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INTRODUCTION

This enlarged version of the presentation made at the Workshop
refers to the general search for boson resonances produced in Pp
annihilations at rest to be made as part of the ASTERIX experiment

at LEAR.

Firstly, the results of different theoretical models proposing
the existence of non (qg) states (baryonium, glueballs, hybrids,
four-quark resonances) will be summarized. A short description of
some of the problems still remaining in the interpretation and
classification of SU(3) nonets will follow. Then the main
components of the apparatus together with their expected
performances will be presented. Finally, the results of a
Monte—Carlo simulation of the annihilation pp + yB(n*n™) will be
given as an illustration of the mass resolution and detection
sensitivity which can be attained with the apparatus.
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THEQRETICAL BACKGROUND

Although we attempt to summarize the results cbtained from the
main existing models on non (qg) states, special emphasis will be
put on those inspired by QCD principles. This not only because they
constitute the largest theoretical work in the field but also
because we have considered it useful to collect results which are

still widely dispersed in the literature.

Potential models

Since the results of these models have been frequently reviewed
[1], an extensive summary 1s not required. The following remarks
are abstracted from the nice and comprehensive presentation by Dover
and Richard at the Barr Symposium [2]. No doubt, other speakers
will bring it up to date at this Workshop.

The starting point of the models is to notice that the long and
medium ranges of the NN potential are due to the exchange of the
same bosons responsible for the NN forces. Various phenomenological
NN potentials are considered and transposed to the NN case reversing
the sign of the exchange contributions with odd G-parity while
keeping the same sign for those with even G-parity. The NN potential
is then found to be more attractive than the NN one and many states
are obtained close and below the NN threshold. How these results are
affected by the NN annihilation contribution is not clear; depending
on the parametrisation it can destroy the spectrum built up from the
real part of the potential or leave unaffected some parts of it.

Dover and Richard point out that, taking into proper
consideration the spin dependence of the real potential, the effect
of a change in the annihilation short range potential is to move the
whole spectrum up or down with little change in the ordering of the
different levels. A brief summary of the results obtained is:

(a) There are channels where the different exchange forces are
coherently attractive. The most spectacular being in the I = 0
natural parity sector i.e. the states '*P,, !%S, + !3®D,, 3P, +
1 3F, appear as bound states.

(b) On the contrary, there are channels where the spin—dependent
parts of the potential are repulsive and compete with the
attraction mainly due to w exchange. DBound states are
considered unlikely to be seen in these channels e.g. in the
I = 0, spin triplet sequence '*P,, !3D,, etc.



(¢) There are channels in which the existence of bound states
depends critically on the details of the model used. They
would, in any case, have small binding energies and low orbital
angular momentum. All I =1 partial waves would appear to fall
in this category; they would cluster near the NN threshold.

Binding energies depend strongly on the radius r, assumed for
the short range potential. For r, ~ 0.8 fm the three lowest states
(0*+, 17~ and 2**) appear in the region where Fransson et al. [3]
have observed monochromatic y-rays: in the 160-450 MeV binding
energy region. For r, = 0.6 fm some of the I = 1 P states
lie between 200-400 MeV while the 0**, 17~ and 2** states are
very deeply bound and probably very wide.

Clearly these models do not have yet a precise predictive power.
Experiments at LEAR studying the production of monochromatic y's
and 1's, X-ray transitions and the low energy properties of the
different cross sections should provide much needed input data to
improve the parameters governing the models.

QCD inspired models

As is well known, QCD explains the forces between quarks through
the exchange of gluons: massless, coloured vector particles which
interact not only with the quarks but also with each other. It is
this remarkable last property that leads to the belief that
quarkless hadrons should exist composed of bound states of gluons.
They go by the name of glueballs or gluonium. Their more general
properties follow from QCD principles. Namely, to be observable
they should be colour singlets, like quark states; since gluoms have
no isospin or electric charge, glueballs should have I = 0 and
Q = 0. The gluon—quark coupling being independent of the quark
flavour, glueballs should be singlets of sU(3) flavour. A two gluon
state has charge conjugation C = +1, a three gluon state can have
C = +1 or C = -1 depending on whether their colour coupling is anti-

symmetric or symmetric.

Finally, because glueballs are bosous their wave functions have
to be totally symmetric under the interchange of space, spin and
colour degrees of freedom.

More specific properties like spin-parity (JPC), masses and
partial decay widths depend on the dynamics of gluons to form
hadrons. Although T. Barnes [4] has already reviewed and comnmented
on some of the existing models, it may be useful to enumerate in
some detail their main results. The large amount of theoretical
work devoted to glueballs together with the diversity of the results
often obtained, enhances the interest and importance of an intensive

experimental search for them.



JPC proposals for two and three gluon states

The simplest models [5] consider two non-interacting gluons
moving in a potential with an orbital angular momentum L; the
resulting spin, parity and charge conjugation, JPC, being:

L=o0: of 2™ =1 0", 17T, 2

The appearance of a JPC = 1=+ state has to be noted since it
cannot be obtained from a (qq) combination. However, two massless
and therefore transverse gluons, like 2 photons, cannot couple to
give a spin 1l state. It is nevertheless argued that confinement
gives gluons an effective mass allowing them to be also longitudi-
nally polarised [5]. Virtual gluons, it is counter-argued [6(a,b)],
remain transverse because of general principles of gauge and Lorentz

invariance.

With the exception of the 17* state, the MIT bag model arrives
at the same set of states [6(a)]. It considers free gluon fields
confined. in a static spherical cavity and obtains as gluon eigen-
modes both transverse electric (TE) solutions with parity -{-1)% and
transverse magnetic (TM) solutions with parity (~1)%. No solutions
with £ = 0 are obtained and the lowest erergy state found is the
2 = 1 TE mode (1*) followed, in increased order of energy, by the
2 = 2 TE mode (27) and the ¢ = L TM mede (1°). The resulting JFC
for the gluonium ground state is obtaimed from the 1% x 1%
combination: 0%*, 2%+, For the first excited states the 1V lower
energy configuration is combined alternatively with the 27 and 1~
modes to obtain the series: 37F, 27+, 1=+, 2=+, 17, 07*., With the
exception of the 27+ and 0~ these states are, however, spurious and
arise from translations of the Zg centre of mass system within the
confining bag. Similarly extraneous states occur when one considers
3% states either in the bag model or in potential models. Those
JPC 1eft are given in table 1 for the two models. States not
accessible to qg are indicated by a box:

Table 1. JPC proposals for thrée gluon states

Bag model Potential model
++ +— —_ —+ - -
Ground states 0o ; 1 ; 3 0 1 3
) -F -+ -+ += | +- +- +-
Excited states 1 ;20 3 0 - 2 ; 3
—+ —_ —_ ++ ++ ++ ++
0 2 2 o 1 2 3




The parity difference between the bag and potential models is
due to the fact that in potential models the lowest gluon mode is an
1=, ¢ = 0 state while in the bag model it is an 1%, ¢ = 1 state.
Although this difference has its origin - like in the two gluon case
~ on whether the gluons have to be considered effectively as mass-
less or not, deeper invariance principles appear to be involved
about the validity of considering longitudinal gluons.

Masses

Few attempts have been made to calculate masses in potential
models. Barnes [6(b)] has considered a model of two bound transverse
gluons - therefore it does not allow a JPC = 1=* state - and
after introducing hyperfine effects finds degenerate 0% and o+t
ground states and a first 2%t excited state with a mass about 20%
higher. The ground state mass, however, is not calculable because of
the lack of knowledge about the long range colour octet-octet force.

In the bag model [6(a}], & naive calculation neglecting the
spin-spin interactions finds two gluon states:

- ground state: M(0*+); M(2%7t) = 960 MeV,
- first excited state: M(0™%; 27%) = 1300 MeV,

and for 3 gluon states:

n

- ground state: M(0+*; 1+ 3+)
- first excited state: M(3~%; 27%; ...)

1450 MeV,
1800 MeV.

Attempts to include spin effects in the 2g ground state appear
to shift the 2+ mass up to 1300 MeV while that of the 0% drops
down unpleasantly te 100 MeV. The suggestion is made that this
scalar glueball may mix with the vacuum to which the physical scalar
glueball would be orthogonal. The expectation is then that the
0"+ mass would be of the order of 1000 MeV.

Widths

A simple argument, first given by Robson [7], suggests that
typical glueball hadronic widths, T'g, may be approximated by the
geometrical mean of those for allowed and Zweig forbidden decays:

1/2
Te = (r re)

It is assumed that Zweig forbidden decays require the
annihilation of the initial (qq) into a purely gluon intermediate
state which subsequently materialises into a (qq) pair; for a
glueball only the last stage would be required. T4 and T¢ being,
respectively, of the order of 100 and 1 MeV, Tg is then expected to
be of the order of 10 MeV.



Donoghue [8], on the other hand, has estimated that in the limit

of large N, for the SU(Ng) colour group, glueball widths are
suppressed by Nz'over those of quark states while they are enhanced
by a factor Np, where Ng is the number of light flavours. Using a
model that incorporates this approach, Donoghue finds ngrqa n 1/3

for glueball masses m € 2 GeV.

Decay modes

I1f, as it is assumed, glueballs are SU(3) flavour singlets then

they should couple equally to final states of all flavours
satisfying the required conservation laws. This symmetry in
glueball decay modes has been suggested as one of the possible
tests to distinguish glueballs from (qg) states.

A table of possible decay modes for glueballs of given JFC has
been given by Bjorken [9] and is reproduced in table 2.

Table 2. Decay modes accessible to glueballs of given JPC [9]

PC .
Type J Typical decays
++ ++ - . *—%
(L) EiE' 0 ;2 mn; KK nn; n'n's ops wew; KK ;5 60
-+ -+ -+ - * , ®
(2) EiBj 0 ;1 ;2 78, Ke; nS 5 n'e; oB; TA; 5 KQ; ...
++ 4+
(3) BiBj 0 ;2 Same as (1)
b em e - . —% |
(4) EiEjBk 0 ;1 ;3 n8: Ke: n'e:; mo; KK 3 ne; n'e; wf; ...
++ ++ ++ - *
0o ;1 ;2 Same as (1) + 74; Kej; nS 5 ...
(5) E.E.B
k! . += 4= 4~ - % -
td 132 53 wo; KK ; nu; n'é; nB; KQ; nD; ...
-+ -+ =+
0 ;1 ;2 Same as (2)
(6) E.B.B
kel -—= = 13- _ -k Kk
1 1 ;2 7B; KQ; oA,; K K ; wf; df'; ...
I R -
(7) BiBjBk 0 ;1 ;3 Same as (1) + 7B; KQ; pA;; 04,5 .

E; and B; correspond to the TE and TM modes of the bag model.



Lipkin [10] has considered a number of SU(3) selection rules
that could help to distinguish between glueballs and (qJ) states.
From his very detailed considerations we summarize the following.
Concerning quasi-two-body decays into strange particles, Lipkin
notes that the unitary singlet components of KK, K%Kﬁ and KTE have

charge conjugation C = +1, while those of Ktﬁ and K*K¥ have C = -1
(the indices V or T indicate the vector or temnsor nature of the
particle)., The unitary octet components have, on the contrary, no

definite C-value since both odd and even C states can be constructed
using symmetric and antisymmetric, D and F, couplings.

Denoting by g* the C-value of the glueball and by (qg)
quarkonium, we have as allowed decays:

+ - k% %*—
g =+ KK, KVKV and KK

- Ve

ke
g KVK and K KT

(qq) + all the above

Thus, while an even C quarkonium like the f' can decay into KK
and K{K, a glueball with the same quantum numbers would decay only
into KK but pot into K{K.

Lipkin then considers decays involving v, o, w and ¢ and points
out that because of the Zweig rule ideally mixed quarkonium cannot
go into ww, wn, pp, T OF T if composed of (s§) or into ¢ or 4n
if composed of {uu, dd) quarks. Depending on the C conjugation,
glueballs can decay as follows:

+
g T ww, ¢4, pp, WW

g =+ wn, ¢n, pm,

The combination of these decays together with those given before
for KK and (K*K) pairs can, in principle, provide a good distinction
between (qq) and glueball states if the masses are above the
relevant thresholds.

A number of authors, e.g. [11] and references therein, have
pointed out that there are particles or states that appear to have a
particularly strong coupling to gluons. Looking for final states
containing them may therefore enhance the probability of finding
glueballs. The n, n', (wm) in an S-wave, £(1270) and (44} are the



most often quoted "high glue" states. Fairly complex arguments -
for an experimentalist — lead to this conclusion, they are
substantiated by the observation that the branching ratios ¥ » ny,
n'y and v +» fy, v' + ¢{nm)g are observed to be unexpectedly high
unless large glue matrix elements are invoked for these states.

Following these observations the final states given in table 3
together with their JPC might facilitate the search for glueballs.

Table 3. JPC available for favoured glueball decays {11]

nn
4+ ++
+ 0 , 2
r_1
n'n
++ -+ ++
nn' +0 ,1 ,2

+
<

L
e
3

n(wn)s

+

=}
-
o]

(rn) (nm)
s s

nf + 2

Lattice theories

Much theoretical work 1s being devoted to Monte—Carlo
calculations within the frame of lattice gauge theories to predict
the QCD glueball spectrum. Because this is considered to be a most
promising field although still in a fluid but fast advancing state,
a separate section is devoted to it using the latest results [12] we
are aware of. They appear to illustrate well the generality of the
results obtained by the different groups, who, it has to be
underlined, all insist on the large uncertainties invelved in the

calculations.

The ground state is found to be a JPC = 0%+ state with a mass
which cannot be calculated because of as yet insufficient knowledge
about intervening parameters. However, estimates of the masses of
excited states relative to that of the 0%t appear to be possible
with relatively small uncertainty. They are given below in units of
the M(0*%) mass:
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M(2 ) = 4.8 % 0

- 0.5
Associating the lattice mass scale to the string tension, a
M(0++) = (920 + 310)MeV is obtained and the conjecture made that it

could correspond to the ¢(700); the I = 0 scalar (mn) found
sometimes in partial wave analyses.

Before closing this section on glueball models mention has to be
done of that of the ITEP group because it gives results vastly
different to most existing ones. Using their QCD sum rule
technique, Novikov and coworkers {13] find a mass ~ 1300 MeV for
the JPC = 2** glueball while the scalar and pseudoscalar masses are
estimated to be 2000 to 2500 MeV. Pascual and Tarrach [1l4] estimate
that the sum rules would lead to widths of n 700 MeV, making
hopeless their experimental detection. '

Hybrid qag mesons

Although the expected characteristics of these states have been
thoroughly discussed at this workshop by T. Barnes [4], it may be
worthwhile underlining that amongst the proposed states there is an
exotic one with JPC = 17t at a mass of about 1300 MeV. Barnes,
encouragingly, suggests that it could be produced in

pp » H(I = L)v

and decay into

H+ nn

Another possibility [15] is the existence of an L = 0 JPC = 31—+
state that decays, via an I =1 JEC = 0~* hybrid into four pions

U (1=0)>1+0 (I=1) > 4.
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This interesting possibility arises because the mass difference
between the two hybrids is predicted to be of the order of the pion

mass.

From bag model calculations including hyperfine effects, the
following tentative mass assignments result

—+ — — —
0 (uug) ~ L1050 MeV; {usg) ~ 1200 MeV; (ssg) ~ 1350 MeV
17 (ulg) ~ 1300 MeV; (usg) v 1450 MeV; (ssg) ~ 1600 MeV

with estimated uncertainties of a~ +150 MeV.

(qqqq) states

In the MIT bag model multiquark states are described by the same
dynamics as (qq) mesons and (qqq) baryons. An extension of the
methods that led to a fairly successful interpretation of the above
mesons and baryons results in the two different types of (qqag) .
states described below.

8§ wave (qzaz) states with orbital angular momentum L = 0 [16]

Using a spherical cavity containing $ wave quarks and anti-
quarks, many SU{3) flavour multiplets are obtained with spin-parity
0%, 1* and 2*. Besides 1 @ 8 nonets, called crypto—exotics because
their quantum numbers are identical to those obtained in the (qg)
system, the 10, 10 and 27 representations are obtained: they include
therefore states with quantum numbers not accessible to (qd); they
are called exotics. Colour and spin dependent forces have the effect
of giving masses to the exotic states far beyond the thresholds for
decay into (q§) pairs; these states then decay via a super—allowed
Zweig transition - no intermediate (qq) needs to be created - and
should be very broad and therefore difficult to observe. The same
forces tend, on the contrary, to lower the mass of the crypto—exotie
states which should then be narrower, particularly if they contain an
ss pair and their masses occur close to the KK threshold. .

The ground state found turns out to be a JPC = 0++ gcalar nonet
with the following masses and quark contents: '

[ — F3 - = —_ PR
e(700) = uudd; S (993) = %7 ss{uu + dd}; §(976) = udss;

u;da, LR 4

k(900)

The states have been indicated with the symbols used in their
usual assignment to the (qf) scalar nomet. As it will be seen in
a later section, the (qq) assignment meets with serious problems.



il

Essentially the close mass degeneracy between the isovector & and
the isoscalar S¥ suggests an ideal nonet with 8% = 1//Z (uu + dd)
and ¢ = s5. Experimentally, however, both & and 5% couple strongly

to ¥ while the ¢ couples much more strongly to ww than to KK,

Jaffe's suggestion is that the (q2G?) assignment for those
mesons is a more natural one; the ¢ + nr and the « + Kr decays being
super—allowed explains their broad width, while the narrow widths of
the § and §* would be due to their mass being close to the threshold
of their main KK decay mode. The (qq) scalar nonet then is predicted
to exist at masses close to that of the (q@) tensor nonet.

The (qaqa) states with orbital angular momentum L # 0 [17]

Here an elongated bag with an s—wave diquark (qgq) and an s—wave
antidiquark (§q), situated at each extreme, are separated by an
angular momentum barrier. If high enough this barrier suppresses
the decay into normal (qf) mesons. The colour properties of the
diquark and antidiquark determine the decay properties. A diquark
(antidiquark) has to be in the 6 or 3 (6 or 3) colour
representation. A colour singlet can only be produced by linking a
6 with an & or a 3 with a 3. The decay of these colour singlets is
assumed to occur via some quark-pair creation mechanism, when the
necessity to form colour singlets baryous leads to two different
types of baryons. Thus, for the 3:5 baryonium, a quark from the
created qq pair combines with the 3 diquark to form a colour singlet
baryon; similarly the § can form an antibaryon with the antidiquark.
This so—called true baryonium should decay into a baryon—antibaryon
system and occur with normal hadronic width i.e. ~ 100 MeV. Using
the same colour arguments, the 6-6 baryonia can easily be seen not
to couple to a BB pair - hence their name of mock baryonia. They
are expected to be of narrow widths decaying mainly into other mock
baryonia states and an additional pion.

As is well known, the statistically weak evidence obtained
once for the observation of narrow (pp) states has been withdrawn
now as a result of new experiments both by the original and other
experimenters. Another possible candidate, the S-meson observed
in pp formation experiments, finds itself in a very unstable
situation. Nevertheless, the persistance with which monochromatic
v rays are observed in pp annihilations and the strong evidence
for resonant—like effects in the analysis of the differential cross
sections Pp + wv with and without a polarized target offer a hope
that extensive experiments over a wide energy range at LEAR will
give a fairly definitive answer to the existence or non-existence of
baryonia with masses below n 2 GeV.
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Situation of (q§) states

Although the non-relativistic quark model has met with
considerable — although puzzling - success in interpreting the
general characteristics of (qd) resonances neither the theoretical
nor the experimental situation is clear everywhere.

The reasons for Jaffes' 1977 suggestion that the observed scalar
mesons were not (qf) states but (qqdq) have already been mentioned.
Although the status of the I = 1 §(976) and of the I =0 5%(993) has
changed but little, the I = 1/2 «(900) is now preferred to have a
mass of 1500 MeV and a width ~ 250 MeV, while to the I = Q0 ¢(700) a
new I = 0 at M = 1425 and width ~ 160 MeV is added or preferred,
depending on the analysis. A new I = 1 state with a mass v 1300 MeV
and a width ~ 300 MeV coupling to KK appears difficult to avoid in
some of the analyses. Clearly, if all those scalar candidates are
true they make more than one nonet. With the exception of the
5(976) and $%(993) all states are obtained from partial wave
analyses requiring a fair number of approximations and resulting
often in ambiguous solutions; for their resolution assumptions are
made which, although reasonable, may not all be correct.

How to remedy this state of affairs is difficult to say, but it
may be worthwhile to point out that interesting experimental results
on (wn) effects have been observed in pp annihilations studied
with bubble chambers [18] and therefore with limited statistics.

Their deeper study with much larger statistics is likely to be
rewarding since knowledge of the initial state would greatly
restrict the number and quantum numbers of contributing partial

WAVESD .

The status of other recognized nonets will now be reviewed

briefly.

1** nonet

The I =1 A,, I=1/2Q4 and I = 0 D and E-mesons are the
normally proposed members of this momet. After a long period of
uncertainty, the A, appears to be firmly established but
contradictory results are obtained for its mass: M = 1280 * 30 MeV
in diffractive processes [19] and M = 1041 * 13 MeV in baryom
exchange processes [20}. The Q) is well established, although a
good determination of its mixing properties with the 1%~ Qg still
requires a better determination of the decays of the observable @,

and Q,.

The E-meson, however, is a stumbling block; it is clearly
observed decaying almost exclusively into K*K + c.c. in 7~ reactions
[21] but not in K'p reactions. Thus, unless there is an unexpected
large violation of the Zweig rule, it cannot be the s5 member of the
nonet; a possibility which would appear to be ruled out also by the
unsatisfactory SU(3) fit obtained if included as the isoscalar
companion to the D-meson.
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2** nonet

Although from the point of view of SU(3) this nonet is in good
good shape, the f° width, I = (178 * 7.4) MeV, would appear to be

too large and the suggestion has been made that a 2** glueball may
be hiding under it [22].

1t~ nonet

The B + wm and the Qp appear well established. While evidence
[23] has been obtained recently in just one experiment for an 1=0
member decaying into 7¥17n° with a mass (1190 + 60)MeV and a width
(320 + 50)MeV, the missing I = 0 companion, mainly s§ member, has
not been reported anywhere. It would be expected to occur at a mass
of n 1450 MeV and to decay mainly into KK + c.ec.

Conclusions

After having reviewed the proposals about the existence of non
(qg) states and indicated some of the problems still affecting (qg)
states, it should be clear that much interesting and non-trivial
experimental work remains to be done in the field of light quark
spectroscopy in a region of mass accessible to Fp annihilations at
regt. There is furthermore the intuitive feeling that these
annihilations, invelving both valence quarks and antiquarks and a
large gluon content, should be a good production source for many of
the proposed states. This intuition is perhaps backed by the fact
that in the relatively small experimental work done with pp at rest
(only 150 x 10% pion annihilations and about 40 x 107 KKar
annihilations have been analyzed in bubble chamber experiments) much
pioneer work on resonances was done. We think in particular of the
JPC = 0=+ (KKq) and of the 1*% Q, (Knw) states unravelled there
already in the early sixties.

The outlook for experiments at LEAR appears bright although
fraught with difficulties, amongst other things, due to the
possibility that states with the same spin and parity, say glueballs
and (q§) states, may mix and add further complication to the general
problem of attributing the correct components to the observed states.

THE APPARATUS AND ITS EXPECTED PERFORMANCE

The main features and expected performances of the different
components of the apparatus will be briefly described. For fuller
details we refer to our CERN Proposal [24]. A side and a front view
of the experimental set-up are shown in fig. 1.



~ s
NN

N N N
AN

s

C_T~
s Pargef

My ga

=X
N \\J =
. \__\;L_Jll

__—||
_}I

===

b

|

14

Side and front view of the ASTERIX detector

1..

Fig.
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Identification of the initial protonium state

Although this part of the set-up has been described in detail by
U. Gastaldi [25], it is worthwhile recalling here that it consists
of an X-ray drift chamber surrounding the hydrogen gas target from
which it is separated by a thin (6 u) mylar membrane. It is of
cylindrical shape with dimensions: 30 cm diameter, 90 cm length and
has a solid angle coverage of 0.9 x 4 7. It has an energy resolution
of * 104 at 10 keV and an overall detection efficiency of more than
50% in the X-ray energy range from 1.4 keV to 12 keV. Transitions to
the S5, P and D levels of the fp system should therefore be
detectable and thus the quantum numbers of the annihilation state
will be very much constrained.

Charged particie detection and momentum determination

A magnetic field will be provided by the solenoid of the DMI1
magnetic detector {26} built at LAL (Orsay) and already successfully
operated there. For its use at LEAR it has been slightly lengthened;
i1t can provide a magnetic field up to 0.8 T which is uniform to
better than + 1% over a cylindrical volume of 177 cm diameter and

100 ¢m length.

Charged particle detection will be made with seven cylindrical
multiwire proportional chambers; three (Q,, Q, and Q, in the fig. 1)
have already been used in the DMl detector.

A cut away view showing the principal components of one of the Q
chambers is shown in fig. 2. The main characteristics of each
chamber are given in table 4.

Table 4. Characteristics of the cylindrical proportional chambers

CI Cz Q| qz Pl Qs Pz
Useful length (e 2040 800 756 1040 1020 L1040 140
Anade diameter { mm} i85 340 733.8 1188.8 1400 1610.8 1735
Gap {mm} 6 & 6 6 & 6 6
Anode wire spacing {mm) 2,1 2.21 2.001 1.945 2,29 2.1%6 2.03
Cathode wire spacing
: ) ; 3.4 . . 2. .
(Cylimarieally) projectea (M@ 5 3.13 2.9 3 3.3
Ancde wire number . 576 768 1152 1520 1920 2304 2688
Cathode wire number 2 x 288} 2 x 384]2 x 376 |2 x 960 0 2 x 1A52 O
L Cylindrically projected angle 35° £5°%  146°447 45955 [ 649°23" 0




O-rping gaskets

alupinium Erame 2y

1] anode wires 53
9)  anode guard strips

23 rathode wires 2] spacers

read—gut connectors 103 fiber glays support stripgs for cathode wites

3 mylar windows 7
Fig. 2. Cut away view showing the principal components of the
cylindrical MWPC's.

Five of the chambers will measure the r, ¢ and z coordinates
of the particle crossing points while two (P, and P,), lacking
cathode read ocut, will measure r and ¢ only. Additional points
will be obtained from the x-ray drift chamber.

The chamber characteristics and previous DMl experience indicate
that the charged particle crossing point should be determined with
an accuracy given by: o(r.s) =+ 0.6 mm and s{z) = 1.5 mm. This
should lead to a precision of * 2 mm in the determination of the
X, v and 2z coordinates of the P annihilation vertex.

The solid angle for best momentum measurements is 0.5 * 4,
determined by the outermost chamber P,, However, charged prong
multiplicities can be obtained over 90% of the total 4w solid

angle.

In the DMl experiments the precision in the momentum
determination was Ap/p = £(2.5 p/500)% (p in MeV/c).

Insertion of a thin lead foil before Q, to increase v
detection worsens slightly the resolution to *(3.5 p/500)% as shown
in fig. 3 which is the result of a Monte-Carlo simulation.
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Fig. 3.

Fig. 4.

Momentum resolution for

480 MeV/c (Monte—Carlo)
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An estimate of the resulting mass resolution may be obtained
from inspection of the (n*r™x°) effective mass distribution obtained
at Orsay in the reaction ete™ » 21%277r® at a total energy of

1650 MeV.

In fig. 4(a) a clear w signal is seen with a FWHM =

30 MeV; it agrees with the bubble chamber result in the annihilation

at rest pp » 2nt2r7n? (fig. 4(b)).

It has to be noted that in the

DMl data no adjustment of the measured quantities was made using

kinematical fitting to the given final state.
The improved resolution achievable by the

bubble chamber data.

This was domne for the

kinematic fitting will be illustrated below.

Gamma detection

The directions of emitted v's will be determined by measuring
their conversion points in a 0.9 radiation length lead converter,

inserted between P, and Q,.
covered by two endcap detectors.

The forward and backward regions are

Each endcap detector (fig. 5) consists of three hexagonal
multiwire proportional chambers with a 0.9 radiation length lead

converter between the first two chambers.

The chamber in front of

the converter serves to veto charged particles, while the y shower
from the converter is detected by coincidences between the second
and third chambers using anode wire and cathode strip read out. The
three chambers have the identical characteristics given in table 5.

FRONMT YIEW

ammode shrip 11037

Fig. 5.
endcaps

£
I
Eeyrell #berglas-epaxy sardwich

SINE WiEW
— -

3

o . anode w re
Laad fherglas-epasy sasdwich

Anodn wirg

“Tathoce strip 1V [

_J

Position sensitive y detector to be installed in the
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Table 5. Characteristics of one endcap detector chamber

Anode cathode gap 5 mm
Anode wire spacing 4 mm
Cathode strip spacing 4 mm
Cathode anode angle * 60°
Number of anode wires 320
Number of cathode strips 2 x 320
Sensitive area 1.3 m?

Table 6. Performance of y position detectors

Spatial Angular Solid Conv. Det.
resolution | resol.(a) angle(b) Prob, () Efficiency
Endcap 2 mm t 5 mrad 20 40% 8%
Cylind. * 5 mm * 9 mrad 50 407% 20%

(a) Combined with reconstructed vertex

(b) Percentage of &4x
(¢) Assuming y ray normal incidence

Experimental data obtained at SIN and results of a shower
simulation program lead to the expected performance summarized in
table 6 for ¥ energies 3 100 MeV.

Pair spectrometer

With the insertion of a y conversion foil before one of the
inner cylindrical chambers, the outer part of the detector can be
turned into a pair spectrometer. Different solutions have been
considered depending on how the emphasis has to be shared between
good spatial resolution and good energy resolution of the v and
the charged prongs resclutions. As example we describe a scheme
providing y detection with good spatial resolution but medium
energy resolution. A 0.2 radiation length converter would be
inserted before Q, and Q,, P,, Q, and P, used for tracking the
generated e*e”™ pair. It would lead to an energy resolution of + 10%
for y energies of about 200 MeV. The y conversion point could be
determined to 1 mm. Together with the resolution in the
determination of the annihilation vertex from the charged particles,
the y direction would be determined within to * 5 mrad. The single
y detection probability should be 5% (10% conversion probability
*¥50% of 4m solid angle). In this scheme, however, the resolution on
the momentum determination of charged particles would be reduced to

7% at 500 MeV/c.
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Monte—Carlo simulation

Using the characteristics of the charged particle and y position
sensitive detectors given in earlier sections, we have carried out
Monte-Carlo simulations of different possible annihilation channels.
This was done with a double purpose: firstly, to test the programs
that have been written either to reconstruct trajectories from the
wire hits or to study the kinematics of the events; secondly, to
determine the statistical significance with which predetermined
resonances can be established and, at the same time, to estimate the
mass rescolution attainable., Reconstruction of a Monte—Carlo event is
illustrated in fig. 6(b) and compared with the initial configuration
in fig. 6(a).

The procedure followed and the results obtained are illustrated
with the study of the annihilations

pp ~ ¥3B
Lo ®

where B stands alternatively for one of two resomnances, decaying
isotropically into n*w~, with masses of 1395 and 1646 MeV and widths
P = 0 MeV.

) 1 .60
N . & "gdz i NES.D6 20,60 4.1 g5 TY
° ul: el 'S H WE.M - LR BT T
[N T mET & aM.EE AT AT A TT
- H RWLTI-ARTT LM L2 T
0,813

)

Y
A~
X

5 _
Wi

O.
O
%
N

L » L]

(a) (b)

Fig. 6. Monte-Carlo simulated Pp » 2n*2r w® event in the ASTERIX
detector (a) and its reconstruction {b). Small circle:
tracks in the XDC. Large ecirecle and insert: tracks in the
MWPC's. Bottom: v induced hits in the endcap detectors.
Right: anode and cathode hit wire patterns and
reconstructed crossing points.



They should appear as enhancements in the (x*y~) effective mass
spectrum from annihilations leading to the production of two charged
particles and one gamma ray. We will, nevertheless, consider both
the case when the y has been detected and that when it has not
been detected. 1In either case the wanted events will be accompanied
by a large background of annihilations into w*sr n®, s*x~2¢°, ... in
which no y or only one y from n° decay has been detected.

A Monte-Carlo sample of events was generated consisting of 2150
¥B(1395) and 2500 yB{1646) events which were assumed to
correspond, respectively, to 1.15% and 1.34% contributions to the
total Pp anmnihilation rate. As background events we took the final
states: ntr”n® (6.9%), nty~ 21 (9.3%) and ntr~3x° (23.75%), where
the numbers within brackets give the contributions to the total
annihilation rate estimated by Ghesquigre [27] from bubble chamber
results. Phase space distributions were assumed everywhere.

The Monte-Carlo sample consisted therefore of 46530 yB and
74500 background events coming from a total of 1.9 x 105
annihilations. They were then treated with the tracking programme
to be used for real events; for 22300 events both the ¢t and 1
momenta and the annihilation vertex were determined while an
additional associated y was also found in 9840 of these events.

The effective (rv*r~) mass obtained using directly the measured
7t and 7~ momenta for the 22300 events is shown in fig. 7{(a). The B
signals appear over a large background and with a mass resolution
given by a full width at half maximum (FWHM) of about 120 MeV.

The histogram of fig. 7(b), shows the (rx*y~) mass distribution
from all 22300 events after making a kinematic fit using only the
7+ and 7~ momenta (1 constraint fit) under the assumption that the
events belong to the final state n*r~y. Only events with a fit
probability better than 5% have been accepted. In spite of the large
background essentially due to misidentified n¥1 n® events, the B
gignals stand out very clearly. The mass resolution is now 60 MeV.
An estimate of the number of B events in each enhancement agrees
well with those put in the Monte-Carlo sample and known to have
passed the reconstruction test.

Introducing afterwards the position of the detected y's
obtained in the subclass of 9840 events, a kinematic fit was made
with 3 constraints (only the absolute value of the vy momentum is
missing now to determine completely the assumed n¥*r~y final state).
The mass histogram of fig., 7(c) was obtained. It is to be noted not
only that the y information improves significantly the mass
resolution — the FWHM is now 40 MeV - but alsc that the B signals
appear now over a negligible background.
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We can use the results of the simulation to estimate
realistically the branching ratios Pp + yB(r*r~) that could be
obtained in an experiment with 10® annihilations in the target. We
consider that a signal is real i.e. does not represent a statistical
fluctuation, if it corresponds to a six standard deviation from the
expected background. The results of the B(1646) simulation are
used; those for the B(1395) being almost identical as can be seen

from the histograms of fig. 7.

Using events with 2 charged particles independently of whether
one y has been detected or not and performing a 1C fit on them, we
obtain (fig. 7(b)} 950 B(1646) events standing on a background of
180 * 20 events. The background is estimated from neighbouring
bins. The signal would then correspond to (950/20) a 47 standard
deviation effect., Since in the simulation a total of 1.87 x 105 pp
annihilations and a B{1646) branching ratio of 1.34 x 10°2 have
been used, an extrapolation of these results to 10°% annihilations
would lead to the observation of a 6 s.d. effect if the branching
ratio is 7 x 10"°*. The signal would, however, consist of
n 23500 events over a background of ~ 105 events.

The same study based now on the 3C results from events
m*r7y with the y detected lead to a 65 deviation for a branching
ratio of 4.5 x 10°%., The signal consists now of about 550 events
over a background of about 2500 events.

Clearly, although detection of the y-ray reduces enormously
the background, the ratio of signal to background is too small to
allow a study of the JPC of the enhancement. To do this a signal
to background ratio of » 5 is probably necessary, which implies a

branching ratio~ 1 x 1079,

The results of the Monte-Carlo simulation just described and
similar ones carried out for annihilations pp » w°B(s*r~) and
Pp - vB(x¥r™n°%) agree to a good approximation with those given in
the proposal on the basis of simpler counsiderations. They are
reproduced in table 7.

From the Monte-Carlo simulation we arrive at the following
conclusions:

(a) Effects (resonances?) occurring with a frequency 10-*-10-% per
annihilation can be detected with > 6 standard deviations above
background. Nevertheless, a proper spin-parity determination
would require the frequency not to be much below 10-3/p.

(b) Mass resolutions given by a full width at half maximum ~ 40 MeV
or better should be possible.

(c) Kinematic fitting of events appears to be essential, particularly
when looking for weak signals; it not only decreases enormously
the background but also improves significantly the uncertainties

in the measured quantities.
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Table 7. Examples of number of events and branching ratios that
could be obtained in an experimeant with 10° stopped

antiprotons

in general, to the most unfavourable situation.
masses within the available phasc-spuce limits.

. ——- -
Elliciency for 4 : -
- A B.E. 1 Mass of B Y ~ P events [ 7% {y) effic. | No. of events
Final state « 10° (CeV) B.R. charped particles v 1073 < 102 < -2
e 0.37 tan - -
ghgte? 7 1730 10 175
BT 1.0 2 x 10* 0.5 10 [.05
- r’
<tp? 1.0 2= 1070 n.5 10 0.03
Lot
R 1.4% 6w 107" 1.5 klH .45
|> i
F 5T M 36 6400 - -
a7 0.8 1 x 1073 - z 0,50
sy
7 420 - -
+ - o= -u
n R 1.4 Zoa w10 1.6 - -
- zn*eT
B 1.35 m- n.a E1N] .18
!+ ety
2ptaesa? 17 1000 10 140
L 1.55 S o 10" 3.6 10 0.36
[
aEpe 1.z Zow 107 1.44 0 .15
- 3T
KRR | 21 1260 - -
2rT217R? C.58 3= 1070 - Z 0.33
- "l“\
a) These branching ratios correspond to the indicated masses [or the B-system. These nasses correspond,

Smaller values of E.R. would be obtained [or other

Before ending we should remark that little mention has been made
in the presentation of channels containing a KK pair, although their
importance in spectroscopy studies has been stressed. These channels
are, however, extremely rare to be detected easily with sufficient
statistics. A mlcroprocessor presently under construction at Orsay

is expected to allow to trigger on Ki's as well as on other
topologies of particular interest.
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