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1. Several experimental results on the neutral (Kﬁn) system have
shown evidence for an enhancement at M ~ 1420 MeV, called the E-meson when

interpreted as a resonance (Ref. 1, 2, 3, 4).

In this paper, we present the results of the analysis of 1.4 x 106

ﬁp annihilations at rest (they include the data presented in Ref. 2 which

represents roughly half the statistics).

These results correspond to the complete film sample provided by

the 81 cm Saclay HBC running at the CERN PS.

Since the rate of ﬁp annihilations at rest into 6 bodies :
Ep > KEKnnmn iz negligible, the search for the B » KEr is limited, in
principle, fo the study of the 4 and 5 body annihilations : Ep - Kﬁnn,
Bp » KEnmm. We shall see that gquantum number selection rules forbid very
likely the 4 body channel for the production of the E-meson : we shall there-

fore limit our study to the followinz 5 body reactions :

+ - '
(1) §p - KiK-n+n-nT 600 evts.
- o I ¥, 00 ts
(2) pp -~ KlK n (nm ) 273 ev .
(3) pp - KiKin+n-no 657 evts.

(i) Nuclear Physics Research Laboratories, Liverpool.
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(4) T - K(K%%)n"n" 757 ev 'S,

6] ts

(5) pp - KK 740 ev. .

The reactions (2) and (4) do not give rise to a fit since there
are two missing particles : they have been selected from the events which do
not give a 4 body fit and for which the missing mass is at least as large
as (nono) and (Kono) respectively for reaction (2)'and (4). The number of
events given for the reaction (5) is obtained from a reduced sample of
0.4 x 10° 3.

In the following, we assume the E is really a (KKR) resonance and

conclude for its properties :

M (E) = (1425 £ 7) Mev . 7 (B) = (80 T 10) Mev
I(E)=0 ¢ (E) =+ 1
JP(E) =0
_*v ._55 -
E - (KK and KK°) / E - Kkn 50 o/o

We report at the end a short discussion on the nature of the E.

2. Experimentzl method

Approximately 1.4 x 106 antiprotons from the CERN PS have been

stopped in the feclay 81 cm hydrogen bubble chamber. The antiprotons,

produced in & beryllium target at 700 MeV/c, have been momentum and velocity

analysed by means of the beam k4 (Ref..5) and subsequently degraded by a

10 cm cbpper abgorber down to 400 MeV/c Jjust before entering the bubble chamber.
' The momentum of 400 MeV/c was chosen so that‘the antiproton stops would occur

near the middle of the bubble chamber. A restricted fiducial yclume was

chosen so as to reduce to 12 : 2 o/o the percentage of annihiiations in

flight before measufements, and to ensure a high detection efficiency for the

types of events analysed.

The dafa have been analysed in the standard manner by means of

computer 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
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bubble density : because of the low energy of the secondary particles in the
reactions under study, the bubble density is an efficient tool to determine
the most likely hypothesis, and we estimate the contamination of the sample

of events under study to be less than 5 o/o.

3. Production of the E
+_.

Reaction 1 : pp KgK nm

The mass-squared distributions of all possible combinations between

4 -
i

particles in the final state have been studied. Of these, only three show

an interesting structure : (Kn) y (KK) s (Kﬁn) . In Fig. 1 we.present

1=1/2 Q=0
these distributions, together with the distributions relative to (Kn)1~3/2

and (Kﬁn) for comparison.

=2

Whereas (Kﬁ) distribution shows no remarkable structure, the

1=3/2

(Kn)l~l/2 spectrum can be interpreted as showing effect of the 890 MeV Kn

resonance.
The (KK) distribution shows a gignificant 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 (Kﬁn) spectrum shows no signi-
ficant peaks, there is a marked concentration of events near M -~ 1400 MeV

for the neutral (Kﬁn) spectrun.

Since only the peak in the (Kn) spectrum can be associated with

a known resonance, we have nade an effortItﬁ/gee whether a coherent explanation
of 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 KK mass spectra, taking into account the K* ﬁroduction; and pro-
perly symmetrized with respect to the pion and the K exchange. More spe-

cifically, we write down the appropriate matfix element as :

)

, oyt
M = (Al3 + AlA) (A23 + Ay,

with A, . = 1
1J

s.. -8 +1im T
13

Sij denotes the effective mass squared of particles i and j, with the labelling :
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O~ + + - + - =+
KKXKnnmn K Krnrnmn

12345 12345

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

- (_1>I+L

Since I(KK) =1, G(KK) t 1, according to the parity

of the angular momentum Lj; therefore, we have investigated the 2 resulting

i

cases, 1.e. constructive and destructive interference separately (corresponding
to the positive and negative sign left undefined in the above written matrix

element).

A superposition of the 2 tneoretlcal curves obtained by an appro—
priate Monte Carlo calculation on the mass spectrum of the KKn system
(phase space a, K with constructive interference effects B) shows that
no combination of these 2 mechanisms could generate a peak observed in the
(Kﬁn)on épectrum at M2 ~ 2.0 GeVZ. Furthermore, no such combination could

generate the sharp peaking observed in the (KK) spectrum.

Accordingly, we conclude that the K¥ production is insufficient to
account for the effects observed, and we must introduce, in addition to the
K% effects, a new phenomenon either in the (Kﬁ) system or in the (Kﬁn), or in

both.

1. With a (Kﬁ) effect alone, which a priori should have the samo effect on
the doubly charged and on the neutral (Kin) snectrum, we could not explain
the two (Kﬁn) spectra which appear quite different. '

2. With bhoth (KK) and KiE effects (incoherent combination) we are unable to

reproducé the KKm (1400) peak.

We therefore assume in the following that we observe a genuine effect

in the neutral (Kﬁn) system, namely the so calledvE—meson.

There are two neutral (Kﬁn) combinations per event : this makes a-
precise determination of the actual rate of production of the E difficult
in this reaction, as well asvits mass and width, as long as its spin-parity
and decay modes are not completely known. However, the comparison of the
neutral (Kﬁn) gspectrum with the double charge one, shows that the non EO -
comoinations are distributed like the double charge ones. We are thus allowed,

as a first approximation, to fit a Breit-Wigner curve on the spectrum obtained
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by subtracting the M2 (Kf(n)iir spectrum from the M2 (Kﬁn)o one. (Fig. ld).

The values of the mass and the width we get this way are :
M=1415 T 5mev, T =77 %12 Mev.

Furthermore, taking into account our final results on spin, parity
and decay modes of the E-meson, a fit of a M2 (Kin)o spectrum obtained by

Monte~Carlo method to the experimental spectrum gives

pp > Bnin 600 * O events
- 60
* . + -
M = (1424 - 8) MeV ' = (80 = 15) HMeV

o)
1

These events are those which did not give a fit for O or 1 n missing,

Reaction 2 : ip - K K—n+(nono)

. A 0 .
which have a missing mass at least as large as 2 n, and for which one charged

secondary has been recognized, by bubble density measurement, to be a K meson.

In view of the very low rate of 6-body annihilations, most events
satisfying these criteria can safely be interpreted as being representants for

the annihilation channel

5p - K;K-n+nono.
A fit obtained by the maximum likelihood method on the (Kin) spectrunm

gives : (Fig. 2)

P - Eonono 208 £ 20 events (76 o/o of reaction. 2)-.
M= (1426 £ 6) Mev T = (81 % 14) Mev .
Reaction 3 : Ep - K;K;n+n~ﬂo

This reaction is strongly dominated by the channel :

+
However, the comparison between the (KiKino) spectrum and the (KiK:n—)
ones show an enhancement at M2 ~ 2,0 GeV  in the first one which corresponds

roughly to (64 : 20) events in the 1.84 -~ 2.14 GeV2 region (Fig. 3).

4 In order to evaluate the production of the B, we have computed by
Monte~-Carlo method the reflection of the wo, taking into account its spin

and parity (curve a on Fig. Bb).
PS/5665/rmn
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Since the Dalitz plot of the reaction pp - K;Ki
0 . . . s .
w  production occurs mainly in the 381 initial state (Ref. 6) the corresponding

matrix element used to compute the reflection of the wo on the (KKn) spectrun

w’ shows that the

is
b pvpao
= € i
M (w) 5;__ , 4y %op U3g - 2$
123 I -n 4+im T
W woow

where :

qip (i =1,2,%3 p = 0,1,2,3) are the components of the 4 momenta
of the three decaying pions of the wo

2 2, . .
ml23 = (ql + q2 + q3) is the invariant mass squared of the
three pions
m and Fw are the mass and width of the w°
2
Ve is the completely antisymmetric tensor (601 5 = +1) .

The best fit is obtained (curve B on Fig. 35) when we add 18 o/o
background (phase space) and 12 o/o_Eo production to the wo production (70 o/o)

(without taking account of EO spin-parity assignments)

0

I+

op > Eon'm with B0 o K;Kin 83 I 21 events
ﬁp - K;Kiwo 45% - 30 events
P K§K§n+n_no (phase space) 120 % 34 events

Reaction 4 Ep - K;(Kono) n+n-

These events are those which did not give a fit for one K° missing,
which have a missing mass at least as large as (KO + ﬁo), and for which both
charged secondaries have been recognized, by bubble density measurement, to:

be 7 mesons.
In view of the very low rate of 6-body annihilations, most events
satisfying these criteria can safely be interpreted as being representants

for the annihilation channel :

Ep - K§K0n0n+ﬂ—
. - 0,0 + =0 . . e
The reaction pp - K1K2n 1 1 can be obtained from reaction (4).
The reaction (4) is a mixture of KiK§n+n’no and K;Kgn+n_no events; to see
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the net effect due to the KOKOn+n~nO , we subtract from the overall (Ki?ono)

. 12
spectrunr the (K;Kzno) cpoctrem ~toorved for reaction (3), gince the number of
K§K§ﬂ+ﬂ-ﬂo events in reaction (4) must be equal to the number of events

found for reaction (5).
The (K;Kgno) spectruﬁ is shown on Fig. (4). One can see that the
number of events for which : 1.84 GeV° < M° (KEr) < 2.14 GeV° is 14 T 20.
We therefore cannot attribute more than 20 i 25 events to the decay
80 - K;Kgno , 1n the mass region 1.84 -~ 2.14 GeVZ; this yields an upper limit
of 20 : 25 events for the reaction :

0

P - E%ntnT with B - K < 20 = 25 events.

= O

K;n

Reaction 5 : pp - KK ntn n

The scanning has been made for a sample of 0.4 x 106 5 where one
Kt at least is detected by decay or interaction. This reaction, like
reaction (§, is strongly dominated by the w° production. The detection of
the charged K introduces certainly a bias but it should not affect differently
the charged and “the neutral (Kﬁn) gpectra : still these two spectra are diffe-
rent, (Fig. 5), the main effect being an excess of neutral (Kin) combinations

. . 0 .
in the E region.

However, as it is difficult to compare quantitatively the results
of this reaction with tue others, we did not attempt to estimate the rate

4 - 0
of B° production with the subsequent decay mode B K+K T

4, Mass and width of the E

From the results obtained from reaction (1) and (2), the best

estimate for the mass and the width of the E meson are the following :
o + . +
M = (1425 = 7) MeV 7 o= (80 = 10) MeV

The errors due to statistical iimitations have been increased to take account

of possible systematic alterations of the data.

5. Charge conjugation and isospin of the B

The absence of a double charged (KKn) enhancement in reaction (1)
is taken as an evidence against I(E) = 2, since, assuming I(E) = 2 and non

PS/5665/rmn



-8 - CERN/TC/PHYSICS 66-24
zero transition probability for the process 5p - E~—n+n+ , there is only
one amplitude for the decay of the B, therefore no possible cancellation due
to interference effects.
We thus limit ourserves, in the following, to the four possible assign-
ments : C(BE) = i'l, I(E) = 0 or 1.
If we note A, and Ao the amplitude corresponding to I(KK) = 1 and

1
I(KK) = 0 respectively, the decay amplitude for the E into the different ob-

servable charge modes are :

C(E) = +1 I(E) = 0

(Fn)° = Z1xK'n - & K A KK+ ER U
. i ot o ? 0.0 L : A \ +-% 4 00X
()~ = x-SR 4 er +A ) KT+ 2o KK
NE NE ¥ / Ve

(Kn)® = M ek 4+ A ot U 1 of ot A SR G E

/6 J6 J6 J6
c(B) = -1 I(E) = 1
(x&n)° = fl.K§K+n‘ - A KK n o+ % K;K;no + o xKTA°

2 2 J2 2
- A, 0O Io A, 0.0 b . ..0.0 A s A N :
(KKn)~ = 1 KEn - Z1KEKm o+ AKKmn + 1 + AVKKa7
NE 2 ©

These predictions can be compared to the experimental observations
in Table I, in which the production rates take into account the visibility

of the K;. M and N are for the square of the transition matrix elements

respectively for the production processes :
— +-..
Pp - Eon I M
- tIo

and Pp > B wow : N
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TABLE T

PO ——p

{
! {

¢(E), I(E), 13(E> Channeli per channel f of Kl ; rate

Decay ampl. ;V1s1b1%1tyé Production EPredictionf Experimenté

i
|
L ! | 2| £ +0
Kn /225 | .603 | .200]4,|M | 6007 | 600
' i | ]
i

I
[\S]
—

L | 363 .0%0[a [ 90 g3 *
1, 0,0 Y- |

|

H

|

! ' % = !
e e i 5 et e ot s e e T

0 | | 0 <20

A 1 sl | | 49T 5150

T B . .603 § .2oolA112M 600 600 *

| .03 .100[All2M <20

W
o
(o]

; L 12
1 ; .166IA1I i

kb & .60 .301'A iZM 600 600
| 5 i | 1 ;

: ; - ,
; < . .363 ! .O9l]AOIZM' 83
+1 , 1 » O l T e i P

; : | ! |
| 0.0 0 ! | g 4 | + 25

K Ko | ; | 0 g<2° 20 |

e _,’_ - i ‘ I - |
- . !

KK n° 1 500 |4 I2M 456 5150
| 0 | |
| - I i

.603 §.301{A1]2N 603 o

»
+
[@REN

| 181 A lzN 0 0
| 0 |
|

603 a ! ?

0 é L2
o .603 ' .BOl]A l N
2 i ! t 1
| WMMM?MJgMWMMWPWWWWWW?EWW” >
KK 1+ 4 ! (CL+a)W | « | a0
i

| N Y

PS/5665/rmn



- 10 - CERN/TC/PHYSICS 66-24

TABLE I (contd.)

- N | Decay Ampl. Visibility | Production | .. . | o
¢(E), 1(E), IB(E)< Channel ser channel of Kz rate 'Prediction| Experiment
K‘iKi‘n—'F A .603 .301[A112M 600 | 600 " go |
0,0 O |
8% =
K K7 0 0 3 %01
-1, 1, o0 NI e R 5 - T
KK m 0 .603 301 (A | 20 <20
12 V% o 20
KK fg 1 .SOO!AOlEM 33 > 150
/2
T e
KK n 1 603 301 (4, [N 0 ?
1 —= 1
W2 |
+
N KK | - A .36% .091|Al{2m o* 0o g
-1, 1, 21 2 |
0.0 % ' ' 2
‘ o
K Ko i 603 60314 |°N .60% 8 :
+ -2 A A
KK 1+AO 1 (__]..__“.A\ZN B ~ O
V2 /2 or T

Predictions with (#) indicate that the experimental results have been taken

as normalization.

» - 4 =+ -0 . .
FPor the channel pp - K+K n+n n , the loss due to scanning efficiency
) o + - 0 .
is impgrtant owe can only give a lower limit for E- » K K n and indicate

- - .
that E » K X 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 E :
For C(E) = +1 and I(E) = 0, one seecs that the predictions agree very wgllv
with the experiment, in particular the absence of EO - K;K;no and fhe ob-
servation of 83 g - KiKino when 90 are predicted.

The same observations make the assignment C¢(E) = -1, I(E) = ¢ very
unlikely.
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For C(E) = +1 and I(E) = 1, we have to consider both 13<E) = 0 and
IB(E) = tl : For I3<E) = 0, the predictions agree with the experiment, but
they are not as significant+a§ for C(B) = +1, I(E) = 0 since the two well
measured channels EX » KK 7' and B® » lKln have now to be taken as nor-
malization : one can then just say that therg 1s‘no+obvious disagreement.’
For IB(E) = i-l, the only well measured channel is E - KfK;n—, which seens
indeed to be experimentally absent : if one uses this result to assign AO = 0,
one is left with a free parameter since the amplitude Al takes also part in
the disintegratign ¢ the eiperimental 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 Ao and A are equal to zero, i.e. this assignment

has tg be ruled out. However, anotiher possibility is to assume N = 0, i.e.

the B is not produoed.

To examine the implications of the hypothesis N = 0 let us write
expllcltly the amplituces for pp - Enm when C(E) I(E) = 1.
We have : G(B) = -
thus G(Enn) = -1
or : G(pp) = -1 .
This is only satisfied for C(Ep) = +1 when I(pp) =1
and for C(Ep) = -1 when I(ﬁp) =0 .

The possible transition amplitudes are then :

-+ -

B, =< P I=1, C=+l | Bnow I(mn) =2 >
+ = . i

Byy =< P I=1, C=+1 | Enn I(nm) = 1 >
BIO = ¢ Pp I=1, C=+1 I Enn  I(nn) = 0 >
Byy =< %  T=0, C=-11%m T(w)=1>

More explicitly, we have for the wave function :

12 [;J3 E (ﬁ 4T no) —-\[E;;(n+n +27 no+n W+“ éﬁ E-(n+no+non+{]j
- 15 20 '

+ : 1 0O~ -0 1 -
L.E ‘n -t ) - 5 E (n -n i ).J

BlO /I E (n+n~~ﬁono+n—n+):;

V3
+ B rlj ﬁ T - T ) - /1 Eo(n+n“—n~n+) +\/¥=E—(n+no—non+{]
01 .
6 N6 6
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Finally, we get for the transition rates :

+
- = =0 ) _ 3yt 2 + 2 2 = 12
pp>E : N = £ ‘612 + | Bll[ 3 !BOl!
- o0 + - 2 + T o+q2 1,.- 2
pP—> Enmn o Ml"' 3[]610 —'\jg 612' + 5 ]Boll ]
op ~ £%7%7° : M2 ={2 {i_ B;? t\% BIO 2
\/15 > N

We:thus see that to get N = O, we have to have :

+
12

+ —

11 = Por =Y -

Bip =B

This condition is certainly not a very natural one, since it implies not

only the 381 initial state does not contribute, but also two of the three
possible amplitudes related to lS initial state to be zero. MNMoreover, it
predicts the branching ratio Eon+n“ / Eonono = 2 whereas the experimental

results is 2.86 © 0.45.

We then conclude the assignment C(E) = +1, I(B) = 1 is much less

probable than C(E) = +1, I(E) = 0.

The last possible assignment : C(E) = =1, I(&) = 41 is clearly
excluded by the presence of 83_EO - KzKino when the prediction is g, the
abundance of Eo-é K+K~no, and the experimental situation for the E which

seems again to indicate A] = AO = 0.

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

With this assignment, the only possible initial state for

° g lso (0 = 41, J° = 07) since ¢(n°2°) = +1. We have also

pp Eonon
I(ﬂoﬁo = 0; then, from the number of 8%7:°7° observed in reaction>(2), we
deduce that (208 X 2) * 20 events in reaction (1) . ﬁp -> Eoﬂ+ﬂ~ come from
lSO (since n+n_ / nono = 2 for I{nn) = 0).We then conclude that less than
30 o/o of the EO production in reaction (1) comes frqm 381 Ep annihilation

state.
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6. Spin and Parity of the E

Assuming I(E) = 0 and C(E) = +1, we have G(E) = +1, then G(XK) = -1,

but since I(KK) = 1, we have L(KK) even and‘JP(KK) =0, ot ...

Both the production and the decay of the EO can be considered for

the study of its spin and parity.

E? decay_:

Fig. 6 shows the main features of the £° decay. Fig; 6a indicates
a possible presence of K§(890) in the decay. Fig. 6b shows the strong accu-
mulation of the KK masses in the low value region : this strongly favours
the assignment JP (KK) = O+ rather than 2+ ... Fig. 6¢C shows that“tﬁe”decay
angular distribution Wl (cos@) of the KK system, which is'ﬁot compatible
with uniformity, cannot be explained in the case of L(Kﬁ) = 0 without the

introduction of Ki interference effects.

The assignment JP(KE) = O+ leads to the following possible gpin-

parity for the mo meson

5 m) =0, 1t 2 ...

We have *+vi~d tn ~vnlain the three distributions of Fig. 6 by the
following decay modes : EO - K%K (REK), Eo - (Kf)ﬁ,where (Kﬁ) stands
for a possibly resonaving KK system near threshold (Ref. 7). Using the
technique of cartesian tensors (Ref. 8) we performed o fit of these distri-

butions with the following decay matrix elements :

) =07 P = s [ RO 4 (1-e) 1O(R)°

) =1t )P - {mﬂxﬂf) M§<K*)J + (1-a>[mi(mz> Mf(zqa]
JP(E) o PP - al o T (F) |+ (1-a) £t (KE) |
| el L 13 o :} ; 1: ij R

where the explicit expressions (not normalized) of MO(K*), ﬁ(Kx), MlJ(K*),

¥°(k%), M(xE), W 9(ER) are given in Table II.
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TABLE IT

EO decay matrix elements for K*K and (Kﬁ)n modes

0 - - ¥ - - *
u°(*) = P - BB (K]) + P, . P B (K)
1 2 ) 1
MO(KK) = B W (XK)
1, * . * ->
W) =P, BW () +F _BW (Kﬁ)
1 P
1 N
M (KK) = Pﬁ B W (KK)
. . . . _
w(KT) =[P, Py +Pp Py = 87 (B, . B )]B
1" 1" 1 2
. . . s i R
[pr pd 49 P2 -2 ¢ (B .3 )Is
Kzn Kl K2n K1 3 Kzﬂ Kl |
ij/.= _ i_3J B } ij 22 -
MY (KK) = (Pn P 3 § Pn) B W (KK)
B (KT) = 1 n*
min - o® 4 4T r
B W (KK) = 1 | n°
2_ o2 00
mKK m 4+ 1im L I‘O

W () +

1

W (<

2)

]

890 MeV
50 MeV

il

I

2 my

given by the fit
(70 MeV)

il

vector parts of the three decaying particle 4-momenta

K T
1 2 in B° - cu
. - m2~ 2
P vector part of the 4~vector P“-Pp - n'mK (P“+P“ )
X m K n K
1,27 o 1,2 mé 1,2
. e
in E CM 1,2m

|
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The best fit corresponds to the hypothesis :

P _ TR K*K (K%K) ~ 50 o/o
J(E) =0 o

B > (Kﬁ)n ~ 50 o/o

as can be seen in Table III.
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TABLE ITT

‘ i - - | i % 1
Reaction 30 1 0/o KX [o/o KR | ofo Backy | Ii= MeV| x 2k x> Probability
(m) ' : (=) "EK -
g | ground | L o/o '
A | L >
0 | 43 sty o12ls | 70 | 52/34 2.0
_ e = - |
pp » Eon'n 1" stz | o33t 24%6 | 30 63/34 0.2
27 | 5753 | 25f3 | 18k g 50 76/34 0.0
- i -
" | 48T st o~ 1 0 | 34/50 | 30.0
op > Eon%n° 1 et ek I 0 | /% | 5.0
e e84 | @M 50 | 46/30 3.0

(*) For the reaction ﬁp‘+ Eon+n_ the presence of the background is due to
the fact that we did not take into account interference effects between
the two possible B s. This may explain the poor fit obtained in this

case.

Let us consider the process

(K.x ) > (K K. )n

p - (KK 7w )n.n 15,7 155774

1217723
~ [Ty ~ 'ff_
(we call the three n sanl, n2, n3 and the two K's Kl’ K2) where (Klenl)
and (KlKZ) represent systems with fixed mass.
The geometry of such a process (Fig. 7) is defined by three vectors

> >
which we call K, X, P : They are the vector parts in the total centre of

mass of the following 4-vector :

. . L . : - -
kH = pi - pi In (ngnw) rest frame, k = (O, pn _b )
3 2 7 3 2
(P, * P2 ).4Q
’TE 3
kM = (pH 4 pu_) - T s’ gt
TE2 ')'53 B o
. Q= -
where Q = p_ P +Dp + D + D
kl k2 nl ”2’ n3

In total C.M. (@ =0) XK=1(0, % +3 )

PS/5665/rmn



. K K
e 1 2T (g 4wy o+ "
1 (p, + D, +23 ) 1 2 1
X. K, .
in (Klenj) rest frame P = (O, pﬁ,)
» L
We define three angles o, ¢,'X by
= - ST s Ty
cosg = P.K cos ¢y = P.K cosy = K.k
2T =TS : i N
ERE | ERE ]

the square of the matrix element is a covariant function of the three 4 zctoru

lm| < = o™, &, PM)

which we can evaluate in the total centre of mass

We.eall-dt, , 4l , dQP the differential solid angles defined by the
. . A

directions k, K, P.

We get the angular distribution W, (cos @), Wg(cos &), W4(cos X ) vy

[
> >
integration of F(k, K, P) over di_ , d&_ , dQ_ .
© K P

The experimental angul: r distributions (;Lg. 7) are obtained by

selecting events which satisfy

2 e L2

1.84 < i\ nniy S Zend wou

-\ o e
;0 < LL.CE GeV T o,

. o o . . . .
the following calculations, the E -decay matrix element deperids only on the

-

vector P characterizing the momentum of 2 in the centre .of mass of the
when the two K's are colinear. The calculations presented below are there-

o 0o

s 5 . : . - - *
fore independant of the particular decay mode of the E (E” » K K,
0 o
E- - (KK)mn).
In fact, we have verified, by Monte-Carlo techniques, that with =
. oy ,2/~,'.‘ : 2
cut on the mass of the (Kﬁh?) system : MT(XK) =« 1.08 GeV, we get the soe

theoretical angular distributions, for a given spin-parity assignment. ho*th

for B> » KK and B > (XB)n decay.

PS/5665/rmn
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We give in appendix the explicit expression of the matrix elements
and the details on the integration in the Tollowing cases :

P - o+ -
initial state = lsO , 331 ; J(B) =0, 17, 2

The theoretical normalized angular distributions are shown in
Table IV where a, B, and w represent the amplitudes for ¢ (nn) = 0,
Z (nn) = 2 and relative phase of the production ﬁp » BEnn (when it occurs

in lso state).

On the other hand, when the production occurs in the 381 state, we
limit ourselves to the lowest angular momentum assumption, that is
4 (nn) = 1. For JP(E) = 2—, there are two production amplitudes, written A
and B, with a relative phase ¢, which correspond to the two different ways

of combining the angular momenta.

TABLE IV
I =0
Wg(cos @) =1
1g W(cos ¢) = 1
© 2 2 2 2 = 2
W4(cosly) = o + 5B (3 cos™x ~.1) ,+'/5 aB cos w (3cos X - 1)
4
Wl(cos p) =1
581 W_(cos ¢¥) =1 ,
W§(cos ) = 2 sin2
7F(e) =1t
Wg(cos 9) = 30:2 cosch + j_{ﬁ(} + cos2cp)
10
1 . .
So W;(cos p) = a2 + EE_(S cos2$ + 1) +~'/E ap cos w (3 cos%¢'5~-l)
o2
WZ(cos Xx) = o° + ﬁi (3 cos%x +1) + JE’QB cos W (3VCOSZX -1)
1 ' 2 ' :

PS/5665/rmn



9]
=
—~
Q
(o]
0]
SN
~—

W (cos x)

S W
WZ(COS X)

1
Wz(cos )
S W%(cos ¢)

Wi(cos %)
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TABLE IV (contd.)

fl
OB

it

-§i (=5 cos” P+5) + é@i (l+coegm) +
7

- AE (-3 cos U +5) +v§§3(l+cos2¢ ) —ME AB cos & (1-3% cos2¢)
4 4
3A2 sinzx + 3 B° (% + cos’ x)

sian

a2 + B2 + aB cos w (3 0032X - l)

AB cos § (1-3 coszm)

ST AN

: l
4

[\)!

10

We have fitted to the experimental angular distributions Wi(i = 2,3,4)

a theoretical distribution bW° + (1-b) wi (i = 2,3,4), b being the percentage

of lSo initial state in the reaction (1). The results are giVen in Table V.

TABLE V.
JP(E) é X2/< X2> Proba?ility g o/o 1SO o/0 ¢ =0 in lSo LW Cdegrees)%
o/o 5 o |
0" 44/31 20 8356 99 * é //////
17 40/37 30 %l = 10715 | 165 £ 15
..... ~ ) J 5
2 52/37 5 555 2015 Cos2lais

Conclusion :

The study of the decay and production of the B favours the 0 assign-

ment, excludes 2

ing reasons :

PS/5665/rmn
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JP(E) =27 : this assignment gives a poor fit, both for décay'and production

of the E, when compared to the other possible assignments

EO decay in reaction (l) :

Probability = 0.0 o/o against 2 o/o (07)

0
E~ decay in reaction (2)

?robability =3 o/o against 30 o/b (O—)

0 .
B~ production :

Probability = 5 o/o against 20 o/o (O—)

Moreover, it reguires a large percentage of 38 initial state for
reaction (1), in complete disagrecment with the data (%5 : 5 o/o against
< 30 o/o).

For the two remaining possible assignments, 0 and l+, the comparison
of the probability of the fits for both decay and production does not lead

to a clear cut decision :

EO decay in reaction (2) : 2 o/o (O—) against 0.2 o/o (1+)
EO decay in reaction (2) = 30 o/o (O—) against 5 o/o (l+)
EO production : 20 o/o (O—) against 30 o/o (l+)_.

Moreover both assignments give a proportion of 381 initial state in

agreement with the data.

However, the éoodness of the fit obtained for the production of the
E for l+ assignment is spoiled by the fact that it requires a large percen-—
tage of f(nn) =2 (90 o/o); this is indeed very unsatisfactory since the
relative momentum of the two pions which is less than 170 MeV/b should
imply a very low contribution of the d~wave. Clearly, if we impose an impor-
tant contribution of the dipion s-wave, which is a more likely physical
situation, the predicted angular distributions for 1+ assignment are in
complete disagreement with the data. In particular, the angular distribution
predicted for Wg (003@) is then 0082¢ (see Table IV, JP(E) = 1+, when BzO)
whereas the W2 (COS@) experimental distribution is uniform (see Fig. Ta).

The quantum numbers of the E are thus very likely :

197 = oto”

PS/5665/rmn
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7. Mass distribution of the =mn system produced with the E-meson

Fig. 8 gives the effective mass squared spectrum of the nn system
produced with the E meson : Fig. 8a refers to §p - Eon+n_, Fig. 8b to

pp - Eonono.

Two curves have been drawn on each of these spectra. The curves «
correspond to a simplified calculation of the reflection of the E-meson,
using the percentages of £ (ﬁﬁ) = 0,1,2 obtained for the fit of the produc-
tion of the E for the IGJP = O+,O~ assignment. Clearly, these curves do not

reproduce the experimental distributions in a very satisfactory way.
More precisely, the X2 obtained are :

56 when <X2> =9
8 .

1) pp » Eontn ¥ 2
2

35  when <X2>

It

2) pp » Eon’x® X

i

In view of these results, we have computed again the overall fit of
the production of the E, according to the description given in the above

chapter, but including the 7mnm mass spectrum in the data to be fitted.

’ Although the results of these new fit give a better interpretation
of the nn mass spectrum, they correspond to a proportion of 381 initial
state for reaction (1) in poor agreement with the proportion deduced from
the conservation of isospinr(chapter 5) :

3S : 70ilO o/0 when the observed ratioonn+n~ leads to an upper
—ooU

1 E
limit of 30 o/o . T

1) 3p » EonTnT X = 35 when  <x°> = 22

(75%10) of0 ¢ (nn) = 0
2) 5? -> Eoﬂoﬁo X2 = 7 when <X2> = 12

However, to get these fits, we have been lead to introduce some
simplifications in the calculation of the theoretical ¢ (nn) =-0,1,2 curves :
it could explain, at least partially, the difficulties encountered to repro-

duce the (nn) mass spectrum.

Moreover, it is intereétiug to remark that several experiments have
already shown similar anomalies for the+nn mais gpectrum in the same energy
-— -t 0
region, namely, for the decay of the 7T , T and K2 (Ref. 9), for the

decay of the n (Ref. 10) and of the n!' (Ref. 11 and Fig. 9¢). There is also
PS/5665/rmn :
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a striking analogy between our mn mass spectra and the results obtained by
J. Kirtz et al. (Ref. 12 and Fig. 9d) for the n+n~ mass spectrun in the

reaction m p - tnTn at 360 MeV.

Several hypothesis have been proposed to interpret these anomalies.
One of them assumes the existence of a scalar nn resonance (IGJP = O+O~)

at M ~ 400 MeV (Ref. 13), the so-called o meson.

To get a better interpretation of the overall data, we have therefore
been lead to introduce tentatively an additional physical phenomenon under
the form of a Breit-Wigner form factor.in the (nn) spectrum. Conserving the

assignment IGJP(E) = O+O~, we obtain (curves B) :

1) ﬁp - E0n+ﬂ‘ X2 = 22.5 when §X2> = 19
(74%5) o/o of lso initial state
(9911) o/o of ¢(nn) =0
(BOilo) o/o of the dipion exterior to the E-meson
are attributed to a resonance described by the
Breit-Wigner formula with :

445 T 10 mMev

65 L 10 Mev

M
T

it

2) pp ° 2% X2 = 4.5 when <X2> =11
(60i10)‘o/o of the dipion in the GO resonance
M = 460 L 20 MeV
I'' = 80 - 20 MeV

P+

I+

These last results indicate that the ¢ meson might be present in

the final state ﬁp > Eonn.

8. Conclusion

The analysis we have presented in this paper on the 5 body annihila-

tions ﬁp - KK3n is consistent with the assumption that the (KKn) enhancemen

is really a resonance : Table VI gives a summary of its properties :

PS/5665/rmn
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TABLE VI

Properties of the E meson

Mass : 1425 ¥ T MeV
P .

% . ot o

Width : 80 T 10 MeV

Observed decay modes :

5 - KK (and ©K) : (50 = 10) o/o

8° - (x%)n . (50 £ 10) o/o
(KK) means here a (KK) resonance with
M(KK) = 1000 MeV
™(KK) = 70 MeV

Observed production modes :

§p - Eonn with EO - KRkm

2.5 107 |

{
1l

180 initial state : 2810 - 200 events, rate

3 3

65,06 x 10”

1+

Sl initial state : 824

il

80 events, rate

The fact that the lSo initial state gives a larger contribution to

the production of the B than 33 initial state can be explained by the pre-—

1
sence of centrifugal barriers in the latter case (the orbitael angular momen-—
tum of the E with respect to the recoil dipion must be at least 1 for 381

initial state whereas it is O for lSQ.

Another consequence of the quantum numbers proposed for the E meson
is to forbid the production mode ‘

Ep - Eono .

The final state being in this case purely C = +1, the only possible
initial state would be lSo but the reaction is then forbidden by parity con~—
servation since 1SO is 0  whereas the gpin-parity of the final state are
related by : P = (nl)L (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 5 body annihilations.
PS/5665/run
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O0f course, to reinforce the hypothesis of a resonance, it would be
interesting to observe other decay modes of the E-meson : the simplest omnes

seem to be 4n and num if our determination of its quantum numbers is correct.

It may be worthwhile to compare these predictions with an experimental
result obtained by A. Bettini et al. (Ref. 14) which suggests the existence
of a neutral (4n) enhancenent at M ~ 1400 MeV with T ~ 80 MeV in_ﬁn - 57

annihilations.

In principle, one cannot exclude, a priori, the triangular singularity
mechanism as studied in particular by M. Month (Ref. 15) to expléin such a
(Kﬁn) enhancement : however, our experimental results do not completely agree
with such a mechanism since, in particular, the decay B > K?ﬁ is observed
even outside the interferencc region of the two K*K and K*K ampiitudes.
Moreover, C. Schmid (Ref. 16) has shown that this mechanism cannot lead to such
a large enhancement : it may, on the other hand, stréngthen the production

of the resonance:. One should also notice that such a triangular singularity
affects the charged (Kﬁn) system as well as the neutral one, while our expe-

rimental results do not show any effect in the charged (Kin) system-. -

One may object that the E meson, with the quantum numnbers proposed
‘above, does;not fili any hole in the usual classification of the mesons;
while this objection is not really valid in terms of SU3, for which it is
always possible to add a new representation, in particular a representation 1
(whioh is sufficient for an I = 0O particle), it is perhaps more difficult to
reconcile the existence of a tenth pseudoscalar particle (Sn, 2K, 2K, Ny, N',
E) with the quark-antiquark model proposed.by R.H. Dalitz for the mesons.

One can notice that with the Eo, we have now three mesons which have
the same angular quantum numbers : IGJP = O+O_ : n(550), n'(960), E(1425).
They are perhaps the three first terms of a series of excited 0 levels diffex
ing by their "radial" quantum numbers. When discussing the pogéiﬁiiity of the

ﬁresencé of the o-meson in our‘data*(see Chapter 7), we have already mentioned

the analogies between the two processes : §p ~ Enn and n'-+ nw .
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Appendix

L, L, J are the angular momenta corresponding to the decomposition

k, K, P.

A, Initial state lSo

P -
I(B) =0
£=0, L= =0, M =1
t=2, L=20=0,H = (e - % 5 192) (xigd- %3 g2y - (K.K)° - % KK° .
1 2 22 22
[21( SO)I = "M + BT + 208 cosw N I,
integrate over
~ (0] _
an, Wg (cos @) =1
o [ (cos ¥) = 12 , )
dsar, WZ (cos x) = a™+8° (3cos ™y - 1) + 2aB cosw (3cos™y - 1)
I () =1t
- >
£ =0,L=1,J=1, M =P.P
© i i3 1 432w ey 1.2 2=
¢=2,L=1J0=1, N =F(Kk - 5 87k x4 = (P.x) (k%) - 5k (P.K)
1 2 22 22 )
= Vi M
[u("s )| oM+ BM + 2af cosw M M,

integrate over

aw, WZ (cos @) = e cosa@ + EE (% + cos® ®)
. ) 2 2 45
) / - .
diog i3 (e0s ¥) %— * g; (3 cos™ + 1) + § af cosw (3cos%ﬁ -1)
>
aQ W (cos x) =a + B2 (3 oos%x +1) + = aB cosw (3cos%y - 1)
P 4 L T2 5
v 5o
F () = 2”
L i PR ) 5
£=0,L=2J=2 M1 = (x'x? - % s1Ig?y(plpd- L s19p%) - (kB)° - % K°P
_ - . CT3 o 3o
£=2,1L=0,J=2 M, = (x'x? - = 513 %) (prpd- 3 s19p9) = (k.P) - 3 P
1 2 22 22
vk —_ B V[
| 34( so) | oM+ BM, + 20f cosw MM,

integrate over

T e = et e
PS/5665/rmn 45
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as W (cos ¢) = ﬁgi + 52 (cos%ﬁ - %)2
K 3 3
45 _
day, WZ (cos xX) = 4&2 + 462 + 4af  cosw (3cos%¥ - 1)
45 45 45
B. Initial state 381

We limit ourselves to the lowest angﬁlar momentum decomposition.

¢ =1, L=1,0=0,U=%x¥%
——————
2 2

'fM(531> 12 = ¥K° - (k.K)

integrate over

1 .
T -
ds, s (cos o) =1
i 1
dwK W3 (cos ) =1
L oY s 2
dQP N4 (cos,() = giny
F(g) =2t
- > -
Z:l,szo,J::l,l=kXP
———
|uCs) |2 = %% - (kB)?
integrate over
das Wl (cos<p) =1
k 2
N l . — '2t
da W3 (cos ¥ ) = sin” ¢
1
ds, W4(cosx) =1
7P(B) = 2~

There are two amplitudes ﬁl and ﬁz corresponding respectively to

{ + L =1andl+ 1L = 2.

_ (€lJ€kJK£)(Ple B % Slsz)

e™ (k'xY + KR - % st (2.%) (PP - % 59 p

Il

%)
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or
W o= Bk x ) % (k x %) . p°
‘1312 P xR)P%) + (P xR)3B.T)
>3 2 22 22 5 o
v = j i .
{7u( 5,) | A2+ B + 248 cos 8T T
-> -
M]2_ 3 2P0k x k)2 + % P* (k x %)°
> ~> > > > -3 - -
5 P2R%(P.x)° + PRO(PE)° + 2p°(k )RR () - 4 )% (b k)°
R S| 22 1 .22 . 2 '
.M, = - 3 PoK° (B.K)° + 3 PK° (B.K)
aQ W (cos @) = A2 (-3 cosZ@ +5) + B° (1 + cos2¢ ) + 24B
Kk 2 4 B ) + 24B
27 3 9
dQK Wl (cos ¢) = gf (—3 0032¢ + 5) + B2 (1 + cos2 $) - 2AB
3 — . ——
27 3 9
an W (cos ¥) = 24° sinZX + 2B° (3 + cos® x)
P 4 "\ a—— ——
9 15
Remark - To' integrate, we used the following formulae, V = (
being a three vector :
, 2
<vf> . = JV; S o2
jd@v 3
v = SN _g
ij v et
1as
* v
4 vt an 4
<Vi> ;s = i v.oo= Y
Jaw 5
v
3y _
<VV iy = 0
A
37 5
<(V.1)(V.B) > v = 3 (2.3) v°
(D75 Es__ GH2+1 Gx®? v
5 N

PS/5665/rmn
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Fi~ure Captions

+ -

Fig. 1  pp =~ KiK T T

(1&) (Kn) effective mass spectro. The dark line gives the distri-

+ -
T

bution of (Kn) (4 combinations per event) whereas the grey

I=1/2

line gives the distribution of (Kn) (2 combinations per

1=3/2
event)

(lb) (Kﬁ) effective mass spectrun.

(1c) (Kﬁn) effective mass spectra. The dark line gives the distri-

bution of (Kkn)on

gives the distribution of (KKn)Q~2 (l combination per event).

(2 combinations per event) whereas the grey line

Curves a and B correspond respectively to phase-space and

100 o/o of K§'productioﬁ with constructive interferences effects.
(1a) (Kﬁn) effective nass spectrum obtained when subtracting the

(KKn)Q=2

The curve represents the fit obtained for a Breit-~Wigner

distribution from the (KKn)Q”O’one.

distribution with : M = 1415 MeV, I' = 77 MeV.

Fig. 2 pp - K;K_n+nowo

(Kﬁn) effective nass gpectrum.
The curve represents the fit obtained for a Breit-Wigner

distribution with : M = 1426 MeV, I'" = 81 MeV.

Fig. 3 pp - K;Kzﬂ%ﬁn-nq

(3&) 3n+n—ﬁo) effective mass spectrun.

(Bb) (Kﬁn) effective mass spectra. The dark line gives the dis-
tribution of (KKn)on (1 combination per event), whereas the
grey line gives the distribution of (Kin)inl (2 comnbinations
per event).

The curve o repregsents the effect of the wo production on the
(KKn) spectrun.
The curve B is obtained when adding to the wo production (70 o/o)

18 o/o of background (phaSe—Space)‘and 12 o/o of EO production :

it corresponds to the best fit.

Ps/5665/rmn
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Fig. 4 pp - Kin%" (x°7°)

(4a) (KKR)O effective mass gpectrum.

(4b) (Kin)o effective mess spectrum obtained when subtracting the

(Kl ; O)idistribution of reaction (3) from the (Kin)o distri-
bution of reaction (4) : it corresponds to the (Klkzn ) distri-

- [0) - 0
bution of the reaction pp - K K n+n T .

Fig. 5 Ep - K+K—n+n~no

(Kﬁn) effective mass spectra. The solid line gives the distri-

bution of (KKn)Q_O (l combination per-event), whereas the

' - ’ dotted linc gives the distribution of (Kin)C no) (2 combinations
{:.—-

per event).

=

Fig. 6 Decay of the E meson :
+.—

17 bl' cl‘refer to reaction (1) H pp - KlK i n+n when the

= 2
(KKR)O+effective mass squared satisfy the conditions : 1.84 GeV <

2,0
M(Kl
tributions corresponding as close as possible to the E-decay.

a5 bz,.cgvrefer to reaction (2) : ﬁp - K;Knn+nono . The sane

conditions as for reaction (l) are requested.

a

K_K+) < 2.14 GeV2, This selection is made in order to get dis-

» ‘(a) : (Kﬂ) effective nass spectra (2 combinations per event).
(b) s (Kﬁ) effectise mass spectra. »
(c) :lwlﬂ(cos@) : angular distribution.of the K mesons in the (KK)
| centre of mass{ For these angulgf distribgtions, an additio-

nel condition is required, namely : MZ(KiK—)'< 1.08 GeVz.

a3, b3, c3 : theoretical curves for M (Kn) M (KK), W (cos@) distri—
butions corresponding to the deécay : B » K K (ﬂnd K K) for J (E) =
O-, l+, 2" (solid curves O—, dotted curves : 1+, mixed curves : 2_).
17 ;1’ Cl’ f2’ b2 and 02 di;ﬁributio:s corres—
pond to the hypothesis J (E) = 0, with : E » KK (and K K) : 50 0/o
B » (KK)n : 50 o/o

where (KK) stands for a resonance with M = 1000 McV and T = 70 MeV.

The curves drawn on a

Pig. 7 £’ production.

Angular distributions for the two step process : pp - E Ty

EO - (Kﬁ)n, where EO is defined by 1.84 GeV < .MZ( T ) < 2.14 GeV

|+
+l

PS/5665/rmn
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and (Kﬁ) by Mz(Kﬁ) < 1.08 GeVZ.
731, 7a2 : W2 (cos<p) angular distributions respectively for reac-
tion (1) pp B%ntn and reaction (2) : pp - Eonn’. © is the
decay angle of the Eo into (KK) and 1w, in the centre of mass of the
£°. (see Fig. 7d).
o, : WB('cos(ﬁ) angular distribution for reaction (1) : Pp » Eon m .
¢ is the angle between the vector 5 characterizing the decay of the

E into (KK) and m, and the vector Xk characterizing the decay of the

(n2n3) dipion exterior to the E :¢ is measured in the total centre
of mass, _
701 :‘W4(cosx') angular distribution for reaction (1) : 5p - E0n+n*.

and m_, in the

2 3

X is the decay angle of the (= ) dipion into =

23
centre of mass of (n2ﬂ3).

7d : summarizes the definitions used for angles, momenta -and angular

momenta -in the study of the E production.

Fig; 8 Effectivé nass spectra of the dipion produced with the E.
8a refers to reaction (1) : pp =~ Bon " '
8b refers to reaction (2) : pp - B %x° _

‘ Since for reactionr(l)‘there are two (K§K~n+) neutral combinations,

we havé selected fbr the distribution (8a) the combination which
corresponds to the Mz(Kﬁn)o the closest to the central value of the
E(M2 = 2.0 GeV2). We also introduce the conditions : 1.84 GeV2 <
Mz(Kﬁn) <2.14 GeV2 both fér.distribufion (8a) and (8b).

Curves o, and B, are explained in the text.

Fig. 9 Effective mass spectra of the dipion

(92) : for reaction pp -~ %" n
(9b) : for reaction pp - £%7°%n°
(9¢) : for the decay 7' = mnun (Ref. 11)

(94) : for reaction m p - mtrn at %60 MeV (Ref. 12)
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