decays can be ex-
pressed in terms of only one unknown g¢,, as shown in third column of Table I,
The situation concerning the vector-pseudoscalar decays is more involved since
three different couplings, G VP, G,V P, and GV, P, are now allowed. We
can use however one of the main features of the quark medel () to relate these
three couplings, which by simple 8U, should be regarded as independent. We
shall make use of the fact that both ¢ and ¢,(1830) mesons are constructed
only by strange quarks and, therefore, their couplings to any couple of mesons
containing only nonstrange quarks are expected to be strongly suppressed.
This suppression is known to occur in all cases where is expected, namely in
the transitions ¢ —pmw, ¢ —my and f'—=mn (*). Our final results are then listed,
in terms of the D-type coupling constants ¢, only, in the third column of
Table I.

It is now clear that the different branching ratios of the decays G —PP’
and G —VP are fixed once the value of the relative coupling strength
g./9, is given. The most direct way to estimate this ratio is to use the
experimental results

Ky —Kn
quoted in ref. (3). The result
gZ
(5) gg = (0.52 + 0.13) (GeV)?
D

iy easily obtained. It is worth observing that a similar result is obtained by
evaluating the analogous ratio from the experimental data (3) on the V —PP’
and V—VP decays:

(6) (3—2) ~ 0.46 (GeV).

Such an agreement can be explained by using SU, arguments and is also pre-

(*y The coupling constants gfppn and gfpvn are known to be rougly a factor ot 500 smaller
than the corresponding gf‘,pn and gﬁwn. A small upper limit can be similarly found for
the ratio g2, /9%¢%-



NONET STRUCTURE OF THE JP¢= 37~ MESONS 527

dicted by a large variety of quark models (*). The different branching ratios
evaluated through eq. (5) are given in the fourth column of Table I.
Some comparisons with experimental data are now possible. The ratio

Ky(1760) > K*r 40 415
E;(1760) > pK ~— 60 425

measured in ref. (*) is compatible, within the large errors, with ourpredictions.
As far as the g-meson decay modes are concerned, the only noncontroversial
experimental result is (*1°) (g — KK)/(g —nr) = 0.08--0.026 in good agreement
with our results. The prediction of the dominance of the em mode in the
©,(1650) decays is also quite satisfactory (3).

In order to get an estimate of the absolute partial widths a new input is
required, which essentially fixes the absolute value of g, or g,. The experi-
mental result (*)

(7) (K, (1760) — all) = (604-20) MeV

seems to be the most adeguate for our purposes. As a consequence we obtain
the predictions quoted in the last column of Table I, where the indicated errors
result from those combined from eqs. (4) and (7). Alternatively we could
have choosen as input the world average result (3} I'(,(1650)— 3w, br) =
= (141417) MeV. The presence however of the brw decay mode, not of the
type PP’ or VP and therefore not included in our analysis, makes this choice
less adequate to our purposes. Nevertheless the widths predicted in both
ways would be mutually compatible because of the experimental uncertainties.

Our predictions concerning the total width of the ¢,(1850) is consistent
with the available experimental information (3). In particular, FRENCH ¢t al. (°)
measured I, .00 = (504-20) MeV observing a clear bump in the KK -+ nw
mass spectrum which, according to Table I, should be the main decay mode
of this resonance.

The experimental information about the g-meson is, as mentioned before,
far from being clear, the measurements of its total width giving values ranging
from 20 to 200 MeV. This may suggest that more than one resonance is present

(*) Notice however that this result is not necessarily expected to hold for the 2*++
nonet because of the opposite behaviour under G-conjugation.

(® D. J. CreExNELL, U. KarsaownN, K. W, Lai, J. M. Scarr and I. O. SKILLICORN:
Phys. Lett., 28 B, 136 (1968).

(1) J. BarTscH, G. KraUs, N. Tsavos, C. Grorr, H. KorzaN, A. MEYER, E. RYSECK,
A. AxgELOPOULOS, G. Ascorr, K. Barvaam, V. T. Cocconi, P. F. Darriaz, R. Ery,
J. D. HaxseN, D. R, O. MogrisoN, J. ScHREIBER and H. Torre: Nucl. Phys., 22 B
109 (1970).
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in the g-meson region, decaying into the same states (). The dats by CRENNELL
et al. (°) based on the simultaneous observation of the KK and nm decay modes,
where contamination effects and background are probably less important than
in the 4w decay modes, are particularly suggestive. They find [I'(g-—all) =
= 79170 MeV in reasonable agreement with our predictions.

Finally we note that different decay modes, for example G — VS or G TP,
where 8 and T mean 0*" and 2% meson states respectively, can obviously
be present. There are, for example, indications (?) for a ¢,(1650) —5m decay
mode; in addition several enhancements of the states A,mw, egnmw have some-
times been associated with the g-meson (). This should imply that the total
widths of the 3~ mesons are larger than the results of Table I. The stringent
upper limits for the analogous decays of the K (1760) (3) would indicate a
limited importance of the effect.

4. - Finite-energy sum rules and the 3~ mesons,

We would like now to discuss the implications of our analysis using finite-
energy sum rules. Quite apart from history, we believe that FESR provide
a useful framework wherein our results can be tested with some confidence.

The g-meson has been studied by ADEMOLLO ¢fal. (*4) in the reaction
T —>7w, a8 the first recurrence of the p trajectory. It has been shown tL:t
the inclusion of the 3~ state in the lowest-moment sum rule leads toanimprov: -
ment of the equality between the resonance and the Regge sides of the equi-
tions, the agreement getting better in a larger region of the momentum transfer £.
In particular, from the following parametrization of the leading Regge trajectory
for high » and fixed ¢:

A1) 1— exp [— ima(t)]
v—o Ta(t)] sin 7wo(t)

(8) A, 1)

(2“’1,)04(1‘,)—1

(*) In support of this hypothesis we note that evidence for the existence of a p” decaying
into 4w at this energy has been presented by DAVIER ef al. (1) and BARBARINO
et al. (12), as discussed in ref. (33).

(') M. Davier, I. DEraDO, D. C. FriEs, F. F. Liv, R. F. Mozrry, A. C. ODI1AN, W. P,
SwansoN, F. Vizra and D. Youxt: SLAC-PUB-972 (1971).

(12) G. BamrBariNo, M. GriLL1, E. Iaroccr, P. SPILLANTINI, V. VALENTE, R. VISENTIN,
F. CerapiNi, M. ConversI, L. Paoruzi, R. Santonico, M. Nigro, I.. TRASATTI and
G.T.Zorx: Lett. Nuovo Cimento, 3, 689 (1972).

(!*) A. BrRamON and M. GrEco: Frascati report LNF-71/97 (1971); Lett. Nuovo Cimento,
to be published.

(**) M. Apmmorro, H. R. RuBINsTEIN, G. VENEzIANO and M. A. VirasoNo: Phys.
Rev., 176, 1904 (1968).
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and with our definitions of the couplings, eqs. (2), they found

(9) Yoo _ P g0 1 4 (Govys,
JormGoma (M)

where the last equality follows from the assumption B(t) = const.

Furthermore, Shapire’s (15) extension of the Veneziano mcedel (1¢) to wr seat-
tering leads to the prediction I'(g —mw)=38 MeV. This latter result derived
in the narrow-width approximation should be taken as only indicative.

Since, as seen before, the experimental evidence seems to weigh clearly
in favour of the 3™ state belonging to the K¥* trajectory, we discuss in detail
the implications of our results in the reactions 7K - oK and wK->¢K. A
remarkable property of these two processes is that all the natural-parity reso-
nances lying on the degenerate K* and K** trajectories can be exchanged
in the symmetric § and » channels, while the asymptotic behaviour is given
by the p Regge trajectory exchanged in the i-channel, which couples strongly
to the mo vertex and weakly to ow.

The T-matrix for both processes is deseribed in terms of a single invariant
amplitude A(», ?) defined through

(10) I'=¢gwe VﬂpnngpaaA(% 1),

where V, is the polarization vector of the w (¢) mesons, and the momenta
are defined as follows: w(p,) + K(p.) =, ¢(g9) 4+ K(p;). Finally, s= (p, 4 p,)?
t=(Pa—ps)* and v=(s—u)/4.

The contribution of the leading Regge pole to the amplitude is para-
metrized for high » and fixed ¢ as in eq. (8). The lowest-moment sum rule
therefore reads

’

(11) Jrv Im Ay, 1) = 40 1 (20’ pyrO-152

thresh

The low-energy absorptive part is assumed to be dominated by the exchange
in the s and u channels of the K*, K** and K (1760) mesons. We obtain

(124) Ay, ) = Tmmlnen ) (o),
K*
(12b) ARy, 1) = TEERIR Ok 000 4 (s )
8 — Mg
, 1
(12¢) ARx(y, t) = %’_ﬁLZ;Vgpzp’z (cos2 6,— 5) + (se>u),
Ky

(*%) J. A. SHAPIRO: Phys. Rev., 179, 1345 (1969).
(%) G. VENEZIANO: Nwovo Cimento, 57 A, 190 (1968).
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and similarly for AX (v, 1), AZ"(», ¢) and AZ¥(v, 1). We have defined

1
(13a) p= m{(s — My — M) — dmymiit,
1
(13) p'= m{(s — My — M) — dmgymi}?,
1 1 2 2 2 2
(13¢) cos 0, = oy {2t +s—2 L 3 (mz — mx) (Mg, — mK)} ,

with X' =2mf + mZ + m. The coupling constants involved in the eqs.. (12)
are taken from the experimentally observed decays and, if necessary, by using
SU, symmetry. Numerically they are

p 1 11 :
*ET .
(14a) ‘27 =10, o= In (72— gx*qm) = 6.5 (GeV)=2.

.. 1 1/ 1 2
(14b) -"%—;" =216 (GeV)?, <= ghu= 47:(_ —ﬁgww) — 8.85 (GeV)*,

1 1(1 2
(14¢) %Vf‘ =7 (GeV), n Trnox = o ((7@ gKWK) == 4.08 (GeV)—*.

As a first check of the values we have used, we notice that from the exchange
degeneracy of the K* and K** trajectories one would get the relation

_ ’
IrornIrreox = 20 fragnlrron s

which is very well verified by eqs. (14a) and (14b).
Using eqs. (12) the sum rule (11) is explicity written as

1
(15a) Jrrxndxrox(t + 0.47) + B Irrrnfrror(t + 2.83)(f 4 0.41) +

1 . _ 4 folelt)
g e myox (1 -+ BOB)I(E + 0.97)— 0.18] = 2 %L (20 7)1

for the w-meson and

1
(15b) Irrrn Jrrox(l + 0.04) - é‘gK**KngK**ch(t + 2.41)(# + 0.17) +

1 2 _4 Po(t)x(?) ! 5\ (-1 52
+ ZgKNKTCgKMPK(t + 4.64)[(? + 0.74)2— 0.10] = p f'[; T o] (20 p)*0=15

for the o.
Going now to the positive-z region one notes that at t—m? the ratio

B

hi

ﬂ—w(mz)/ngcp(mz) = gpwn/gpq;ﬂ:
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is approximately equal to 32, in agreement with the very weak coupling of
the ¢ to the prw system, as compared to the w-meson. It is worth noticing
that this nice feature is only due to the inclusion of the K, (1760) in the sum
rule, and provides therefore a good check for our calculations. Hquations (15)
in fact, limited in the Lh.s. to the contributions of the K* and K**, would
lead to B =2.2, in strong disagreement with experiments. We observe also
that eq. (9), predicted by ADEMOLLO et al. (**) assuming B(t) = const, provides
the products g xnfr,ox 04 Jg zrlx .z @ factor two bigger than ours, and
leads to R ~ 3.7 also in disagreement with the data. Similar considerations
hold at ¢ =0, where we find f,(0)/5,(0) = ¢, un/9yer = 38 to be compared with
the value 3.4 obtained saturating the sum rule with only the K* and K**
mesons.

As far as the negative-t region is concerned, the behaviour of the resonance
side of sum rules (15) goes differently in the two cases. The first zero for
a(t) = 0 is in fact approximately present in each term in the Lh.s. of (15a)
and the insertion at each step of a new term slightly shifts its position. The
inclusion of the 3~ state furthermore improves the position of the zero at
a(t)=—2. In the ¢ case, on the contrary, the first zero, which oceurs at
t~0 when the K* alone is considered, is obtained through the contribution
of next resonances which add together with alternate signs. Notice that it is
this peculiarity of the signs responsible for the smallness of the resulting coup-
ling, while in the  case all the resonances add together with the same sign
to build up a strong coupling of the ¢ trajectory at the wm vertex.

We do not go into great detail in the discussion of the saturation problem
which goes beyond the scope of this paper because it requires both an accurate
knowledge of the residue functions Bw,(p(t) and the inclusion of other resonances
on both the parent and daughter trajectories.

% %k 3k

We are very grateful to E. ETiM for a critical reading of the manuseript
and to Y. SrrvasTAvA for discussions. One of us (A. B.) acknowledges G.I.F.T.
for financial support.

®© RIASSUNTO

Le risonanze mesoniche g(1650), ©,(1650), ¢,(1830) e K,(1760) sono classificate in un
nonetto «ideale » di SU, avente J??= 3——. Si presenta wuna discussione delle loro
masse ¢ dei relativi modi di decadimento che risultano essere in buon accordo con i
dati sperimentali a disposizione. I nostri risultati sono anche discussi alla luce di regole
di somma ad energia finita applicate alle reazioni =K —+ K e nK— oK.
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CTpyKTYpa HOHETA ME30HOB JP0= 3,

Pestome (*). — Mesonnsie pesonancsr g(1660), ¢,(1650), 0x(1830) m K,(1760), B mopsmxe
SKCICPEMEHTA, TPYINUPYIOTCH B « maeanbHElA » SU; HOHeT, uMeromuii J#¢= 3—-, IIpo-
BOUTCA OOCYXIEHHe HX MACC M MOJI PACTazia, KOTOPhle 0OHAPYKHBAIOT OBIIee COTIACHS
€ MMEIOIMUMUCH SKCICPUMEHTATIEHEIME JAaHEBIME. Hal pesynsTaThl pPaccMaTpHBAIOTCA
TAKKC B CBETC NPABIII CYMM NIpH KOHEYWHOM sHepruu mis peaxuuii 7K —+ oK u 7K - oK.,

(*) Iepesedeno pedaryueil.

A. BRAMON, et al.

1 Agosto 1972
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