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Abstract

Proton-antiproton annihilation at rest in liquid hydrogen has been studied with a modu
lar Nal(T¢)v-spectrometer. For the purely neutral two-body channels the following
branching ratios, some of them not known before, have been obtained:

BR(pp — 7%) = (2.38 + 0.65)%, BR(bp — #%) = (0.82 : 0.10)%,

BR(pp — 7°%9) = (0.0015 = 0.007)% and BR{pp — n°7%) = (0.06 + 0.04)%.

The upper limit for the branching ratio BR(pp — 7%} was found to be 1.1%. For the
ratio BR(pp — 7% + 7%°+ a0 + #%")/BR{pp — nw -+ np°+ nn + nn') an uppe
limit of 0.50 could in addition be obtained. It was also concluded that a substantial part
of the annihilation comes from P-wave processes.

In a search for Baryonium or other exotic states, peaks appeared in the singles gamma
spectruin corresponding to four possible states with masses 121045, 1638+3, 1694 & ¢
and 1771 :: 1 MeV, respectively, with yields having upper Hmits of 0.1, 0.3, 0.16 and
0.18 %, respectively. Two of these peaks are consistent with data obtained from pH
annihilation. A considerable effort was made to establish the existence of Baryonium
created in pp annihilation but it must be concluded that the yield of such states, if they
are narrow, seems to be much lower than anticipated. Possible interpretations of these
results are briefly discussed.

A pilot experiment for further studies of the #° and the n spectra at LEAR was alsc
performed.

Descriptors: Barionium, -ray spectorscopy, pp annihilation at rest, pHe annihilation at rest
Glueballs.
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CHAPTER 1
THEORETICAL AND EXPERIMENTAL BACKGROUND

» Wheresoever the carcase is, there will

the eagles be gathered together”

St. Meatthew zxiv 28

Ever since the Dirac-equation [1] was explored and the positron and antiproton were
discovered, the subject of matter-antimatter has fascinated many physicists and even
laymen. The study of the matter-antimatter annihilation process has played an im-
portant role in elementary particle physics for many years. As a consequence of the
increasing understanding of the proton and antiproton structure, the antiproton itself
has become an important probe for investigating matter, as for example was manifested
in the recent pp-collider project at CERN which led to the discovery of the W- and
Z-particles.

Although the proton-antiproton system has been extensively studied, the annihilation
process is not understood in detail. In particular, experimental information is poor
regarding rare neutral two-body annihilation channels, which are hard to study with
bubble chamber techniques. In addition, current well established theories are only able
to predict the main features of the annihilation process. In the late 70’s several groups
found evidence for exotic objects named Baryonium, when investigating the proton-
antiproton annthilation process. The masses of these objects were reported to be in
the 2 GeV region. The interpretation of these results, some of them suffering from poor
statistics, was not very clear. As a result, a large number of papers on both experimental
and theoretical aspects of the proton-antiproton annihilation were published. Indepen-
dently, new calculations based on the major theory for strong interaction, Quantum
chromodynamics {QCD), have led to predictions of exotic states in the same energy
range. Such exotic particles.could for instance he objects composed of two quarks and
two antiquarks, Baryonium, or of gluons only, Glueballs.

Comments on the Ppp annihilation process

The most striking feature of the proton-antiproton interaction is the annihilation pro-
cess. This means that when a particle and an antiparticle are brought together they
disintegrate into lighter particles by strong interaction. These particles ultimately de-
cay to stable leptons and photons. The Pp annihilation process was studied exten-
sively in the 1960’s. Information about the most frequent annihilation channels based
on pp annihilation at rest in a liquid target of H; is collected in Table 1, where it
should be observed that the bubble chamber technique then available was rarely able
to distinguish channels with more than two neutrals in the final state.
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Table 1

Branching ratios from pp annihilation at rest in a liquid target

Annihilation Resonant Branching Reference
channel channel ratio BR
(%)

atgg° 3.7 2
wtaa® pFat 2.7 2
7t om0 9.3 3
T 34" 23.3 3
7w 4x” 2.8 2
27t 2 o® wrt e 3.8 2
2t 2 ° POrlata= 7.3 2
22w 7" prarFaty 6.4 2
2rt 2 2n® 16.6 3
P P 4.2 3
3rt3r a0 1.3 2
ata~n 1.2 2
20t 2ry 0.6 2
7%p° 14 2
np° 0.22 2
m#’° 3.2 2
atr 0.4 4
drtar 6.9 4
LT T 2.1 4
KRmz(m > 0) 6.82 2
#%1? 0.014/0.048 5/6

Compared with the electron-positron system, for which the annihilation is well unde
stood, the annihilation of the proton-antiproton system is much more complicated f
many reasons. xperimentally the antiprotons have been very hard to produce, requ
ing very large and expensive accelerator facilities. In contrast to eTe -annihilatio
where the interaction is entirely electromagnetic, the electromagnetic interaction in t]
pp case is followed by the strong interaction which in this case is entirely responsib
for the annihilation process. No reliable theory is so far available since this annib
lation process is nonperturbative and involves composite particles. A strong effort |
gain a better understanding of pp annihilation both experimentally and theoretical
is in particular motivated by the fact that the annihilation process is a genuine qua
phenomenon also in the low energy regime. As pointed out the results in Table 1 we
obtained using a liquid He-target, The results from a gaseous target are quite differe:
(see below). The experiment presented in this thesis deals with pp annihilation at re
in a liquid Ha-target where the annihilation products are two neutral objects. The e
perimental set-up was able to detect decay channels with one v + any neutral particl
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and one 7% + any neutral particle or one # - any neutral particle, in the latter cases
by studying the subsequent decay of #° and n, respectively, into two v ’s (see Table 2).
Thus the experiment covers mos$ of the frequent energetically possible neutral two-body
channels, since phase space favours the light »°- and n-mesons.

Annihilation and guarks

Ag can be seen from Table 1 the most frequent annihilation channels are those in
which three or more hadrons are produced. This can be qualitatively understood by
the application of the quark concept. The idea of quarks was introduced [7] in the
early 60’ when it first served as a simple tool to formulate SUy symmetry in strong
interactions. Nowadays the quark concept is so well established that it serves as the
starting point of any theory of hadrons and their interactions.

Figure 1
Schematic figure of a) Mesons b} Baryons

a) A meson is built from b ) A baryon is built from
4 quark and an anfiquark three quarks and kept
and kept together by gluons together by gluons

From the five well established basic quarks* (u, d, s, ¢, and b} all known hadronic (i.e.
strongly interacting) particles can be built. As is well known they are divided into two
groups, baryons and mesons. The baryon consists of three quarks and the meson of a
quark and an antiquark, both of them kept together by gluons (see Figure 1). All mesons
decay (see Table 2} by strong or weak interaction, but the lightest baryon, the proton,
is remarkably stable. To our present knowledge the proton does not decay. The lifetime
is larger than 10%% years and thus very much longer than the age of the universe. The
quark content of the proton (antiproton) and the mesons built from only u and d quarks
is given in Appendix D.

* Several experiments have been carried out in order to search for a sixth gquark
predicted by theory long ago. It may have been observed by the UAl collaboration
[8] in the above mentioned pp collider project, but so far no final conclusion has been
reported.
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Table 2

The most common decays of the lightest mesons. The decays of special
interest for this analysis are indicated (ref. [10]).

Particle Mass Decay Final Decay fraction
[MeV] channel products for channels

relevant in
this thesis (%,

7 135.0 oy ¥y 98.8::0.03
't 139.6 why pte
7 139.8 u- o no
7 548.8 Y Y 39.0+0.8
37" FAVVYY
atre gl ptu= o
o° 769 ata ptu-ve
Iy wta® pryw
e LI By
w 782.6 wt o n® W e
‘JTG"{ i 8.740.56

As already emphasized (Table 1) most pp annihilation channels involve the emission ¢
pions. The charged pion has a mean life of 2.6 - 10~ s while the mean life of the #® |
only 0.8-1071% 5, This means that the charged pions survive distances much longer tha
the detector dimensions while the #° decays (mostly into 2 photons) in the target,
fact which has consequences for the detector design and data analysis.

Most naturally (9] one can consider a model where the three quarks and antiquark
in the proton and antiproten are rearranged info three mesons {see Figure 2a). Th
immediate conclusion of this model is that only three-body annihilations can occur. Thu
the final state should contain three or more mesons due to further decay of the primar
mesons. Furthermore, no strange mesons should appear and especially the productio
of ¢ {s§ ) must be suppressed. This simple model fits 80-90 % of the total experiment:
data (cf. Table 1). However, = 7 % of the annihilation channels do contain strang
particles and there are at least 10 % two-body annihilations. For the understanding «
the annihilation process in finer details a more refined model is needed, in particula
to treat channels with more than one neutral particle in the final state. For obvio
reasons such channels were hard to study with bubble chamber techniques.

Some possible extensions to allow 2-body annihilation channels within the framework c
the simple rearrangement model mentioned above are indicated in Figures 2b and 2¢, bt
most theoretical works tend to avoid this question so far. The experimental informatio



Figure 2
Schematic annihilation mechanisms.

Ml M?. M3 Ml MZ Ml M2
N N N N N N
a ) rearrangement into , b ) rearrangement into ¢ ) rearrangement into
three mesons two mesons with one two mesons with
annihilation vertex annihilation and

creation vertices

on the yields of two-body annihilation channels is not only rare, but sometimes also
contradictory when it exists. For instance for the annihilation channel pp — 2979 the
yield is reported by two different groups to be (0.014 + 0.003) % and (0.048 =+ 0.010) %,
respectively {cf. Table 1).

Other annihilation models

Among several theoretical approaches to the understanding of the pp-system {for a
review until 1983 see Green {11] and references therein) the potential concept has been
extensively used. The potential used has developed from a simple phenomenological
nucleon-nucleon interaction potential to more refined potentials in which the quark
nature of the associated particles is taken into account. A potential approach predicts
only the appearance of two-body annihifation channels, but as shown in Table 1 many-
body channels dominate the experimental data. This deficit of the model can, however,
be cured to some extent by the construction of many-body channels from weakly coupled
resonant two-body channels,

Baryonium and other exotic states

One striking feature of the nuclear potential models, observed first in 1956 [12,13] and
developed by Shapiro {14], is that a nucleon-antinucleon force is necessarily strongly
atiractive. The corresponding deep potential well should thus contain several bound
states as well as states in the continuum (Figure 3). Such states were named Baryonium
in analogy with the name positronium (e*e™). The level energies and widths of Baryo-
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nium are, however, difficult to calculate because of the uncertain radial position of ¢
hard core and the interference with the annihilation process itself.

In the energy region 0 - 2 GeV the standard QCD theory is not calculable in a perturb
tion approach. However, there are some models, using simplifications, approximatio;
or further assumptions to make the theory calculable, which agree reasonably well wi
the measured meson mass spectrum. Furthermore, qualitative arguments show that
possible mesons in this region are found. With "all possible” we mean qq systems whe
qis u, d or 5. Other flavours are heavier and thus resulting in objects with masses larg
than 2 GeV. However, the question must be raised why there would not be meson-li
states of the type qqiq , or states with only gluons, often named Glueballs. This nan
is a little bit misleading since spherical Glueballs are not stable in QCD according
Robson [15] and a Glueball has to have a torus shape or more complicated geomets
to be stable. Therefore, names like ” Gluerings” have been suggested. There are se
cral models predicting such objects. In many experiments such exotic states have bee
searched for.

Early experirnental evidence of Baryonium

In 1974 an experiment by A.Caroll et al. [16] claimed the observation of a narro
resonance in the pp and pd total cross section at 1932 + 2 MeV having a width
I' = 9 4 4 MeV. Similar results were also obtained by Chalupka et al. 17]. As 1
mesons were known or expected in this energy region these objects were interprete
as being something else than ordinary mesons. The interpretation chosen at this tim
was a pp-state slightly above threshold, i.e. a Baryonium state in the continuum. Thes
measurements stimulated an intensive search also for bound Baryonium states, sever:
experiments claimed evidence for structures in this energy region. The results of sox
of these experiments are collected in Table 3 together with some results from olds
experiments on Pp annihilation and some results from observations of ete™ collision
All experiments claimed states below 1850 MeV and were suggested to be candidats
for eihter Baryonium or Glueballs. In Table 4 suggestions are collected for Baryoniu
states in the continuum. The present thesis is very much related to the search for boun
Baryonium states, i.e. narrow objects with a mass less than 2my,, and was particularl
motivated by the findings of Pavlopoulos [18] et al.

Theoretical background

A general review of Baryonium is presented in the theoretical work by Rossi an
Veneziano (25] . The general impression from this and other surveys is that Bary:
nium should exist, though different authors may use the name in slightly different way
Two basic theoretical approaches have been applied extensively to explain Barioniu
states; the nuclear potential model and the concept of four-quark states. Here, som
nuclear potential results and one four-quark model, the MIT-bag model, will be brief
commented.

The nuclear potential model

The first work by Shapiro mentioned above [14] and later reports [31] cover the esser
tial ideas for the possible existence of bound states and resonances in the NN-systen
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Figure &
Transformation from particle-particle to particle-antiparticle potentials for the strong interaction
(below) and, for comparison the Coulomb interaction (above). The curves are schematic and the
scales cannot be compared.
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Table 3

Some experiments claiming objects with a mass below the 2m, threshold
of pp annihilation at rest. All those "states” has been discussed as
possibly being Baryonium or Glueballs {but not necessarily by
the original authors).

Mass Width *Name” Reaction ref Year
(MeV) (MeV)
1304423 <46 - pp—s 7 + X° 18 1978
1423410 45420 F(1420) (3-4) pp— 19 1967
1425::7 80+10 £{1440) pp{at rest)— 20 1967
1640::50 2204-100 9{1690) J/® -y 29 21 1982
1646:£11 <24 pp— v+ X° 18 1978
1652417 etem = X° 22 1979
1683:+8 <21 pp—+ v+ X° 18 1978
170830 15660 #(1690) efe” — v+ KK~ 23 1982
1772:6 . eTem = XO 22 1979
17945414 pp— p+X~ 24 1971

Most later calculations are done after a similar scheme based on boson exchange mo
cls. The general features of the one boson exchange potential model can be deduced
a systematic way [32], providing a specific coupling strength for each exchange part
cle. This model or more elaborate ones, taking also two boson exchange into accourn
parametrized as the exchange of the hypothetical mesons op and oy, is fitted to lo
energy NN scattering data. In analogy with the transformation of the e”e™ system in
an eTe” system by charge conjugation the NN system can be transformed to an N
system like pp by a G-parity transformation (cf. Figure 3). It then turns out that t!
NN force, which is repulsive with the exeception of the small attractive well which allos
the only bound state ?D, changes to a strongly attractive force for a large part of i
range, mainly due to the fact that the w-exchange is strongly attractive in the NN cas

The major problem with such an approach is that the hard core NN potential due

w-exchange is difficult to determine experimentally. Its G-parity transform which dor
inates the NN behaviour is thus sensitive to the least known part of the NN potenti:
In addition, the levels of possible bound or resonant states are pushed and broadened
an uncontrolled way by annihilation. Furthermore, the whole approach assuming poir
like objects must be questioned, since it leads to predictions for effects on such sm
distances that the quark substructure of the nucleons should be taken into account.

Some of the main features of the nuclear model are compared with the MIT-bag mod
{to be discussed below) and some other models in Table 5. In Figure 4 one of t
potential calculations of level energies is compared to one of the MIT-bag calculatior



" Table |

Some experiments claiming non-strange resonances above the
2mp threshold of pp annihilation at rest

Mass Width ? Name” Reaction ref Year

{(MeV) (MeV)
193242 9+4 s Pp,pd cross section 17 1976
19363 16411 pp cross section 16 1974
1935+1.0 2.8:43.0 Pp cross section 26 1979
19374:2 21410 pPp cross section 27 1980
219045 85 Ti pp,pd cross section 28 1967
2192.711% 97.6+%1 pp cross section 29 1973
2155:£15 35475 pp cross section 30 1977
2345410 140 Uy pp,pd cross section 28 1967
2359.471°3 169.473%° Pp cross section 29 1973
2380410 140 Ue pp cross section 28 1967
234515 1351280 Pp cross section 30 1977

The MIT-bag model for quarks and gluons

In the MIT-bag model the quarks and gluons are put in a spherical cavity of radius r.
The eigenstates are then found using a proper completely antisymmetric wave function.
The masses of the states are obtained by minimizing with respect to r the quantity

E{r) =Bq + E, + B, + I

where E, is the quark kinetic energy, E, is an energy contribution from the confining
pressure, E, is an estimate of the effects of zero-point fuctuations of fields in a confining
sphere and ¥ is the quark - gluon interaction. The only limitation from colour is that
the system is a colour singlet. In the MIT-bag model there is room for multiquark states
of the (q)*(g)}™ (n+m > 3) type besides the usual gg-mesons and qqg-baryons. The most
interesting case in this thesis is n = m = 2, and the further discussion will be restricted
to this case and n = m = 0, 1. e. a state containing only gluons. Following Jaffe [39] the
discussion about Baryonium-like states will be divided into two parts depending on the
angular momentum and the internal geometrical composition of states.

(1} S-waveqqiQ states analogous to the usual S-wave mesons and baryons. An S-wave
state of qqiiq is analogous to the usual qg-mesons and qqg-baryons, which are "well”
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Table 5

A comparison of different models (from reference [25]). All models are not discussed i
this thesis. IFurther references to these models and theories are: for the Colour chemistr
models [35] and for the Topological bootstrap theory {36]. The references in the tab!
(54,55) are given as references {37,38] respectively in this thesis.

Compariven among various approaches (o baryonium physics

QCD inspired

L3uryonium dual topatogical Nuclear physies MIT-Bap Celowr chemisiry Topalaeical
PrOpetes piclure approach moedet madel bonlstuap
Spectrum Naryonium stales siher thun No EXD Linear X1 ttajectorics for Twa binds of stafes: Only the i kind
Miluaday Miigg) and =1 states clusler near s g T- and M-baryoniu af baryeniom rates
Millno 4’} threshold and have fnw L9 No mining efects Lincar EXD trajectoriec
Mixing between exchange F= O slates more penetaly cansidered ™0
depenerate Irapeclories deeply bound Mixing with aormad
trajectories allows [or
M-baryonium production
Trajectory Computed via duality from Slopes aml intercepts Same slopes as in MIT-bag Lanem BX1 tree
paramelers the multipesipheral structure comptited in terms of medel. T- and M-baryomm he computed wlf v
of the crassed channel parimetess of the model intereepts from the in the “planar ool
assigament nfl the T GeY approxioation
and the 295 GeV dales {aee for anstanee e
respectively
Assignements  No specific asignement Dyifficalt, hut many Room lor 5.1, U resonances 5. T, U resonances and thase N specific asignns
attempted experiments need confirmation  and for those of sef. {34] of rel {54] are T-baryonin alzemped.
Problems with high mass Narrow high mass slases fowible protlens -
narrow slates are M-haryonis spin high mass na
Tsospin Degeneracy No degencracy Degeneracy Depeneracy Degencracy

G -parity

{oupting
(o mesodnic
<hanuels
(anin.)

Coupling
to NN
channcls
(seatl )
Candidates
for

Narow
width
slates

Suppressed hy JOZ1
1ack ol detailed catculations

Alowed

High spin slates neat
threshold.
Mt and M)

Suppressed by the wave
Tunction being small in the
annihilation region

Allowed

Bound slates near threshold
Resonances with [ =0}

Suppressed by centriluga!
barrier.
Lack of detailed caleulations

Alowed

High spin stales near
(hreshold or states with
exatic intemal colour
canfiguration

Small splilting of G-parity
doublets for M-baryaniam
Suppressed by centeifupad
barrier. Problems with low
M-baryonts in specific non-
reklivistic guark model
ealewlalinng

Altowerd (or T-baryonivm
Forbidden for M-harvonium

M-baryeniem and other slates
wilh exolic infernal colour
configurations.

§ is & T-huryonium nareow
because near threshold

Tupobpivaitly forrlhy
AU fwedd prdur

Allowed

Low angular
monentum. lowesl
mavs states. Best
candfdates: sales
under threshold

i the angubar momentum of the NR system.
M ¢ the anguar momentum of the fq 6§} system.

this table (5 comp diff modeéls} is not yet ready
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Figure §
Low-lying non-strange Baryonium masses according to different models
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_states with bumps seen in ete

understood within the model, The major contribution o the mass of the states
comes in this case from the kinetic energy of the quarks and antiquarks. Thus
the model predicts, in first approximation, a ratio 2:3:4 ~ 700:1100:1500 MeV for
the masses of ¢ {mesons), qqq (baryons) and qqgg (" Baryonium”) respectivly. This
would possibly be an explanation for the absence of exotic states in the low mass
region. Jaffe [39] has associated four-quark states of this type with the mesons
€(700), $*(980), ¢(980) and «{?)*. Other authors have proposed to associate such
~ annihilation in the mass region 3.6 — 4.4 GeV [40].
However, states of this type alsc have a large width into mesonic channels and are
therefore no} Baryoniumn-like states with the definition usvally chosen which require
Baryonium to have relatively long half-life.

High € (angular momentum}qq (diquark) -qq (diquark) states corresponding to
elongated bag structures. The coupling to mesonic states is supposed to be sup-
pressed by centrifugal barrier effects. A motion which possesses a non-zero angular
momentum is plausible to result in an elongated object. If there are two quarks in
one end of this structure and two antiquarks in the other, one can assume that they
are kept apart by a centrifugal force and thus the coupling to mesons are reduced
since it is not possible to form a colour singlet from qq or §g. It seems reasonable to

*

the

This work was done when these " mesons” where still *alive”. They are not listed in
1984 version of reference 10.
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assume that it is the colour flux lines that keep the system together while the angul:
momentum provides a centrifugal barrier that prevents the quarks and antiquar!
to combine to ordinary mesons. Using the assumption that string-like hadrons a:
tubes of colour flux lines which terminate on colour charges at the ends K. Johnso
[41] found that the first narrow state, with spin 2, has a mass about 1.6 GeV. Tt
bag model also predicts that states of high spin (high mass) should be more narros
States of this type could be candidates for Baryonium states.

Glueballs

One distinctive feature of the MIT-bag model is that also a state consisting of only gluor
must have a mass [42], a prediction which is not a prieri true for other models. A naly
MIT-bag model gives a mass of 960 MeV for the lowest glueball state. However, mo:
realistic calculations increase this mass to above 1300 MeV. Some MIT-calculations o
masses for glueballs are collected in Figure 5,

Figure 5
Low lying Glueball masses according to MIT-bag models and Lattice theories
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Bag models Lattice theory

Lattice QCD and glueballs

For a long time the use of the bag models was the only method to make reasonab
numerical estimates of masses of particles, as it is not known how to make calculatior
of many observables with basic QCD (see below). However, recently there are ne
calculations on glueball masses done with a new approach to the QCD problems, name!
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the use of the lattice gauge concept. These calculations emerged from attempts to solve
basic problems with QCD but has also resulted in estimates of glueball masses which
gave similar results as the bag model. Unforiunately, the masses of the bosons and
mesons are still difficult to calculate.

Quantum chromodynamics {(QCD), as all quantized field theories, has to be regularized
and renormalized in order to give results which can be compared with experimental
data. Generally, this is accomplished with a perturbative expansion, but in QCID there
are problems which are not amenable to a perturbative treatment. This problem is not
unique to QCD, but the availability of nonperturbative methods of analysis is particu-
larly important, since the calculation of mass spectra hinges on them.

In order to solve these problems, Wilson proposed [47] in 1974 a formulation of QCD to
provide a nonperturbative regularization, which has led to the very important result of
proving confinement, as well as to estimations of glueball masses. The theory is defined
on a hypercubical lattice in Eunclidian space-time with a spacing a. Matter fields are
only defined at the lattice points, but the gauge dynamical variables are finite group
elements U¥ associated with links, from x to x + [ia, on the lattice. There is an action
S consisting of S; + S, where 8, is the gauge field action and and Sy, is the action
from the matter flelds. 8, is built up from terms depending on colour exchange in each
lattice point. In the continuum limit a — 0 this formalism is able to regularize the theory
with the proper normalization. Numerical ®experiments” show that a lattice spacing of
2 0.11 fm or less is enough to obtain stable results which is reasonable since the typical
scale for hadronic phenomena is 1 fin.

Several authors [45,46] have calculated the mass for glueballs within the framework of
lattice theories. However, the technical (computer resource) problems are substantial.
The results from different attempts are slowly converging (sometimes with a scale-factor)
and some results are given in Figure 5. A comparison with the theoretical estimates of
the masses from bag models is also done.

Conclusion

There exists several models predicting new exotic states in the 0-2 GeV zegion, but they
all suffer from lack of experimental data, since they contain parameters which have to
be fixed by experiments. From the experimental point of view there are a number of
claims that new states have been found. However, some of these claims suffer from poor
statistics and others are questioned by new experiments. The work described in this
thesis was o a great extent inspired by the fact, that it should be possible to reach
four-quark states (gg-gg) as well as Glueballs in the annihilation of pp at rest and it
might be possible that such states (X%} are populated in the two-body process pp—+ ~4X°,
where the energies of the y-rays should fall in the energy region 0-1 GeV, which can be
studied with Nal{T{)-detectors at a reasonable cost.
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CHAPTER 2
EXPERIMENTAL SETUP

"It is a capital mistake to theorize
before one has data.”

Sir ARTHUR CONAN DOYLE, Scandal in Bohemia

Requirements on the experimental equipment

As emphasized in the preceding section the main aim of the work presented in t!}
thesis was to search for Baryonium states and for rare two-body channels where one
both particles decay by gamma-emission. Thus, the main experimental device need
was a gamma detector with goed efficiency and resolution. Studies of the pp-syste
at rest means that the highest available momentum is equal to the proton mass. Th
the detector had to cover a range up to 1 GeV. The device chosen was a big modul
Nal(T¥¢) detector described in detail below and in Paper L.

Furthermore, it is desirable to determine the multiplicity of the pions since the decay
Baryonium could be dominated by one channel and thus a window on the multiplici
spectrum could help to reduce the background. Since the dominant neutral particle
the 7@ which decays mainly to two vy-rays (cf. Table 2) it is also desirable to have t
~-detectors operating in coincidence mode. The ideal detector is one having 47 sol
angle, including a magnetic spectrometer for the charged o and having almost no me
acting as a secondary source of radiation, could not be constructed nor for technic
neither for economic reasons. Furthermore, since the experiment had the character o
pilot experiment for farther studies, the detector had to be simple and a poor solid anj
had to be accepted. This simple equipment offers still some experimental possibilit
but also some obvious experimental difficulties.

Below some experimentally important remarks are made before the final set-up is «
scribed.

o Neutral decay products

One objective of the experiment was to study poorly known neutral pp annihilati
channels. All the neutral particles, to be considered, decay on a time scale wh
makes it difficult to measare their energy before they have decayed. The final dec
products are usually two or several y-rays which resulis in a continuous spectrum w
an approximately exponential fall towards higher v-energies. However, both 79 ane
{and te some extent w) have interesting decay properties which makes it possible
study monochromatic particles by measuring only one of its decay ~y-rays (see below
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¢ Two-body annihilation channels

Experimentally two-body annihilation channels play a special role, since the system
is well determined if one of the two decay particles is detected. This fact permits
experiments with much less costly equipment than when simultaneously several particles
have to be detected for the reconstruction of a certain event.

¢ Decay kinematics

In appendix A the kinematics relevant for this thesis is presented in greater detail.
One central observation is that one can detect monoenergetic particles decaying into two
~-rays by measuring only one of the decay vy-rays and thus measure neutral two-body
channels with one single --detector. This is due to the fact that the two decay ~-rays
form a uniform distribution, with a maximum (and minimum) value depending only on
the velocity of the decaying particle.

e Target
For several reasons we have used a liquid H, target:

(i) One obtains different results from annihilation in a gas target and a liquid
target. This is due to the fact that annihilation occurs from different initial
states. In a gas target the annihilation occurs predominantly from a P-wave,
whereas in a liquid target Stark-mixing is shaking the system down to an S-wave
stale before annihilation takes place. As the 7%° channe! is restricted to come
from P-wave its branching ratio is dramatically different in a gas and a liquid
target.

(if) The poor quality of the p-sources (before LEAR) and the big momentum spread
implies that one must have a big enough stopping power in the target region. This
is difficult with a gas target.

{iii) The Dp Is not in a well defined initial isospin state. However, a neutron target
is not feasible and for a heavy nuclide the Fermi motion is distorting the relevant
part of the spectrum.

For the Baryonium search {see above) a He target was also used.

The experimental egquipment

As emphasized above the purpose of the experiment was to study the proton-antiproton
annihilation at rest resulting in v + any other particle(s), or {n® or %) 4+ any other
particle. As is well known {cf. Table 3) the 7% and sometimes the n decay into two
~-rays. The fact that studies of these particles in two-body channels can be done by
measuring accurately only one photon means that one good Nal{T4) ~-calorimeter was
needed. A second Nal(T¢)-calorimeter was used to study coincidences. However, the
coincidence count rate was very low and this detector combination served only as a pilot

experiment for later studies at LEAR.

In addition a good fi-beam with a beam telescope was needed in order to provide a
trigger and separate the antiprotons from other particles in the beam in particular
negative pions. The experiment included also maultiplicity counters for both ~-rays
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and charged particles. Below the experimental set-up is described item by item. Tt
schematic layout can be seen in Figure 7.

The antiproton beam

As a source for p’s the electrostatically separated so-called K45 beam at the CER]
proton synchrotron (PS) was used. The beam elements together with its optical equi
alent is shown in Figure 6. The optimum efficiency was found at a beam momentu
of 600 MeV/c in an earlier experiment {48! using the same beam line. At this bea
momentum the beam was fine-tuned several times a day to optimize the stop rate. .
maximum stop rate of ~ 250 P’s per machine burst was obtained. The same beam Hr
was used in both the 1979 and the 1980 runs.

Figure 6
The beam K3 and its optical equivalent.

The symbols stands for, PT = Production target, Q = Quadrupole magnets, B = Bendin
magnets, SM = correcting magnets to the Separator S, AP = momentum slits, BS = Bea
stopper, AM = mass slits and FT = Target.

e

-3
B
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The antiprotons are produced by letting the proton beam of the PS hit an internal
tungsten target. The particles around a given momentum (in our case 600 MeV/c)
are collected with a Ap/p of 1T % into a total acceptance of 8.7 msterad. This beam
of particles is focussed and bent into an electrostatic separator. After passing the
momentum defining slit (AP) the beam is again focussed and passing a mass slit (Am).
Finally, the beam is bent into the experimental area and focussed. However after all
this beam manipulation the beam still contains all the long-lived negative particles with
the same momentum produced in the production target.

The beam telescope

In order to distinguish between p from K7, #~ and e~ with the same momentum,
a beam telescope was constructed, which consisted of four scintillation counters (Ts,
Ty, T2, Tz) and one Cerenkov detector (é) The lay-out is shown in Figures 6 and
7. Between the counter Ty and the multi-wire proportional chambers (MWPC) (see
Tigure 7) there were placed carbon plates (6-7 cm) to degrade the beam in order to
obtain the maximum of the stopping distribution at the center of the target.

The counter combination Tq — T;eT2 was used in the time-of-flight mode, and the
Cerenkov counter discriminated at 4 = 0.67. From this we could define two triggers,
one for p and one for 77 as follows

T(s) = (To-{Tye Ta)) time=p o O Tk
T(-) = (To- (T1o Ta) simomr- ® Co T4

(Here C indicates that the C is in anti-coincidence mode, # coincidence and — (minus)
a delayed coincidence. The index h or ¢ refers to the discriminator level which is set
high for p and at just above noise threshold for w7). The time separation between
p and 7~ was nominally 21.6 ns. The first trigger was also used as a p stop trigger,
The separation power is shown in Table 6. The counter T3 placed just in front of the
target defined a beam size which was smaller than the target. In order to keep the
annihilation process within & reasonably small region, liquid hydrogen (helium) was
used which enabled the target to be sufficiently thick to stop P within the target after
rs 15 cm. A target confainer with a cooling system was provided by the CERN target
group [49] for each data-taking period. The target used in 1979 could also be used for
helium and thus data for the process pHe — ~ -+ any other particles (Paper IV) were
consequently produced only in the 1979 run. The possibility to tune the beam to both
7~ and e~ was also used for calibration purposes.

The ~ — ray calorimeters

For the main part of the experiment, two different Nal(T£)-calorimeters were used.
The so-called SECTOR, which was by far superior for B, > 100 MeV, was a modular
(54 units) detector in a single housing covering 1/13 of 47, In addition a 12”7 x 10”
cylindrical mono-crystalline Nal(T¢) was used for the construction of 7% and # energy
spectra {Paper V). The 7° and n spectra so obtained were merelly used for tests for
a later experiment at LEAR (see Appendix D) and thus the performance of the 12”
Na{(T{}-detector was less important.
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Table 6

The beam telescope perfomance,

With a trigger which required only To Ty and T in coincidance a ratio of & 1 for 77/
was obtained. Then by using the beam telescope we can gain the factors given belos
It should be noted that although the trigger is virtually free from unwanted particl
(77 /P = 107%) after this telescope, secondary particles are also produced in the targe

Improvement in the intensity ratio #~/p gain factor

T2 in coincidence > 5
also C in anti-coincidence > 12
also time requirement on Tg - (T} » T3) > 175

The SECTOR-detector

The SECTOR-detector was the main component of the experimental set-up and Paper
is devoted to describing its development and performance. Tt was the prototype of whi
became known as the Crystal Ball at SLAC [50]. The layout is shown in the followir
Figure 8 as well as in addition to several relevant figures in Paper L

The SECTOR-detector* was built from 54 Nal(T£) modules. All modules were sim
lar in shape but had for geometrical reasons differences in dimension of up to 12 ¢
fach module was a truncated equilateral triangular pyramid (b = 13.5 cm at the wic
base, h ~ 39 cm) of polycrystalline Nal{T¢)and was wrapped in white paper and
aluminized mylar for optical separation. Through a hole with a diameter of 50 mm :
the outer triangular surface an air light-guide was fitted towards the glass window
the aluminium housing. A photomultiplier tube! was connected to each module by
second air light-guide into which light could also be injected from the light pulser (s
below)**. The multipliers were magnetically shielded by 1 mm of p-metal and a housir
of & 5 mm iron. The specifications?! were tested individually for each module befo
packing into the common housing. All modules met the resolution requirement. Niz
modules did not fully meet the uniformity requirements and were therefore placed
the outer ring of the assembly (No. 25-54 in Figure 9) where less energy was accepted
each event and thus the performance was less critical. Figure 10 shows the performan
of a typical module.

As mentioned all the 54 individually wrapped modules were closely packed in a seale

* Manufactured by Harshaw Chemical Co., Solon, Ohio, USA.

¥ The PM’s were SRC L30BOI or KTC XP2202B, whick are seri-fast, ¢ 50 mrm, ]
stage tubes

** These two air light-guides were the main reason for the relatively poor light outp
of the modules, 7 % of a 2” x 2" eylindrical Nal(T{) placed directly on the tube whi
however, was acceptable for the energy range used.

tt See Paper I for details about the specifications.
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Figure 7
Lay-out of the experimental set-up.

A vertical and a horizontal cut through th experiment. The main detector systems are described

in detail in following figures.

The symbols are as follows, T=H; Target
S=scintillation counters To—Tg, M=moderator
{6-7 cm carbon),MW=Multl Wire Proportional Chambers,
C==Cerenkow detector

and FP=: Front plastic {veto scintiliation counters)
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Figure &
THE SECTOR

Schematic picture of the SECTOR-detector set-up. Only the modules are shown,
Technical details and specification can be found 1n Paper L.

H,- Target

p-beam

single aluminium housing. The stacking was done so that the arrangement cut out
noneycomb from a hollow sphere with an inner radius of 25 cm and an outer radius
22 64 ¢cm. The honeycomb-shaped projection can also be seen as three rings with 6, |
and 30 modules in each (see Figure 18 in chapter 4).

To discriminate charged particles from neutrals entering the ~-ray detector there was
thick scintillation plastic veto-counter between the target and the detector (see Figu
7). Furthermore, in all places where the mechanics and support allowed it, the part clo
to the target was covered by four plastic counters to veto charged particles entering fro
other sources than the main interaction region.

All PM’s for the SECTOR. itself and surrounding plastic counters were fed with hig
voltage (HV) from individual channels. Once the calibration was done this 0V was ke
constant for each data taking-period, and any drift in the calibration was taken care
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Figure §
Projection of the SECTOR. You stand in target and look on the SECTOR.

in the off-line analysis (see below).

In the 1979 tun a negative HV was used. This had the drawback that irrecoverable
gain losses occurred {up to several % in one day). Thus the HV voltage was changed to
positive for the 1980 data taking, which however had the drawback of causing non-linear
response for high energy inputs. The different PM bases are shown in Figure 11.

Fach PM was read out individually in two different lines in order to have both a large
dynamic range and still keep a good precision in the low energy range where most
medules have some energy deposit due to escapes from the module actually hit. Each
line fed an 11 bit ADC (LeCroy 2249 W). The ranges were set to = 0-1 GeV for the
high channe! and 0-100 MeV for the low channel.

The light pulser of the SECTOR

Tn order to monitor and control the stability of the SECTOR-detector, a light pulzer was
developed. The construction used is schematically described in Figure 12. The pulser
consisted of a light source, a light attenuator, a light diffuser, a distribution system, and
a reference module with a radicactive source. The set-up was constructed in a modular
way so that the main unit, the light diffuser box with a filter wheel containing six filters,
and its remotely controliable electronics aiso served as a holder for the light source tower
and electronics. The reference module (a 2° x 2” Nal(T#) crystal and a **Na source)
were placed in a lead shield in the same thermally shielded box as the SECTOR itself.
The light pulse was produced by a xenon flash tube of the type FX 280*. This pulse
was shaped so that it resembled the pulse from the Nal(T¢) modules. The intensity

* Manufactured by EGG Electro Optics Division, Salem, Mass., USA.
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Light output Figure 10
Arbitrary unils Performance of one typical (bad) module

i

"t s aetas

: ] | i ] ;

16 20 30 40 50 60 Day

Relative light output about 8 o’clock in the mormning for module 30
iNustrating the difficulties with gain stability using a negative
PM high-vollage.

could be adjusted continuously so that the light output after filter attenuation covere
a range corresponding to 20-1000 MeV. But, once set, it was kept constant during t]
run.

After attenuation the light was diffused in the diffusion box. Then it was distribute
by 56 fiber light guides® each one of them with a diameter of 1 mm and a length
2 m. 54 of these fibers were connected went to their respective modules via a small ho
in the second air light guide, one fiber was led to the reference crystal, and finally or
fiber led to a special PM serving as a light pulser trigger. The possibility to check tl
LP against the 1.27 MeV line of ??Na showed that running the LP continuously with
Hz deteriorated the light output from the flash bulb by = 1 % per week. A resolutic
of 2-4 % was obtained for selected flash bulbs. The LP was also used to check t]
linearity of the e¢lectronics and read-out system of the modules up to an energy ran
corresponding to 1 GeV.

127 Nal(T¢)

The second calorimeter was the same detector as the one used by the collaboration
an earlier experiment [18] on pp — -y -+ anything, In our work, however, it was on
used for the coincidence analysis where the performance was less critical.

* Manufactured by Fiberoptik-Heim AG, CH 8707 Uetikon am See, Zurich, Switze
jand.
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Figure 11
Arnalog electronic schemes used for the SECTOR-detector bases in a) 1979 and b) 1980.
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The cylindrical detector is described in reference [51] and in Figure 13, The NaI{T¥)-
crystal (127 x ¢ 10” cylindrical) was surrounded by thick scintillation counters to en-
able electronic collimation. The ~-rays were further collimated by a lead collimator
(¢inner 12 em x 12 cm deep). In front of the crystal there was one thick and one thinner
scintilation veto counter to discriminate between charged particles and +-rays entering
the detector. The collimation had to be weak in order to maintain a large solid angle
for the coincidence experiment.

Multiplicity counters

With the aim of reducing the background and identifying the decay of a possible exotic
state, a set of multiplicity counters covering a solid angle of about 80% was constructed.
This set of detectors are in the text below named the TONNE (inner, outer) from
the German word for barrel. However in the quantitative analysis the requirement of
identifying the final state of a decay channel reduced the statistics too much because
of the pooroverall efficiency, and thus the information from the TONNE detectors was
not of much use in the final analysis. The detectors are shown in Figures 14 and 15.
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Figure 12
The lightpulser of the SECTOR (from paper )

The light pulser(schematic}. Not shown are the motor and the encoder for the diaphragm, ar
an additional retractable filter betwen the diaphram and the filter wheel.
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The inner TONNE-detector was constructed to measure the charged particle multiplici
and consisted of 30 scintillator strips, each one 1 m long and 1 cm thick, arranged in
cylindrical shape with a diameter of 30 cm. They were kept in position from the outsi
by an aluminiuvm cylinder. From the inside they were supported by the slightly wedge
shape of the slabs and by a black paper ¢ylinder, which also served as protection f
an aluminized mylar wrapping applied for the optical separation of each module. Ta
detector strip was coupled individually to a photomultiplier (PM). The signals we
amplified and the threshold was set for optimizing the efficiency of minimum ionizi
particles. The signals from all 30 strips were read out by two 16 bit pattern units
CAMAC.

The outer TONNE-detector was constructed to measure the photon multiplicity, as
was located outside the inner TONNE on a 0.7 cm thick iron cylinder. It was made
60 identical modules, each one 0.5 m long and having an angular width of 12 degre
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Figure 13
The 12" Nal(T#)-detector

A cut through the cylindrical 12” by 10” Nal(T#)detector. The crystal volume X is surrounded
by thick plastic scintillator (MP). In front of the detector there is two front plastic (FP) charge
vete detectors and a lead collimator (Pb).

Figure 14
A cut through the TONNE multiplicity counter

The inner TONNE consists of 30 plastic {IP) scintillator strips inside and an aluminum and
iron cylinder {B). The outer TONNE consists of lead (Pb} plastic (Se) scintillator sandwich
with tungsten (W) walls.

i

3
B
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Figure 15
Schematic picture of the TONNE multiplicity counter

The modules were sandwiches of lead and scintiliator plastic (see Figure 15 for details
Each module was connected to a PM via a light guide and read out individually viaa b
pattern unit in CAMAC. The thresholds were adjusted so that an isotropic count ra
was obtained when a small carbon target was irradiated in the center of the TONN)
Two holes were cut out in the 2 X 3 central modules on each side of the cylinder in ord.
to avold any interaction with matter before the 4-rays reached the Nal(T#}-detecto
(Figure 14 and 7).



CHAPTER 3
CALIBRATION, DATA-TAKING, MONITORING

? Tant de bruit pour une omelette au lard.”

JACQUES VALLE DES BARREAUX

"Much Ado About Nothing.”

WILLIAM SHAKESPEARE

Before data could be taken the equipment had to be tested and calibrated. The require-
ment for the inter-calibration of the modules was that the energy calibration for any
module should not vary by more than s 10 % from its nominal value. Once this cali-
bration was established it had to be monitored. However it was not corrected on-line,
Instead any variation during data-taking was corrected off-line in conjunction with the
final calibration {(see next chapter). Furthermore, all equipment had to be monitored
during the run so that any temporary malfunction of the equipment could be corrected
for.

Calibration

Before the run there were three possibilities for calibration, a source calibration up to
a few MeV, the use of an electron beam or the 129.4 MeV ~-~rays produced from the
reaction 7"p — n + ~. None of these methods could however be used during data-
taking without interrupting it, but a source calibration record was made every morning.
Finally, off-line after the run the upper edge of the y-spectrum (Epez = my,) and the
energy of v-rays originating from the reaction

pp— @ + w or p°
Y

could be used for calibration. For the 12" Nal(T£) crystal the calibration was somewhat
easier since it consisted of one big module and hence no inter-calibration had to be done.
Furthermore, minimum lonizing particles due to high energy cosmic rays could be used
to check the stability of the 12”* Nal(T{)system in contrast to the more complicated
SECTOR case. This cosmic ray calibration could be performed simultaneously with
interuptions done for the source-calibration of the SECTOR. The 2.38 MeV Compton
edge of #*®¥Th was used for inter-calibration and absolute calibration of the SECTOR
modules at low energies. The high voltage of the PM’s was adjusted so that all modules
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had the same gain after feeding the signal through the same amplifier. The san
procedure without any adjustment of the high voltage was also applied once early eve:
morning to check the stability. This procedure was performed also inbetween bea;
periods to keep record of the stability of the equipment. For the 12” Nal(T£)detects
we used 228Th (B,=2.62 MeV) for calibration at low energies.

Before the final set-up the beam was tuned for electrons in order to check the energ
calibration and the linearity by putting the detector in the target position. This che
was limited by the precision in momentum to which the beam could be tuned (= 2 %
In the 1979 run the non-linearities were negligible (from calibration points in the f
data and from the light pulser (LP) data) and no correction was neccesery. In tl
1980 set-up a few modules became non-linear above 400 MeV. This deviation was st
reflected in the resolution at high energies after correction. The response of the 14
Nal{T¢)detector was well-known from earlier experiments [18], and the detector wi
therefore not calibrated in the electron beam in this experiment.

The calibration described above was not sufficient for the experiment, where the energ
of the «y-ray was distributed in several modules. Thus the calibration was important |
the energy range where the shower properties are dominant. At an energy =~ 100 Me
three calibration points can be obtained by tuning the beam for #~ {see Figure 18 |
chapter 4). These were:

7 p — ny En = 129.4 MeV|
77 p - nn® Erpnin = 54.9 [MeV]
E.,... =83.0 [MeV]

The beam was thus tuned to stopping #~ before and after each pp data-taking perio
and the 7" p data were stored on magnetic tape and used in the final calibration, whi
was done off-line after each run period. The data were also used for calibration for t]
on-line data-taking monitoring program.

Stabilization

Once the calibration was established it had to be stable over a long period of tin
however with no possibility to control it in a direct way. In order to maintain tl
calibration, data were taken with the light-pulser source described above approximate
once every 4 hours for a few minutes and stored on magnetic tape. A survey of the
data and a comparison with the source data showed that the accuracy was much bett
for the LP data, and thus the source data were only used for a consistency control.

This scan of the data from the light pulser showed very different features for the differe
run periods of 1979 and 1980. As a consequence, the high voltage supply of the phot
multipliers was changed between the runs. The modification thus made proved to |
satisfactory and the 1980 LP data did not vary by more than 4:1.2% for any modt
except for short periods which were anyhow disregarded in the data analysis for oth
reasons. Therefore it was decided after tests that no off-line correction were needed {
the 1980 data and therfore the following procedure was only applied to the 1979 dat
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The off-line calibration was done after the full run period so that all the information
about the performance of the modules was known in advance. Therefore, after com-
paring the LP-data and the source data the decision was taken not to further correct
the 1980 data. After establishing a reference value, the LP data were fitted for each
time interval with a second degree polynomial. This procedure gave an individual
time-dependent expression for each module. The coefficients thus obtained were then
introduced into the off-line analysis program "SECTOR”.

Once it was known that the light-pulser data and the source data gave consistent results
we could use the LP results alone since they were more accurate and more frequent.

Finally, the light-pulser itself had to be stabilized in order to avoid additional errors
from instabilities in the light bulb or gain shifts in the PM’s and amplifiers. Thus a
time-dependent, coefficient for the reference value A,.;, defined a5 Acer = Pgource(0) /
Psource(t) where Psource(t) is the peak position at time t was applied to the data.

Data — taking system

The data-taking, the control of the experiment and the monitoring were all done with
a PDP 11/34* computer. For interfacing between the computer and the electronics a
standard CAMAC interface was used.

The fast trigger T was built from standard NIM units (see Figure 16), The master
trigger was defined as

M= T(I-Sstop) ® Sy

where s, denotes that the inner 24 modules contained more than 10 MeV equivalent
energy and no veto plastic scintilator was fired. This trigger opened a gate {700 ns)
for the all ADC's of the ®Sector”. After conversion the data were read into a buffer in
the computer, together with the other relevant information. In order to take data for
tests and calibration {e.g. LP-data), the computer could change the trigger by means
of output registers in a well defined way. Only in the case of v~ data the trigger had
to be changed manually.

The data-taking program used was meanwhile developed by the CERN DD/OC group
to be CIERN’s standard data-taking program for PDP’s. As this program was not final
at the set-up of the experiment a considerable time was invested in testing the program
to secure data integrity.

* PDP 11/34 is a trademark of Digital equipment corporation



38

Figure 16
The fast trigger

The main trigger and the different test triggers are all built together, The open ends ar
constant levels used by the eomputer to control the experiment. The symbals are T = Timin
filter amplifier, C = Constant fraction amplifier and FP = Front plastic (the charge vet

counters).

LP 254, 24 12" 2" Pec

Busy —] )l/

5 *
Master 6 TDC
trigger 12"
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CHAPTER 4
ANALYSIS

»*What are you doing?”

?Hunting,” said Poch.

" Hunting what?”

?Tracking something,” said Winnie-the-Pooh very
mysteriousty.

?Tracking what?” said Piglet, coming closer.

"That’s just what I ask myself. I ask myself, What?” *

A A MILNE, Winnde-the-Pooh

The object of the analysis was the inclusive y-spectra from pp and pHe annihilation
at rest. If the annihilation at rest results in two particies they both have well defined
energies depending on their masses only. On the other, when hand an annihilation at
rest results in three or more particles, it gives rise to a continuous energy distribution.
Thus, when one particle is produced together with a single ~-ray the recoil of the
particle is visible in the y-spectrum as a monoenergetic peak. Also, if one particle is
produced together with a #° this can be seen in the y-spectrum, since the ~-rays from
2 monoenergetic 7 decay in motion will be distributed as a *box” in the laboratory
frame. Details about the relevant kinematics for two-body annihilation are given in
Appendix A.

The analysis consists of three parts.

1) Analysis of the singles y-ray inclusive spectra from Pp annihilation at rest, where
we were interested in:

monoenergetic y-rays with 90 MeV < E,< 938 MeV

monoenergetic 7° revealing themselves as box edges with Erpee < 933 MeV
where beacause of statistical reasons only the high energy box edge (E,,, .. ) can
be observed.

2) Analysis of the singles ~ inclusive spectra from pHe annihilation at rest. This
analysis is different from the search for monoenergetic ~-rays in pp data. Here we
studied in particular the region 50 <E., < 500 MeV because of the presence of
neutrons and Fermi motion of the nucleons.

3) Analysis of the coincidence spectra between the two detectors, the SECTOR and
the 12" Nal{Tf). Where we studied the ° and n spectra at low momenta. This in-
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vestigation should be considered mainly as a pilot experiment for future experiment
at LEAR.

{tems 1,2,3 are commented more in detail in the following subchapters.
Singles vy-ray inclusive spectrum analysis

In the singles v-spectrum we searched the data for any structures corresponding to 8
— « + X where 90 MeV < E., < 550 MeV. For the region E., > 550 MeV the analysi
was restricted to the data from 1979 because of the worse resolution at high energy i
the 1980 data. For the same reason the search for structures corresponding to pp — =
+ X {which is visible at higher energies only) was limited to the 1979 data sample.

The analyses of the processes pp — « + X and $p — #° + X described below require
an estimate of the shape of the inclusive ~-spectrum. As the detector is modulas
and the shower properties are such that the energy is distributed in several modules
the v-spectrum had to be constructed off-line after the data-taking was finished. Thi
estimate and the construction of the resulting from background processes were commo:
for both analyses and consisted of the following steps.

1) Off-line reconstruction of the energy spectrum including final calibration and sta
bilization.

2} Monte-Carlo (MC) simulation of the background originating both from known twc
and multi-body final states.

3) Parametrization of this background.

The analysis of the singles -spectrum is described below in two parts (pp — v + 1
where X is unknown and pp — 7° + X’ where X’ is a known meson).

Off-line reconstruction of the inclusive singles y-spectrum

The modular structure of the SECTOR and the nature of shower preduction distribute
the energy from one ~ into several modules. Thus, the energy deposited in differen
modules had to be added up. To do that in a consistent and correct way we had t
intercalibrate the modules absolutely and keep track of any drift during data-taking
Furthermore, we had to veto any charged particles and assure that one and only one
is measured. This was done with the veto plastic scintillators and some topological cut
in the algorithm used for adding the individual energy information from each module

The first step in the off-line analysis was to establish the absolute intercalibration. Th
was done with data from the reactions

(TP ress — 1Y and (T7P)rest — nT°— nyy

taken before each run period as described above.

We found a calibration factor a, for each module (¢) in the following iterative wa
Starting with the rough source calibration by setting all) == 1 we calculated the pea
position ¢, for each module whenever that module contained more than 60 % of tt
total energy. Now a new calibration factor al® could be calculated as



(2) - (E had CV)
a,; 1+ -

where € denotes the average peak position. The process converged satisfactorily after
three iterations. This procedure worked well for the inner 24 modules but for the other
30 a small correction had to be applied o correct for energy escapes. This correction
was estimated with a Monte Carlo simulation using the program EGS [531, The result
of this intercalibration can be seen in Pigure 17a, where we in this way obtained an
FWIHM of 5.5 % as compared to 12 % from the rough source intercalibration. The
energy scale was determined from the peak position 129.4 MeV for 77 p ~+ ny and the
two box edges (54.9 and 83.0 MeV) from 7 ~p ~» nm® — nyy corrected for the detector
resolution. In the final fitting procedure we could also check the calibration at 774 MeV
and 938 MeV (see below).

Figure 17
Result of intercalibration (from paper 1)

The spectra from the reaction 7~ p to nr°and 7~ p — nv [{a) as obtained from the calibration
run, (b} 2 month later]. Open dots (O) in (a) show the 129.4 Mev peak as obtained from the
source calibration alone. Open dots (O) in (b) show the 129.4 MeV peak as obtained without
light-pulser correction.
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To maintain this calibration during the whole dafa-taking period we used the data
taken with the light-pulser described above, Tests showed that the modules were stable
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over the data-taking period in 1980, but corrections had to be made for the 1979 dat:
As we stored the real time for each event on tape we prefered to have a continuou
time-dependent correction in order not to introduce any discrete effects in the energ
spectra. Thus, we constructed a time-dependent reference value

PrLefJf(O) 'Psource (t)
Pi"‘}{(t) : PSourcc(O)

Aper(t) =

where P*/ is the peak position of the light pulser signal for the reference and P Soure
is the source peak position for the reference. From this reference value the final tim
dependent calibration factors a, were obtained for each module as

a, = Pip(0)
AresPip(t)

The result of this stabilization can be seen in Figure 17b where an improvement «
almost 50 % for a two month period is displayed. For stabilization "switched on” w
got a FWHM of ~ 7% for a period of two months, as compared to = 11% withou
stabilization. The resulotion 7% should be compared with the value of = 5.5% obtaine
as best value at the start of the period.

Before the final adding of the energy output from the modules there were some cut
applied in order to avoid the counting of double hits and to obtain a good resclution fo
showers, Thus, one of the inner 24 modules, the trigger module, had to contain at leas
40% of the total energy registered in each event. Further, the trigger module plus it
twelve closest neighbours had to contain 90 [1 - exp { -E (MeV) /58) | % of all energ
deposited except for the lowest total energies. Only the trigger module plus the tw
neighbouring rings were added to avoid noise from modules into which no part of th
showers could enter {Figure 18). No event with the plastic veto counter firing was take
into account.

Using this process of adding several modules which were individuvally stabilized off-lin
we got a reconstruction of the inclusive ~-spectra which above 70 MeV was energy
independent, giving a resolution of 3.3 %/ ¢ E(GeV). This result couid be kept almos
stable for several weeks.

Tonne analysis

The Tonne-detector was the result of an attemnpt to construct a simple and fairly chea
facility to measure the charged and neutral multiplicity related to the pp annihilatio
in a relatively large solid angle. It showed several drawbacks, e. g. (i) charged particle
might give & signal also in the neutral photon detector, (i} photon showers might sprea
into two or three adjacent detectors, (iii} there was no coincidence requirement for th
charged particle detector which lead to noise and efliciency problems, (iv) geometric:
overlap made it possible for charged particles from: certain annihilation positions in th
target to fire two charged particle detectors, (v) the detector did not cover the full soli
angle.



Figure 18
How the modules are added up.

We see two rings of *12” and "24” modules around the module hit, i.e. the one with most
energy deposited in it. These rings are added up separately and compared with each other and
the total energy. The distribution has to be reasonable in order to accept the event, In the
right case some of the inner 24 modules come outside the physical detector.

All these drawbacks made it difficult to uniquely determine the charged and/or neutral
particle multiplicity of a given event. Furthermore, some effects were so difficult to
control that a reliable Monte Carlo simulation could not be made. The conelusion is
that unfortenately we were not able to use this detector for any quantitative analysis.
As an example the full linear spectrum is compared with the best approximation of two
charged particles as a recoil to the detected ~-ray in Figure 19, which shows how the p/w
"hox” hecomes visible for the unguided eye. However, the fit quality and normalization
are better for the original spectrum due to the Tonne detector limitations discussed
above.

Monte-Carlo simulation of annihilation channels

A Monte-Carlo simulation of the +-ray spectra expected from the annihilation channels
as known from bubble-chamber experiments {Table 1) was performed in two steps both
dealing only with phase-space and containing no apparatus effects.

The many-body channels marked MC in Paper II, Table 2 were simulated by the CERN
standard routines for many-body decays. They were then added in the correct propor-
tions. As the purely neutral channels were poorly known it was in this step assumed
that these channeis — as well as other ones containing strange particles - did not
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- change the spectral shape in any significant way This assumption is correct in a fir:
approximation beacause of the weak intensity of these channels,

The v-spectra from a two-body channel of the type #° or n - one other particl
(7%, 0% 1, w, v,...) can be described analytically as a monoenergetic n° or % decayin
into two ~y-rays, giving a box-like distribution in the laboratory system ({see Appendi
A). The spectral intensity of such a channel v is given by the expression:

T.. | RN
By (Eq) = Bpporab =~ 2B (E) + 2l *B(E,)

I‘tot. I‘%}Ot
and where B*?(E,) is defined by the function:
Na,b
B*P(E,) = W for . B2 <E,<EX"
ma min

where N',‘;’b is the number of monoenergetic y-rays into which the particles a or b deca
at rest.

Parametrization of the many-body final state background

The simulated spectrum from the known many-body final states was fitted with th
following purely phenomenological shape function:

f(Ey) = N (B — By} - et o+ (B — £,)%2 - e 4 B - e20B]

where By = 938.28 {MeV) and N is a normalization constant (the average number of -
rays per annihilation). The other six parameters were fit parameters and were kept fixe
after this fit. The it gave a x?/df of 1.33 with the following values of the fit parameter
oy = 4.1548, oy = 16732,  og = —0.0327 (MeV—)), B; = —33.4048,  f -
—10.9818, B3 = —0.,006921. The average number of ~v-rays from pp annihilatio
N, is a sum of several N; (one from each channel). With N; = R;N,,, where R, is th
branching ratio to channel i and N.,, the average number of y-rays from this channel, an
using our final results giving 0.11 ~-rays per annihilation from two-body annihilatior
we get N = Ny - 0.11 = 3.82 (£0.24), where N, is the average total number of ~y-ra;
as found from Paper II, Table 2 (or calculated from Table 1 in this thesis).

The total v-spectrum from the pp annihilation at rest was then assumed to be a superp:
sition of the many-body final state MC-spectra and the two-body final state (analytica
box-shaped spectra. Thus, the final spectra to be compared with the measured spects
had the form

F(Eq) = Aolf(Ey) + I, R, B, (E,)]

where Ag represents the total number of annihilations contributing to the measure
spectrum when the intergral



Figure 19
Result from multiplicity counting

The spectra shows the raw spectra and our best approximation of two charged particles and
no neutral particles in the TONNE. One can see the upper *box” edges from the annihilation
channels: pp— 7%+ p/w, since p (and w) decays inte low multiplicity channels.
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> B(E,)
fﬂ T

was normalized to be the average number of ~y-rays per annihilation N.. The value of Ay
was determined by fitting F{E,), after folding with the experimental energy resolution,
to. the measured spectrum in the range from 400 to 600 MeV. The number 0.11 for
two-body annihilation was the second free parameter determined at this moment. The
accuracy of this determination of Ag was 1:5% and independent of errors in solid angle,
stop rate and other experimental parameters.

Analysis of two — body final states at higher energy

After fitting AP**(E,} = Ao ¥, R, B, (E,), folded with the resolution of the apparatus,
to the measured spectrum minus the many-body background {(E,), the only remaining
free parameters were the searched branching ratios R,. Unfortunately, all R, are not
independent. Particularly the n meson channels are strongly correlated with #° for the
same recoil meson, The 7°p° channel interfered with the resolution and was thus not
treated independently. Variation of the parameter o, showed a correlation with %
and 7% yields but no other channel, but the parameter was still kept fixed as derived
from the Moute-Carlo calculations.

The channel 7°p° was well known from bubble chamber experiments. Thus, during the
final analysis we kept it fixed, but for tests we also varied it in steps for different detector
resolutions. The value R(pp — n%p°) = 1.6 % adopted to the final fits is higher but
compatible with the values listed in Table 1 and favoured by the present data. We also
kept the favoured value for the resolution 5%/ /E{GeV) fixed for the final fits.

It was impossible to resolve the channels {n -+ meson) and (7% + meson). Instead we
used a fixed ratio n/x® of 0.16, taken from bubble chamber data {Table 1). In order
to estimate systematic errors the n/s’ro ratio was also varied in steps between the limits
0 < 5/m° < 0.33.

Also the 7%7? channel was kept fixed with a branching ratio of 0.4 %, a value favoured
by our error analysis (see below) and one earlier measurement [6] but in contradiction
to another one [5].

The fitting was then done similarly for the channels 7%/, %, 2%, and #%~.
Errors

In order to get a good fit we had to introduce one more parameter which we treated
as a hypothetical process pp — #°X or vX where myx correspond to ~ 680 MeV.
For the fitting procedure this two processes worked equivalently well but if they were
real physical processes, pp — #°X would have been strongly favoured. The statistical
errors were obtained from a MINOS [54] error analysis. To estimate systematic errors
we used the maximum and minimum values for each branching ratio obtained under
different conditions for the following "fix” parameters; the #%7Y branching ratio, the
7%p° branching ratio, the /7 ratio, the detector resolution and the constant s,

The results summarized in Table 7 were obtained in an all-parameters-free fit but with
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the above-mentioned restrictions on the channels $p — 7%7°, z%% and the /= ratio

To obtain a reasonable y%/df we had to introduce a correction which however alsc
could be an unknown particle with a rest mass ~ 680 MeV.

Analysis of the two — body final states at lower energy

For the region below 400 MeV a small background remained after subtracting the MC
distribution which was probably due to the absence of purely neutral and strange chan
nels in this background distribution. After subtracting a smooth function {a thirc
degree polynomial} the remaining structures were fitted with all parameters free excep
for the width which was limited downwards by the detector resolution. The structure
then found were only considered as candidates of the process pp — ~ 4+ X rather tha
pp — 7% + X, although some unsuccessful attempts were made to fit & box edge insteac
of a line shape,

The results should be compared with the data obtained in a previcus experiment [18
made by a Basle-Karlsruhe-Stockholm collaboration (see Paper Ifl, Table 1 and Figur
1). We found similar structures but the yields were systematically lower in the ney
experiments. Further, we found new structures with a similar significance. These nev
results do not contradict the old data since the statistics in the former case were mugcl
lower and the efficiency not energy-independent. Although no single experiment con
firmed structures with a high significance the significance of the combined experiment
is quite high since the experiments should be considered as independent.

As a conclusion we confirmed two narrow structures at energies 1694 and 1638 Me?
also found in an earlier experiment but then with a higher yield. We also measured th
branching ratios for the annihilation channels pp — #°w, x%n, 7#%%°, 7%y and an uppe
limit for pp -+ «%)’ in an analysis of *box edges”.

Analysis of pHe — ~ + anything

Having indications for several narrow states from pp annihilation at rest, the mos
natural continuation was to study the p annihilation on nuclel. Hence, we studied th
reaction (piHe)pest — ¥ + X + nucleons by measuring the + spectrum in the sam
fashion as we studied the pp annihilation.

In 1979 we stopped about one fifth of the available antiprotons in *He. We treate
these data in exactly the same way as the Pp data described above and after calibratio
and stabilization we obtained the raw spectra in Paper II, Figure 1 {(and figure 19
A comparison with pp data shows a similar shape but the energy range is extende
to 1150 MeV. Furthermore, the spectra has a monotonic increase towards the lowe:
energies. Finally, one can see that the ”p%, w box” is less pronounced.

The very similar shapes of the raw ~ spectra from pp and pHe suggest that the annih
tation mechanisms are closely related, In order to relate the spectra quantitatively w
adopted the working hypothesis that the antiproton annihilates on one single nucleon

The main differences between p annihilation on p and “He is that the antiproton ca
annihilate on both protons and neutrons and that the neutron are not at rest, b
perform a2 Fermi motion. The implications of the possible annihilation on neutrons Wi
be discussed later.
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To estimate the number of ~~rays per pHe annihilation we assume that the multipionic
final state branching ratios are the same for pp and pn annihilations. Then charge con-
servation implies that the number of vy-rays per annihilation is the same for pp and pHe
for ali the channels in the Monte-Carlo calculation. The continuous background thus
obtained plus the contribution from two-body final states scaled from results obtained
as described above (see also Paper IV, Table 1} then leads to a y-spectrum in the pN
rest frame. However, the pN system was not at rest when annihilating, since the nucleon
performes Fermi motion and since in addition the p gains momentum when falling from
an atomic orbit.

When we took the Fermi motion into account {defails in Paper IV) we were able to fit
the experimental spectrum with the shape based on the p data with only two new free
paratneters, the number of annihilations and the total branching of two-body chanmnels.
Also in this case there had to be an arbitrary contribution at low energies.

After subtracting the background one ¢learly sees two peaks in the region 100 - 300 MeV,
The fit shows that those peaks are compatible with or slightly broader than what could
be expected by the detector resolution plus the Fermi motion and the above-mentioned
momentum gain.

The somewhat lower v-energy for the peaks in the pHe specirum is compatible with the
binding energy difference between the initial state and possible final states of *H or 3He
in one case and ®H or 3He or 3N in the other (here 3N denotes three free nucleons). The
yield, = 1 %, was about three times the yield from pp, but no structures corresponding
to 100 and 550 MeV could be seen. This is, however, compatible with different possible
assignments of the isospin for the corresponding states. Thus, only I > 1 states would
be visible in iHe with our present statistics. The increased widths of the peaks can also
be an indication of a possible charge splitting,

Coincidence analysis

The two y-rays emerging from a decaying #° or  are correlated, and having two y-energy
calorimeters enabled us to measure pp — #° + anything and pp — % -+ anything.
However, for several reasons the effective solid angle for such a measurement becomes
very small and we detected only about 10° true #° and still fewer n. Thus, the ex-
periment should be seen mainly as a pilot test for a further experiment at LEAR (see
Appendix D).

There are three decay parameters (see Appendix A and B) describing the #° (5) decay:
E.y, BEq, and d4,4,. From those parameters there exist several possible estimators to
estimate the =% or n energy. However, most of the ~-rays did not even originate from
the same 7° or n. Figure 2 in Paper V indicates that in the invariant mass peak region
for 7° there was a signal to noise ratio of 1 to 3 and for the 5 the situation was even
worse. Assuming that all y-pairs were uncorrelated we could estimate the background
for the invariant mass as

backm = Fl(qu)FZ(E’TQ)

where Fl(E,h) and Fz(E,m) were individual shape functions for the two detectors. The
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normalization of this background was taken from regions well outside the physical ir
variant masses, since estimates based on solid angles are good only to = 20 %. In thi
way we could identify 1000 £ 55 7° and 272 + 48 7.

After cutting the invariant mass spectra the 7% and 5 energies were estimated by th
sum Bpe 5 = Ry, + B,

The resulting (Figure 4a in Paper V) spectra still contained about 2/3 backgrounc
However, with the estimator above it was simple to estimate the background. Th
final 70 total energy spectra were, as expected, dominated by a Panofsky peak a
138.3 MeV. For higher energies the very unfavourable detector efficiency decreased th
number of counts and we could only give an upper limit of 8 % for a reaction pp — =
+ X (mx = 1650 MeV) where the 7% total energy corresponds to 220 MeV.

As regards the 7 we could detect them only in the most favourable region and as nothin
was known earlier about the shape of the 5 spectrum this result was not conclusive.
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CHAPTER 5
CONCLUSIONS AND DISCUSSION

? Torty-twol® yelled Loongquawl. ‘Is that all you'’ve got to
show for seven and a half million years’ work?’

‘I checked it very thoroughly,’ said the computer, ‘and that
quite definitly is the answer. I think the problem, to be
quite honest with you, is that you've never actually known

what the question is.’”

DOUGLAS ADAMS, The Hitchhikers guide to the gelexy

In spite of the large effort spent on studying certain aspects of the pp annihilation it
is not well understood. In particular the knowledge is poor about Pp going to only
neutral particles and pp resulting in many neutral particles + charged particles. In the
stage of evaluation there are several experiments at LEAR which will hopefully give
very accurate new information on such processes. Before this facility was constructed
we were stimulated by other related works and performed a study of Pp annihtlation at
rest for three particular cases: (i) pp -+ #%(or 5) - one other particle, by studying
the ~-rays from the decaying #© or 7, (i) pp — 7¥ or n + one other particle, by
studying the decay ~-rays from #° or n in coincidence, (iii} pp — < -+ anything,
searching for monoenergetic v-rays which might reveal deeply bound nuclear states or
four-quark states (Baryonium). {iv) Finally, we studied the p*He annihilation at
rest searching for monoenergetic ~v-rays with the alm to reveal any isospin dependence.
A summery of the data can be seen in Figures 20 and 21.

{ i) The process pp — 7° [or 1)+ one other particle was siudied by the detection

of one of the decay ~-rays from the #n° or n. This enabled us to measure the
annihilation channels pp — #%w, 7% and 7%y, Whereas the 7%+ branching ratio is
in accordance with the expectation of the vector dominance model, the large 7%
branching ratio is surprising. Thus, the S-wave dominance in pp annihilation at
rest does not seem to hold. This conclusion is also supported by the large #%y
branching ratic and the mere existence of the #%#® channel . Tt was not possible to
distinguish neither pp — 7#°w from pp — nw, nor pp -+ x°n from pp — #n, and
thus an overall ratio for #/7° had to be used. Our upper limit for this ratio (0.50)
could possibly explain some of the 7°w as coming from nw. However, it can only
decrease the pp — 7w yield by 0.5 % and would then still be in disagreement with
other experiments {55] on inclusive n production. One feature of our data analysis
which has to be explained is the need for introducing the channel pp — «x°X°
with my = 680 MeV. The omission of this channel would increase the 7% vield by
a factor & 1.5 which does not seem very plausible. It would be very tempting to
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Figure 21
Summery of "box” channels (from paper II).

Uniform distributions, folded with the resolution as obtained from the fitting.
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assign this effect to a particle in the Glueball ground state. However, at this stage
we treat it rather as a correction of the background and other explanations have to
await further studies at LEAR.

( 1) The study of 7° and n with coincidence technigues. The count rate with this set-
up was only enough to make it possible to detect about 1000 irue =% and 275 true
n. An upper limit for processes of the type p — 7% + X° (here X° is any neutral
particle} of 8 % in the low energy region (E!Sf < 250 MeV) could be obtained.



52

{ iii) The search for monoenergetic y-rays from pp annthilation. Although the resu
of our experiment does not fully confirm the yields claimed by Pavlopoulos et 2
[18] for the processes Pp — ~ + anything, where B, = 180, 220 and 420 MeV, v
found structures in the 4-ray spectra at the same energies but with less yield. The
could be several explanations for this observation. The main reason is probably th:
the trigger conditions are different and the yields from the experiments describe
here are normalized and with an unbiased trigger, whereas the old experiment 1
Paviopoulos required at least two charged particle hits in a simple charged partic
counter set-up around the target. Thus one has to conclude that the peaks at abos
180 MeV and 220 MeV appear in the spectrum but with lower yields than fir
measured. For the 420 MeV peak the situation may be somewhat different du
to the E/. mesons, which should appear at 380-400 MeV. The structure in t}
420 MeV region in Pavlopoulos’ experiment could possibly be due to a recoil of oz
or both of these mesons because of the calibration uncertainties and trigger bi:
involved in the experiment. In our experiment the energy calibration is much bett
but as the trigger is unbiased we cannot make a definite conclusion. It would nc
be possible to fit and resolve two broad structures in our data even if we knpew ;
advance that they were present. In a future experiment one would have to detet
other decay products in order to separate E and ¢ and other possible states.

( iv} The search for monoenergetic ~-rays from pHe annikilation at rest. We fin
two prominent peaks in these data, both related to the previous findings in o
annihilation data. The yield for these peaks is about 3 times higher than in the P
case. This and a slightly larger width than the calculated one might indicate tt
presence of states with I > 1.

It should finally be concluded that the appearance of monoenergetic y-rays of energie
72 180 MeV and ~ 220 MeV in three different experiments on hydrogen and or
experiment on helium can be interpreted as long-lived objects with masses =~ 1690 an
~ 1640 MeV. However, it must be admitted that so far it has not been possible %
confirm these results in experiments of the type pp — X* + z¥F and pp — X° + 0. ]
can therefore not be excluded that the y-ray peaks at 180 MeV and 220 MeV originat
in processes which we have not been able to identify. Thus, it is still an open questio
if Baryonium states are narrow objects or so wide that they disappear in the y-ra
continuum, if they exist at all.



53

APPENDIX A
SOME KINEMATICS FORMULAE

* A lord of wisdom throned he sat,
swift in anger, quick at laugh;

an old man in a battered hat

who leaned upon a thorny staff.”

J.R.R. TOLKIEN The Lord of the rings

A.l_Notation and some bagic formulas

The experimental methods used this thesis are based on a few very basic principles of
physics, energy and momentum conservation and Lorentz invariance. Below follow a
few results which are easily derived from those principles. For a detailed description see
any basic textbook in elementary particle physics [56]. We use the four-vector X with
components (E, p) where E is the energy of the particle and p the three-momenta and
Ip] = p. Also, we use the usual convention where # = ¢ = 1 { Planck’s const./27 =
speed of light = 1).

A.1.1 Conserved quantities

The total energy is conserved Eypy = Ey + ... + Ep.

The total momentum is conserved piyt = pP1 + ... + Pn-

The rest mass is invariant m% = E? — p? for one particle. Note also that E = p in all
frames for a massless particle.

A.1.2 Lorentz transformations
A.1.2.1 Lorentz transformation of energy and momentum

If the four-vector X is seen from a second frame with relative velocity # in the z direction
the components X' in the second frame are

E' = 4K - f~p, P = ps — BB,
[ A L —
Px = Px py - p}'
here
W , 1
,Y = -
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A.1.2.2 Lorentz transformations of angles
A.1.2.2.1 General

We can find the transformations for angles from the relation above. Suppose that
particle s moving with an angle « relative to the z-axis in frame A, and «' in fram
A’, and let * denote that a quantity is calculated in the primed frame. We see that th
transverse component of the momenta is equal in both systems

pr = /P + pi = p

We get

(_PT psin o
tan o = =

i
E N+ ' peosa+ Gy R
A.1.2.2.2 The Lorentz-transformation for a massless particle (photon)

For a massless particle where E = p in both systems we can also get another relatio
used below,

Consider a photon propagating at an angle @ relative to the 2-axis in system A, and a

angle ¢ in system A’. Then we get the relations

&zp_;:"f‘(l)z—lmﬁp) _ cosd+p
p E 4.-(p+Ppsy) 1+ Pcosd

cosd’ =

A.1.3 The two-body decay kinematics
A.1.3.1 Introduction

The distinctive feature of the two-body decay is that if the total energy {and momentum
of the initial particle is known, the decay is completely determined by measuring one «
the decay particles. This important theorem in physics has been the ground for sever:
spectacular discoveries, ¢.g. the postulation of the neutriro [57] by Pauli when th
e~ -spectrum showed properties which could not be explained by two outgoing particle:

A.1.3.2 Tormulas
In the rest frame of the decaying particle, energy and momentum conservation and som

algebra yield:

M? + m? — m2
By =T
2M

2 “1iM2 = (m; = my)*
1p1I:p:\/{M (ms o ma) 2 — )]
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Figure A.1
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Thus, in our case, by detecting one outcoming particle fromn pp annihilation at res
we have an enhancement in the energy (or momentum) spectra whenever the energ
corresponds to a two-body decay. Specializing to one massless particle (e.g. photon
we have the mass and momentum for the recoiling particle

2

/ my
My = 4mp (mp - p"f) Px = p,r = mp o 4mp

in Figure A.1 this relation is shown graphically and with possible non-strange reco
particles indicated.




APPENDIX B
SOME DECAY PROPERTIES OF THE »° AND THE 5

*Hunc mundum tipice laberinthus denotat ille”

? Intranti largus, redeunti sed nimis artus”

UMERTO, ECO I nome della rosa

B.1 Decay properties for #% and » to ~+y

The 7% and  decay to v+ with a branching ratio of 98.8 % and 39.0 %, respectively. The
lifetimes and masses are 81017 5, 8.107'9 5, 134.96 MeV and 549 MeV, respectively.
Below are given some of the decay properties 7°— v used in this thesis. The figures
consider 7° but all formulas are also true for 7YY

For a 7% decaying in the CM system with the parameters 8y, 05, v; and v, where
01 + 05 = 180°, the formulas in Appendix A give us Eqr = By = Mo /2.

oM

After calculating the quantities in the lab frame moving relative to the CMS with

5= B

ol iraob

they are denoted 87, 0%, v1, 72 and 8} + 0, = (51 2. We want to calculate E’ , B, and
12 Yo, Vi i 2 ) 1y Laqg
wi1,2. From Appendix A we know that

; _cosf+ ;A —cosd
cosfy = s and thus cos fy = 13 Beosd’

Now we can calculate



~ B*1sin® o) - 1

©1,2 P sin g
cO8 = =
p1.2 1— f8%cos?d ®

2 \/1-ﬂ2c0520

and co

Minimizging this we obtain

cos (m) =f or €08 ©1 2min = 20° — 1
2 min

and Gy = 180°.

The energy B, and E/, for the extreme angles are {from Appendix B.2)

!

o e B8O
Yye1,2min T T
and L
' _ ' ' ' Y '
Smax T E(En’“ + pvr") ~min = (E'.-ro - p1r°)

The energy distribution is uniform between these extreme values and vanishes elsewher
{proof in Appendix B.2)

Finalty, we give the probability for a decay to @52 from ref. [58].

1— (% cos {ip1,2/2) O[F2 — cos? (p1,2/2)]

Wlene) = =55 (P1,2/2) (/8% — cos? (p1,5/2)

with ®(x) = 1 for (x > 0) and = 0 for (x < 0).

Those parameters are summarized in Figure B.1.

B.2 THE BOX SHAPE OF THE {(monoenergetic) »° DECAY SPECTRA

Theorem:

The energy distribution of a massless particle originating from the two-body deca
of a monoenergetic particle is flat between a maximum and a minimum value and
elsewhere,

The proof below considers #°— ~v but it is of course true also for 7 — ~v. A sma
modification shows that the single v from i.e. w — 7%y is also getting the same be
distribution.

Proof:

We consider the decay «° -+ 4. In the #° rest frame (denoted by *) the emitte
gamma rays are monoenergetic with BY = pJ = muo /2, and collinear : Py, = ~P5
Their angular distribution is isotropic.
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Figure B.1
The decay parameters for a n%decay into 2’
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The number of gamma rays emitted into a CMS solid angle d01* is

an*
ANy = 2Ngo - ——

1 ‘
with the nermalization /dN,\, = 2N“0:1_7F f AN = 2N,
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In order to prove that the inclusive gamma spectrum has a rectangular shape, i.e. tha
the number of gamma rays per energy bin is constant, we have to show that the rati
of the CMS solid angle to the corresponding energy bin is constant. This is achieve
by performing a Lorentz-transformation from the #° rest frame to the laboratory fram
and by establishing the relations of the kinematical variables in both systems.

Assume the 7° moves along the z-axis with a momentum p,e, carrying a total energ
Eo. Its relativistic parameters of motion are

g = B _ Ero _ Pmw

5
Eno Mo Mo

1
Note that n = gv AP = ;s V= 1= (e 1)y~ 1) = §7y? (1

The Lorentz-transformation for the energy and the momentum of a gamma emitted int
any direction iz given by

E+E*
v+1

*

E* = 9B — np p'=p-n-

{Lab — CMS)

If & denotes the emission angle formed with the z-axis we can write
3 =B —p c0s6 = 4K —~ 3B cosb = LE(1 - B cosé)

r* 1 myo 1
E—7.1mﬁcosﬁ_~2:r.1—,6cosc5 (2

The gamma ray has a maximum energy if it is emitted in the forward direction (along th
70 trajectory): Bmax = E(6 =0"), while it achieves its lowest energy under backwar
emission: i, = E(6 = 1807 ).

These energies are, respectively,

Mpo L Weo 145 1 =Ll
2 1= 2y a=pars 2 A= 5B tee)

Enm.x il

1
Emin = E(Efr" + quU)-

One also obtains

dE  E* B
dcosd v (1 — Beosb)?
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The momentum components are transformed as

Px = Px Py = Py
*_.. E+E*—_
P; = Pz 77’7+1 =
pcosﬁwL[E+ﬁE(] ~ Bcosb)] = Lcosé — nk (14— fycosd) =
s | Y41 '
1+v By n?
E § - n{—— — o5 §)| = Elcosd — (17 — 6
[cos n(thl ST )] [co {n "H_lcos 1]

Using (1) we then get

p; = Elcos 6 — {n — (v — 1) cos 6}] = —E(n - ycos )

pz = —+E(8 — cos §). (4)

The relation between §* and & is obtained through

=

y o ~E (8 — cos §)
= e
cos p* B+ ~E {1 — Fcosé)

1 B% — Beos __“1mﬂ2-1+1——ﬂcosﬁwml( BE—1 1)‘
= -3 ,

Al -Poosd) B Feosb) T Feoss T

s {1 e
cos é =57 (1-,8c055 'y). {5)

Now we can derive the relation between the solid angles in the laboratory and CM-
system. Since

dQ} = sin §dédp dft = dcos § dp and dip = dp*

d*  deosé™ 1 Fi)

A0 T dcoss T B (1 - fFcosé)?

da 1 1
R C Cy T oL ©

By comparing eq. (6) with (3) we find the relation between the CM solid angie and the
corresponding energy bin:
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v 1 4B _ 1 dE, 2 dE
A T BB deosd | AyEr AN P mpepyan ¥

2
Pro

dt* =

dE dy

Hence the number of gamma rays per energy bin dE is proportional to the corresponding
solid angle d07* but independent of the gamma energy in the laboratory frame. Thi
was to be shown.
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APPENDIX C
COINCIDENCE BACKGROUND

*Det &r skénare att lyss till en stréng, som brass,
an att aldrig spénna en bége.”

HEIDENSTAM, Akallan och lifte

The coincidence spectra did only yield in a weak upper limit for the process pp — =%+
X0 where my = 1650 MeV. This result is due to the low coincidence count rate and the
fact that in most events the two «-rays do not originate from the same =°. In Figure
C.1 we show a method [59] which visualize the 7° in the coincidence spectrum with the
following description: from the matrix of v — = coincidences M;; obtained under the
assumption of no correlation between the vy-rays. The matrix of correlated events ANy,
is then constructed as

SN X Niy

A= Ny = My = Ny - ik N

{; AN;; < is put to 0 in the display)

Although this procedure is not entirely correct, since the N;; matrix does contain cor-
related events, it is clearly showing in Figure C.1 that we are able to study #° spectra
with this coincidence technic at LEAR.
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Figure C.1
Coincidences before and after subtraction of statistical background

400
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APPENDIX D
THE QUARK CONTENT OF THE ORDINARY MESONS

”He stood upon the bridge alone
and Fire and Shadow both defied;
his staff was broken on the stone
in Khazad-diim his wisdom died.”

J.R.R.TOLKIEN The Lord of the rings

THE SUi6) WAVE FUNCTIONS

7= urd; —w d; - druj+dpuy),
" = IVE (gl + g8y + gy — dydy = deddy + Gyuy — Goug + i)
7 =~ (dyiiy ~d, iy~ gl + Gydy),

; =\/I(u;a¢+aTU1}
b dugd; 4 updy +dyug + djug

\’f uldl + dl‘ll]_} »

'b
Ti IE

A
22}
p1 = 3 {~upliy — ugly +dedy + dydy),

l.‘ ;'\/( —ugily u¢ﬁ1-—ﬁTui—ﬁlu,+d7c—ii+dla1+31d1+aid1},
1

2

(g — gy +dd g +Hdidy),

i!

ol
pr = ~VE{d§y +id;),
o = ~5(dyiny + i+ Tdy o+ 8yds)
pi =—Vidia +u,d)),
wf =3l + Bpug + didy +didy)
©2 = 5/E (0,0, + i, + G+ Gyup - ded, 4 dd; +dedy + dydy)
@ = Sty + oy +dyd; + dydg)
n° =3 vh (uyDy = uyy ~ Byuy + Gy +dyd, — dydy - dydy +dydy)
P = J;—E{z('utdlu1+d1u1u; +ugupd;)
— (wydyuy + ugugdy + dytsug +dpugug -+ ugdyuy +ugudy)},
pu = Via{(uydyu, + upuydy +dyugy
+djugug +ugdiugHugued;) - 2ugdeg + dpuguy +ougdy}
= ViR 2(dyuyds + uydyd; + dedyuy)
+ {dyupdy +ddyuy +upddy + ugddy + dyud; + dyd e},
ny = VT~ (druyd; + drdiu + uidyd; + wydydy + dyuydy + dydyy)

+ 2(duyd; + wydyd; + dydyugj .
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APPENDIX E
PAPERS I-V

?] like to work: it fascinates me. I can
sit and look at it for hours. Ilove to
keep it by me: the idea of getting rid

of it nearly breaks my heart.”

JEROME K. JEROME, Three Men in a Boat
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A detector consisting of 54 Mal (T1) madules is described. The detector has been optimized for the detection of 20-1000 MeV
photons. An energy resolution (fwhm) of 5.5% at 130 MeV could be altained, and the stability has beea better than 1% over several

months.

1. Infroduction

The detection of medinm-energy (20-1000 MeV)
photons with good eaergy resolution and high efficiency
presents certain problems. As a matter of fact, lead—glass
detectors are not suitable for the lower part of the
energy domain, and the upper part requires big volumes
in order to contain the photon shower. In the past, large
monocrystals of Nal (TI) were used with some success
[1]. However, their main drawback is the lack of identi-
fication of multiple hits, Also, it is difficult 1o achieve a
good uniformity of light output for very large crystals.
A pood solution consists in using & medular Nal detec-
tor such as the Stanford crystal balt [2].

For the measurement of y-ray spectra produced by
the pp system at rest, we used and optimized such a

*

Now at BBC, Mannheim, Fed. Rep. Germany.

Now at ESQO, Garching, Fed. Rep. Germany.

#ek Now at CERN, Geneva, Switzerland,

On leave of absence from the Department of Physics,
Universily of British Columbia, Vangouver, Canada,

»

"

0167-5087 /83 /0000-0000,/803.00 © 1983 North-Holand

modular detector [3]. In addition te good encrgy resolu-
tion for the whole energy domain (20--1000 MeV} and
good multiple-hit rejection, the detector had to present
very good long term stability since the experiments
Jasted several months.

Good energy resolution was achieved in three ways:
i) by having a large volume of Nal to contain the
photon shower, and by the rgjection of photons whick
did not hit the central part of the detector; i) by very
good uniformity of the light output for each module and
a minimum of material between modules; iii) by very
accurate energy calibration of each module (at 130
MeV) and control of its variation with time by use of a
light pulser.

2. Experimental set-up

The photon spectrometer is composed of 54 modules
(Nal and photemultiplier tube} assembled in a sealed
housing, a light pulser for calibration and stabilization,
and the associated clectronics.
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Fig. 1. Cross-scction of & detector moduie.

2.4, The Nal modules

Fig. 1 shows the drawing of a typical module. Each
modute has the shape of a truncated triangular pyramid
and is made of polycrystalline pieces of Nal (T1) (poly-
scine} *. Owing to the geomelrical arrangement of the
54 modules (see next subsection) there are differences
up to 12% in the dimensions and thus in the volume of
the crystals. They are wrapped in white paper and then
in aluminized mylar {for optical separation) covering all
faces, except for a 50 mm diameter hole in the large
triangular face into which is fitted the first air light-guide
bhetween the crystal and the glass window of the hous-
ing. A second air light-guide connects the window and
the photomultiplier (PM) tube, A smail lateral hole in
this light-guide allows injection of light pulses via a Jight
fibre (see subsection 2.3}

The PMs were seri-fast, 50 mm diameter, 10-stage
tuhes of the type SRC LSOBO1 or RTC XP2202B,
shielded magnetically by 1 mm p-metal and about 5 mm
of iron.

The specifications for the enesgy resolution and light
collection uniformity of the Nai crystals were the fol-
lowing: 14.5% fwhm energy resofution for 661 keV
photons irradiating the small {front) end of the module,
and +2.5% longitudinal light collection uniformity for
collimated 661 keV photons irradiating the crystal later-

* Manufactured by Harshaw Chemical Co., Solon, Ohia,
USA.

I S S N i

AIR LIGHT SUIDE

SEALED GLASS WINDOW

REAR PLATE ([AL)

AIR LIGHT GUIDE

MUMETAL SHIELD

{RON SRIELD

PM BASE

FRONT PLATE {STAINL. STEEL}
Nal CROSS SECTION AT X = 0cm
l 10 NaT CROSS SECTION AT X =39cm
i

i

1

W D W

M LIGHT GUIDE {FROM LiGHT PULSER )

T

ally for x=0 to 29 cm (see fig. 1), and £ 1.25% fc
x =0 to 11 em, Tests made before packing the madule
in the common housing showed that they all met th
energy resolution specification, and all but nine mod
uies met the uniformity specifications, Fig. 2 show
typical variations of the &61 keV photopeak positio
versus x, Module 44 was one of the nine modules whic
did not meet the uniformity specifications for x =0t
29 ¢m. Since they were reasonahly uniform for th
important first 11 cm, they were accepted but placed o
the outside of the assembly (see fig. 3}. As a matter o
fact, for the experiments, only those photons wer
accepled which bit the inner 24 modules, so the outs
modules (25 to 54) were used only to contain th
shower, and thus their non-uniformity was much les
detrimental.

Firally, it should be noted that the light output of
module js only about 7% of that of a 2” X 2" cylindrics
Nal {T1) crystal coupled directly to the PM. This loss i
light ocutput, mostly due to the use of the two a
light-guides, explains the modest energy resoiution fc
tow-energy photons but is acceptable for the energ
range (20-1000 MeV) for which the detector was de
signed.

2.2. Arrangement of the modules

All 54 modules were tightly packed in a seale
housing as shown in fig. 3. Each crystal was individuall



P, Bl et af. / A modular Nal [T1) detector 253

L Pal s it
A 5%

~3
&L
=

e}
«©
b=

05 photopeok height {o.u)

830 E
810 -
780 -
170} .
1 i E 1 1 H Il
It} it 28 30
Xicm)

Fig. 2. Variation of the photopeak-height procuced by a col-
limated "7Cs source {661 keV) placed at a distance x from the
front end of the MNal crystal. Resuolts for theee module samples
are shown. About two thirds of the modules had jongitndinal
uniformities similar to the one of module 6.

held by screws and pressure piates acting on the large
(rear) end of the crystal.
Fig. 3 also shows the stacking scheme and the num-

bering of the modules. One can distinguish three cone
centric rings: modules 1 w0 6, medules 7 to 24, and
modules 25 to 54, Assembled in this way the detector
constituted approximately 1 sy of the full sphere and
was equivalent to 1/13 of the Stanford crystal ball {2).
in the following, 1he compiete detector assembly will be
called the “sector”.

2.3, The light pulser

The light pulser is shown schematically in fig, 4. The
light pulse was produced by a xenon flash-tube of the
type FX280 *. The shape of the light pulse was tened 1o
be similar to that of the Nal (TI) crystal. The intensity
of 1he light was adjusied in a continuous manner by a
diaphragm, and in steps by a set of six filters placed on
a wheel. Both the diaphragm and the filter wheel could
be posilioned remotely.

The liglit then entered a white diffusion box and was
distributed by 56 light guides of T mm diameter and 2 m
length ** (fig. 5). The light pulses from 54 of these
puides were injected into the air gap of the modules (fig.
1). One light guide was mounted in a similar way on a
2% 2" Nal (TI) PM assembly, but the intensity of the

* Manufactured by EGG Electro Optics Division, Salem,
Mass., USA.
** Manufactured by Fiveroptik-Ham AG, CH 8707 Uetikon
am See, Zurich, Switzerland.

Fig, 3. The detector assembly: at right - stacking and numbering of the 54 modules; a1 Iefl - cross-section A-A. For details of the

coupling between the Nal and the PM, sce [ig. 1.
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Fig. d. The light pulser (schematic). Not shown are the motor und encoder for the diaphragm, and an additional retractable fike

between the diaphragm and the filter wheel,

light pulse was strongly aitenuvated in order to be ap-
proximately the same as the light from the 2 2" Nal
crystat irradiated by a 22Na y-source (1.28 MeV), This
assembly was placed in the same thermalily isclated
enclosure as the sector. The comparison of the light
pulse intensity with the intensity of the light produced
by the 1.28 MeV photons in the 2"x 2" Nal crystal
allowed a precise control of the light pulser stability, as
explained later. Finally, the tight of the last guide was
seen directly by an RTC PMI1910 photomultiplier (18
mm dia) which produced a light-pulser trigger for the
data acquisition.

The FX280 xenon buib was driven at a rate of [ive
flashes per second. At this rate the decrease in light
output was about 1% per week, The fwhm of the peak
produced by the light pulser was 2% to 4% depending
on the bulb sample. Using different filters and di-
aphragn: settings, the whole pulse-height range corre-
sponding to 20-1000 MeV energy deposit in the Nal
crystals could be covered. The light attenuation factors
of the filters were calibrated using the 27X 2" Nal
assembly, the linearity of which was checked with radio-
active sources. In this way the linearity of the module
PMs and the associated electronics was determined up
to 1 GeV equivalent photon energy.

2.4, Electronics

Fig. 6a and 6b show the two types of elecironic
schemes which were used;

The arrangement of fig. 6a {d.c. coupling) is we
suited for bigh counting rates but has two drawbacks:
the PM has 1o be operated with the high voltage at th
photocathode, which induces irreversible gain losses {u
to 5%/day) if the PM in the cathode region is nc
extremely well shielded clectrostatically; ii) the dire
coupling may introduce ground loops and, in cons
guence, noise which prevents the detection of low-er
ergy (some MeV) events.

In order to avoid these two drawbacks, the arrang
ment of Tig. 6b {photocathode at ground potential an
transformer coupling) was used during a later perio
However, in this case the transformer in the anod

[ “NaT {11}
.................. ( 5t")
E
Séx
........ E
et
@,
Lo
=£ prmm {2 o LR TRIGG
B "
LIGHT PULSER em
Wem

Fig. 5. Distribution of the light puises 1o the differeat PMs.



258

P Blivn et al. /A miodlar Nal (T1) detector

“Fusssaooxd asind Jo1oMISp-jEN Y1 10 Pasn SSWALIS JUONIP oL ), 9 BLf

4999]4L Wy 3B SJINOWLIZT3 40 Anno¥d |

ML+~
AH

3SvE Wd 30 ONNCHS 4

HIXIH NIT
LEDIEY
auvelooL  ELY BT nant 950 9 1 Lzo_.._xco_. ugL
23140 233y 3
i R »E3 p.111:33 xgm.v_ﬁ 89 385 MBI xwm B9 X849 89 xmm xwm
g i g ... g gy -8
W
Wi 1E:11T1 l m
u{ol jupot H
AT Mg s __sm 05 _5:5: £ ugup | ot ;
61 WE 0% L !
V219 $H1 Ne 3o L i
yox < YCREL rw oa S T ma ma ¥3 £0 20 53_4 -
I .uoq
METZT SH1 gIGIT d¥X HG 7- L8008
¥3091NL WYIF
wag [0 T N T
ELY 757
dzvo 33180 J3al¥o SEAGNI 780077
¢
|
i 0% |aav xEm
T T . AT Y
76 X IXZEL /w
¢ IH | oav iv wzig 547
ﬁ MEFET SHT 820224 H¥0 7-108081



256 . P. Biiim et af. / A4 moedutor Nal (T1) decector

circuit caused loag (many microseconds) pulse over-
shoots which were particularly disturbing at high count-
ing rates.

In both configurations the trigger was produced by a
constant {raction discriminator (CFD} fed by the lin-
carly added outputs of a certain number of modules
{(usually modules 1-24, fig. 3). For the puise-height
measurement, each module output was split (aflter
amplification in the case of fig. 6a) and, after attenua-
tion in one branch, fed a separate charge-sensitive ADC
in order ot obtain two dynamic ranges. Usuaily, the
low-range (LO) was chosen to cover 0-100 MeV and
the high-range (HI) 0-100C MeV.

The contents of the 108 ADCs as well as the one of
the ADC belonging to the 27 x 2" Nal assembly were
read out in the usual way via CAMAC and written on
magnetic tape via a PDP 11-34 computer. This com-
puter also served to perform regular on-line checks on
photon and light-pulser spectra produced by the detec-
tor modules,

3. Energy calibration

The modular structure of the system was conceived
in such a way that a high-energy v shower extends over
several modules. Proper reconstruction of the event thus
required a precise intercalibration of the modules and
then an absolute calibration, The usual standards for
cafibrating y spectrometers, such as v radiation from
radioactive sources or nuclear reactions, are not higher

than 25 MeV and hence not relevant for the energ
range up to {000 MeV. Therefore a special method wa
developed in order 1o intercalibrate the different mod
ales and 10 obtain an absolute energy calibration,

3.4 Intercalibration of the modules

301, Rough intercalibration

A rough calibration of the modules relative to eact
other was obtained by irradiating the specirometer witl
the 660 keV y-rays from a '¥7Cs source and the 2,6 Me
y-radiation from a Th source. The signais bad to b
additionally amplified in order to obtain pulse height
failing into the dynamic range of 10-1000 MeV. Th
signals were multipiexed to an amplifier, and the lig
voitage for the PMs of each module was adjusted so a;
to give the same outputs for ajl.

Owing to the limited resolution at these energie
(AE/E = 15% fwhm) the precision of this type of infer
calibration was not better than 5%, and the resolutios
finally obtained at 130 MeV when using the cven
reconstruction described later was =~ 12% FWHM. Thi
is demonstrated in fig. 7a.

1.2, Intercalibration at higher encrgies

The final intercalibration was obtained from y-radia
tion of =130 MceV. The low-energy secondary bean
k5 of the CERN Proton Synchrotron (PS) was tuned t
slow 7 (200 MeV /c) which were then stopped in
liquid-hydrogen target. The »~ then underwent the reac
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Fig. 7. The spectra from the reaction #~ p = nw® and #~ p — ny [{a) as obtained from the calibration run, (b) 2 months later]. Ope
dots () in (a) show the 129.4 MeV peak as obtained from the source calibration alone. Open dots (O) in (b) show the 129.4 Me

peak as obtained without light-pulser correction,



P. Bliim et al. / A modular Naf (Tl) detector 257

tion
sponty  (E, = 1294 MeV), (1)
mpn+ad (55K, <83 MeV). (2)

Since the initial state is a pionic atom at rest, the
final-state energies were extremely well determine. Re-
action (1) resulled in a monocenergetic peak, reaction (2)
in a uniform distribution.

The procedure of finding the calibration factors for
the single modules was the [oliowing, The 129.4 MeV
peak of reaction (1) was assigned to the module » if at
least 60% of the energy was deposited in that module
(central module of the shower). The remaining 40% or
less of the total energy being spread over the twelve
neighbouring medules was added o the energy in the
central module in order to obtain the fuli energy of
129.4 MeV. This procedure of v reconstruction needs, of
course, the rough intercalibration described above. It
worked well for the 24 inner modules. Reconstruction of
the energy for the 3¢ outer modules suffered somewhat
from uncontrolled energy cscapes. This was estimated
by Monte Carlo simulations of the showers using EGS
{4}, and then corrected accordingly.

In a first step of several jferations, the peak positions
¢, for each module were obtained with the intercalibra-
tion from the source calibration, Le. with intercalibra-
tion factors a{’= 1. The deviation of these peak posi-
tions from the average peak position {¢) determines the
correction for the a,’s. The new intercalibration factors
are thus

a1 (iﬁké;f»)

In the second iteration the new intercalibration {af”’s)
was taken to obtain more accurate factors af™. Not
more than three ilerations were necessary until stability
was reached., The aceuracy obtained for each a, was
limited by statistics but was always better than 5%. The
improvement in total encrgy resclution after the first
step of iterations was approximately 50%. The final
energy resofution was 5.5% FWHM at 130 MeV, if only
the inner 24 modules were used as trigger modules. Fig.
7a shows the improved y spectrum after this inter-
calibration procedure,

[t should be noticed that the calibration factors
determined in such a way were applied only in the
off-line analysis.

3.2, The absolute energy calibration

The energy scale for the modular y spectrometer was
defined by the peak position of the 129.4 MeV line, the
two edges of the v distribution of reaction (2), and the
source peak positions. This still required an extrapola-
tion when measuring energies higher than 130 MeV.

Two more calibration points (774 MeV and 938 MeV)
were available in the final expertment [5]. The linearity
could be influenced by energy dependent shower escapes
through the rear face of the detector. EGS-calculations
show, however, that such non-linearities amount to 6.5%
at most in the energy range from 100 MeV to 1 GeV.

1.3, Stabilization

As the calibration, once established, had 1o be
maintained over periods of several months, a light-pulser
systemn was developed as described above. The light-
pulser information (i.c. the PM signals from the 54
modules measured by the same ADCs as those used for
the actual data, and the signals from the reference
module) was stored on magnetic tape and evaluated
off-line. The stabilization, hence, was done only off-line.

{n prder 1o stabilize the light-pulser bulh, it first had
to be ensured that the reference module PM and its
clectronics were stable, This was done by adjusting the
amplification of the reference module off-line by a
time-dependent correction factor A, so that the **Na
peak (P, ..) stayed at its defined {1 = 0) position

o Pouel®)
" B (1)

The stability of the light-pulser bulb was then obtained
by maintaining (correction factor 4,,} its peak position
in the stabilized reference module { P[75) al the position
it had at = 0 with respect to the **Na peak

(o)
ip~ . :
' Arc["p.’rpf.(!)

Once the light puiser was stabilized, it could be used for
correcting the instabilitics of the single modules of the
system. The calibration factors a, were corrected off-line
50 as @ maintain the light-pulser peaks (/) at the
positions define at 1= 0

P, (0)
(0=

The light pulser was measured in the experiment every
four hours, In between the four-hourly measurements,
the a,(t)'s were interpotated, This was possible because
the real time was recorded for each individual event
during the experiment.

This stabslization controlied only the PMs and the
subsequent electronics, but did not control stability of
the light output of the Nal module directly. Thus tem-
perature shifts could still take place. However, by hous-
ing the reference module and the system of 54 modules
in the same heat isolated cabinet, the temperature shifts
were minimized.

The quality of the stabilization is demonstated in fig.
7b: using unstabilized calibration factors {a,(0)], the
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ingtabilities of the systern led 10 a resolution of 1%
after a period of 2 months. The absolute energy calibra-
tion also changed by = 2%. Switching on the stabiliza-
tion resulted in a resolution of 7%, as compared to the
initia 5.5%. The absolute calibration did not shift more
than 1%,

4. Response to pions and elecirons

The system's r¢sponse 1o pions and electrons of
well-defined momenta was investigated separately, The
detector was placed in the beam in such a way that its
virtual centre was in the focus of the beam. A specially
designed support allowed the system to be positioned so
that particles could be shot into single modules along
their axes. A small plastic scintillator served as the
trigger for impinging particles.

Pions (and muons) are expected to lose their energy
by ionization oniy. If their energy is low enough for
them to be stopped in the module, part of their rest
mass js seen in the detector through their decay or
reaction products.

Positive and negative pions are expected to react
differently if they stop in the detector. A stopped «*
can only decay, thus releasing a slow muon (5 MeV),
which wiil stop again but whose decay positron will not
be recopnized by the system because of the long times
involved. A =7, on the other hand, when stopped will be
totally absorbed by nuclear reactions whose decay prod-
ucts will partly be seen by the detector,

In consequence, fast through going pions release
energy mostly in the module into which they are shot.
Slow stopping pions release all of their kinetic encrgy in
the trigger module. For stopping 7™ s, in addition, some
of their rest mass energy is also seen by neighbouring
moduies. This is demonstrated in fig. 8, where the ratio
of the energy deposited in the trigger module 1o the
totally observed energy is displayed for different inci-
dent energies,

In the same figure this ratio is displayed also for
clectrons. The electron being almost massless, it reteases
its energy like a y-ray through an electromagnetic
shower. Consequently a much larger [raction of its
energy is deposited in modules adjacent to the trigger
module. The “error bars” 1o fig. 8 indicate the width of
the distribution at half maximum.

The energy dependence of the energy resolution of
the detector was measured with electrons in the energy
range from 130 MeV to 800 MeV. The nominal
momentum resolution of the beam being A p/p = +2%,
the reselution showed a weak energy dependence, which
can be described by

AL (fwhm) = 3.3%

Erantr/Frora
o
éa
T

100 200 300 400 500 400 700 800
£ [Mev]

Fig. 8. Response of the detector oz, ™ and ¢*, The fractic
of energy released in the trigger module { £, 01/ F o)
plotted as function of particle energy. The error bars indical
the width al hall maximum.

5. Shower tdentification for y.rays

Tke conditions teading to an acceptable y-gvent hay
been defined in such a way as not 10 intreduce an
energy dependence of the efficiency nor o reject to
many events:

--One of the 24 inner modules was required to cor
tain at jeast 40% of the totally registered energy.

—The trigger module together with its i2 dire
neighbours was required 10 contain more than 90[1 -
¢ HMVISEG of the total energy. This condition w:
imposed in order to reject double events, but was en
pirically weakened at lower energies in order to mais
tain a constant cut-efficiency.

~The y-to-pion selection as discussed above wi
finaily not applicd, as the efficiency losses would hay
been severe. Instead, a large plastic santillator in fror
of the detector was used to reject charged particles.

6. Conclusions

A S4-module Nal (T1) detector of spherical geomet
(1/13th of the full sphere) was optimized to dete
y-rays from 20 MeV to 1000 MeV. A resolution
3.3%/°JE(GcV) FWHM was obtained. A gain stabi
ity of +0.5% couid be maintaine¢ over periods
several weeks. The reconstruction efficiency for v's wi
energy independent for energies higher than 70 Me
The response to charged pions and electrons was me
sured,
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Proton-antiproton annihilations at rest in liquid hydsogen were investigated through the
inclusive y spectrum, related to the annihilation. The high-energy part of the spectrum was used
to deduce branching ratios for the so far unobserved annihilation channels: R{pp- »"w)=
{2.3840.65)%, R(pp~n"n)=(0.8220.100%, R(pf~"y)=(0.015£0.007)%, and Ripp-
27" = (0.06+£0.04)%. An upper limit for the =%y channel was deduced to be
Ripp= "1 <1.1%.

1. Imtroduction

Investigations of pp annihilations at rest have so far been done mostly using
bubble-chamber techniques, and the most comprehensive review of these works is
still the one by Armenteros and French {1]. Updates may be found elsewhere [2].
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From these earlier works it appears that multipionic final states in pp annihilation
are frequently reached via intermediate resonance production, e.g.

L0 g -
pp- =t w’,

|, o -
woar

Only those intermediate states could have been identified there for which the final
states contain at most one #". Final states with more than one #” or purely neutral
channels are very difficult to determine in bubble-chamber experiments owing to
their poor sensitivity to y radiation.,

New information on annihilation channels involving more than one 7" in the final
state (or simple, purely neutral channels) can be expected from experiments using
v spectrometers of sufficient resolution,

In an experiment on the inclusive y spectrum after pp annihilation at rest, we
were able to measure branching ratios for the so far unobserved multi-=° channels
7%w, 7%, and the channel 7"y. A new value for the »»" and an upper limit for
the 7%’ channel were deduced as well.

2. The experiment

2.1. EXPERIMENTAL SET-UP

'The experiment was set up at the low-energy electrostatically separated k3 beam
at the CERN proton synchrotron (PS). A detailed description of the layout is given
elsewhere [3] and only the essentials will be described here.

A low-energy p beam (600 MeV/ c) of Ap/p = £2% was slowed down in a graphite
moderator and then stopped in a 25 cm long liquid-hydrogen (LH,) target. The
moderation was adjusted such that the maximum of the range distribution was in
the centre of the target; the longitudinal width of this distribution (FWHM) was
equivalent to about 14 cm of LH..

The target was viewed by a large modular Nal y spectrometer placed perpen-
dicularly to the beam. The properties of this spectrometer have been described
elsewhere [4]. Events where charged particles entered the y spectrometer were
rejected, using plastic scintillators in front and at the sides of the Nal spectrometer.
Double v events were recognized by topology cuts and were rejected as well. These
rejections lead to a reduction of the order of 5% each.

2.2, DATA-TAKING AND RESULTS

The y radiation emerging after pp annihilation was measured for 33X 10° p’s
entering the target. The effective running time was about two weeks in total. During
this time, the system could be stabilized off line to better than 1%. The resulting
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Fig. 1. Inclusive v spectrum as obtained from 33X 10°$’s. The solid line represents the continuous
background as defined by eq. (2) and scaled to the data.

spectrum is shown in fig. 1 in logarithmic scale. It exhibits a smooth behaviour and
ends sharply, as it should, at ~950 MeV.

3. Analysis

3.1, METHOD

Proton-antiproton annihilation at rest Jeading to two-body final states, where one
particle decays into two ¥'s, such as

pp-> m'X
YY

may be studied via the y spectrum of the decaying particle. Owing to the fact that
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TapLE 1

Limits of the uniform distributions of the v spectra for some two-body
channels in pp annihilation at rest

a1y DCC&}'iIlg E?l’rm E;::ax
Channel particle {MeV} {MeV}
pp-> n'w w o py 5.88 774.15
w7y 159.25 904.65

pp- 7%n 7% yy 5.31 857.57
n-+yy 80.71 932.97

PP nw - Yy 99.62 755.80
w >y 177.05 813.70

PR 1 n-~> yy 88.62 849.66
pp - 7w 70 yy 4.88 933.40
pp-> a7y wo yy 4.85 938.28

(E,=933.43)

pp- 7'’ 70> yy 6.58 692.24
pp— 0’ n =YYy 114.05 660,16

the particles are monoenergetic, the y spectrum exhibits a uniform shape between
the limits

-E:.:’mx/n'lin 2%‘5(11'3)3 (1)

where E is the total energy of the decaying particle and B is its velocity. The edges
of these distributions .are sharp if the particles involved have narrow widths, and
thus may show up in the inclusive y spectrum from pp annihilation at rest. The
lower the background and the better the resolution, the higher are the chances of
observing these edges. Thus at the high-energy end of the spectrum (fig. 1) such
edges are most likely to be observed.

Table 1 shows the limits of the uniform +y distribution for some relevant annihila-
tion channels. From the table one may conclude that the lower edges are of no use,
as they are either below the experimental energy threshold (~20 MeV) or just fall
into regions where the background is highest.

3.2, MONTE CARLO SIMULATION

3.2.1. Construction of the v spectrum. The crucial point in extracting the uniform
distributions from the experimental vy spectrum is the proper subtraction of the
continuous background which comes from annthilations into more than two particles.
To this end, the ¥ spectrum was simulated by Monte Carlo calculations, using the
annihilation channels of table 2 and ignoring any influence of the apparatus. This
spectrum is shown in fig. 2. It was used to extract the shape of the continuous
background. The assumption has to be made that the purely neutral channels, which
are not contained in the simulated spectrum, produce the same spectral shape.
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Fig. 2. vy spectrum from a Monte Carlo simulation wsing the annihilation channels from table 2. The
solid line represents the fit to it.

The simulated spectrum was then approximated by an analytical function. This
shape function has the form

F(E,)=N[(Ey— E,)" e®14(Ey~ E,)* P2+ By em%], (2)
with

E,=938.28[MeV],  B,=-19.9818,

oy =4.1548 @y =—0.03273[MeV 1],
B, =-33.4948 By =-0.006921 .
ar=1.6732,

With these constants, which {(except E, and N) were fit parameters, the expression
in the brackets of eq. (2} is normalized to one. The constant N being the average
number of ¥’s per annihilation, the shape function F(E,) represents the average
number of ¥’s per MeV and per annihilation. The constant N has to be determined
appropriately, as will be described in sect. 4. Inspection of F(E,) shows that at high
energies the term (Eq— E, )™ e is dominant.
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Fig. 2 demonstrates the quality of the fit. The spectrum can be reproduced from
20 MeV to 1000 MeV with only six free parameters and a x°/ DF of only 1.33,

It is assumed that the spectral shape given by eq. (2) represents well the continuous
part of the real spectrum. This might not fully correspond to reality since the
intermediate resonances in the channels with more than one #° are not known.
Double hit rejection essentially leads to reduction of high-multiplicity annihilation
channels and thus affects mostly the lower energies.

3.2.2. Normalization of the simulated spectrum. In order to relate the shape
function (1} to the number of annihilations, the number of ’s per annihilation has
to be evaluated. This number is defined by

N Lo RN
Y 2 Ru *

where R, is the branching ratio of the channel », and N} is the average number
of ¥’s for this channel, as indicated in table 2. The number of ¥'s from the decay
of w’s and #’s was taken to be 2.06 and 3.20, respectively.

From table 2 the average number of y’s per annihilation is derived to be

N,=3.93+0.24. (3)

The error stems mostly from the uncertainties of the branching ratios, i.e. N, may
be wrong by +6%. A further source of error might be found in the average
multiplicity of #%s in the purely neutral channels, leading to an estimated error of
+0.06y’s per annihilation.

Since the Monte Carlo simulated spectrum does not account for the uniform
distributions of twe-body annihilations, their contributions have to be subtracted
from the above number. Anticipating the final results for these uniform distributions
(see sect. 4),0.11 9’s per annihilation have to be deduced. Thus the average number
of y’s for the continuous part of the spectrum is 3.82 per annihilation, and the
factor N in eq. (2) is

N=3382. {4)

3.3. NORMALIZATION AND BACKGROUND SUBTRACTION FOR THE EXPERIMENTAL
SPECTRUM

The total y-spectrum emerging from pp annihilation at rest is assumed to be
composed of the continuous part discussed in the previous subsections 3.2.1 and
3.2.2 and a superposition of distributions from two-body annihilation channels of
table 1. The measured spectrum may therefore be approximated by a function of
the form

S(E'y} = S()I:F(Ey)+z R,,B;,(Ey):l E (5)
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TABLE 2

Branching ratios and relative number of y's from pp annihilation at rest

Branching Number of ¥’s
Channel ratio R = R(%)xXN, Comment Ref.
(%)

Y 3.7 7.4 MC [1]
7w pFn®) 2.7 5.4 MC [1]
w2 9.3 37.2 MC [2b]
AT E 233 139.8 MC [2b]
AR P 2.8 224 MC [1]
20 27" 7 wrtw) 3.8 7.83 MC [1]
25 20w pPelatw ) 7.3 14.60 MC [1]
20M2a wpt Tt a) 6.4 12.80 MC [1]
2t 2a® 16.6 66.40 MC [2b]
2ot 2a 3wt 4.2 25.20 MC [2b]}
At I 1.3 2.60 MC (1]
w Ty 1.2 3.84 MC (1]
27727y 0.6 1.92 MC 1]
7% 1.4 2.80 1]
np 0.22 (.64 [3]
i 3.2 31.90%) [1]
Ak 0.4 0 {2a)]
2o 2w 6.9 0 [2a]
KE T 2.1 0 [2a]
KR nar(n =0} 6.82 26.95 %) (1]
total 104.24 409.72

) Obtained with an average number of #%'s of 4.99.

») Assuming 0.95 #%s on the average,

Channels used for Monte Carlo simulation are marked MC. Branching ratios are taken
from refs. [1] and [2). The values from ref. {2b] are not measured but obtained from a
model-dependent evaluation.

where F(E,) is defined by egs. (2) and (4), R, is the branching ratio of the
annihilation channel », and S, is a scaling factor.
The B, (E,}in eq. (5) is the function describing the y-energy distribution for the
channel v,
I, > 5 b+ s
Bpf)—»ul)‘_ l‘m'r A(E )+ l —r Bb(Ey)a

ot
a b

with Iy by being the partial widths of the particle a or b decaying into y’s (e.g
/I'=0.3). The B*"(E,} are the uniform distributions defined by

Nd b
E:Il:)( - E;\k\

n»w

B*(E,) = for B4 < E, < ER,

=() otherwise ,
Eucand F,aredefined byeq. (1) and table I; N *® is the number of monoenergeti
v’s into which particle a or b decay at rest,
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With these definitions the integral of the expression in brackets of eq. (5), i.e.
o S(E,)/SadE, equals the average number of y’s per annihilation. Hence S,
represents the number of pp annihilations which contributed to the measured
spectrum.

The scaling factor S, is determined by a fit of eq. (5) to the measured spectrum.
In order to reduce the number of parameters to a minimum, a fit region has to be
selected where none of the boxes starts or ends. Then eq. (5) has only two free
parameters, namely Sy and a constant C'=3 R.B,, i.e.

S(E,) =S F(E,)+C]. (6)

After folding this function with the experimental energy-resolution, it was fitted to
the measured spectrum in the energy range from 400 to 600 MeV. The accuracy
of this determination of S, is £5%.

The advantage of such a normalization procedure is obviously its independence
of errors in solid angle, stop-rates, dead-time of the electronics, etc. Fig. 3 shows
the measured spectrum after subtraction of the continuous background S F(E,)
and the distributions of the known #°p” and 7p" contributions as specified in table
2. This reduced spectrum is then approximated by the function

S™NE\)=S,% R.BAE,),

folded with the detector resolution. The branching ratios R, are the fitting para-
meters.

3.4, FITTING PROCEDURES

3.4.1. Energy calibration, resolution, and continuous background. The parameters
to be verified before entering into the detailed analysis of the spectrum are the
energy calibration and the resolution of the ¥ spectrometer.

The energy calibration was obtained from the reactions # p->ny and n7’ at rest,
as described in ref. [4]. A final adjustment was done using the end point of the
spectrum E, [eq. (2)] and the edge of the 7"w distribution at E =774.15 MeV.

The resclution, as determined in ref. [4] from the reaction 7 p-»ny at rest, does
not have to be the same as in the p experiment since the detector load is different.
In fact there is no way of checking the energy resolution on-line. It is therefore a
parameter to be determined. The resolution turned out to be not entirely indepen-
dent of the composition of channels contributing to the spectrum, particularly the
7%p" channel (see sect. 4) and hence was not treated independently.

The analysis is based on the assumption that the continuous background is properly
described in eq. (2). Variation of the parameter a, in eq. (2) when fitting the
spectrum showed correlations between «, and 7w and 7"n and less or no correla-
tion for the other channels, In the further analysis, a5 is, however, kept fixed.



432 G. Backenstoss et al./ Proton—-antiprotor annihilations

300 -
-
- ol 1' .
S 11—
. i i I L
!}*mi l% 1@%! N
S R ] T
il T
3 ] L o
il I
| Sl
100+ ! § |
Fk
AR
iy
L)
O le FFTRTON TSN T TSI O DOV 100 DONISY AW X UL SO TR S SO N O SOVION RO SOF WON SOOR I e lotsd ~h."z".i.1.n_z_..'v.;.i
600 700 800 900 1000

ENERGY (MeV)

Fig. 3. Experimental spectram after subtraction of the continuous background and the #%® and 5p°
contributions. The soiid line shows the fit.

3.4.2. Procedures for the different annihilation channels. From the channels listed
in table 1, those whose uniform distributions (“boxes™) end at different energies
are quite independent of each other. However, the channels where the box-edges
are not resolved are correlated to a great extent. The latter case holds particularly
for the channels 7w, nw and #"n, nn. It was thus impossible to disentangle their
individual contributions. Instead, an over-all i/ #° ratio of 0.16 was adopted when
fitting the spectrum. This value is suggested by the ratio of the measured branching
ratios (see table 2) of np®/#°p°=0.16+0.10. The 7n/#° ratio was also varied
stepwise within the limits 0= n/7"=0.33 in order to estimate systematic errors.

The m°w and 7°p° channels obviously interfere, as the masses of p and w are
almost identical. The #°p" channel leads, however, to a smeared-out edge owing
to the width of the p. This in consequence leads also to some correlation with the

detector resolution. The fits were therefore done for different #%p° contributions,
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varying between 1.4 and 1.8%, and for different values for the detector resolution,
varying between 3.5%/ “/E and 5.5%/ “JE (where E is measured in GeV). The
data favour a #"p° contribution of 1.6%, which is somewhat higher than that listed
in table 2, but still compatible with it. This value was adopted for the final fits. The
resolution was found to be with large errors around 5%/ “/E, and was fixed at this
value for the further fits.

The 7°n channel has a box-edge energy which renders its contribution extremely
uncorrelated and thus obtainable with the least amount of ambiguities.

Both channels, #°n' and nm’, have their box-edges at energies below the 7w
edge. They are thus showing up in regions of the spectrum where the background
is already high. The determination of their branching ratios is correspondingly
difficult, and values between 0 and 0.5% for #%n’ were obtained under the different
fit conditions.

The edges of both the #°#” and the yn® channel and the y peak of the 7"y
channel fall with 5 MeV {(see table 1} and are thus not resolved. The correlation
between the two channels is, however, not very high. A simultaneous fit of both
parameters resulted in a branching ratio of (0.06 =0.04) % for #°#°. Since the #°n®
channel had been measured before {5, 6], it was kept fixed at values between
0.01 = #"#" =< 0.08% when fitting, thus allowing for estimates of systematic errors.
In the final fits a value of 0.04% was adopted for "=, a value which is close to
that of ref. [5] and which is slightly favoured by our data with respect to the lower
value of 0.014% quoted in ref. {6].

The edges of the distributions from 7%, a’n, and 77" show up at energy
intervals of ~80 MeV, and thus are well resolved. The data require an additional
distribution ending at 811 MeV, coming from a hypothetical process pp - #°X. This
assumption is arbitrary, and a process pp - y¥X would, from the fitting point of view,
work equivalently. One may, nevertheless, obtain a reasonably good fit without
7°X by increasing the resolution to 6.7%/*/ E[GeV]. Such a high value is, however,
unjustified in view of the high performance of the y detection system [41

3.4.3. Parameter variations, errors, and results. When fitting the spectrum, the
branching ratios R [see eq. (5)] of the channels #"%', #°0, #"X, 7"y, and =%y
were always varied simultaneously, but under different conditions for 77", %",
n/ 7, resolution, and ., as described in subsects. 3.4.1 and 3.4.2. The results are
listed in table 3. The branching ratios R have statistical errors as obtained from a
MINOS error analysis [7}. In addition, systematic errors are quoted which reflect
the maximum and minimum values obtained for R under the different fit
conditions,

Furthermore, all branching ratios have an uncertainty of 6% of their value
originating from the error of N, (eq. (3)) and of 5% from the scaling factor S,
of the function (eq. {6)).

The fit quality is demonstrated by the solid line in fig. 3. The single distributions
as used for the final fit are displayed in fig. 4.
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TapLE 3

Results for branching ratios of different channels in pp annihilation at rest

Channel Yield Error (stat.} Error {syst.) Yield
O_ 4 . +0.58

ot 0.30 +(.53 ~0.30 Q.30
7w 2.38 £0.27 e 345
'y .82 +0.07 +0.06 0.84
7% 1.19 +0.25 £0.44 0,00
7ty 0.015 +0.004 +£0.003 0.015
wla® 0.06 +0,03 +0.01 0.06
¥2/DF 116 1.29

400}

100 - I L

80|

04k

Yields are given in per cent of all annihilations. The w%? yield was assumed to
be 1.6%, and an n/#° ratio of 0.16 was used. The last column shows the results
for R, = 0. In this case the resolution had to be increased to 6.7%/*V E [GeV1
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Fig. 4. Uniform distributions, folded with the resolution as used in the fit of fig. 3.
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For comparison the results are also listed in table 3 for the case where the
hypothetical channel 7°X is omitted.

It should be noted that the #° annihilation channels of table 3 together with the
corresponding n-channels yield 0.11 ¥'s per annihilation which contribute to uniform
distributions. This result was used already in subsect. 3.2.2.

4. Discussion of results

4.1, pp~ 7w

The branching ratio of this state is found to be 2.38%. This value is surprisingly
high if we compare it with the result for the equivalent reaction in pn annihilation
at rest, whose branching ratio is R(pn - wa™} = (0.41 £0.08) % [8]. The initial state
for both reactions, pp~> @ and pn-» 7 w, could be an I=1 state but in liquid
hydrogen most likely is a °S; state. Assuming only atomic S-states, the S, state
population in the pp atom is 75%, but in the pn case, which is formed from a pd
atom, it is only 66%. Moreover, the pn is a pure [ =1 state, but the pp state is an
isospin mixture, whereas the final 7w state is in both cases pure I = 1. We therefore
expect

I'ipp— o) m£x0.75
Fipn—»7"w) 2 0.66

={.52,

and thus 7°w =0.2%, assuming pure S-wave absorption. The latter condition seemns
to be controlled by the observation of the recoil proton in the deuterium bubble
chamber, when the p is absorbed on the neutron of the deuterium. A momentum
cut at 250 MeV/ ¢ should largely eliminate P-wave annihilation [8]. In our experi-
ment a simifar control was not possible, and P-wave anpihilation from interactions
in flight may occur in a few per cent of all pp annihilations, as discussed in the next
subsection, but by no means could it account for 2% of the extra 7w final states.

On the other hand, the inclusive @ production in pp annihilation at rest was found
in a bubble-chamber experiment to be comparable with inclusive p" production [9].

4.2, THE CHANNEL pp~ o5

The #"n channel is found to be 0.82%. This is unexpectedly high in view of the
fact that this annihilation channel has to come from an initial p-state. The generally
believed S-wave dominance in annihilations of f's in liquid targets, caused by Stark
mixing in the initial atomic states, seems to be at variance with this finding. P-wave
annihilation could, however, occur in reactions in flight. Our experiment has no
control over whether or not a p, entering the 25 crg long H, target, really stops
before annihilating. In fact the momentum spectrum of §’s when entering the target
extends up to 360 MeV/c. Since the beam keeps its direction when slowing down
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in the target, and since our detector sees only ¥ radiation perpendicular to the beam

axis, the y-energy distortions are of the order of 87, 1%. Thus in this experiment

s
interactions in flight are indistinguishable from inltl:eractions at rest. On the other
hand, of all p's entering the target, at most ~4% would annihilate in flight, and
thus cannot alone lead to the above branching ratio for #°x.

A sizeable P-wave annihilation has already been seen in the channel pp—> #"#°.
There it was concluded that it amounts to as much as 38% of the annihilations

going to mw [5],

4.3. pp-> e’

The 27’ final state can only be reached from initial *p, and P, states. Its branching
ratio had been determined by two experiments to be (0.048+0.010)% [5] and
(0.014 £0.003)% {6], respectively. Our result of (0.06+0.04)% favours the higher
value.

4.4, pp-> ="y

This channel is formed from initial *S, and 'P, states and was never observed
before. The branching ratio was determined to be 0.015%. In the frame of vector
dominance the "y channel is linked to the channels involving vector mesons such
as #'p% 7w, etc. Assuming pure s-wave annihilation (hence p-wave in the final

state) we obtain in a straightforward calculation

4 S : P’
Rf,ny=~—2~”~a[wa,+2f’—”~/R,,o,,Rwuw cos (12, — ,,ow)+f§lR,,om](;;*) .
fﬂ“f f‘u'Y wy ~

Here a is the fine-structure constant, f is the vector meson-photon coupling constant,

¢ is the strong phase and (P, / H,)3 is the p-wave phase-space factor, the P’s being

the momenta and P, P,,. Using the measured value of table 3 for R0, the value

of table 2 for R v, f;’;y/47r:2.26 and f2,/4m=18.4, and assuming cos (¢ 40, —
% ) =1 we obtain

R.o,=0.017%,

in agreement with our measurement.

4.5, pp- 2"X

The fact that reproducing the spectrum properly requires a reaction involving a
particle X is puzzling. Although the spectrum could be fitted by using a reaction of
the type pp-> yX', the reaction #"X was considered to be the more likely one in
pp annihilation, if the process is considered as a physical process at all rather than
as a particular way of correcting the background. The particles mass would be
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ni = 680 MeV and its width narrow, thus falling into a domain which is reserved
for the ground states of the light quark q§, or more exotic configurations. The
nature of the phenomenon has to await a final clarification in forthcoming experi-
ments on dedicated =" spectroscopy.

4.6. pp~> 7'y’

Owing to reasons already discussed in subsect. 3.4.2, this channel was not seen
clearly. The upper limit for it with 1o confidence is

7'n <1.1% .

4.7. THE CHANNELS pp- nw, 91, ETC.

These channels were not determined separately since they interfere too much
with the corresponding channels o, w“n, etc. Instead, an over-all ratio
nw/ 7w =nn/7'n=np"/n°p" = nn'/ =’n" was assumed. This ratio could still not
be determined uniquely, and fits usually converged to values between 0 and 0.28
with a statistical uncertainty of +0.22. We conclude from our data that with lo
confidence

n/7%<0.50.

In inclusive 1 production in low-energy pp annihilation the n/#° ratio was found
[9] to be 7/ 7" <0.11 with 90% confidence.

3. Summary and conclusions

By analysing the high-energy portion of the inclusive yspectrum after pp annihila-
tion at rest, it was possible to obtain branching ratios for the so far unobserved
annihilation channels pp— #’w, =7, and #°y. Whereas the 7"y branching ratio is
in accordance with vector dominance, the large #"w contribution to annihilation
cannot be explained easily. The S-wave dominance in pp annihilation at rest seems
not to hold generally, as is indicated by the large #"#n branching ratio. Upper limits
could be obtained for the channel #"%’ and for the 5/ #° ratio in the reactions
pp—> 7w/ nw, 70/ 7.

Pure single y spectroscopy, provided the spectrometer resolution is sufficiently
good, has thus proved to be a useful method of investigating annihilation channels
involving more than one 7" in the final state or purely two-body neutral channels,
Direct 7" spectroscopy by yy coincidence measurements seems therefore to be the
next step in further studies of pp annihilations at rest.
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data-acquisition systems, and to L. Mazzone for the hydrogen target. The help of
G. Raffi, H. Johanson, Th. Kohler and A. Lundin is gratefully acknowledged.
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The -ray spectrum after pp annihilation at rest was measured in two independent high-statistics runs, Both spectra show
narrow peaks, corresponding to masses of 1210, 1638, 1694 and 1771 MoV,

More than five years ago, two experiments were car-

ried out to look for discrete y-rays from stopped anti-
protons. One, performed by the Syracuse group [1] at
BNL, gave only an upper Hmit of ~3% on the yield of
moenoenergetic gammas, The ather, performed by the
Basle—Karlsruhe~Stockholm Collaberation at CERN
[2], claimed three monoenergetic gamma rays with a
yield of a few per mille (fig. 1a}, reflecting the exis-
tence of nayrow states strongly related to the pp sys-
tem.

Various theoretical ideas {3} based on nuclear phys-

ics arguments, quark models, and the dual topological

unitarization led to the expectation of massive mesons,

calted baryoaium, coupled strongly to the pp channel
but weakly to ordinary mesens, thus resulting in a vir-
tualiy high stability, particularly for states below the

pp threshold. If there exist bound states of NN, a high-

I Now at CERN, Gerleva, Swilzerfand.

2 present address: BBC, Mannheim, Fed, Rep. Germany.

3 Qn leave of absence from the Dept. of Physics, University
of British Columbia, Vancouver, Canada.

4 Now at ESQ, Garching, Fed, Rep. Germany,

ly characteristic way of revealing them would be by
the observation of «y transitions between them or from
the atomic pp state to bound states. A discrete spec-
trum would be a clear signature, With the experiment
aof the Basle--Karlsruhe--Stockheim Collaboration the
search Tor discrete y-rays had reached, at that time,

just the region of relevant branching ratios.

We now reporl on a new experiment with higher
statistics and a considerably improved -y detection sys-
tem, The experiment (fig. 2) took place at the kg Jow-
momentum electrostatically separated beam of the
CERN Protan Synchrotron (P5). We found the opti-
mum conditions at 600 MeV/c and, with & momentum
spread of 2%, about 250 {i°s per burst were stopped,
after passing through a graphite moderator, in our
P g}cm2 thick liquid-hydrogen targei. A configuration
of scintillation and Cerenkov counters and of MWPCs,
the so-called telescope, typical for stop experiments,
identified the incoming particles, A time.of-flipht
(TOF) counter system worked parallel to the telescope
so that we finally obtained a pure § trigger, the re-
maining contamination of ~10~% being only fast
pions,
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Table 1
Results of the two experimental runs {cols. 2, 4 and 5} in comparison with the results of ref, {2] (col. 3). Yields (cols. 2, 4 and 5)
have an additional systematic error of + 11%, y-energies (cols. 4 and 5) have an additional systematic error of +5%.

1976 1979 1980
mass (McV) -~ 1770,78 £ 1.06
position (MeV} ~108 142,00z 1.9 1031+ 1.2
yield (%) 1.8 Q.36 27 0.9 1.6+ 0.4
stat, significance ' 3.00 360
width (MeV) <6.2 <8.0

Py

position {MeV) 132 26 1294+ 2.3 125.0+ 2.1
vietd o) 51+27 30+ 1.0 35+ 08
stat, significance 19¢ 30¢ 440
width (MeV) <16 <75 174+ 4.3
mass (MeV) 1693.53 £ 1.99
position (MeV) 183 7 1704 29 176.2¢ 2.2
vield (%op) 16 & 044 725 L7 18 1.0 16t 05
stat. significance 30¢ 18¢ 31e
width (MeV) <19 <9.3 <12.0
mass (MeV) 1637.771 £ 2.52 :
position {MeV) 216 + 9% 2241+ 203 2220+ 6.3
yield (%) 3.0 £0.8 60219 30z 1.2 3.6 1.1
stat, significance 260 250 270
widih (MeV} <21 8.1+ 7.8 384+ 18,6
position (MeV) 294.2¢ 25
yield %up) 1.2x 05
stat. significance 270
width {MeV) <18.2
position (MeV) 3360+ 3.8
yield (%0} L1+ 05
stat. significance 220
width (MeV) . 1732 10
mass {(MeV) 1420,69 + 6.08
position (MeV) 420 =17 3959+ 9.0 402.1+ 5.4
yield (%0} 0.64 £ 0,35 85+ 2.0 08z 07 0.6 04
stat. significance 280 1le 1.5a
width (MeV} <34 <171.6 <226
mass (MeV) 1383.21 £ 2.04
position (MeV) 420 2 17 428.3¢ 11 42862 1.5
vield (Fog) <1.0 8.5+ 12,0 Lo 07 01758
stat. significance 284 40 Glo
width {MeV) <34 <17.% <23.0
mass (MeV} 1209.81 +5.12
position (MeV} 54552 7.1 5494+ 3.7
yield (%) 0.98 x 6,26 ? 1.2: 0.5 09+ 03
stat. significance 240 KRV
width (MeV) <224 <29.0
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Gamma-rays in the energy range between 20 and
1000 MeV were detected in a modular Nal (T1) detec-
tor {4] with good energy resolution and high efficien-
cy for the rejection of background events (neutrons,
doubtle hits, charged particles, y-rays entering {rom
the side, etc.). The shape of the detector is a sector
cut out of & hollow sphere and subtending a solid an-
gle of ~ 7%, F consists of 54 modules of polycrystal-
line pieces of Nal{T1) shaped as truncated pyramids,
Each of the 54 modules is 16 radiation lengths long
and is equipped with its own photomultiplier, ampli-
fier, and two ADCs aliowing (or two different dynam-
ical ranges, The topology of the shower was recon-
structed to achieve an energy-independent efficiency.
Only events where the shower was safely located in-
side the detector were accepted, and the light output
of the neighbouring modules was added, In this way a
good energy resclution was achieved. This required an
encrgy calibration of each moedule in the relevant ener-
gy region (few hundred MeV) with a precision of
about 1%. For this purpose, pions of 200 MeV/c mo-
mentusn, coming out of the same beam line, were
stopped in the hydrogen target, giving rise to the reac-
tions 77 p ~ vy or nxY, The monoenergetic -y Jine at
129 4 MeV was used as the calibration standard, and
the relative catibration of each module was performed
in an iterative procedure [4]. This calibration method
for a medular high-energy gamma detector was never
applied belore, and has led to the {so far) best resolu-
tion of ~4%{EY* (GeV) for alarge Nal(T1) system.
As energy reference at high energies, the upper edge
(774 MeV) of the uniform y-distribution from the an-
nihilation chanael pp — 7% and the end point of
tlie spectrunt were used, The data-faking extended
over periods of several months and required the stabi-
tization of the y-detection sysiem, which was achieved
by using a Xe bulb light-pulser system. This resulted
in a stability of better than 19 for the 129.4 MeV
y-line, which was regularly checked in short pion runs,

With this experimental set-up, two major runs were
performed, one in 1979 and one in 1980, wilh 40 X
106 and 110 X 106 stopped antiprotons, respectively.
Between these two runs, major components of the ex-
periment were modified:

(a) Two targets, different in diameter and conlainer

material, were used,
{b) Positive photomultiplier high veltage was used
in the second run, involving the replacement of photo-
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muitipliers and their electyonics for the gamma spec-
trometer.

Hence these two running periods can be consider
as 1wo independent experiments. The resulting two
sets of v spectra show the same high background fro
anaihilation 705, so that small structures can hardly
be seen. by order to subtract this background, the
spectra originating from all knewn annihilation chan
nels were simulated by Monte Carlo and resulted in ¢
spectrum with equivalent shape. Scaling the shape
function with a proper factor and subiracting it fron
the data, we found a good agreement in the high-energ
pari {above 400 McV) of the spectrum, anly below
400 MeV some background remained. It corresponds
to only 3% of the whole spectrum and is perhaps du
to annihijation processes not being considered in the
Monte Cario calculations, The resulting spectra, afte:
the subtraction of these backgrounds, show small by
very simdiar structures {figs. 1b and 1¢). A computer
fit to the peaks yields the resulls of table 1.

In comparison with the old spectrum (fig. 14), we
conclude that two of the previous lines (183, 216
MeV) reappear in the present spectra at the same enc
gies within the limits of the energy error, whereas th,
evidence for the 420 MeV line has become weak, Th
confidence level for the structures at 175 and 220
MeV varies for each individual spectrum between § .8
and 3.1 0. In the present experiment the 220 MeV Iy
shows & width stightly larger than the instrumental r
olution (table 1). With a similur confidence level, tw
more peaks appear in the spectra: s{ructures around
102 MeV (3.0--3.6 ¢) and round 550 MeV (24--3.0
The appearance of these peaks does notl contradict ti
old results because: (i) {he line at 102 MeV appeared
also in the old spectrum (fig. 1a), but owing 1o the
high background and the worse resolution of the
167 % 12" spectrometer at this energy, in connection
with the adjacent 129.4 MeV line the evaluation wis
difficult and thus we hesitated at that time to presen
i as a peak; (5) the statistics at energies above 300
MeV were so marginal as 10 prevenl {he appearance
low intensity lines. The recent yields seem to be sys-
tematically lower as compared to the old experimen
However, we are more conlident of our present resu
owing fo the following fact:

(1) The experimental energy resolution is improw
by a laclor of two.

(2) The lateral size, the depth and the modularity
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Fig. 2. The experimental set-up, ‘The annihilation detector
(AZ1, AZ2) was not used in this experiment.

of the new vy spectrometer allowed an energy-indepen-
dent v detection efficiency over the whole energy
range of interest,

(3) The exact studies of the Monte Carjo simulated
annihilation reactions allowed, in the present experi-
mesnt, a normalization which is rather independent of
further assumptions. This was not possible in the old
experiment,

More details will be given in a forthcoming paper.

Summarizing the resulis of the former experiment
and the present one, it is concluded thai three indepen-
dent measurements have found tiny narrow structures
with an individual significance of up to three standard
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deviations, and yields of several per mille per formed
pP system are visible. Their simultaneous appearaznice

in all three spectra (except the peak at 550 MeV) at
energies identical within the errors quoted and with
similar yields seenss 1c rule out any statistical fluctua-
tion as their scurce. The above v transitions cosrespend
to states with masses of 1771 £ 1 MeV, 1694 £ 2 MeV,
1638 £ 3 MeV, and 1210 + 5 MeV, assuming atomic
states as initial states (table 1).
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After having found evidence for narrow exotic states in pp annihilation, the production of such states on a nuciear
target was studied with similar technigues. The v speetrum associated with p annihilation on 44e at rest was measured. The
spectrum shows two peaks, at energies of 161.9 and 203.0 MeV, corresponding to inlermediate narrow states of masses
which seem 1a be related 1o states found in Jip annihilations. The confidence is better than 4o.

used to measure the y-ray spectrum. The experiment

tion at rest have shown indications for monoenergetic
y-rays [1,2], which may be discussed in the context

of exotic objects such as baryonium oy glueballs. 1t is
of great interest to know whether such objects, if ex-
isting, are also produced in § annihilations on nuclear

targets. If 5o, also charged states could become observ-

able through the y-ray spectrum. We studied the reac-
tion

P e = y + X + nucleons,

by measuring the v spectrum associated with the p an-

nihilation on an a particle.
The experimental methed and the set-up are de-

scribed in detail in ref. [2] and correspond to our 1979

run, The low-energy i's were stopped in liquid He,
contained in a target of 25 cm length and 12.5 cm di-
ameter. A modular Nal(T2) v spectrometer {3] was

1 Present address: BBC, Munnheim, Fed. Rep. Germany.
2 Now ut FESQ, Garching, Fed. Rep, Germany.

was performed at the separated beam kqq of the
CERN PS.

In a nun of 10 days about 107 p’s were stopped.
The resviting y-ray spectrum is shown in fig. 1. Asin
the annihiftation on hydrogen it consists of a large
background produced by 7%’s from the annihilation,
and exhibits a uniform shape very similar 1o that of
pp annihilation af rest [2], with the exception, how-
ever, that it extends up to energies of 1150 MeV in-
stead of 940 MeV and that it monotonically increases
also below 70 MeV,

In order to reveal possible structures in this spec-
trum the background has to be understood quantita-
tively and eventually subtracted. For this purpose we
adept the hypothesis that the annthilation in *He oc-
curs on a single nucleon, so that the background may
be related guantitatively to the one produced by $p
annihilation at rest. The latter has been explained
quantitatively [2,4].

For normalization purposes we first estimate the

3 Now at CERN, Geneva, Switzerland.

0.370-2693/84/$ (3.0C © Elsevier Science Publishers B.V.

number of %’s per p annihilation on *He. In Bp annihi-
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Fig. 1. The v spectrum from p annihilation on #13e at rest. The solid line represents the backeround fit.

lation, on average, there are 1.7 a9, 1.7 7%, and i.7 7,
and in pn anaihilation, assuming only charge conserva-
tion, there are 1.7 #0, 0.7 #*, and 2.7 7~ per annihila-
tion. Therefore the number of y's per p asnihilation
on *He is roughly the same as for pp annihilation.
Furthermore, assuming the same branching ratios
of the multipionic final states in pn annihijlation as in
pp annihilation, the shape function found for the con-
tinious background from pp annihilation at rest {4]
may be applied to the p %He annihilation.
In addition to the continuous background there is
a superposition of uniform y-energy distributions frem
two-body final states where at least one of the particles
decays into two v's as found in pp annihilation af rest
[4]. The branching ratios found in rel. {4] or quoted
therein were adapted to the mixed annihilations en

236

neufrons and protons. The resulting branching ratios
for p *He annililation are lsted in table 1,

The continuous background {1aken from pp annih
laticn) and the two-bedy annihilations from table 1
Jead to a 7y spectrum in the N rest frame. Owing to
the Fermi motien of the nucleons in the « particle,
however, the annihilation occurs on a system which i
in motion, thus leading to a Doppler smearing of the
7 energies. Moreover, the 5 in its atomic orbit, when
annihilating, is localized at the nuclear surface. Henes
it has scquired kinetic energy in the Coulomb poten-
tiaf, which corresponds {o a momentum in the lab sy
teny of

ki~ ME azfr)V2, a

Ilere M;,icd is the reduced § mass, o is the fine struc-
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Table 1
Branching ratios for the relevant two-body final states for
B e annibilation as a percentage of all annihilations.

Clamnel Scaled from Fitted
ref. 4]
L] o -

g +ap 1.2 2
2.08 1 0,194

e 1.2 }

1000 + On 0.195 0.144 £ 0.037

wy ey 0.011 0011

Pnran 0.41 039 & 0.09

) e two channels cannot be disentangled when fitting.

ture constant, Z= 2, and R = 1.676 fm is the rm.s.
radius of the o particle {5]. This yiclds k5= 51 MceV/e.
The a particle carries the opposite momentum. In
evaluating the encrgy smearing, the Fermi-momentum
distribution of the nucleons in *He is given by the
Fourier transform of the nuclear density distribution,
resulting in the momentum density

plky) = expl - (ky kg V1T ), @)

where ky; is the nucleon’s momentum relative to the
« particle and ky = 126.3 MeV/e [6]. Because only
one of the four nucleons of the « particle interacts
with the p, the total moementum of the annihilating
PN system is in the lab system
- 2
Pon =Ry ta kg
and the unnormalized momentum density distribution
is
= 3 2

plpn) = expl- 1oy~ ko 2], G)

Monoenergetic y-rays of energy £, isotrapically
emiited from the pN rest frame, experience a Lorentz
boost when emitted from a moving system of momen-
T P and energy K, and hence resuli in the normal-
ized uniform distribution

Blpgn) = Man /267" Dy,
for (-~ pan M g < EECJES™ < (B +p )M

=0 otherwise, (4)

where MﬁN is the effective mass of the annihilating
system and E,:f’b is the v energy observed in the labora-
tory system. Note that since the nucleons are bound,
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Mgy becomes smaller with increasing Py .

Since the -y background in the rest frame js continu-
ous, integration over alf available v energies £5™ has
to be perfermed. Furthermaore, integration has to be
done over all available momenta, Hence the shape
function Iy, for the ¥ background from p “He in the
jab system is

938 MeV 2
alaby e o " .
Fyo(F2y = of AE g (BTN %P

X o) BUIPaNT (5)

where I~ is the shape function of ref. {4] for p§ an-
nihilation at rest, and N is a normalization constant.
Integration over the angles may be performed by as-
suming that the momenta of the p and the nucleon are
randomly oriented with respect 1o each other.

In order to reconstruct the background consistent-
ly a similar procedure has to be applied for the uni-
formy distributions of table !, In a procedure identical
1o that applied in ref. [4] the spectral shape function
[eq. (5)] and the uniform contributions were folded
with the detector resolution and scaled to the experi-
mental spectrum, where the scaling factor {the num-
ber of § annihilations) and the total height of the uni-
form distributions were varied in the fitting procedure.
The spectrum corresponds to Nﬁp = 144000 + 1240
annihilation p’s giving a trigger in the v spectrometer.
The solid Line in fig. 1 represents the fit. It is worth
whife noting, that with only one non-trivial parameter
(the total height of the uniform distributions}), the
§ e v specirum could be related to the fip spectrum
in an energy range from 200 to 1150 MeV,

A fine-tune on the two-body annihilation channeis
of table 1 yieids the branching ratios in the third col-
umn of table 1. The yields do not differ drastically
from the scaled ones. The errors are statistical ones on-
1y. There is an additionat systematic error of 10%,
coming from unceriainties in the normalization.

The background shape [eq.(5)] accounts only for
energies above ~ 200 MeV. As in the case of pp anai-
hilation [2] the background at low energies requires
an additional correction. For energies below 200 MeV
an arbitrary smooth function had therefore to be
added. After subtraction of the continuous background
angd the uniform distributions of table 1, the residuai
spectrum is obtained (see fig 2). Between 100 MeV
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Fig. 2. The residval spectrum after subtraction of the back-
ground. Note that the peak at 135 MeV formerly scen in fp
annihilation | 1,2], which is due to the secondary reaction
n7p =+ ny, I8 not visible as expected.

and 300 MeV the spectrum exhibits clearly two peaks.
They are broader than expected from the resolution,
which was taken to be 5%/ /ETGev) (c.f. ref [41).
Assuming that narrow structures coming from the
process

PNy + X,

are smeared by the Fermi motion, analogously to eq.
(5) and folded with the detector resolution, the fwo
peaks were fitted with only the peak positions and the
peak intensities as free parameters A third but nar-
rower peak was found at a lower energy. Fits were also
done where the width of each peak was a free param-
eter. The results are listed in table 2. The statistical

Table 2

PHYSICS LETTERS

12 April 198¢

errors are for fixed line shape. For the case where als
the line widthis were varied the errors are obtained by
adding the fit systematic errors in quadrature to the
statistical ones There are additional systematic ervor:
for calibration and normalization (c.f ref. {4]). The
fitted line widths tend to be somewhat larger than ex
pected from the Fermi-motion induced line shape.
The yields are on the level of 1% per annihilation, {h
more than three times higher than those of the peaks
from pp annihilation [2].

The two peaks are compaltible with narrow states
X. Assuming the same origin as in pp annihilation, i.
pN = X+, two possible reactions have to be con-
sidered:

§ e+ PN + 3 free nucleons, (6a
Lo ex
5 e~ [N + t or *He, (6h

|—>'y+X

In the first reaction the annihilating pN system is at
least 28.3 MeV (binding energy of the « particle) be-
jow threshold; in the case of tritium or 3He being in
the final state, the system is at least 19.8 and 20.6
MeV, respectively, below threshold. Carrying cut the
correct kinematical calculations we expect the “160
MeV* peak 1o be shifted with respect to pp by 288
MeV and 22.3 MeV for reactions (6a) and 6b), respe
tively. For the 200 MeV™ peak the corresponding
shifts are 31,9 MeV and 25.5 MeV, respectively. Sinc
the absolute calibration might be wrong by about £5
as indicated in table 2, we prefer not to discuss abso-
jute energies for the morment, but jnstead compare tl

Encegics and intensities of the y peaks. [ntensities are given as a percentage of sll annihilations, For comparison the v energies
found in hydrogen are listed as well (1979 run of ref. {2]).

£ Lrror (MeV) Yield Lrror Width (FWHM) £ from pp
{MeV) (96 (MeV) (MeV)
stat. fit calibr, stat. fit norm.
47.5 *1.4 - 0.38 +0.14 6.80=x 2.3 -
+2.1 ; +0.48 +10 t
161.% 3.3 30 + 5% 0.93 +0.16 ~0.00 +10% 30_4 170.4 % 2.
+5.5 £0.47 .
203.0 136 a4 0.89 (.17 _o.10 34312 224,12 2.
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Table 3
Musses of the particles X. For comparison the masses found
in hydrogen |21 are Hsted in column 2.

M Errox Final state M from fp
{MeV) {MeV} {MeV)
687 20 tor MHe 16935+ 2.0
4.3

1644.0 tor e

) +5.6 )
o1 73 1637.84 25
1637.1 N

measured energy difference of the two peaks with the
energy differences expected in § 4He, assuming the in-
termediate states X of reactions (6) to be the same as
in fp [2]. In the case where both states are produced
by reaction (6a} the expected energy difference is 50.6
+3.7 MeV (case A}; for reaction (6b) it is 50.5£3.7
MeV {case B), and in the case where Lhe “160 MeV”
state is related to reaction (6b) whereas the “200 MeV™
state is related to reaction (6a), the energy difference
is 44,1 £3.7 MeV (case C). The error of 3.7 MeV is
deduced from the last column of table 2. The measur-
ed energy difference of 41.1 fg‘_g MeV is fully compat-
jble with case C and overlaps within 1o with cases A
and B. The measured energy difference hence is com-
patible with expectation. The absolute energies of the
two peaks become consistent with cases B and C if an
energy shift of —5% (as possible from the systematic
calibration errors) is applied. Case A is not compatible
with our measurement, The masses after applying this
correction to the energies of table 2 are listed in {able
3. For the “200 MeV?” peak two masses are given since
we cannot distinguish between cases B and C. The sig-
nificance is on the level of 4¢. Comparison with the
masses found from Py annihilation {2] shows good
agreement.

The peak at 47.8 McV cannot originate through the
same processes as the others, since it is 100 narrow. I
shows up on a confidence level of 2.7¢ and therefore
is not significant enough to exclude it as being due to
a statistical fluctuation.

Two obvious questions have to be discussed: why
are the yields of the peaks so high in 4He as compared
o hydrogen, and why are the peaks corresponding o
100 and 550 MeV in hydrogen [2] not observed?

One difference between annihilation of §'s in liquid
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Iydrogen and liquid He is the initial alomic state from
which the annihilation oecurs For hydrogen it is most
likely an s slate. whereas for helivm it is almost cer-
tainly an { # 0 state [7]. Hence we expect {or peripher-
al reactions and sufficiently high relative momenta
some enhancement of p state annililation. States
which can only be reached from p states of a fip sys-
tem such as 1%, 2% (via dipole-radiation) or 0%,
2% (via quadrupole-radiation), would thus be
strengthened in heliuvm,

A second difference is the additional annihilation
on neutrons in helium, which implies formation of
negative states ( # 0). Reactions of the type pn—+ X~
+ v are not subject to restrictions imposed by C-parity.
The relevant symmetry instead is G-parity, which,
however, is only restrictive in the frame of vector dom-
inance, This is the reason why states such as 0%~ or
2%=, which cannot be reached from s-states in hydro-
gen, can be reached from the 381 state of the pn sys-
tem. The consequence is that the yields of such states
are stronger in helium than in hydrogen. A further en-
hancement of yields due to pn annihilations concerns
1*— states which in hydrogen are formed from initial
18, atomic states oaly, whereas in pn annihilation
both 'S, and 3§, states contribute,

Assuming dominant s-wave annihilation also in he-
lium we therefore may conclude that the states obsery-
ed in lielium are also due to pn annihilations and thus
have [ > 1., The somewhat larger width, as discussed
above, could be an indication of a charge splitting.
Such charged states have previously not been observ-
ed [8].

The non-observation of the lines corresponding to
160 MeV and 550 MeV in hydrogen could indicate
that they are related to J =0 particles. The consequence
would be that their yields in 4He are two times lower
than in hydragen (< 0.3% [2] }. The additional Fermi-
motion induced broadening would render them unob-
servable with the present statistics.

A more detailed study of the phenomenon, e.g. an
experiment on deuterium, is required before giving a
conclusive answer to the above questions.

This experiment has provided evidence that exotic
states agsociated with j annihilation may alse be pro-
duced in nucled, with yields Jarger than in hydrogen.
Moreover, by these observations the confidence in the
stales of mass 1693 MeV and 1638 MeV which have
been observed in three independent measurements on
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hydrogen {1,2], has further been strengthened. We aiso
conclude that nuclear targets are complementary to
hydrogen in the sense that, by comparing yields of re-
actions in hydrogen (pp =+ X + v or m) with yieids

from the nuclear target {(pn = X + v or m), quantum
numbers for the states X may be deduced. Therefore
nuclear targets may be successfully used in the search
far exotic states in the pN system.

We would like 1o thank CERN for its hospitality.
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Abstract. The iow-energy part of the =® spectrum
associated with pp annibilation at rest was measured
in order 1o search for bound baryonivm-like states.
The upper Limit for reaching such states via the
emission of monochromatic z%s was found 1o be
8% per annihilation in the mass region of
1650 MeV, The low-cnergy part of the x spectrum
from pp annihilations at rest was also obscrved.

The search for bound baryonium states has so far
been done mainly by investigating the y spectza as-
sociated with pp annihilation at rest [1-3]. Owing to
the relative weakness of the clectrosmagnetic vertex
involved in reactions of the lype pp-+7yX il seems
probable that, for sufficiently deeply bound states X,
reactions involving a #° instead of a y (pp—="X)
have higher probability. Annihilations of this type
have so far never been searched for experimentally.
Here we shall describe an experiment where the
reaction pp-»z"X was studied in liquid hydrogen
for a limited range of n% energy. Results are also
presented for the low-energy part of the i spectrum.
The experimental set-up has been described ear-
lier [3] and will therefore only be sketched briefly
here. A j beam was stopped in a 25¢cm long liquid~
hydrogen target of i0om diameter. The beam di-
ameter al the maximum of ils stop distribution was
about 7cm. The targel was viewed by two Nal 3

a Present address: BBC, D-6800 Maanheim, FRG

b Om sabbalicat leave from the Depl. of Physics, University of
British Columbia, Vancouver, Canada

¢ Now il 250, T-8046 Garghing, FRG

¢ Now al CERMN, CH-1211 Geneva, Switzertand

detectars, a modular Nal system described by Bliim
et sl. [4], and a 10 in, x 12in. Nal crystal described
by Suffert et al. [5]. The target was surrounded by
an anaihilation multiplicity counter (charged par-
ticles and photons), which, however, was not wsed in
the following cvaluation owing to the limited statis-
tics, The two 7 detectors were placed opposite (o
cach other such that 1wo s could be measured in
coincidence when the angle ¢, ., between them was
targer than 155°. The solid angle of the 10 in. x [2in
detector was defined by a 10cm thick lead col-
limator of 15cm diameter, The acceplance of the
modular system was limited by the requirement thal
the shower centre should not be located in the pe.
ripheral moduies [4]. Assuming a poini-like source
the {ractional solid angle of the 10 in.» 12 crysta
was £, =0.69% and that of the modular system was
Q,=1.74%, Charged particles were vetoed by plasti
scintiflators in front of the detectors. The apparatu:
is shown schemaltically in Fig 1. Whenever one o
the y detectors gave a trigger both syslems were reac
out, Cuts were only applied in the off-line analysis.

PLATTIC LE,
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T om}{@ =25cm ||

'\ Ledem |
AL TIE

—t
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MO AK
SPLCIRGMETER:

ANHINLATION
DETECIOR

Fig, 1. Experimental set-up, Cross-section perpendievlar o th
beam '
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With the above-mentioned solid angles and as-
suming N, =393 45 per anaihilation on the average
[6], the probability for a single trigger is N{Q,
+0Q,), and for the coincidences we expect in first
approximation N(N,— 142,82, =138 1077 3y's per
anninilation. With # total of N,.=46x10% stopped
7's this gives ~063,500vy coincidences, This number
is reduced by those events where a charged particie
hits the same detector as one of the y's. The total
solid angle & for the veto counters being about five
times thai of the y-sensitive central region of the
detector, and assuming 3.4 charged pions per annihi-
fation, we roughly estimate a total of 40,0600y coin-
cidences.

Most of these coincident s are, however, un-
correlated, ie. not originating from the same par-
ticle, e.g. #° or 5. Therefore their invariant mass

m,. =VIE E (1-cosd, (N

is usually not the #° mass or 5 mass, but covers a
continuous spectrum. When reconstructing the in-
variant yy mass from the dafa it was assumed that
¢y, was 180° The error introduced by the finite
angular acceptance of the system of

£ 180°

15524, .5
is only of the order of £2.5% in the mass, hence
much less than the energy resolution of the coincid-
ence system {~ 15%) The spectrum of the invariant
vy mass is shown in Fig. 2. It contains 27,500 cvents,
thus 31% lower than expected {rom the above es-
timate. The reduction is compatible with an cnergy
cut al 25MeV in the single y energies, which was
introduced in order o reduce low-energy neutron-
induced and bremssirahlung background. This cut
affects mostly the uncorrelated background. As ex-
pecied, the spectrum is essentially continuous. The
n” peak at 135MeV is quile prominent and contains
1000 4 55 events, A second peak at ~ 3550 MeV, orig-
inating from i's which decay into two y's, contains
272 148 cvenis,

The kinematics for #” decay in [light lead 10 a
probability for the emission angle ¢ . of the form
(71

l

[52 cos{d, . /2) QT2 —costid,
28 s, .02 Vi~ cos?(h,

Wig.,,,.)=
T u‘z' (2)

where fi is the velocity of the =° and @ is a step
function defining the minimum angle
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Fig. 2. Spectrom of the invariant 33 mass. The solid line re
sents the background from uncorrelated 1's. The structure aro
700 MeV s due to the decay of ws inte z°p As expected
confirmed by Monte Cacle simulations, this decay mode lead
such u struclure in the yy mass spectrinn

From these formulac we deduce that the minim
angle is also the most probable one, and that 180
quite improbable for fast =%s. Hence our set-up
cxpected to provide only reduced efficiency for
ergies higher than E .2 138 MeV and E, 2562 M
Figure 3 shows the efficiency of our apparatus
calculated for 7% and » delection. It exhibiis a sh
platean, then drops down owing to the accepta
limitations, and finally s cut off owing 1o the ene
cuts 1 the single v energies.

When cvaludlm;; the yy coincidences further,
greatest problem is obvicusly the very large |
correlated backpround underncath the #° or 4 m
peaks in the invarianl mass spectrum. In order
reduce this background the y spectra in cach
lector were considered separately and approxima
by smooth functions F(E,). For each point in the
-E, plane the background is then given
FAE }F5(E,). The quality of this background
proximation is demonstyated by the solid line
Fig. 2. Obviously the correlated events in the z¥ ¢
peak are barely affected by this procedure, altho
the single ¥ spectra also contain cosrelaied 7's.

In order 1o reconstruct the =% or n energy $
{ra, appropriate culs were applied to the invari
mass m, . and the cncrgies' of the twe ¢'s W
added to give Eu,=F +£E Thc spectra
shown in Figs. 4‘1 and Sa for the 7 and 7 o
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Fig. 4. a 2% energy spectrum. The solid line represents the uncarrelated background. b #° energy spectrum after subtraction of the

uncorrelaled background. The solid line represents the peak from 2"

cuts, respectively, These spectra still contain uncor-
related background. By subtracting i, using again
the functions F, and F, for the single y-spectra, the
“pure® n® and n energy spectra shown in Figs. 4b
and 5b are obtained.

The =° spectrum exhibits a peak al E,
=138 MeV and a tail towards higher energies. The
peak af 138 MeV is due to reactions of slow n7’s

clrarge exchange al rest and (he Monte Carlo simulated n° spectrum

from pp annihilations, which stop in the target and
undergo charge exchange (n~ p—z"n), whereas the
tail is due to primary =%s from annihilation.

First we analyse the peak at 138 MeV in order to
obtain an estimate of the total number of primary
n®s. This peak contains 500110 events. The pesk
width at balf maximum corresponds to 11.5%,. From
[3] we know that the corresponding radiative cap.
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ture (pr” —ny) amounts ta ¥, =(3:41)x 107 per
annihilation for our set-up. Using the Panofsky ratio

-=1.546 £0.009 [8},

P Ny

-

and taking into account the reduction due to charged
particles as discussed above, we expect the number
of a%5 [rom charge exchange to be

N } _ Q]N)a* ERL P |

e g T

N, Y. RQ

Py c(:int(

where Q... is the average effective [ractional solid
angle for coincidences of correlated s, 1.¢. Lhe cone
defined by the condition 155%<d, . <180° and the
solid angles of the two detectors. With Q..
=0.66% and N,, =N _ =17 per annihilation, the
expected aumber of n%s from charge exchange is
Noo e pee=1000:£340. This number is higher than
the measured one, hence indicating that we have
overestimated the detection efficiency, but if is a safe
upper limit to be used [or normalization, ie. a redef-
inition of the effective number of stopped p's which
becomes Nyf'= (23 8> 10% The number of primary
7"s from annthilation which we expect to observe is

therefore {1.64+0.5) x 10°, when assuming 1.7 #™s
annthilation on an average.

The number of primary =s from annihilat
may also be obtained directly [rom the spectrum,
this end the remaining tail of the specirem has 10
explained by the spectral shape of z%s from
annihilations at rest. A Monte Carlo simulat
using the same annihilation channels as used in
was performed. This simulated spectrum normali
to one o was folded with the assumed resolutiot
T{i{;/‘{/finn[(xe\f] {which reproduces Lhe peak
138 MeV) and the efficiency as displayed i Fi
The number of z%s was adjusted 1o the measu
spectrurn and corzesponds to (1.04:-0.1)x 107, he
lower than, bul not in disagreement with, the exy
talion as derived from the =% peak at 138 MeV.~
solid line in Fig, 4b represents the peak at 138N
and the simulated #° spectrum.

Obvicusty there is no structure left over wl
could be attributed 1o a shayp baryonium-like st
With an efficiency of 3.1%, at 180 MeV (Fig. 3)
limit at 3¢ confidence for baryonium formatior
E_=180MeV is 8%, per annihilation when nor
lized to the fitted number of =%y and assuming
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x™s per annihilation in average. This limit would
not change when normalization had been carried
out with respect 1o the expected number of z%s,

The # specirum, Fig. Sa, may also be reduced by
the uncorrelated background. The remainder is dis-
played in Fig. 5b. This spectrum scems to contain
only low-energetic y's. Comparison with a Monie
Carlo simulated i spectrum is not possible since
only very little is known about annthilation channels
involving »'s. Therefore a determination of the num-
ber of if’s from ihe low-energy part of the spectrum
is not possible. In the energy range of our accep-
tance (Fig. 2), te. for m, <E, <600 MeV, there are
2704507y cevenls or, using the branching ratio
=139, a total of 700125 #'s. The number of
s produced in this energy range is thus N, 20469,
per annibilation. I only annihilation into nanrx is
assumed to contribute to our spectrum, this chamel
would have to have a yield of (18+7)%, per annihi-
fation. In view of the upper limit for  preduction in
low-energy pp annihilation of p/r®=0.11 [9] or
N,,§l9‘,i;’, (assuming 1.7 n®s per annihilation) this
indicates & fairly large amount of four-body or more
complicated final states asseciated with 4 production
in pp annikilation at rest.

We conclude that this measurcment, although
very sensitive 1o low-energetic 7™'s and #'s, could not
acquire  sufficient  statistics 1o reveal narrow
baryonium-tike states. The upper limit for bary-
onium production through n emission is &% in
the mass region of ~1650MeV. Search lor bary-

319

onium states in p-interactions in flight by observ-
ing & 7 instead of a 2% F107 have resulted in a limit
of §pbsr for a 4MeV wide signal. It is difficult to
compare this resull with ours since it is not a
branching ratio and since the (intrinsic) initial state
selection in interactions at rest {s- or p-stales) is not
possible in an experiment in flight. The number of
i's produced per annihilation with kinetic energies
below 50 MeV was found to be at least 0.467%.
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INTRODUCTION

In the search for baryomium carried out so far, various methods were used

. . . .= + - .
(high~energy production and low-energy formation in p and ¢ e teactions). The
1=13)

results of all these measuremenzs suffer from poor statistics Search for

baryonium states below threshold (mB < mﬁp) has given evidence for a few 3tazes“),
and the situation for bound states is perhaps less conflicting than fer baryonium

3)_

resonances in the coutinuum

Among the methods applied in the baryonium bound state research, we consider

the study of the .following reacticus at rest as mest promising:

B+y (la)

B+ {1b)

The reason is that in a stop-experiment the initial state is already a well=-
defined bound pp state (protonium atom). The transitiom from this state to a
baryonium state by emission of a neutral particle populates both isospin O and
isospin 1 barvonia (this is in contrast to charged piom emission, where only

charged baryonia are formed).

The study of the y-ray spectrum associated with the Ep annihilation at rest
seems, however, to have raached its limits at conventicnal beamss), and improve~
ments are only possiblie with much larger detecters or mch better definitions of

the annikilation chauneiss).

The previous studies of the reaction pp ~ B + n° by measuring the two ¥'s
from the 7° under backward conditions, as was done in the experiment 5161 (Ref. 3),

must be considered as exploratory only. The reason is twofold:

i) the angular acceptance was restricted to 150° < eY:Yz < 180°, thus limiting
the range for the total energy of the % to Eﬁo < 150 MeV; for higher ener-

gies the detectiom efficiency dropped down to a few %

ii) the total number of stopped p's obtained by S161 during 1980 was just suf-
ficient te obtain, at En“ = 200 MeV and at a significance of 40, a seusi~
tivity of r§p+3ﬂ°/ruot < 0.3.

An experiment of this typelmust thus be done at different angular positions of

the two Y detectors and at a beam of much higher intensity than has been avail-

able so far. The high potential of LEAR allows such an experimesnt to he carried

our withour using large and costly apparatus. We intend to study 7° reacrions by
means of a simple detector system, allowing for both angular distriburion measure-

ments and high-resolution 7° spectroscopy.



PROPOSED PHYSICS

2.1 ° §pectIoscopy

We propose to gearch for baryonium stares below threshold by studying the

pp reactiom at rest:
pp ~ B+ . (2

The monocenergetie 7°'s will be measured in a set-up especially tailored for meas-

uring 7%'s. The apparatus will also give information about moncenergeric ¥'s.

2.2 Direct v productiom

We further propose to study the direct (i.e. not via intermediate vector
meson) production of yv's in PP acoihilations at rest, which comes from the P
annihilation into the radiative chamnels 'y, wy, oy, and ¥y. These chaunels
can to a large extent be derived from the channels %", wp®, and p"p”, assuaing
vector dominance. The branching ratios of the latter channels are known7), and
any excess compared to what would be expected from vecror dominance may then be

attributed to direct y production in the pp annihilation.

The branching ratic for the rarest of these channels (pp + YY) may be esti-
mated from an early measurement of this reaction®’ dome at 1.5 GeV/c p momentum,

and should be larger than 10™° for a reaction at rest.

2.3 Baryonium decays

Search for baryonium by looking at its decay products in formation experi-
ments becomes feasibie at LEAR intensities. Our apparatus will be suitable for

measuring some particular decays. We propose to study the reactiouns

PP+ ... + B
by {3a)
ete” (3b)
T (3¢)

These reactions will show up in kinematical regioms where the background is expec—
ted to be very small. The decay of baryonium into v's or leptons depends on the
baryonium internal strucrure and the quark dynsmics involved. A heuristic esti-

Bvvy ore*e'/rB*hadrons
Too little is known, however, to make any reliable predictiong). We intend to

mate of the brapching ratio T may be of the order of a?.

study these reactions at a later stage when LEAR will be operated at low extrac-

tion energies,



EXPERIMENTAL SET-UP

In order to investigate the proposed items, we will use high~resclutiom Y-
ray detection methods and so-called Jacobian peak spectroscopy. The experiment
will be designed such as to make full use of the LEAR beams right from the

beginning.

Before discussing the experimental set-up ip detail, we shall give a descrip-

tion of the y-ray detectors to be used in the experiment and maske some general

]

comments about T 3pectroscopy.

3.1 High-~resclution y-ray detectors

High-resolution y-ray detectors of high efficiency are usually made from Nal,
This material has the disadvantage of having relatively low density and of being
highly hygroscopic. Such detectors have therefore zo be housed in vacuum-tight

vessels and are thus rather clumsy.

The availability of large crystals of BGO (Bi.Ge3l:7) now makes possible the
construction of highw-energy y-ray detectors. This material is ideally suited to

Y-ray spectroscopy owing to its particular properties:
~ high density (7.13 g/cn?),

- sheort radiation length {Rrad = 1,12 cm),

= high iatrinsic resclution (v 15% at 600 keV),

~ ilow afrerglow characteristics,

=~ non~hygroscopic and chemically inert,

- mechanically robust.

One detector unit will consist of seven modules of hexagonal cross-section {see
Fig. 1). The modules will have a diameter of 5 c¢m and a2 length of 15 cm. Each
module will be equipped with its own photommltiplier, The spatial resolutiom in
one direction for the central trigger-module will be achieved by a hodoscope con=-
sisting of five BGO crystals of 1 % 5 % 2.5 em! (see Fig. 1), each one viewed

with two photomultipliers.

The whole detector will have a weight of 15 kg, a diameter of 15 c¢m, and a
length of 17.5 cm, without photomulripliers. This compactness together with its

chemical and mechanical insensibility makes it very versatile and easy to handle.

The performance of one BGD crystal was tested at CERN in an electryon beam
{150-700 MeV/c) and with a '%7Cs source. The homogeneity and resolution turned
out to be equivalent to those of Nal !%). From these measurements we expect s

resolution of AE/E % 5%/vE for the total system of seven modules.
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If the baryonium states are considerably marrower than 10 MeV there could be
a need for much higher resolution without losses in efficiency. Liquid xenon may
offer such a possibiliry, but so far such a detector has not been tested at the
high v energies invelved in our experiment. 4 4 ! prototype is under comstruction
in Stockholm. 1If the tests of this detector are successful, it would be attrac—
tive to introduce at a later stage a much bigger liquid-xenon detector in the

experiment.

3.2 n° spectroscopy

The two Y's from the decay of a particle of mass m and total energy E are

strictly correlated by their kinematics:

2
1~ & .
mt - ZEYlEYz( cos Y1Y2) (4)
Sufficiently accurate measurements of all three quantities (E_ , E ] ) de-
- - - Y1 Y2' TYi1Yz
fi icl i E=E + , = + . W 11
ine the particle uniquely ( . EYz p Py, pYz} e call this method

]

'high-resolution m° spectroscopy’,

However, even if the energies EY of the v's are not measured but only their

relative angles SYi , thera is still a very premounced angular correlation since

Y2
most of the ¥'s are emitted into a narrow angular interval AS above the most
minimum . min | .
probable angle 8 {Jacobian peak); 8 is a function of w/E only:

emin)

ain { 5

miH

. _ (5

In Fig. 2 we display, as a function of the total 7" energy E, the angular inter-
val 46, which is necessary to collect 40% of all decay events. The energy reso-
lution AE/E obtained for the same condition is displayed in the same figure. It

is 97 at 500 MeV and improves for smaller energies.

The narrowness of the Jacobian peak is demonstrated by the fact that 40% of

all events fall within an angulav interval of A8 < 5.5°.

The attractive feature of Jacobian specrroscopy is thus that the kinematies
of the decay process offer a relatively good energy definitionm even if the intrin-
sic energy resclution of the ¥ detecror irself is wmodest. The disadvantage of
the method is, however, that it does mot distinguish between correlated (from one
7') and uncorrelated (from two different 1°'s) ¥'s, It is thus well suited for a
survey measurement; the final idencification of a possible peak has, however, to

be done with the high-resolution mechod.



3.3 The target

We intend to use a liquid-hydrogen target, which is matched in length to the
range distribution of a 600 MeV/c p beam of a momentum resclution of &p/p = 1073,
The range distribution is then emntirely determined by range straggling (v 1% of
the total range). The target diameter will correspond to the actual beam size.
The total size will thus be: £ = 5 cm, § = 5 cm. In order t¢ enhance p-wave
annihilation we will operate the target alsc with gaseous hydrogen at boiling
point, thus reducing the density by almost a factor of 100, This mode of opera-
tion is, however, only possible at beam wmomentum of less than 400 MeV/c, where

range straggling is accordingly smaller.

3.4 The beam telescope and moderation

The beam will have to be moderated in a moderator dowe to momenta of arcund
100 MeV/c. 1f moderation occurs from 600 MeV/c on, about 70% of the p's will be
lost by interaction in flight. A plastic scintillation telescope will be used to
identify slow p's entering the target.

]

3.5 Set-~up for high-resclution T  spectroscopy

Two y-ray detectors of the above-described type will be used to measure the
v's from the m° decay. The set-up is sketched in Fig. 3, Charged particles en~
tering the two BGO crystals will be identified by plastic scintillation counters.

From the above discussion it is evident that the highest acceptance for a
monoenergetic 1 is at the most probable angle ami“. However, this monoenergetic
7% appears strongest in the ' emergy spectrum at exactly the same position where
the detection efficiency, for m’'s of a continuous energy distribution, peaks.
Therefore the angular setting of the detectors must always be at somewhat smaller
angles than would cerrespend to the %% energy searched for, It proves that the
simultaneous measurement of precise energies {(AE/E v 8%/vE) and angles (48 = 2.3%)

allows for very sharp Yy correlation conditioms.

In order to demomstrate this property of our datector systems and to estimate
the sensitivity of the apparatus for monoenergetic %°'s, Monte Carle calculations
were performed for varicus angles 82 between the two detectors., The 7 energy
gpectrum as expected from pp annihilations is shown in Fig, 4a. Tt was obtained
using the yvields of the annihilarion chanpels given in Table 1. The peak corre-~

sponding to the pn° channel is clearly visible.

This spectrum will be drastically distorted by our apparatus. Figures 4b
and. 4¢ show the spectrum as measured under an angle 8,3 of 40°, Fig. 4b corre-
gponding to an angular resolutionm of 2 x 11°, ¥Fig. 4c to an angular resolutiom
of 2 x 2.3°, as achieved with the hodoscopes (see Fig. 1). The narrowness of the

peak reflects directly the sharpness of the ¥y correlatiom conditions imposed.
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The sensitivities which we expect from the Monte Carlo calculations are as
follows: at 200 MeV m" energy we need 10'? stopping E's in order tc see & peak
of 1% yield at 40, at an angle of 832 Vv 110%. Measuring at different angles 8,2
in steps of 10°, and stopping 10'° p's for each setting, we would see a peak of
0,537 at 40. '

The smallness and the rather low weight of the BGO detecters will allow for
a light-weight, compdct, mechanical set—up. We intend to place both detecrors on
one hardware comstruction, which will allow for precise amgular adjustments and
variable distances from the target. The construction will be one unit and thus

easy to move,

3.6 Set-up for Jacobian peak spectroscopy

For these measurements the two BGD detectors will be placed under 8,; = 180°
wirh respect to each other, each at a distance of 28 cm from the target. This
corresponds to an angular resclution for the BGOs of z1°. The angles between 30°
(E;0 % 500 MeV) and 150° (E;o = 140 MeV) will be wmeasured simultapeously by an
array of 40 identical y-ray detactors of limitad energy resolution. We chose an
arrangement that would keep the amgular resolution constant (A8 = 3°). This leads
to an energy-dependent energy resolution and to an energy-dependent 2cceptance
(see Fig. 2). The solid angle of each array module is of the order of 1072, and
its emergy resolution is expected to be AE/E x (10-20)%/vE above an emergy thresh-
ald of 50 MeV. '

The set-up is sketched in Fig. 5. Each counter will be vetoed for charged

particles by a plastic scintillation counter.

The advantage of the method is to make full use of the Jaccbian peak and,
simultanecusly, to be able to make a'rough cut in the invariant mass, since the
energies are measured. A& further advantage of the method is that the Y energies
in the Jacobiar peak region are high. Thus the thresholds of the Y couaters cam
be set at energies as high as about 70 MeV, Therefore the count rate and low-
energy uncorrelated background problems will be largely suppressed. This is in
contrast to pure Jacobian peak spectroscopy, where uncerrelated background cannot

be rejected.

Monte Carlo calculations using the same Monte Carlo data as above result in
the spectra shown in Fig., 6a, corresponding to v 2 x 10° stopping E'S. Introduc~
ing two peaks, at 8 = 40° (400 MeV) and & = 80° (200 MeV), of 5% yield each, re-
sults in the spectrum of Fig. 6b. After applying the cut in the invariant mass
spectrum, the background is reduced significantly at large angles (lower energies),

as demonstrared in Fig. 6c.
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The sensitivity reached by this method is as follows: in order to see a
peak of 40 significance in the angular spectrum of m°'s from 10'° stopped p's,
coming f£rom monoenmergetic #?'s, the yield of these would have to be 0.5%7, inde-
pendent of whether the 7’ emergy is 200 MeV or 400 MeV. It should be pointed cut
that these estimates are quite conservative, since the angular resolutioun may be
improved significarctly by a careful analysis of the shower configuration in the

array modulaes'}’.

3.7 Set-up for the measurements of the baryonium decays

For the measurement of haryonium decaying inte ¥'s or leptons Creactions {3a)
and (3b)] it is sufficient to cover an angular interval of 130° < 812 < 180° in
order to cover a mass region of my > 1300 MeV, supposing the baryonium is formed
via reaction (la). For more complicated formatiom processes the baryonium will
be slower and thus the mass range will extend to lower masses. By rearranging
the 40 array modules, it will be possible to cover the whole backward solid angle

within the above limits.

The distinction between y's and electrons will be done Sy the charged-
particle-identifying plastic scintillators in front of each detecter. The dig~
crimination against heavier charged particles will be achieved by requiring
electromagnetic shower characteristies in the ¥ detectors. The pions of reaction
(3¢) will be identified by additionally requiring a 8 2> 0.94. This will be

achieved by means of two Cerenkov detectors.

It should be puinted out that the events from reactions (3a) to (3¢) show up
in kinematical regions where the background from uncorrelated events is low since
the energy of each decay particle is of the crder of 400 MeV or higher,

3.8 Set-up for the measurements of
the radiative annihilation channels

The measurements of the radiative annihilation channels regquire no special
ser~up. The chammels pp = YY and pp =+ 7'y will be obtained from the measurements
under 180°. The channels Ep + pY or wy will show up in the single ¥ gpectra of
each BGO detecrtor.

RATES AND SENSITIVITY

Assuming a beam intensity of 10° p/s and an initial beam momentum of
600 MeV/c, the number of stopping F's will be about 3 x 10° Sstop/s' The average
number of particles produced per amnihilation being ~ 7, the total particle flux
will be & 2 x 10%/s, half of it being v's. For the BGD crystals 25 cm away from
the target, the solid angle of one BGO module is 2.5 x 1077 and its single rate
rhus 5000 s™!, (This rate could be larger by as much as a factor of v 20 before

running into count-rate problems.)
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The Yy coincidence rate is then about 16 s~ ',

This rate will again be re-
duced by abour a factor of 10 by a fast correlation trigger {see mext sectiom),

so that the final coincidence rate is of the order of ~ 2 5 !,

he Monte Cario escimares discussed inm Section 3.5 show that a sequence of
12 measurements at amgles ranging from 150° to 40° in steps of 10°, and stopping
10** p's for each secting, would reach a semsitivity of 0.5% at 40 for emergies
E o < 400 MeV. This would correspond to six days of méasuxing time at 600 MeV/c
beam momentum, assuming ~ 70% machine efficiemcy. At lower momentum (v 400 MeV/c)
the same sensitivity would already be reached after two days of running.

The Jacobian peak method will yield somewhat higher coincidence ratas since
the total sclid amgles are larger. 4 coincidence rate of about 200 s7! is
expected if the appropriate energy cuts are ap§lied. Trom the Monte Carle esti-
mates we conclude that with a beam momentum of 600 MeV/c we already reach the 4C
significance level for moncenergetic 7°'s of 0.5% yield after half a day of rum-
ning. At lower beam momenta we would stop 10° p/s and thus reach the 40 level

for monoenergetic m°'s of .1% yield after about 10 days of runmning.

The measurements of the baryenium decays into y's or leptoms will have yields
of the order of 107% per amnihilation, provided the yield of baryenium is 1Z.
With full LEAR intensity and low beam momentum (all n's stopped), and increasing
the solid angle of the two BGOs until the countwrate limit is reached, we expect
a rate of 1500 events per day. The amount of correlated background as well as

uncorrelated background is expected to be smaller.

DATA~TAKING AND OFF-LINE ANALYSIS

The data will be taken on-1ine with a PDP-11/44 computer. We intend to use
the CERN data-acquisition system. A microprocessor system is now being developed
which will reduce the amount of data already on the CAMAC level. Video-ADCs,
fast dividers, and comparators will be applied to establish a fast trigger for

corvelated ¥'s.
The oumber of events per tape (1600 bpi) will be about 2 x 108,

Off-line data snalysis will be possible partly at the PDP-11/44 and partly
in our home institutes. Primary data processing will, however, have to be dome

at the CERN computers.
CERN AIDS

Although most of the detectors and electromics will be provided by the col-

laboration, we ask for support with regard to the following items:

~ software support from CERN DD Division if changes to the CERN data-acquisitien

system will be necessary;
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~ support with standard pool electronics, essentially in case of emergency;

i

workshop assistance for large hardwarse;
- support for the counter array;
~ installation of an experimentai hut and of a small on~line computer hut,

TIME REQUESTS, BEAM AND EXPERTMENTAL AREA

7.1 Time

We ask for a total of two periods of test time at the P$ already in 1981, in
order to check and tune detector components. The kg3 beam would be particularly

suitable.
At LEAR we ask for:
- four weeks of essentially parasitic beam for setting up;

- one week of main-user beam for the Jacobian peak spectrToscopy;

4

- two weeks of main-user beam for the high-resolution T° spectroscopy.

Beam-time requests for the measurements of the baryouium decays will be placed

when LEAR will provide low-energy beams.
7.2 Bean

The focal properties of the beam should be such as to keep the beam size
below 5 mm FWHM in both directions. Moderation will be done in the focal plane.
We ask for refocalization of the moderated beam, which should have a momentum of
200-300 MeV/e.

7.3 Area

We need about 2.5 m left and right from the target, about 3 m in front of
the target, and 3 m behind it., The total area should thus be 5 x 6 w®, We ask,
in addition, that the area be well shielded from the beam dumps of areas where

scattering experiments are performed,

Standard imstallations such as mains, pressurized air, and hydrogen exhaust
will be necessary. We also would like to have the area covered with a removable

piastic roof.
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Table 1

Annihilation channels contributing
to the spectrum of Fig. 4a

1) wrtan 1.3%
2y wntn 3.82
3y prrontnT 6.4%
4y p*n¥ 2,77
50 p°n® 1.3
6y pntrrt? 7.3%
7y tra? 3.7%
8 wrrent 5.37
8) v r"In? 23.3%
10) whrman® 2.8%
11)  2ntan~an? 16.6%

12) 2nton”3n® 4,22
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