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Summary. — In the study of the annihilation Fp—EKnwr at vest,
we observed an important enhancement in the (KKr) neutral sys-
tem. We show that this enhancement is the manifestation of a
resonance, which we call the T° meson, with quantum numbers
M = (1425 1+ 7) MeV, I'= (80 & 10) MeV, I°J” — 0+0~ and branching ratio
E - E*E(E*K)/E > (KK)r = 1.

1. — Several experimental results on the nentral (KKm) system have shown
evidence for an enhancement at M ~ 1420 MeV, called the E-meson when in-
terpreted as a resonance (%),
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In this paper, we present the results of the analysis of 1.4-10° Pp anni-
hilations at rest (they include the data presented in ref. (%), which represents
roughly half the statistics).

These results correspond to the complete film sample provided by the 81 em
Saclay HBC running at the CERN PS.

Since the rate of Pp annihilations at rest into 6 bodies pp —» KRrrrrw is
is negligible, the search for the B - KK is limited, in principle, to the study
of the 4 and 5 body annihilations pp —KKnrw, pp — KKrrr. We shall see
that gquantum number selection rules forbid very likely the 4-body channel
for the production of the E-meson: we ghall therefore limit our study to the
following 5-body reactions:

(1) p — KKt n et 600 events ,
(2) p = KIKErT(n'n?) 273 events ,
(3) Pp — KK Intnre? 657 events ,
(4) p — KK )t~ 757 events ,
(5) Pp — KK =tn ! 740 events .

The reactions (2) and (4) do not give rise to a fit since there are two missing
particles: they have been gelected from the events which do not give a 4-body
fit and for which the missing mags is at least as large as (n'x") and (K°x")
respectively for reactions (2) and (4). The number of events given for the reac-
tion (5) is obtained from a reduced sample of 0.4-10°7p.

In the following, we assume a priori the B is really a (KKm) resonance.
We then conclude for its properties:

M(E) = (1425 4+ 7) MeV, I'(E) = (80 +10) MeV,
I(B) =0 C(B) = +1,
JEE) =0~

E— (KK* and KK*)/E +~EKEn =509, .

We report at the end a short discussion on the nature of the E.
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2. — Experimental method.

Approximately 1.4-10¢ antiprotons from the CERN PS have been stopped
in the Saclay 81 em hydrogen bubble chamber. The antiprotons, produced in
a beryllinm target at 700 MeV/e, have been momentum and velocity analysed
by means of the beam k4 (*) and subsequently degraded by a 10 em copper
absorber down to 400 MeV/e just before entering the bubble chamber. The
momentuin of 400 MeV/e was chosen so that the antiproton stops would oceur
near the middle of the bubble chamber. A restricted fiducial volume was
chosen so as to reduce to (1242)9, the percentage of annihilations in flight
before measurements, and to ensure a high detection efficiency for the types
of events analysed.

The data have been analysed in the standard manner by means of com-
puter geometry, kinematics and post kinematics programs.

- The results of the kinematics programs have been systematically checked
against the identification of the secondary particles by means of bubble den-
sity; because of the low energy of the secondary particles in the reactions
under study, the bubble density is an efficient tool to determine the mogt
likely hypothesis, and we estimate the contamination of the sample of events
under study to be less than 59%,.

3. — Production of the I.

3'1. Reaction 1: pp — KK+ n~. — The mass-squared distributions of
all possible combinations between particles in the final state have been studied.
Of these, only three show an interesting structure: (Kr),_,, (KK), (KEKmx),_,.
In Fig. 1 we present these distributions, together with the distributions rel-
ative to (Kw),.; and (KKr),_,, for comparison.

Whereas (Km),_, distribution shows no remarkable structure, the (Km) oy
spectrum can be interpreted as showing effect of the 890 MeV Kr resonance.

The (KK) distribution shows a significant concentration of events with
very low (KK) effective mass (i.e. zero relative energy between the K and the K).

Finally, whereas the doubly charged (KKw) spectrum shows no significant
peaks, there is a marked concentration of events near M ~1400 MeV for the
neutral (KI{w) spectrum.

Since only the peak in the (Km),_, spectrum can be associated with a known
resonance, we have made an effort to see whether a coherent explanation of

(?) I. Dusoc, A. MinteN and 8. Woascickt: CERN report 65-2.
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all the mass spectra could be formulated in terms of the K*(890); in this spirit,

we have investigated the effect that a matrix element would have on the (KK)
and KKk_mass spectra, taking into account the K* production, and properly
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Pig. 1. — ﬁp—>KgKiK*ﬂ:+rr: a) (Kn) effective-mass gpeetra. The continuous line

gives the distribution of (Kw)r_y (4 combinations per event) whereas the broken line
gives the distribution of (Km)—p (2 combinations per event). b) (KK) eftective-mass
gpectrum. ¢) (EKr) effective-mass spectra. The continuous line gives the distribution
of (KEKn)g=o (2 combinations per event) whereas the broken line gives the distribution
of (KKm)g_s (1 combination per event). Curves o and f correspond respectively to
phase space and 1009 of K* production with constructive interference effects.
d) (KXr) effective-mass spectrum obtained when subtracting the (KEn)g-2 distribution
from the {EKm)e_o oneE. The curve represents the fit obtained for a Breit-Wigner
distribution with M = 1415 MeV, I'= 77 MeV.

symmetrized with respect to the pion and the K exchange. More gpecifically,
we write down the appropriate matrix element as

M - (Am + AM} :!: (AZS +A24) ]
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with

1
§— 8 - dmE I

Ai:':

s;; denotes the effective-mass squared of particles ¢ and j, with the labelling

KK nhrtn— K'Ktg—g gt

12 345 12 3485.

The K*(890) is inserted in the form of a Breit-Wigner function defined by
m* =890 MeV, ™ =50 MeV, s*= m*2,

Since I(KK)=1, G(KK)= (—1)*"= 41, according to the parity of the
angular momentum L; therefore, we have investigated the 2 resulting cases,
t.e. constructive and destructive interference, separately (corresponding to the
positive or negative sign left undefined in the above written matrix element).

A guperposition of the 2 theoretical curves obtained by an appropriate
Monte Carlo calculation on the mass spectrum of the KKr system (phase
space, o; K* with constructive interference effects, ) shows that no combi-
nation of these 2 mechanisms could generate a peak observed in the (KK7),_,
spectrum at M*~2.0 GeV2. Furthermore, no such combination could gener-
ate the sharp peaking observed in the (KK) spectrum.

Acecordingly, we conclude that the K* production is insufficient to account
for the effects observed, and we must introduce, in addition to the K* effects,
& new phenomenon ejther in the (KK) system or in the (KKw), or in both.

1) With a (KK) effect alone, which a priori should have the same effect
on the doubly charged and on the neutral (KKr) spectrum, we could
not explain the two (KKw) spectra which appear quite different.

2) With both (KK) and K* effects (incoherent combinafion) we are unable
to reproduce the KKn (1400) peak.

We therefore agsume in the following that we observe a genuine effect in
the neutral (KKm) system, namely the so-called E-meson.

There are two neutral (KK=) combinations Pper event; this makes a precise
determination of the actual rate of production of the E difficult in this reaction,
as well as its mass and width, as long as its spin-parity and decay modes are
not completely known. However, the comparison of the neutral (KKm) spee-
trum with the doubly charged one shows that the non-E°-combinations ave
distributed like the doubly charged ones. We are thus allowed, as a first approx-
imation, to fit a Breit-Wigner curve on the spectrum obtained by subtracting
the M*(KKm)+: spectrum from the M KKx)® one (Fig. 1d).
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The values of the mass and the width we get this way are

M = (1415 4 B) MeV, I'= (77 £12) MeV.

Furthermore, taking into account our final results on spin, parity and
decay modes of the E-megon, a fit of a M(KIKm)° spectrum obtained by Monte
Carlo method to the experimental spectrum gives

pp — B, (6007,,) events ,

M — (1424 L 8) MeV, I'— (80 +-15) MeV.

3'2. Reaction 2: Pp — KIK+n¥(n'n?). — These events are thoge which did

of events [0.04(GevY

no.

T SN E—

0
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MK K ) ‘-L(Gev)"l

Fig. 2. — pp — KKK Tntn®: (KKnr)
effective-mass spectrum, The curve
represents the fit obtained for a
Breit-Wigner distribulion with
M = 1426 MeV, I'=81MeV.

not give a fit for 0 or 17° missing, which
have a missing mass at least as large as
979, and for which one charged secondary
has been recognized, by - bubble density
measurement, to be a K-meson.

Tn view of the very low rate of 6-body
annihilations, most events satisfying these
criteria can safely be interpreted as being
representative of the annihilation channel

pp — KIK=nFrin’ .
A fit obtained by the maximum-likeli-
hood method on the (KKr) spectrum gives

(Fig. 2)

1’31) = EO‘TFD’E",

(208 - 20) events (76% of reaction (2)),

M = (1426 -+ 6) MeV,
I'= (81--14) MeV"

3'3. Reaction 3: Pp —» KK wtr=®. — This reaction is strongly dominated

by the channel

Pp —~ KiKjo®.

However, the comparison between the (KiK{x®) spectrum and the (KJKjr*)
ones shows an enhancement at M?~2.0 (GeV)?® in the first one which corre-
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[399] FURTHER STUDY OF THE E-MESON ETC. 7

sponds roughly to (644-20) events in the (1.84+2.14) (GeV)* region (Fig. 3).
In order to evaluate the production of the B, we have computed by the
Monte Carlo method the reflection

‘ of the «° taking into account its

l‘*’ | spin and parity (curve « in Fig. 35).
Since the Dalitz plot of the

| reaction Pp-—>K'K'" shows thab
| the ' production occurs mainly in
200 1 ‘ the 8, initial state (°) the cor-
. responding matrix element used to
compute the reflection of the «°
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Fig. 3. - pp—>KKn'r=2: a) (n'nr) effective-mass spectrum. b) (KKr) cffective-
mass speefra. The continuous line gives the distribution of (KKn),_, (1 combination
per event), whereas the broken line gives the distribution of (KK=),_.; (2 combinations
per event). The curve o represents the effect of the «? praduction on the (KIKx) spectrum.
The curve f is obtained when adding to the o production (709%), 189% of background
(phase space) and 129, of EY production; it corresponds to the hest fit.

on the (KKm) spectrum is

1 i
J'[H(m) ] = Emavglvgzgqaa‘ 9 o T A
Myoa Mias— Mo+ iMd

where ¢, (t=1,2,3 u=0,1, 2, 3) are the components of the 4-momenta of
the three decaying pions of the w?,

M3y = (¢1-+ ¢+ ¢;)* is the invariant mass squared of the three pions,

(®) R. ArMENTEROS, R. BUDDE, L. MoNTANET, D. R. O. Morrisox, 8. Nimssox,
A, SuaPIRA, J. VANDERMBULEN, CI, D’ANDLAU, A. Astier, C. Guesquitre, B. Gre-
GOrY, D. Ramm, P. River, and F. Sorarrz: Proceedings of the Geneva International
Conference on High Energy Physics (1962), p. 90.
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8 P, BAILLON, D. EDWARDS, B. MARRCHAL, ETC. [400]
m, and I', are the mass and width of the o,
&9 i the completely antisymmetric tensor (g2 = 1).

The best fit is obtained (curve f of Fig. 3b) when we add 187% background
(phase space) and 129, E° production to the «" production (709,) (without
taking account of E° spin-parity assignments):

p — Entn~ with E*— KIK)r’ (83 4+ 21) events ,
Pp —+ KiKjo’ (453 - 30) events ,
pp - KKjnmn® (phase space) (120 - 34) events .

3'4. Reaction 4: DPp —EKYK'n®)wtn™. — These events are those which did
not give a fit for one K° migsing, which have a missing mass at leagt ag large
as (K°--#°), and for which both charged secondaries have been recognized,
by bubble density meagurement, to be m-mesons.

In view of the very low rate of 6-body annihilations, most events satis-
fying these criteria can safely be interpreted as being representative of the
gunihilation channel

pp— KK n'ntn .

The reaction pp —KK’rn n® can be obtained from reaction (4). The
reaction (4) is a mixture of KK'ntnn and KiKprtnn® events; to see the
net effect due to the KIK it n®, we subtract from the over-all (K1K"z’) spec-
trum the (K"KSx®) spectrum observed for reaction (3), since the number of
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mass spectrum obtained when subtracting the (KKjz?) distribution of reaction (3)
from the (KKr)? distribution of reaction (4): it corresponds to the (K9KSn?) distribution
of the reaction pp— KK n =’
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KK xtrn =" events in reaction (4) must be equal to the number of events
found for reaction (3).

The (KIK;z") spectrum is shown in Fig. 4. One can see that the number
of events for which 1.84 (GeV)*<< M*(KKr)-<2.14 (GeV)? is 144+20. We there-
fore cannot attribute more than (20425) events to the decay E*—K!K!x’
in the mass region (1.84--2.14) (GeV)?, this yields an upper limit of (20-+25)
events for the reaction

pp —E'mTn” with B KIKn®< (204 25) events .

3'5. Reaction 5: Pp > K 'K nrr~x". — The scanning has been made for a
sample of 0.4-10°p where one K= at least is detected by decay or interaction.
This reaction, like reaction (3),
is strongly dominated by the w°
production, The detection of the -~ €0 4
charged K introduces certainly a |
bias but it should not affect dif-
ferently the charged and the
neutral (KKm) spectra; still these
two spectra are different (Fig. 5),
the main effect being an excess
of neutral (KKr) combinations
in the R region.

However, as it is difficult to
compare quantitatively the re-
sults of this reaction with the Fig. 5. — Ppp~EK+K ntnnd: (KKn) effective-
others, we did not attempt to :ﬁ;:slbil’t‘lzgmof 'I(‘;;eﬁc‘;utin?f“soi’;‘;ns::i‘;cs th‘:

. 78 - "
estimate the rate of E° produc- event), whercas thg le?oken line ‘g,r‘ive;1 ilz]lfe
tion with the subsequent decay gisiribution of (KE®)gon: (2 combinations

mode B KTRxo, per event).

of events 0.04 (GeY

ne.

L]

1 |
16 1.8 2.0 2.2 2.4
MK K ) (Gev)’]

4. — Mass and width of the I,

From the resnlts obtained from reactions (1) and (2), the best estimate for
the mass and the width of the B meson are the following:

M= (1425 +7) MeV, "= (80 +10) MeV.

The errors due to statistical limitations have been increased to take account
of possible systematic alterations of the data.
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10 P. BAILLON, D. EDWARDS, B. MARBCHAL, EIC. [402]

5. — Charge conjugation and isospin of the E.

The absence of a doubly charged (KKn) enhancement in reaction (1) is
taken as an evidence against I(BE)=2, since, assmming I(B)=2 and nonzero
transition probability for the process Pp —»T*+x T, there is only one ampli-
tude for the decay of the B, therefore no possible cancellation due to inter-

ference effects.
We thus limit ourselves, in the following, to the four possible assignments:

C(B)=+1, I(E)=0 or L.
If we note A, and A, the amplitude corresponding to I(KK)=1 and
I(KK)=0 respectively, the decay amplitude for the E into the different

observable charge modes are

CB)=+1 I(B) =0:

_ / A
(KK7)® = % KK+ -+ 5;1; KoKt — —
T

A

OE)=+1 IB) =1:

L Ay A X A A
(RRr)e = 5 KKt — ?1 KyE-ot + - BYGa’ + ;/% K+ Ko ;

= A 4 . A A
(KEm)x= - 1) K K*70— \/—1; KoK -+ (\—/1) 4 Aﬂ> I+ K- a= \/—“s KO

F

(KKr)® = fllg K\ K+a + _% KK wt— \—’;‘1_) K°Kon® + \;—% K+K-a;

= 1 A A . A
(KKr) = % KFK+a — = KK ot + j; KK3n® — - /"; K+E-a";
2 2

2 V2

3 A A A
(KEr)t = 21 KyF#nr— =2 Rt 4 A R+ ( /1_ + A[,) K+ K-q* .

V2 V3

These predictions can be compared to the experimental observations in
Table I, in which the production rates take into account the visibility of the KI.
M and N are for the squares of the transition matrix elements respectively for

the production processes

pp—Erxtn=: M and pp —+Efn¥n: N
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Tapre I.
T | v | (4
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Predictions with (¥) indicate that the experimental results have been taken
as normalization.

For the channel pp —KVtK n'n =", the loss due to scanning efficiency is
important; we can only give a lower limit for E°—» K+K-K' and indicate
that E+f— K+tK n+ is very probably absent.

Let us now compare, in turn, the predictions and the experimental results
for different charge conjugation and isospin assignment for the B. For C(E)=4+1
and I(E)=0, one sees that the predictions agree very well with experi-
ment, in particular the absence of E°»K°K%:® and the observation of 83
B’ KKz’ when 90 are predicted.

The same observations make the assignment C(E)=—1, I(E)=0 very
unlikely.

For O(E)=-41 and I(T)=1, we have to consider both L(BE)=0 and
I,(E)=+1. For I,(l)=0, the predictions agree with experiment, but they
are not as significant as for C(E)= 41, I(B) =0 since the two well measured
channels B°— KK+n™ and B°— K{K%" have now to be taken as normaliza-
tion; one can then just say that there is no obvious disagreement. For I,(E)= 41,
the only well measured channel is E+— K°K'rt+, which seems indeed to be
experimentally absent. If one uses this result to assign 4, — 0, one is left with
one free parameter since the amplitude A, takes also part in the disintegration.
The experimental information on this amplitude is limited to the channel
B+ K"K n#, which appears to be also absent. The obvious conclusion is
then that both 4, and 4, are equal to zero, i.c. this asgignment has to be
ruled out. However, another possibility is to assume N=0, i.e. the B+ is
not produced.

To examine the implications of the hypothesis N =0 let us write explicitly
the amplitudes for Pp —Enr when C(E)=-+1, I(E)=1.

We have

W) =—1,
thus
GErr) =—1 or G(pp) =—1.

This is only satisfied for C(pp) =1 when I(pp) =1
and for U(pp) =—1 when I(pp)=0.
The possible fransition amplitudes are then
=@ I=1, O=+1|Bax I(nr)=2),
BLi=<pp I=1, 0 =+41|Brn I(rr)=1),
Blo=<Pp I=1, C=+1|Ban I(rr)=0),
fo=<Dp I=0, C=—1|Ban I(nm)=1).
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[405] PURTHER STUDY O0F THE E-MESON ETC. 13

More explicitly, we have for the wave function
+ E 0 — 0 /T y = 00 — |
w=p %E‘I'(.’R'JI + 7 n)ﬁ] T INmta™ + 2a0n® + mwt) L

T 1
i il
-+ l/% E—(J'E')':T.‘:D - ﬂ“ﬁ} / —+ [)lﬁ I:-é- E+(?[D.T£“ . nfﬂu) - % &7(;’1;"‘_71;0_ L’E%I"‘)] 4 i

4 [3’;5[1/% B (atm — mtad n_nJr)J + Ba [Vé Etnn — am®) — ‘

1
= Vﬁ BNt — -ty - l/é - (nta®— n“aﬁ)} .
Finally, we get for the transition rates: |

9
* 1B+ 5 1Bl

3
Pp = Eftr=wt: N= E [

2

: 2 il
pp — Entr: ﬂll—gpﬁfg— V: Bt
iy

i
+§“5)ﬁ|2} )

2

¥ T il
B —> Fnlul:  M,— | 2 V{g i + '/'g Bio

We thus see that to get N=0, we have to have

A R
12 — ll_ﬁﬂlio'

This condition is certainly not a very natural one, since it implies not only
that the 8, initial state does not contribute, but also two of the three possible
amplitudes related to the 'S, initial state to be zero. However, it predicts the
branching ratio B'mtr—/Eom'n® =2 whereas the experimental result is 2.864-0.45.

We then conclude the assignment C(B)= |} 1, I(T)=1 is much less prob-
able than C(E)=-41, I(E)=0.

The last possible assignment C(E)=—1, I(B)=+1 is clearly excluded
by the presence of 83 B'—>KJK{x’ when the prediction is 0, the abundance
of 1"— KK =" and the experimental situation for the E+ which seems again
to indicate 4, =4,=0.

Of the four possible assignments considered for the E, we thus conclude
that C(E)=+1, I(E)=0 is the only one which reproduces the experimental
facts in a satisfactory way.

With this agsignment, the only possible initial state for Pp — Eoromd is 18, .
(0=+1, J"=07) since C(rx"r’)=41. We have also I(n°z")=0, then, from
the number of E'n'n® observed in reaction (2), we deduce that ((208 x 2) + 20)
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events in reaction (1) pp->BE'zw'zn~ come from '8, (since w='n [n’n’=2 for |
I(rm)=0). We then conclude that less than 30°%, of the E° production in
reaction (1) comes from 38, Pp annihilation states.

6. — Spin and parity of the L.

Assuming I(E) = 0 and O(E)= 1, we have G(E) =+ 1, then G(KK)=—1,
but since I(KK)=1, we have L(KK) even and J"(KK)=0",2%....

Both the production and the decay of the E° can be considered for the
study of its spin and parity.

6'1. E° decay. — Figure 6 shows the main features of the E° decay. Figure 6a
indicates a possible presence of K*(890) in the decay. Figure 65 shows the
strong accumulation of the KK masses in the low value region: this strongly
favours the assignment J7(KK)= 0" rather than 2% .... Figure 6¢ shows that

240 - 01) 120 QZ) 240

160

80

04 06 08 1.0 04
M2k 1) [(cevy’]
120 = 120
bz)
60 60
0 — 0

SR ) 30 2) 60k
R e -
4] 1 2 3 0 1 3 0

-
W, (cos 6) for Mm% (K K)<1.08 (Gev)’

Fig. 6. — Decay of the E-meson: a;), b,), ¢;) refer toreaction (1) pp— KIK*nTrtn~ when
the (KEKx)® effective mass squared satisfy the condilions: 1.84 (GeV)2< MK IK#rT) <
< 2.14 (GeV)2 This selection is made in ovder to get distributions corresponding as close

(=]
=
D
<
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the decay angular distribution W,(cos0) of the KKK system, which is not com-
patible with uniformity, cannot be explained in the case of L(KK)= 0 without ‘
the introduction of K* interference effects.
The assignment J7(KK)=0" leads to the following possible spin-parity for
the E meson:
JEBE) =07, 1%, 2" ...

We have tried to explain the three distributions of Fig. 6 by the following
decay modes: E'— K*EK(K*K), E'— (KK)r, where (KK) stands for a possibly
resonating KK system near threshold (7). Using the technique of Cartesian
tensors (*) we performed a fit of these distributions with the following decay
matrix elements:

JUB) =07 [M[2= a] W°(K*)[* 4 (1—a)| M°(KK)[2,
= a[ MY(K") M (K")| + (1—a)] MY(KK) M (KK)]

JUE) =17 |M
JUE)=2" |M=a[> MUK") M (K] 4+ (1— a)[ 2 M(KK) M},(KK) |

ti
where the explicit expressions (not normalized) of M°(K*), M(K%*), Mi(K*),
M(KK), M(KK), M#(KK) are given in Table IT.
The best fit corresponds to the hypothesis

E'— K*K(K*K) a2 509,
JYB) =0~ i
B — (KK)r ~ 50 %,

as can be seen in Table IIT.

(7) R. ArmENTEROS, D. EDWaARDS, T. Jacopses, L. MonTANET, J. VANDER-
MEULEN, CH. D’ANDLAU, A. Astier, P, Bamrtow, J. Counn-Ganouna, €. Drrorx,
J. S1avp and P. River: Plys. Lett., 17, 344 (1965).

(*) CH. ZEMAcH: Phys. Rev., 133, B 1201 (1964).

as possible to the E-decay. a,),b,),e,) refer to reaction (2) pp-—>EKIK4rtnin0,
The same conditions as for reaction (1) are requested. a) (Kr) effective-mass spectra
(2 combinations per event). b) (KK) effective-mass speetra. ¢) Wi(cos ) angulaxr
distribution of the K-mesons in the (KK) centre of mass. Tor these angular
distributions, an additional condition is required, namely M2(KIK+) <2 1.08 (GeV)2,
ty), by), e,) theoretical curves for MW*(Kr), M2(KK), Wi(cos 6) distributions corresponding
to the decay L —K*K (and K*K) for JE(E)=0", 17,2~ (solid curves: 0—, dotted
curves: 17, mixed curves: 27). The curves drawn on ), by), ¢), a,), by) and e,) distribu-
tions correspond to the hypothesis J¥(E)= 0-, with I K*K (and K*K): 509,
E—(KK)r: 50%, where (KK) stands for a resonance with M= 1000 MeV and
I'=170 MeV,
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TABLTE -II. |

|
EO decay matrix elements for K*K and (KIK)x modes ‘ !

4 [P Pk, + PPk, — 30" (Piy P JJBW(KS) ,

0~ MK = Py P BW(KY) + Py P, BW(KS) , |
MY(KK) = BW(EKK); }
1 MY{E®) = Py oBW(EKL) + PeaBW(KS),
MYKK) = P.BW(EK);
3= MUKY) =[PknPk,+ PhaPi,— 10" (Pin P)IBIWG) + ‘
\

M¥ER) = (PLPL—36"PhBW(KK),

BIN(EH) 1 m* = 890 MeV,
( T omi—mE e gmF I' = 50 MeV;
BIWEKER) 1 mb = 2my,
4 \) = — L T 1 = .
¢ My — MmO - P I 70 iy given by the fit (70 MeV);

Py, Py, Py are the vector parts of the three decaying particle 4-momenta
in E® ¢.m.,

Pityrag is the veetor part of the 4-vector P#;—Pﬂf:l‘ag [

— ((my—mi) My o ) (Pl + Plicy ) in EO com.

TasrLr IIIL.

e TS 5 R eaga e
I Reaction J fE) ! o5 K* : ok KK gi%lx;];;]z;) @-fé%) L llz;;b?’;)ﬂ)-‘l
= [ Sl - - M
0" 463 4243 1246 | 70 - 52/34 2.0 |

| BpoEuwtn | 1 | 4343 | 83%3 | 2436 | 30 63/ 0.2
‘ | et RVES I _

Ea 5743 254 3 ‘l 18+ 6 50 76/34 00 |
; ' 0- a8 44 52 14 . 70 \ 34/30 30.0
| Dp B ! 1+ | 6444 | 3644 50 | 44/30 5.0

i 2 | 6844 | 3244 50“_ 46/30 | 3.0

| ! 1 [ |

(*) For the reaction Pp —1i'n+m- the presence of the background is due to the fact that
| we did not take into account interference effects between the two possible 1%s. This may explain
the poor fit obtained in this case.
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6'2. E" production. — Let us consider the process
PP — (K, Kmy ) mamy (K Kem) — (KK,

(we call the three w’s m,, m,, m, and the two K’s K,, K,) where (K, K,7w,)
and (IGIG) represent systems with fixed mass.

no. of events

W (cos @)

2

Fig. 7. — E° production. Angular distributions for the two-step process Pp -+ Eirr,
L0~ (KK)r, where E° is defined by 1.84 (GeV)2< MAEK ) < 2.14 (GeV)2 and (KK)
by M*EK)< 1.08 (GeV)2  a,), ) Wlcos @) angular distributions respectively for
reaction (1) pp—E’r*n~ and reaction (2) Pp—Eor070. ¢ is the decay angle of the LE°
into (KEK) and =, in the centre of mass of the TO (see d)). by) TWy(cos ) angular distribu-
tion for reaction (1) pp »Edx+n~. w is the angle between the vector P characterizing
the decay of the E into (KK) and =, and the vector k characterizing the decay of
the (mymy) dipion exterior to the E; p is measured in the total centre of mass.
¢y) TWi(cos ) angular distribution for veaction (1) Pp-—Edr*z—. # is the decay angle
of the (mym,) dipion into m, and m,, in the centre of mass of (myg). d) summarizes the
definitions used for angles, momenta and angular momenta in the study of the E
production.

The geometry of such a process (Fig. 7) is defined by three vectors which
we call k, K, P; they are the vector parts in the total centre of mass of
the following 4-vector:

k= pr —ph in (m,m,) rest frame, k= (0, Pr,—Pr)

K (9t 4 ply) — L2 200 gu

where @ = py + P + Py, +Pr, + Do, -
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18 P. BAILLON, D. EDWARDS, B. MARECHAL, BTC. [410]

In total e.m. (@ =0) K= (0, p.,+Pr)

gl e B Pk Pl
(P, + P, + P,

P, + P, + Pre )

in (K,K,x,) rest frame P= (0, p, ).
We define three angles @, v, y by

PK P
Cosp = COSY= == 773 Cos y =

e k o B
[Pl K) | P | k|

K] |k|’

the square of the matrix element is a covariant function of the three 4-vectors
& Y PP

[ M

= ﬂk!l, ~K‘ut Pﬂ) ’
which we can evaluate in the total centre of mass
|M|2:F(k, K,P).

We call d2,, dQ,, A2, the differential solid angles defined by the direc-
tions k, K, P.

We get the angular distributions Wy(cosg), Wy(cosy), Wicosy) by integ-
ration of F(k, K, P) over dQ,, dQ,, dQ,.

The experimental angular distributions (Fig. 7) are obtained by selecting
events which satisfy

1.84 < MKRKm) < 2.14 (GeV)?,

MHKRK) <1.08 (GeV).

Since the mass of the (K,K,) system will be fixed at threshold in the fol-
lowing caleulations, the B decay matrix element depends only on the vector P
characterizing the momentum of =, in the centre of mass of the E when the
two K’s are colinear. The caleulations presented below are therefore inde-
pendent of the particular decay mode of the W (E'—K*K, E*— (KK)r).

In fact, we have verified, by Monte Carlo technigues, that with a cut on
the mass of the (K,K,) system: M2(KK)<1.08 (GeV)?; we get the same the-
oretical angular distributions, for a given spin-parity assignment, both for
F'— K*K and E'— (KK)r decay.

We give in the Appendix the explicit expression of the matrix elements and
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TaBru IV.

I = 0-
| Wicosp) =1,
L8y Wicos p) = 1,

5 A2

5 |
Wieos ) = o + 41 (B eos? x— 1)+ A/5aB cos o3 cos? y —1);

Wicos @) =1,

8, Wheosy) =1,
‘ 3
! Wi(eos y) = Esin2 %z
|

TE(E) = LF

: iy
Wi(cos @) = 302 cos? p + 1o (3 + cos? ) ,
|
g5 I 5
19 Wi(cos p) = o+ = (Beos*y 4 1) + V2 af cosw(3 cosy —1),

2

W eos ) = ocEJr%(B cos? y - 1) + /2 opf cos (3 cos? x — 1) ;
W;(GGS (p) =1 3
3 .
48 Wi(cos p) = 3 sin? yp ,
Wilcos y)=1.
SEE) =

o2(3 costp— 1) 4 g2,

H= | ot

W3 (cos ) =

b
18, TWS(cos y) = a® + - B33 cos?yp —1)2,

i(cos ) = «® + 2+ «f cos (3 cos? y—1);

|
e A2 3B \
Wg(COS(p):-Z(f3CQSE(P+5)+ = (1 + cos®qp) + |
5 |

3
+%—AB0086(1‘3c053¢p), ‘
3 1 A2 2 = 352 ‘
8y Wi(cos ) = = (—3cos?y+ 5) -+ = (1 4 cos? p) — |
V3 '

| g

&

AB cos 6(1— 3 cos?y), |

2

adz 3
Wilcos ) = 5 gin? y + T B2(3 + cos? y) . ‘
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the details on the integration in the following cases:
initial state =18, 35, JEE)=07,1", 2.

The theoretical normalized angular distributions arve shown in Table IV,
where o, 8, and w represent the amplitudes for I(ww)=0, I(rx)=2 and rel-
ative phase of the production Pp —Brr (when it oceurs in '8, state).

On the other hand, when the production ceccurs in the ®8; state, we limit
ourselves to the lowest angular momentum assumption, that is I(nm)=1.
For J*(E)=2", there are two production amplitudes, written 4 and B, with
a relative phase d, whieh correspond to the two different ways of combining
the angular momenta.

We have fitted to the experimental angular distributions W, (i=2, 3, 4)
a theoretical distribution bW!--(1—0) W} (i=2, 3, 4), b being the percentage
of 18, initial state in the reaction (1). The results are given in Table V.

TapLe V.
| S - |7 7_777 o = — | - T 1
Lyl = Probahil- % lae=10
JE(E) ‘ Pl ity (%) % 18, Oinﬂ;rb‘o o (degrees)
0- ‘ 44/37 20 8316 99
| 40/37 30 9646 | 1045 | 185415
&= ‘ 52/37 5 545 2045 52415

6°3. Conclusion. — The study of the decay and production of the E favours
~ the 07 assignment, excludes 27 and indicates the 17 agsignment is unlikely
for the following reasons:

JY(B)=27: this assignment gives a poor fit, both for decay and production
of the I, when compared to the other possible assignments:

E® decay in reaction (1):

probability = 0.0 % against 29, (07),
E° decay in reaction (2):

probability =3 9, against 309, (07);

E® production:

probability =5 9 against 209, (07).
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Moreover, it requires a large percentage of 8, initial state for reaction (1),
in complete disagreement with the data ((95-+5)9, against < 30 B5)-

For the two remaining possible assignments, 0~ and 17, the comparison
of the probability of the fits for both deeay and production does not lead
to a clear-cut decision:

L? decay in reaction (2): 29, (07) against 0.29% (1),
E° decay in reaction (2) =309, (07) against B9, 005,

E® production: 209, (07) against 309, (1%).

Moreover both assignments give a proportion of 38, initial state in agree-
ment with the data,

However, the goodness of the fit obtained for the production of the B
for 1* assignment is spoiled by the fact that it requires a large percentage
of I(mr)=2 (909%,); this is indeed very unsatisfactory since the relative mo-
mentum of the two pions which is less than 170 MeV/e should imply a very
low contribution of the d-wave. Clearly, if we impose an important contri-
bution of the dipion s-wave, which is a more likely physical situation, the
predicted angular distributions for the 1+ assignment are in complete disagree-
ment with the data. In particular, the angular distribution predicted for
Wi(cosg) is then cos*p (see Table IV, J”(E)=1", when ff=0) whereas the
Wy(cos @) experimental distribution is uniform (see Fig. 7a).

The quantum numbers of the B are thus very likely

« FRP = g

7. — Mass distribution of the 7= system produeed with the F-meson.

Figure 8 gives the effective-mass squared spectrum of the mrm system pro-
duced with the B meson: Fig. 8« refers to pp—E°x*n~, Fig. 8b to Pp—E'xox’,

Two curves have been drawn on each of these spectra. The curves o cor-
respond to a simplified caleulation of the reflection of the T-meson, using the
percentages of I(wr)=0, 1, 2 obfained for the fit of the production of the B
for the I°J”=0%, 0~ assignment. Clearly, these curves do not reproduce the
experimental distributions in a very satisfactory way.

More precisely, the y* obtained are

1) pp—Eiwtn~  »*=56 when {y*> =9,

2) Pp — Enx® %*=3b when (y?>=28.
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In view of these results, we have computed again the over-all fit of the
production of the E, according to the description given in the above Section,
but including the 7w mass spectrum in the data to be fitted.

100 - 40 T
e
(5}
i 30
o
5
“g 50 20
T Fig. 8. — Effective-mass spectra of the
b 10 dipion produced with the T. a) refers
3 to reaction (1) pp—=E'z*n—, b) refers
= . to reaction (2) Pp-—» E%'%z. Since for
05 0.2 03 07(511 02 03 reaction (1) there are two (K!K#xT)
M et o) Tiewy] M ) [(Gev)] neutral combinations we have selected

for the distribution a) the combination

which corresponds to the IMXKKr) the closest to the eentral value of the B =

=2.0 (GeV)?). We also introduce the conditions 1.84 (GeV)2< MAKKr) < 2.14 (GeV)2
for both distributions a) and b). Curves . and B, are cxplained in the text.

Although the results of these new fits give a better interpretation of the
7w mass spectrum, they correspond to a proportion of 8, initial state for
reaction (1) in poor agreement with the proportion deduced from the con-
servation of isospin (Sect. 5)

38:: (T0-£10)9% when the observed ratio (Bt )/ (BE'w0x?) leads to an
upper limit of 30 9.

1) pp—+E'mrn~  4*=35 when (¥ =22 (754-10)% I(nm)=0 ;

2) pp — E'nn® 7= T when (y* =12.

However, to get these fits, we have been led to introduce some simpli-
fications in the caleulation of the theoretical l(nm)=0,1,2 curves: it could
explain, at least partially, the difficulties encountered in reproducing the wr
mass spectrum.

Moreover, it is interesting to remark that several experiments have already
shown similar anomalies for the 7r mass spectrum in the same energy region,
namely, for the decay of the =+, == and K? (%), for the decay of the 7 () and

(°) T. HurTTER, S. TaYLOR, E. L. KoLLER, P. STaMER and J. GRAUMAU: Phys.
Bev., 140, 655 (1965).

(*°) M. Foster, M. PrrErs, R. HarTiN, R, MaTsuyn, D, Reeper, M. Goopn, M. MEER,
F. LorrLer and R. MacInwain: Phys. Rev., 138, 652 (1965).
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of the %' ((1) and Fig. 9¢). There is also a striking analogy between our
7T ass spectra and the results obtained by Krrrz et al. ((**) and Fig. 94d)
for the w*n~ mass spectrum in the reaction Tp—=nTn at 360 MeV.

Several hypotheses have been proposed to interpret these anomalies. One
of them assumes the existence of a secalar resonance (I°J7=070%) at
M ~400 MeV (%), the so-called g-meson.

To get a better interpretation, we have
therefore been led to introduce tentatively an 80 -
additional physical phenomenon under the form
of a Breit-Wigner form factor in the (mm) spec-
trum. Conserving the assignment I°T(B) =
=0%07, we obtain (curves f):

Fji'—i_

M n7)in pp—E ntw (Gev)
1) Pp —E°n*n~ 42=99.5 when g2y =19, \_z8

(T4 5)9% of 18, initial state, b
99+ 1)% of Unr)=0, r
0 BN 1

(60 4+10)9 of the dipion exterior to

5 M’ ) in pp—rEn’n’ (Gev)
the E-meson are attributed to a reso- = EY P e
o Breit-Wie S WO
nance des.cnbed by the Breit-Wigner S @ j
formula with 2
T 20
M = (445 4-10) MeV, v
L
e
I" = (654-10) MeV; s o S S|
S Mt w)in =y " (GeV)
2) PP —E'n'n®  y=4.5 when (y* — ST, S —
(60+10)9% of the dipion in the ¥ reso- 150 @
nance:
M = (460 4-20) MeV, it
I = (804-20) MeV.
50
Tig. 9. — Effective mass spectra of the dipion: a) for
reaction pp—E'xtn~, §) for reaction Pp — Bor0x0, 0 o Tl S
¢) for the decay o'+ qrom (ref. (1Y), d) for reaction 0.3 0.4 0.5
T p—rmtrn at 360 MeV (ref, (%): M (" mT)in wp—n w i (Gev)

(1Y) G. W. Lonpon, R. R. Ravu, N. P. Sawmios, 8. 8. Yamanmoro, M, GOLDBERG,
8. Lagmryan, M. Priver and J. LerTNer: Phlys. Rev., 143, 1034 (1966).

(**) J. Kirrz, J. Scawartz and R. D, Triee: Phys. Rev., 130, 2481 (1963).

(**) L. M. Browx and P. SiNgER: Phys. Rev. Lett., 8, 460 (1962).
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Although the introduction of such a phenomenon fits this portion of the
data better, the complexity of the five-body interaction is such that we
are unwilling to conclude that this is an evidence for the production of
the c-meson in our data.

8. — Conelusion,

The analysis we have presented in this paper on the 5-body annihilations
Pp —KK3r is consistent with the assumption that the (KIK=) enhancement
is really a resonance: Table VI gives a summary of its properties:

Tante VI. — Properties of (he E-meson.

| Mass: (1425 1+ 7) MeV,
‘ ) B 0+O_,
Width: (80 + 10) MoV,

Observed deeay modes: |

EY +K*K (and K*K): (50 + 10)9, ,

E? - (KK)r: (504 10)9, , |
| (KK) means here a (KK) resonance with

M(KK)= 1000 MeV ,

I(KK) = 70 MeV .

Observed production modes:

Pp—>E’zn with B~ KEKr:
'8, initial state: 2810 L 200 events. rate— (2.0+0.2) -10-3,
8, initial state: 8244 80 events, rate = (0.6 + 0.06)-10-5.

The fact that the 18, initial state gives a larger contribution to the pro-
duction of the E than the *8, initial state can be explained by the presence of
centrifugal barriers in the latter cage (the orbital angular momentum of
the E with respect to the recoil dipion must be at least 1 for the 45, initial state
whereas it is 0 for 18,).

Another consequence of the quantum numbers proposed for the B-meson
is to forbid the production mode

Pp — Eort .

The final state being in this cage purely €= 1, the only possible initial
state would be 18, but the reaction is then forbidden by parity conservation
since 18 i3 0~ whereas the spin-parities of the final states are related by P=(—1)*
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(L being the orbital angular momentum of the E with respect to the recoil
dipion). These observations may explain why the E meson is only produced
in H-body annihilations.

Of course, to reinforce the hypothesis of a resonance, it would be inter-
esting to observe other decay modes of the E-meson: the simplest ones seem
to be 4w and yrw if our determination of its quantum numbers is correct.

It may be worth-while to compare these predictions with an experimental
result obtained by BETTINT ef al. (*) which suggests the existence of a neutral
(4m) enhancement at M ~1400 MeV with '~ 80 MeV in Pn—-5r annihilations.

In principle, one cannot exclude, ¢ priori, the triangular singularity mech-
anism as studied in particular by MoNTH (%) to explain such a (KKx) enhance-
ment; however, our experimental results do not completely agree with such
a mechanism since, in particular, the decay E'—K*K is observed even out-
side the interference region of the two K*K and K*K amplitudes. Moreover,
ScHIMD (**) has shown that this mechanism cannot lead to such a large enhance-
ment; it may, on the other hand, strengthen the production of the resonance.
One should also notice that such a triangular singularity affects the charged
(KKx) system as well as the neutral one, while our experimental results do
not show any effect in the charged (KKr) system.

One may object that the E-meson, with the quantum numbers proposed
above, does not fill any hole in the usnal classification of the mesons; while
this objection is not really valid in terms of SU,, for which it is always pos-
sible to add a new representation, in particular a representation I (which is
sufficient for an I= 0 particle), it is perhaps more difficult to reconcile the
existence of a tenth pseudoscalar particle (3w, 2K, 2K, v, 7/, BE) with the quark-
antiquark meodel proposed by DArrrz for the mesons.

One can notice that with the E° we have now three mesons which have
the same angular quantum numbers: I°%J*=070": #(550), 4'(960), E(1425).
They are perhaps the three first terms of a series of excited 0~ levels differring
by their «radial » quantum numbers., When discussing the possibility of the
presence of the s-meson in our data (see Sect. 7), we have already mentioned
the analogies between the two processes: pp — Enm and #'— VT,

sk ok

We should like to express our thanks to Profs. B. GREGORY, L. LEPRINCE-
RINGUET and J. TETLLAC for their interest and support, and to Profs. R. ARMEN-
TEROS, CIl. PEYROU and J, PRENTEI for many stimulating discussions.

(**) A. Berrint, M. Crestr, 8. LiMexTani, A, Loria, L, PErRUzZ0, R. SANTANGELO,
L. BrrTanza, A. Bigr, R. Carrars, R. Casact, E. Hart and P. Laricersa: Nuovo
Cimento, 42 A, 695 (1966).

(18) M. Moxru: Phys. Lett., 18, 357 (1965).

(**) C. ScuMID: o be submitted to Phys. Rev. (1966).
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APPENDIX

l, L, J are the angular momenta corresponding to the decomposition
k. K, P
Ay Initial state LS,
JE(E)=0"
[=0, L=0, J=0, M,=1,

1=2, L=2, J=0, My= (kili—}00k*) (K K'— }09K?) = (k-K)*— } k2 K> .
[ M(8,)|2= o M2 + B2 M2 + 208 cos oM, M,

integrate over
dQ, Wilcosg)=1,

A2 Wlcosy)=1,
&, W(eos y) = a® + B%(3 cos? y— 1)? + 2uf cos w(3 cos® y — 1) .

JP(B) = 1+
=0, L=1, J=1, M =PK,

=2, L=1, J=1, M,= Pi(kiki—%6ik?) K'= (P -k)(k-K)— 3k P-K),
| M(18,)| 2= o2 M2 + 52 M2 | 208 cos w M, M,

integrate over

2
dQ,  Wo(cosp)=a® cosg +§-5 (3 + cos?ep) ,

2 2 D}
Ay  Wocosy) = i + = (3 costy +1) + = aff cos w(3 cos?y — 1)
3 Y 3 o7 7 9 i ’
2
A2,  Wcos y) = ;— + == (3 cos?y +1) +§ ofi cos (3 cos? y—1) .
JEE)=2"

1=0, L=2,J=2, My= (KiKi— }81K?)(PPi— 164P*) = (K-P)*—}KP?,
l=2, L=0, J=2, M,= (k' k'— 369 l2)(PPi— }69P?) = (k -P)*— L 2 P2,
| M(18,)| 2= ® M2 + 822 + 2af cos w M, M,
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integrate over

- 1 2 ,:l_ﬁz
0 4 — w2 , “a e S
dQ,  Wcos ) =« (cos @ 3) S TR

5

i 4o 1
A0 Wieosp) =" + (cogzw_g) ’

42 42 dof
,70 S == - A . B 3 3‘ L5 ' D.E EEgF -
AR,  Wcos I)_ 15 ! 15 = T= cos (3 cos® y— 1)

B) Initial state 38,
We limit ourselves to the lowest angular momentum decompogition.
JP(E)= 0"
i=1, L=1, J=0, M=kxK,
|M(38,)|* = k*K*— (k-K)?
integrate over
d@, Wiicos p)=1,
Ay Wicosy)=1,
dfp  Wi(cos y) = sin® y .
JE(E)=1+
=1, L=0, J=1, M=kxP,
|M(28y)|2= kP>~ (k- P)?
integrate over
dQ2, Wicosg)=1,
dQx Wi(cosy) =siny ,
d2, Wi{cos =1,

JE(E)= 2~

There are two amplitudes M, and M, corresponding respectively to
I+L=1 and 14 L=2,

=1, =1 J=3,
My = (it} KY) (PP — L §im P2) |
M= Emr‘!(k:‘Kj‘ + Kiki— 280k K)) (PiPZ__ %aiipz) ;

4583




28 P. BAILLON, D. EDWARDS, B. MARECHAL, ETC.
or

M,= P(P-(kxK))— }(kxK) P2,
M,= (KxP)(P-k) + (kxP)(P-K),
| M(38,)|2= A2 M? + B2 M2 248 cos M, M, ,

M; =3 PP (kxK)):+§ Pk x K)?
M3 = P*K*(P-K)* 4 P*k*(P-K)* - 2Pk -K)(P - k)(P-K)— 4(P-K)*(P-k)?
M,-M,= — } P**(P-K)* + } P*K*(P-k)? ,

A2 B2
AR, Wieos p)= 5% (—3 cos2g L 5) +-? (L |- cos? @) +
' 2AB
F g d(1— 3 cos?q),
i Az IR
dfR2; Wicosyp) = %% (—3cos*p -B) + 5 (1 - cos?y) —

248
——y  cos d(1— 3 cos®y),

("Az b Bz

. 2 ?
dQr Wi{cos y) e sin? y T (3 + cos? y) .

Remark. To integrate, we used the following formulae, V= (V,, V,, V)
being a three vector:

VD= f_Iff- e g

fae,” &’
s fVideIQ,,’ .
< i i>e!*’ [-de_'_ 2
fV;‘(LQv 1
Vg e Sl
o fae, 5
ViVpvw=0,
Vi

(Vi Vide=1g1
(V-A)(V-B)y,=}(4-B)V?,

2 . = _3__ B2 i 2 4
V-4V -B)*,= [15 (A-B) ’Ll (4 xB) ]V ;

5
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RIASSUNTO

Nello studio dell’annichilazione pp—KKnrnr in quiete, si & osservato un importante
incremento nel sisgtema (KKr) neutro. Si mostra che questo ineremento & la manife-
stazione di una risonanza che si ¢ chiamata mesone B con i numeri quantici
M= (1425 + 7) MeV, I'= (80 10) MeV, I°J” =0+0- ¢ un rapporto di decadimento
E—K*R(K*K)/E - (KK)r = 1.

Pestome aBTOpOM He NpenCTABIIEHO.
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