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Abstract

The experiment PS182 performed at the Low Energy Antiproton Ring at CERN is presented. It
was designed to search for exotic states (narrow) produced in proton-antiproton annihilations at rest. A
spectrometer consisting of two sets of bismuth germanium oxide (BGO) crystals and a lead-glass array
has been used to measure the #° and 7 inclusive momentum spectra and the inclusive photon energy
spectrum produced in pp annihilations at rest. The tests of the BGO sets in an electron beam of ener-
gies from 50 to 450 MeV is described, as well as procedures to extract the energy and position resolu-
tions for detected photons. Also discussed are the methods of calibration and reconstruction of impact
position of photons detected by the lead-glass array

For the production rate of narrow exotic states, an upper limit is given as a function of the mo-
mentum of the emitted #°-meson or as a function of the energy of the emitted photon, respectively.
The measured inclusive spectra show structures of ordinary mesonic resonances, which allows deduc-
tion of the branching ratios for the two neutral annihilation channels pp+#°«» and pp-+nw. From the
absence of signals upper limits are extracted for the neutral two-mesonic annihilation channels
pp—+7"n, 29, nm’. By measuring coincidence events of three photons, the branching ratios of the rare
annihilation channels pp—+27° and pp-»°y are measured with precision, as well as an upper limit for
the channel pp-+37°. Discriminating events of two high-energetic back-to-back photons resulted in an
upper limit for pp-+2y.

To be presented, with the permission of the Faculty of Applied Physics and Mathematics of the Royal
Institute of Technology, for public criticism at the Research Institute of Physics (main auditorium) on
May 30 1986 at 10.00.






Preface

This thesis is a detailed description of the experiment PS182 performed at
the Low Energy Antiproton Ring (LEAR) at the European particle accelera-
tor laboratory CERN, situated outside Geneva, Switzerland. It was proposed
to study rare annihilation channels of the pp system through the inclusive
#%-momentum spectrum. The proposal was presented to the Research Board
and the experiment was approved in May 1981. The first run period, a two
days test run was in August 1983. Since then there have been four periods of
run time, viz. in December 1983, in May and August 1984, and in May 1985.
1 will discuss data and results from them all. Before the chapter presenting the
evaluation and interpretation of the data, there is a chapter describing the ex-
perimental apparatus and machine environment, and including an extensive
discussion of the performances of the different detectors. The results from the
detector investigations have been published {4] in Nuclear Instruments and
Methods in Physics Research, section A.

I joined the group in mid-1981 when the experiment was in a progressed
stage of preparation. The detector had already been designed and ordered, but
the data aquisition system was not yet settled. During the design stage of the
experiment several alternative solutions to various hardware aspects of the ex-
periment were attempted before making a final choice. For instance, I worked
half a year on developing an interface between CAMAC and a Motorola
microcomputer [99], which eventually was too slow an alternative for the data
aquisition system and will therefore not be mentioned,

Experiments in high-energy physics are tending to grow in size and are
performed by large collaborations containing many people and usually several
students. It can then be hard to separate off a particular well-defined task for
each graduate student - as was the case in this experiment. 1 am, in this
thesis, emphasizing work 1 have done myself or taken part in. Nevertheless I
have, for completeness, also to mention work entirely done by colleagues. In
these cases I refer to a private communication. After the imtroduction to the
subject of the thesis I present a chapter that brings up a few theoretical topics
concerning pp annihilation. This chapter should not be considered as being a
part of the scientific work behind this thesis, but only as an information to the
reader.

The discussion may sometimes seemn unnecessanily detailed for the purpos-
es of this thesis, but since I decided not to adopt the style of the author of an
article to be published in a sclentific journal, I allowed myself to analyse in
depth a few subjects I regard as interesting physics, and which can be illustra-
tive of useful methods pertaining to expenmental elementary particle physics.
Further, I have piven extensive references to further reading material.
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CHAPTER 1
INTRODUCTION

The experiment being presented in this thesis belongs to the first generation of experiments per-
formed at the pp-facility at CERN named LEAR (Low Energy Antiproton Ring), which was unique
at the time of being built (1983). The experiment has the code name "PS182” and the title
"Investigations on Baryonium and Other Rare pp Annihilation Modes Using High-resolution «°
Spectrometers” [138]. When LEAR carmne in operation it was the first time in history high-intensity
antiproton beams became available, The proton-antiproton annihilation mechanism could now be
studied at several orders of magnitude more precision. In addition, the quality of the LEAR beam is
much higher as compared to the conversion beamns used before LEAR. The beam momentum is lower
at LEAR and defined to the accuracy of a tenth of a percent, and the beam is also completely free
from other contaminating particles. Several groups proposed experiments to investipate different fea-
tures of the pp-annihilation process. Although the gross behaviour had been thoroughly measured in
bubble chambers, details about this complex reaction were only poorly known, in particular for the
completely neutral annihilation channels.

1.1. PHYSICS MOTIVES

We know from electron-positron processes, that annihilation channels are an exceedingly fruitful
way of studying the hadron spectrum. The e*e™ cross-section revealed the “charmed’ and "beautiful”
quark spectra. The states directly accessible from e*e™ annihilation must , however, have the quantum
numbers of the photon. Baryon-antibaryon (BB) annihilation, on the other hand, has no such restric-
tion and should thus exhibit a far richer spectrum. For each spin and isospin combination there are
four types of states, having even and odd parity, even and odd C-parity, that can couple to BB chan-
nels, of which three are accessible to nucleon-antinucleon (NN) processes.

Already in 1956 an article [5] put forward that the pp-annihilation process could be structure de-
pendent in contrast to the e* e~ annihilation which is a point-like reaction. It was then noticed that the
phenomenological "'strong” NN potential, describing the nuclear forces, when transformed into an NN
potential turns out to be "strongly” attractive. Imaginably the pp annihilation at rest could proceed
stepwise from level to level down the potential well. Later, after the guark concept [66)] was invented in
1964, the baryons were understood as being composite objects comprising threc quark constituents (g).
Similarly the antiprotons possess three antiquarks (g ). These hypothetical constituents were supposed
to carry a ’strong” kind of charge named colowr. The nucleons were then constructed from two differ-
ent types of quarks having different so called flavowr, which is a feature connected to the eleciric charge
and the carlier concept of nucleon property, isotopic spin. By analogy with the electromagnetic theory,
"Quantum Electro Dynamics’’ (QED), that renders the electromagnetic interaction as a consequence
of photon exchange between electric charges, the theory for strong interaction between quarks,
"Quantum Chromo Dynamics™ (QCD), explains the interaction as a result of gluon exchange between
colour charges. In contrast to QED however, where the exchange particle (the photon) is neutral, the
glaons ( g) in QCD carry colour charge themselves. This fact implies that the gluons interact with each
other, which has some quite remarkable consequences. Possibly this circumstance accounts for the
QCD coupling constant being so large, which in its turn causes the large strength of nuclear forces. It
i8 also indicated by QCD that quarks do not appear freely in real life, but only in clusters that are col-
outless to the outer world. This phenomenon has been named confinement, and the physical quark
combinations are referred to as colour singlets, because they are described by the smgk‘i representation
of the QCD gauge-group SU (3). Such colour singlets are the ordinary mesons |¢g ) and baryons |ggq)
but also states like |9q9q ), |qqg and |gg). Of these singlet states the mesons and the baryons have
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been well understood, but it has not been possible to identify any other kind of singlet state, from the
present knowledge point of view that is. Although some pre-LEAR experiments claim they have ob-
served signals that indicate the existance of these kind of objects, the experimental situation is not clear
at all. Perhaps because these states should occur but are elusive they have been called exotic. Several
experiments of the first LEAR era were motivated by the search for these exotic states. It certainly ap-
pears somewhat obscure that they would not exist at all, as they are not principly forbidden. Of course
they might be very short-lived and therefore produce a spectrum too broad to be utilizable for identifi-
cation, or there could be many states lying so close that they form a continuum (fig. 1.1).
Unfortunately it is very difficult to com-
pute masses and lifetimes of bound states in
QCD. Because of the large coupling constant
QCD does not allow for a perturbation expan-
sion at low energies. Higher order processes
seem to be important at spectroscopic energies,
ie. one can anticipate an avalanche of
quark-gluon loops as illustrated by the pattern
in fig. 1.2a, The same holds for scattering at
low energies. Though pp scattering has a much
more comprehensive spectrum than e¥e”,
having six sets of quantum numbers for every
spin, it is considerably more complicated 1o
analyse. For while any experimentalist can cal-
culate the dominant Feynman diagram for Jjy
production and decay (fig. 1.2b) almost no-
body can compute a strong interaction process
at low energies, since they are a complex
mess of quark-gluon interactions (fig.
1.2a). Though these interactions are not
computable as yet, there are rules that tell
us that in the low-energy regime the dy-
narnics is controlled by the flow of quan-
tum numbers in the s-channel. For »* o~
scattering this means that of a gg pair.
Thus, in the low-energy domain we see
well-separated resonant states p, f, g, A,..
{fig. 1.3a). As the encrgy increases the re-
sonances overlap and collectively build a
smooth cross-section, which is most easily
described in terms of t-channel g4 ex-
change (fig. 1.3a tilted 90°). All this is
(b) 8§ well-known, as the fact is that there is

cross-section

"Fig. 1.1: Many exotic states form a continuous
cross-section.

C every evidence that the same t-channel gqq
A O exchanges, as in meson-meson and me-
- A son-baryon scattering, occur in BB pro-
§ 0 cesses too. Therefore, when the appropsi-
e — {2} ate "'duality” diagram for the BB process
C ~C is drawn (fig. 1.3b), we see that one quark
in a baryon bag annihilates with an an-
tiquark in the antibaryon forming a dig-
uark-antidiquark (g%q 2) state [125]. Such
a state has a special relationship to BB
channels, because it can readily create a
qq pair in the joining string and fall apart into a baryon and an antibaryon. To disintegrate into me-
sons is much more difficult requiring a complete rearrangement of colour, since a diquark is not a col-
our singlet. Hence such states have generally come to be called baryonium [37]. This idea is given cre-

Fig. 1.2: A low-energy QCD process (a) is a complex mess of
quark-gluon loops in contrast to a high-energy process as
Ji-production in e’ e~ annihilations (b).

Chaes was the law of nature; order the dream of man. {(Henry Adams, 1838-15813)
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dence by the knowledge that much of baryon spectroscopy points to an asymmetric spatial distribution
of quarks in a baryon. Two of the quarks often cluster forming a diguark which makes the process of
fig. 1.3b very likely. However difficult to compute this kind of process, several partially phenomenolo-

gical models, using different approaches, have been devel-

@\ oped to overcome the shortcomings of QCD in the
e , low-energy region. In chapter 2 three of these approaches
LR A T P S 7 are reviewed. Chapter 2 also includes some other aspects
AR @ ______ | of the pp-annihilation process.
i e Some of the observed and established resonances fit-
(D" (a) “*@ ting into the spectrum of ordinary gg-mesons have been

interpreted [82] as being states of the kind lgggg ). Others
have been suggested as candidates for states |gg} of gluons,
frequently referred to as glueballs. Though the gluon itself

is mnassless, bound gluon states generaie mass. Bven if
RN e there is much circumstantial evidence for these resonances
\‘\5:-' IZ'—'-'—"" to be exotic by nature they could still perfectly well be or-
JL dinary mesonic ones. Many conceivable |gggq ) states can
®- - be reached from pp annibilation at rest, i.c. from an at-
j‘,',:"' ““3:; omic pp state. From the quark-picture point of view the
(b) pp annihilation is ideal for production of states like |ggqq )

as the Zweig-rule [114] is not violated. The ultimate re-
one observes woll-separated  resonant quirement .for experirflents that make spectroscopic meas-
states p, f, g... . The similar should hold urements like PS182 is that at least some cxotic states are
for baryon-antibaryon scattering (b). narrow and arise above the background.

Fig. 1.3: In low cnergy «*w~ scattering (a)

1.2. INDICATIONS FROM EARLIER EXPERIMENTS

The so called "S-meson’ as found by Carroll et al. [33] and Briickner et al. [28] was a pointer to
baryonium spectroscopy. A narrow peak was observed in the total cross-section and in the annihilation
cross-section obtained from p$ and pd scattering. However, attempts to deduce the quantum numbers
for the states were confused. Moreover, it sat on a background ten times larger than the bump itself,
the constitution of this background being unclear. Another place to look for baryonium states is in
o N-production experiments. Thus, Benkheiri et al. { 18] presented a spectrum with claims of two clear
states at 2.02 and 2.20 GeV/c?. These discoveries delighted the colour chemists of the time who pre-
dicted [76] several states in this energy region. Even more excitement was induced [77] by a state at
2.95 GeV/c? reported by Bvangelista et al. {59]. All these experiments, low energy pp scattering and
# N-production experiments, have been repeated [70] {39] and nothing has been observed, at least with
upper limits far below those of the original observations. Bven the S-resonance is a shadow of iis for-
mer self as reported by Hamilton et al. [70].

Later other groups [123] [134] investigated the inclusive photon spectrum produced from pp an-
nihilations at rest. The spectra obtained by Richter et al. showed structure, and the avthors concluded
that three observed lines at 108, 183, and 216 MeV, respectively, were present as they appeared at the
same positions with similar yields in three independent measurements. One of these lines (108 MeV)
was possibly confimmed by Smith et al. [ 134] although the yields quoted by the two groups were not in
agreement,

The pre-LEAR situaiion® was indeed confused. Nevertheless there existed some distinet promise
in the promiscuous data flow thanks fo an experiment by Bisenhandler et al. [57] that measured
pp+utaw in the 0.9~ 2 GeV/e momentum range. The differential cross-section measured in that ex-
periment is seen to be full of structure indicating the presence of high spin waves in fact waves up
to spin five. Recognizing that an amplitude analysis is not possible with just unpolarized data, this
same experimental group measured the cross-section with a polarized target [34] at several momenta in

! There ir a good review article by Pennington [117],
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essentially the same range. The way to analyse such data is well-defined [17]. Thus, from each of the
1024 equally possible partial-wave amplitudes describing the pp—+=* =~ data, it can be predicted what
the observables should be for the pure isospin zero channel pp—+#"n®. This differential cross-section
has also been measured in the same momentum range [55]. These allow to discriminate between the
many possible amplitudes — allowing in fact just two [94]. The dominant odd-spin waves are full of
structure, even though they build a bumpy but rather smooth reaction cross-section. A mere inspec-
tion of the total cross-section can therefore be very misleading. To study whether the structures corre-
spond to resonances, one must make a sophisticated phase-shift analysis and look ai the behaviour of
the phases. All the relative phases are determined, only the overall forward phase is not. Choosing this

one in line with "causality” - the outgoing wave cannof leave the scattering centre before the in-
coming wave has arrived — all the partial-wave? amplitudes [94] (with common notations)
1 i3
a, = z—i(n,ez (-1, (1.1)

from the partial-wave expansion

Sk 8) = ~ 2 20+ V)a, P fcosd) (1.2)
!

o= e

are scen to rotate anticlockwise in a resonant-like fashion in the relevant Argand plot®. This is an evi-
dent indication that the pp annihilation might hide muititudinous sccrets about a variety of resonances
of a new kind.

1.3. CREDIT TO LEAR

Apparently, measuring the total or elastic pp
cross-sections yields limited information. Similarly an ob- Fig. 1.4: (Taken from ref. [117)).
served signal in the inclusive energy spectrum, obtained
from a spectroscopic measurement of a particular kind of
particle emitted from pp annihilations at rest, can never
prove the existance of an exotic state, as the possibility that
it originates from an ordinary mesonic state cannot be ruled
out. A more strict proof requires the ability to perform an
amplitude analysis as was pointed out in the previous sec-
tion. Since spin is an essential complication in such analy-
ses, these require measurement of, not only the NN total
and elastic cross-sections, but also the differential
cross-section with unpolarized and polarized beam and tar-
get too, not to mention the polarization state of the final
NN pair, a task that requires years of high precision, high
statistics work and with a dedicated machine. LEAR is just
such a facility. Fven so, this is a daunting task. Valuable in-
sight can however be gained, as we saw in the last section,
by looking at simpler final states with spinless particles, like
aw, KK, 7y etc. Of the twelve sets of quantum numbers with isospin 0, 1 accessible to NN

. ? For an introduction to the partial-wave description see for instance the book by Perkins [118].

¥ In the complex plane the amplitude a 4 will move arcund the unitary circle anticlockwise for a perfectly elastic resonance.

The aim of science s not to open the door to everlasting wisdom, but to set a
limit on everlasting error, (ﬁ@rfo}d Brecht, 1898-1956/
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interactions, such processes pick out simply the four natural parity channels to be explored in turn.
Three-body final states are needed to expose the unnatural parity sector [94], though none of the ex-
periments of the first era of LEAR has addressed itself to such exploration. Nevertheless pp+o o™ is
present [29]. As was arpucd in section 1.2 the way to a unique amplitude, a unique set of nonpertus-
bative solutions to QCD, is to measure the unknown phases of the amplitudes by constraining sup-
plementary data on NN-=ow with well-established resulis on its #N- %N crossed channels. Polarized
beam experiments at LEAR can make this a reality. Recall this is just the spectrum coupling to both
NN and »«. One therefore expects six times as many states to occur in p-~pp with its six times more
aceessible quantum numbers. Small wonder the "S-meson’’ may be a very complicated object and not
the single S-matrix pole assumed in references [33] [28] [70].

The analysis outlined in section 1.1 determines for a resonance (M) the product of its branching
ratios to NN and =, for the dominant J= 1,3 states, to be

R(M-=NN)-R(M-+a7) ~ 0.02 (1.3)
Note that for a gg-meson which is a daughter of the p-f trajectory we would anticipate

R(M-+mm) ~ 10%, (1.4
and if such states have coupling of similar strenth to NN as to =« then

R(M-=NN) ~ 1% to 3%, : (1.5)

as a result of the smaller phase space related to NN than related to ww. Thus the product in eq. (1.3)
would be between 0.001 and 0.003, i.e. an order of magnitude smaller than observed. Since the aw
coupling is unlikely to be very much larger when there are so many other meson channels accessible,
we must conclude that for such states to show up so strongly in NN, their coupling to NN must
be substantially larger than to w=. This may indicate that what has been observed are indeed mesons
with a larger |ggqq ) component. To "prove” this statement one has to insist on an equivalent analysis
of the same spin states in NN-~ NN scattering, and LEAR enables this possibility. There is muoch work
for LEAR to do for many years ahead. With isospin 0 and 1
there are sixteen types of meson states to study, of these
M E SON ‘C HA\.L four are closed to the NN channel. LEAR will aliow access
to this "Mesonic Hall"*, While in the NN-+BB channel
everything is seen at once, the simple two-body annihilation
channels only allow peering in through the windows one at
a time. From the glimpses already seen, through looking at
pre-LEAR data on the pp—+ww channel, a rich spectruom of
hadron states is apparent; a rich spectrum deserving of fur-
ther investigation. There may well exist a whole new family
of mesons coupling strongly to baryon-antibaryon channels.
Though these are less spectacular, producing only broad
structures and smooth cross-sections like that for pp-»ow,
rather than y-like peaks obtained in e e” annihilation, they
may teach us just as much about the force holding quarks
together and the nature of confinement. The pp channel al-
lows a unique insight into the "Mesonic Hall”, where cach
room is potentially packed with states, not only those made
of two or more guarks, but also glueballs and hemaphro-
dites. Knowledge of these will shed vital light on the nature
of QCD. Indeed, if QCE 15 part of an even grander theory,
then its spectroscopy, with supersymmetric partiers for ex-
Fig. 1.5: {Taken from ref. {117]). ample, may be revealed too.

4 Quotation by M.R. Penninglon.
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1.4. PROFIT FROM EXPERIMENT PSI182

It was pointed out in the above section that an experiment making only spectroscopic measure-
ments, like this experiment PS182, will not be able to uniquely define the internal quark structure of
the state that caused a presumed signal. However, several of the proposed experiments at LEAR are of
this kind, and the more elaborate experiments able to do a complete partial-wave analysis are yet to be
done. Experiments of the spectroscopic kind, that are much simpler to carry out and that require a less
complicated detector, can nevertheless serve as a useful guidence in the search. Several of the experi-
ments in the first era of LEAR have achieved their first results by now. The experiment PS182 that is
presented and analysed in the present work resulted so far in three different basic measurements, viz.
the three inclusive momentumn spectra of, respectively, #°-mesons, n-mesons, and photons, emitted
from pp annihilations produced experimentally by an antiproton beam stopping in liquid hydrogen.
The #% and the photon spectra are used to derive upper limits for the population of exotic states,
which are about an order of magnitude below those of earlier data. The spectra show, however, in ad-
dition several signals from ordinary mesonic resonances. Thus, the two neutral two-body annihilation
channels pp+ 7%« and pp-+nw, are directly measurable from the spectra. It is also observed that signals
from the decay channels pp—+n, pp—+mm, and pp-+nn’ are absent. These numbers might help the un-
derstanding of the pp-annihilation mechanism as these decay channels cannot simply be explained by a
pure quark rearrangement mechanism. The pp-annihilation process was extensively studied with bub-
ble chamber techniques during the 196('s [11] {65]. With these techniques it is not easy to discern
neutral particles, and subsequently the data concerning decay modes that comprises two or more neu-
trals are generally poor. :

The principle of #%-spectroscopy is to measure coincidence events of two photons, because the #°
immediately (compared to detector dimensions) after production decays into two photons. Hence, the
detector is constructed from y-calorimeters. In principle one is then able to perform spectroscopy of
any particle that decays into two photons, but apart from the #»° it is only the 7-meson that does so at
a sufficient rate for practical use. By removing the coincidence condition in the trigper the inclusive
photon spectrum is obtained. The detector used by PS182 is extensively described in chapter 3. The
evaluation of events, and the methods to interpret the spectra, are then discussed in detail in chapter 4.

An interesting data set consists of triple photon coincidences. This event sample allows us to
measure the rare decays modes pp—+2#" and pp-+w"y with good precision. If the strenpth of the 27°
channel is compared to the strength of the #*w~ channel measured in bubble chambers, information
can be gained of the relative contributions from P-wave and S-wave, respectively, to pp annihilations
at rest in liquid hydrogen, something that might have implications when correctly judging bubble
chamber data. Earlier experimental results [25] [47} on the 27° channel are in disagreement. By meas-
uring events of two high-enerpetic back-to-back photons we obtain an upper limit for the decay
pp—+2y. This rare annihilation channel and the channel pp—+»"y are imagined to proceed via vector
dominance [45], which is a mechanism that well explaines the cross-section for e p elastic scattering.
However, this model has some difficulties when applied to e*e™ annihilation. The »%y and 2y channels
are yet another check of the Vector Dominance Model, which will be further discussed in the next
chapter.

Anyone who s practically acguainted with scilentific work is aware that those who refuse to go
beyond fact rarely get as far as fzet. (Thomas Heary Huxley,1825-1895)
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CHAPTER 2
THEORETICAL ASPECTS ON pp ANNIHILATIONS

A proton-antiproton annihilation is a complex process involving three quarks and three antig-
varks, and analysis of the pp annihilation is further complicated by the fact that it is governed by
strong interactions. The difficulty with QCD (Quantum Chromo Dynamics), the theory for strong in-
teraction, is evident from an expression of the strong coupling constant « , which is the parameter
occuring to increasing orders in a perturbation expansion. Let us compare the situation in QED
{Quantum Electro Dynamics), which is a well known and well working theory, and governs e*e™ an-

nihilation for instance. The electromagnetic coupling constant a QED 4 be expressed as

2

1~ Lty () I i)

2y o=
aQED(q ) -

where p is the "renormalized mass” (=m_). Because o oF {q*) decreases with decreasing |¢?|, a per-
tubation expansion will converge faster for small values otD 14|, and processes are dominated by first
order diagrams, The corresponding expression for %oep the strong coupling constant, is
&, opt?)

QCD

1+ B lag o (w2l In(@?lp®)

2y o

where p again is a "renormalized mass”, and B= (11— 2n/3)4w, n being the number of quark flavours.
At present we know only of six flavours. We see that if 1< 16 the strong coupling constant «_, . (4°)
. . . . . . . QCD
increases with decreasing |¢*!, which means that a pertubation expansion will converge worse for
smaller |¢?|, and better for larger |§*| — a fact known as "asymptotic freedom"”. This means that
strong interaction processes at small momentum transfers [4%], as pp annihilation at rest for instance,
are not dominated by the first order diagram, but higher order diagrams might be as important, which
makes calculations complicated and maybe endless. Experimental results indicate that calculations ac-
cording to the Feynmann rules are valid for |¢?| > (2GeV)?. Even if QCD gives a good interpretation
of the dynamics in a strong interaction process, spectroscopical® quantities are difficult to compute,
Large efforts have been invested by many people to get around this deficiency of QCD, and several
approaches have been tried. In this chapter three of these models are bricfly presented (section 2.5).
The situation for pp annihilation at rest becomes even harder by the fact that the reaction seldom takes
place in vacuum but usually in liquid hydrogent which has an impact on the quantam numbers of the
initial pp state. The first section of this chapter gives a survey of the atomic situation prior to the ac-
tual annihilation process. The two following sections 2.2 and 2.3 then takes up approaches to the un-
derstanding of pp annihilations into final states that only contain ordinary mesons, which is the case
for the vast amount of all annihilations. Section 2.4 discusses some aspects on annihilations into
two-body final states. If these two final objects are ordinary mesons, the process involves an annihila-
tion of a quark-antiquark pair, and the process cannot simply be explained by a rearrangement of
quarks and antiquarks into three mesons. Another possibility could be that onc of the objects in the
final state is a quasi-nuclear state or a state composed of two quarks and two antiquarks. Such latter
states ave frequently referred to as "baryonium”.

* Some spectroscopical properties of QCD can be derived from group-theoretical considerations. For a treatment of the subject
see for instance the book by Close [38].
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2.1. PROTONIUM

An antiproton enters the target of the PS182 experiment with a momentum around 200 or 300
MeV/c. It is slowed down by Coulomb interactions with the atomic electrons in the liquid hydrogen.
This interaction mechanism is well described by the Bethe-Bloch formula (see further section 3.3.2).
‘When brought to a stop the antiproton is captured by a proton and will replace the electron in the
hydrogen atom. To remain bound, after having knocked out the electron, and form a pro-
ton-antiproton system, the antiproton must have an energy £ roughly equal to the binding energy £ 5
= ]3.6 eV of the electron. This hydrogen-like pp-atom is called "protonium”. Its energy levels are thus
given by the usual eigenvalues to the Schrodinger equation:

2
E,, _ Ze
Zaan

) (2.1

where the Bohr radius is

@ _ _H#
a, = 2.2
Bz Zuet (22)
with the reduced mass
mm,
po= e (m=m, mp}. (2.3)
m+m
P
Thus the antiproton is captured in an energy level having a principle quantum number n given by
n’ 1 m, +mp
a, (B)nt = a,fe’) > e el T K[ X (2.4)
5 5 r(p) e 2m,

If the annihilation takes place in "vacuum”, almost gaseous hydrogen, there follows a cascade
process of de-excitations (fig. 2.1). The lifetime T of a level n can be found by computing the tran-
sition probability w, with classical harmonic time-dependent pertubation theory, that is using Fermi's
Golden Rule® (io=AE= E-E _)

A !
Ezw[nlm—»n'fm’j = --—!-- —54-?--‘-"-
mm 274+1 3 & 2i+1

1
w =

F 2
oA+ |.£ R (r)R (r}ridr X

where Rn : and Rn'l' are the radial wave functions of a hydrogen-like atom. For instance, the lifetime of
the 2p level is, using

1 ¥ 2
= e @ F{20p Rl === g~ Tlag (2.6
n! ! '
,/24a33 ay 4/a83
obtained to be
= p(2p-+15) = 1.6°107 %y 2.7

T?.p

® See for instance the book by Sakurai [128].

If God had consulted me before embarking upon (reation, | should have recomended something simpler

{Alfonso X, King of Castile, 1221-1284)
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In general the lifetime of an excited
hydrogen-like atom goes up with increasing
n, roughly as »* for a fixed value of /, and as

~ CIRAE I R
"n (?: n® ) nds (2.8)

(2.9)

>
for the average over [, Summing from n=2 to =
n= 30 we get é
0

T 30 30 o

r 22 Dl pas n 1871075, o

PP nasa=2 =

=

|

|

I

In liguid hydrogen, however, the history
of protonium is altered due to the higher
density of the environment. Because of the
lifetime of protonium, it is very likely to col-
lide with a hydrogen molecule before annihi-
lation starts. The average time f: between
successive collisions can be computed from Fig. 2.1: Cascade de-excitation of protonium.
the mean path length / and the expectation
value (v) of their velocity distribution. For the
velocity distribution one can use a classical
Mazxwell-distribution

3n
sy = N ) e~ MR oy | (2.10)

M
2akT

where N is the total mumber of molecules of mass M, and T is the temperature in degrees absolute (K),
k being Boltzmann’s constant. We get for the expectation value of the velocity:

) = %\;jvf(v)d“v = ,/-8-% . (2.11)

For liquid hydrogen is M = Zmp , and that has a temperature of T==26 K, we then get

26

o

& 523 m/s. (2.12)

m
P

The classical treatment of liquid hydrogen can be justified by comparing the "thermal wave length” A
being the de Broglie wave length of the hydrogen molecules taken for the expectation value of the
momentum in a certain direction:

/] . h - Zafic
Mv)  J2MET  Jdnm je26

Ao o=

- ~ 2.4 A (2.13)

. The thermal wave length should then be compared to the mean distance a between the molecules in
liquid hydrogen:
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gz /A = 3610% om~ 360 A > Ap. (2.14)

NAp

The mean free path can be found from considering the total number of collisions z, per unit time

z,= énza ( ZW?CJT )3 _[me"' My, *[2kT o= MYy*[2kT |y, — vy, |d%, d®, = 2n%0 :L , (2.15)
where # is the molecular density
N,p
n = = 2111022 em ™3, (2.16)
and o is the total collision cross-section
a & 9wad2 = 1.5107% cm?, 2.17

a,~ 0.74 A being the equilibrium separation distance between the hydrogen atoms in a molecule. Fi-
nally we arrive at the average time ¢_between two successive collistons

— ¢
e £ (2.18)

W2 JoNoh)  ANG KT

We can now compare this time f;bctween collisions with hydrogen molecules with the lifetime of
protopium = __ [eq. (2.9)], and it is clear that the pp-atom wiil meet many hydrogen molecules before
the proton ahfl the antiproton has come close enough to annihilate.

A "collision” between a pf-atom and a hydrogen molecule is, however, not so drastic. Mostly the
pp-atom will just pass through the hydrogen molecule (fig. 2.2). The radius of the pp-atom is

2m
ay(B) = ayfe”)— = 100 fm << a (H) ~ 1A, (219)
mp

wherefore the pP-atom appears to be a small neutral object to
the hydrogen molecule. The pp-atom would hardly notice the
presence of a hydrogen molecule except for the strong electro-
static field £ between the protons in a hydrogen molecule. This
will induce Stark effect in the protonium atom, ie, splitting of
the energy levels due to the external electric field E. The phe-
nomenon can be treated in the Hamiltonian of the protonium
atom as a small perturbation

H =eZ (2.20) PP
. . . . . Fig. 220 Wl th all pp-at
if th.e pp-atom is considered as a stmall d1p91e oriented along the ' passes thf:ugh ca s}gfdm ggﬁ ?I;T
z-axis. We then solve the Schridinger equation ecule it is exposed to the strong
cleciric field E inside the mol-
(H+HY, = (E+E)¢,, (2.21) ecule.

where the wave functions are assumed to be linear combinations of the ordinary hydrogen wave func-
tions ¥, (ke nimy:

Mathematicians are rather like Frenchmen. If you speak to them they translate it into
their own language, and then it is immediately turned into something entirely different.

{Goethe, 1749-1832)
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o= Zag v, . (2.22)
k angular momentum |
The trivial but somewhat tedeous O[ 1, ,2 ? " Stark mix
calculation results in the four solu- { ’
tions 30

Ey'=3aeE, E,’= —3ayek ,
E/'=E =0, (2.23)
and the corresponding eigenfunctions

¢y =[¥200+ ‘szo]/\[z—r
¢2=[¥200 = ‘szo]/\/z—.
¢y = (212 + L2T 1]/»\/-2-:

¢4=[‘P211 ¥y - 1]/\/5»

These so called hybrid wave func-
tions mix orbitals of the pp-atom
that have the same prnciple
quantum number n, but have differ-
ent angular momenta [ In the ordi-
nary level scheme (fig. 2.3) this cor-
responds to horizontal sliding’.
Notice that this is not some kind of
radiative transition. This "Stark mix-
ing"” subsequently leads to an ad-
mixture of an high S-orbital, ie.
I=0, which has a relative large over-
lap with the proton at the origin, and
does not have any centrifugal barrer
that prevents the proton and the
antiproton from annihilating.

The conclusion of the above
considerations is that most frequently
the pp annihilation n liquid hydro-
gen takes place from a high S-level.
A cascade computation by Borie [24]
indicates a fraction as large as 70%
t0 90%.

(2.24)

2.2. ANNIHILATION AT REST

Eg [keV]

0.0 _{x_{umm
o8l '
141§

i
I
I

- =
X
M,

~0.6 keV

Lp ~ 2.34 keV
Le~ 174 keV

2 r=228 fm
3.2F C——F——%
i c >
Ke ™ 9.37 keV
r=57fm
125L S gt
p P

annihilation

Fig. 2.3: Energy levels of protonium,

principal quantum number n

The caperimental data presented in table 2.1 was measured with bubble chambers, i.c. annihila-
tions in ligquid hydrogen [11] [65] [68]. Most commonly the final state consists of only pions. The rela-
tive occurrence of different multiplicities can be explained by a simple statistical model developed by
Orfanidis and Rittenberg [ 113]. This model requires two phenomenologically determined parameters as
. input, viz. the average multiplicity of charged pions and the total average multiplicity. It works well in

the energy region up 1o 4 GeV,
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Annihilation at Rest

2.2

In congideration of the quark
concept [66] a natural annihilation
mechanism appear to be a rear-
rangement of the three quarks of the
proton and the three antiquarks of
the antiproton into three mesons, i.e.
three |qq )-states. An approach to
explain the pp annihilation inspired
by this picture is the so called
"Rearrangement Model”, which is
viewed in subsection 2.2.1. Several
other models have been developed to
imagine the pp annihilation process
{69]. Many authors have explored the
possibilities of using the phenome-
nological nuclear potential to explain
features of the pp annihilation. A
potential model, however, predicts
only two-body disintigration modes,
though many-body final states can be
constructed from two-body states of
weakly bound resonances,

2.2.1 Quark Rearrangement

In the view of the quark picture
of hadrons the rearrangement into
three mesons appear to be the
straight forward annihilation process
of the pp system {fig. 2.4). A model
based on this idea was presented
1966 by H. Rubinstein [127]. This
model explains annihilations into
three or more mesons. More than
three occur owing to the primary
being resonances, i.e. excited mesonic
states that decay further. No strange
mesons can appear with a pure rear-
rangement mechanism. Therefore ¢

Table 2.1: Contributions to pj annihilations at rest in liquid hydrogen. This table

is taken from ref. [ 12} and updates the one published by R, Armenteros and

B. French [11] with data published later by the CERN-Coliége de France

- Collaboration {49]. The table has been complemented with data from

sources: (I) from ref. [68], and (2) from thcoretical estimations from ref.
[£13]. Channels marked "MC" are used for a Monte Carlo simulation.

production should also be surpressed, since” it is 99% s5.

7 ¢ is a mixture of the singlet representation |1} and the octet representation |8) of SUf( 3

¢ =cosf|1} + sind|B)
w= —sinf|t) + cosH|B)
which taken together gives

o= 2+ I ivape |

Sk V3

Bxperimental results gives

sing cosll

m, Rig+e*te™)

tan®d =

myg, R{w+ete™)
The observed ¢-mass m
¢ = 0.01{um+dd ) + 0.99ss5

The man who makes no mistakes does not usually make anything

|1y = 14/3 ut dd+55]
8) = 1£/6[ utz-+ dd— 255

= 1.66 & § = +48.5°.

is consistent with the negative value, implying

Final Intermediate  Percentage of all annihilations Source  Comment
state resonant state CERN Columbia
All neutrals 41104 32+05
3n® 0.8 )
40 1.2 {2y
S 0.7 )
P 0.37+0.03 0.32+0.03
vt nl all 6.910.35 7.8+0.9 MC
o 58403 41+0.4
Pu® 0.24+0.07
wto (MM) 358408 345412
norta” 0.8+0.1
np® 0.22+90.17
wty 2t 9.3+3.0 (48] MC
7t 300 233£3.0 n MC
we 4u® 28407 n MC
20t 2w 6.9:+0.6 58%+03
At,o¥, 20£0.3
Loplnt
pof0 0.90£0.2
plute” 1.50+0.3
a%° 0.52+0.12 0.4+0.3
2t 2e - all 19.6+0.7 18.7£0.9 MC
wlrte” 3.0£0.3 3304
wp0 21402 0.7+0.3
wif? L.7t0.2
plrta ol £3.740.6 73+1.7
pta¥ute” 6418
Big¥ 0.7+0.1
L"h’ﬂi
LAl 0.35+0.04 0.34£0.1
At ¥ 0.1340.03
Lognt
20 2n" {MM) 20.8£0.7 21.3x1.1
Bote~ 0.1E+0.02
2ot w290 16.6+ 1.0 {1 MC
20t 2n 300 42+1.0 (13 MC
Ant 3w 21102 1.9+£0.2
ot 3w 00 all 19202 1.6+0.3 MC
w2u tdm 13403
2ot 20 0.17£0.07
wete” 0.0440.01
It 3n " (MM) 0.350.1
KK pri(mz0) 6.8640.25
(2.25)
asing,
} SF. (2.26}
Jo
(2.27M
{2.28)

(£.).Phelps, 1822-1900)



Chapter 2 Theoretical Aspects on pb Annihilations page 13

The Rearrangement Model fits 80% to 90% of the e
experimental data. The model was later improved by M. P
Maryama and T. Ueda [95}. The basic assumptions of 8
the model are: _

P 7
e hadrons are synthesized of quarks in a relative
S-state and belong to SU(6); Fig. 24 Quark rcarrangement from a

¢ hadrons move in relative S-waves;

e there is no final state interaction that exchanges

spin, 150spin, or strangeness,

pp-state into three mesons.

The probability for a pp state of spin § and isospin [ to decay into three mesons «, B, and y is written

as

PUL S) = (L, SYCU, S, a B, v 8, %5 8, Vi By, BY

where the functions have the following meanings:

b(I, 8):
C(l, S, e 8, 7):

Ve, B, v, E):
&a, By :

spin and isospin dependence due to the initial pj interaction;
the overlap square of the spin-isospin wavefunctions of initial and final states;
the phase space volume of the three final mesons;
the strength for a gg-pair to combine into mesons a, 8, and y, respectively.

(2.29)

In table 2.2 numbers predicted by this rearrangement model are listed, In this model annihilations into
two mesons are forbidden. An attempt to allow for such processes inside the model was made by Do-

ver {54] and is further mentioned in section 2.4

2.3. ANNIHILATION IN FLIGHT

Before the antiproton is brought to a stop in
the liquid hydrogen target of PS182 it penetrates
between 5 and 15 em of the medium. During its
flight through the liquid hydrogen there is a finite
probability that the antiproton collides with a
proton and annihilates. The total annihilation
cross-section can be parameterized [52] as

o fmb] = 38 + 3S/p§[(}eV}, (2.30)
in the momentum region between 200 MeV/e and
2 GeV/e. In this momentum region the annihila-
tion cross-section is about 55% to 60% of the to-
tal cross-section, the rest being mainly due to
elastic scattering (35% to 40%) and charge ex-
change pp—nn. It is of interest to know the ratio
of the number of annihilations taking place in
flight and the number of annihilations occuring at
rest, because the different partial waves are ex-
pected to contribute differently for the two cases.
The relative contributions from the different par-
tial waves can be qualitativly estimated [23] [61]
_and are shown in fig. 2.5 as a function of the
p-momentum. In this so called "Boundary Con-
dition Model” it is assumed that an impact

Table 2.2 Comparison between the predicted branching

ratios in percent of various pp annihilation channels
and experimental values. (Taken from ref, [95]).

Channel Experiment

07920 1.03 1 0.34 (.93
70 n¢ 50 0.35+«0.11 0.2
ma (mi = 4) 2.2 + 0.5 2.31
w0 1.0 (2.0, 3.6} 0.70
wte2a” 7.3 £3.0 3.84
w3l 23.2 £3.0 20.5
atn 4 a® 2.8 0.7 1.89
wtn Tl (e 5) - 4.20
2nt 54 203 6.35
20t 20 ~n® i80 0.9 18.8
wWlatn” 14 {04 3.4¢
pOata 73 £ 1.7 1.80
p!:n}-rfn' 64 +1.8 6.22
natn (.28 + 0.07 0.20
others - 1.16
2% 25200 155 1.0 15.1
20* 20 "3n? 4.2 + 1.0 4.92
2at2n " ma® (n» 4) - 1.1
In*3n” t9 +0.2 1.12
3t 3n "n? 1.6 403 0.87
w2t 2 1.2 £ 043 0.27
N0 2at2n” .14 1+ (.05 .50
Int3a-ma® (= D) 0.3 +0.¢ 0.28
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Annihilation in Flight

2.3

parameter less than 1 fm always results in a
bounded pp state that subsequently anmihilates.
Below momentum 200 MeV/c P-wave annihila-
tions contributes less than 107%, according to
these predictions, There are, however, other pre-
dictions [106] which show that P-wave annihila-
tions could be (at least) as important as S-wave
annthilations down to even lower momenta.,

2.4. TWO-BODY FINAL STATES

From fable 2.} we can see that there are

roughly 10% of all annihilations that result in a
two-body final state. The annihilation into two
mesons cannot be described by a pure rearrange-
ment mechanism. To cure this problem Dover in-
troduced [54] the possibility of terminating a pair
of gg-lines into the vacuum (fig. 2.6). The vacuum

”is
L <

then assigned the quantum numbers
=13p,. The coupling to the vacuum is, how-

ever, of a strength that has to be determined phe-
nomenologically. An interesting result is the pre-
dicted ratio between the branching ratios for
PP+ 27" and pp+ 2y

Ripp+2m) 1

v

R 2.31
Rpp-~2°) 8 (@3

The same ratio was predicted by Genz [67] to be a
factor of 2 larger, Genz also gave the relative pro-
duction of wm" as

R(pp—+m)

e 2e) (2.32)

1
<.
6

A special case of two-body annihilations are

the channels pp—+7»°y and pp—+2y. A mechanism
that has been conventionally adopted to imagine
these reactions is the one of "vector meson domi-
nance”. In this model one assumes the photon to
originate from the conversion of an off-shell
p-meson or «-meson {fig. 2.9). Thus, the decay

channel pp-+«Y can be related to pp+="p

% and

pp—+v"w. Analogously pp—~2y can be related to
pp—+ 20", pP+pe, and pp-+2w. The branching
ratio R , for pp+~="y from an initial >S,-state
can then be expressed as [45]

k

ex g m?
o= (20 [y o (8 4

% o

Science is the topography of ignerance,

200 1

Experiment

100 ~

MeV/ic P

Y 512 510 20 50 100 cmof LH, Range

Fig. 2.5: Relative contributions from different partial waves to the
pp annihilation eross-section as & function of the pmomentum
p. The lower bottom axis is the range of a p-beam of momen-
tum p in liquid hydrogen. (Adapted from ref. [23]).

p g G

P {PS),

" Fig. 2.6: Quark rearrangement of pp into two pseu-
do-scaler mesons requires an annihilation ver-
tex.

4mrip,

r{fm)
Fig. 2.7: Contributions to the spatial

charge distrbution for proton and
neutron. (Taken from ref. {78]).

2

m
> comw JRpRm |- 23)

m
By

g

(Oliver Wendell Holmes, 1809-1894)
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Fig. 2.8: The observed proton form factor G £ is explained by vector dominance.

This formula is derived under three assumptions:

® the intermediate state is dominated by a single
virtual meson of isospin I= 0, 1;

e ¢ coupling is omitted;

o SU(3) symmetry = &, =gw/3.

The coupling constant g, is measured in e~ p-scattering;

eg.
—. = 0.055.

m2
[

The phase space factor is

k"ﬂ.Y)S
k.o

%

(

= 1.755.

Putting these numbers into eq. (2.36) then gives

R,uy =53107% [ Rn"p + 0.1IR ., + 0'67COMVR17°9R"°N 1.

The decay channel pp—+n%?° is accurately measured in bubble chambers [65] and has a strength of
R o o= (1.9£0.2)%. The yield of pp—«®e is measured in this experiment to be R _, =(0.5+0.3)%.
Intr%ducing these numbers into eq. {2.36) we obtain

Rﬂo? = (1.04+ 0.35cosp) 107 %= 1.4107%,

(2.34)

oo

p

1=

0

0,1 Ll
- @<
(a) &% e
g, 7
— o —
O 7

Fig. 2.9: pp annihilation (a) into #% and (b}
into 2y in the Vector Dominance Model.

(2.35)

(2.36)

(2.37)
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where the strong phase ¢ determins the interferens between the isospin 0 and I intermediate states. If
SU/(3) symmetry was exact we would have p=0,
In a similar manner the branching ratio RW for pp—+2y can be estimated [115] from

( ) ( ) [ 122+ 022R, + 052008 R R ], (2.38)

where the phase space factor in this case is

k. 3
~1L) = 5316, (2.39)
k
pp
and assummg R ~R o 3ustxﬁed by SU(3) symmetry. We then rely on measurements of pp—~ 2° and
pp—+plw. Numbérs glven in ref. [14] are R "(4+3) 1072 and R o= (7£3)107 . With these numbers
put into eq. (2.38) we obtain

= (3.1+ 1.3cosp’) 107 %~4-107°, (2.40

where we again have assumed the strong phase ¢’ 1.

Another posmblhty of two- body final states, especially appealing to this cxpenment is when one
of the objects in the final state is an exotic pa.rtwle X or a quasi-nuclear state (NN)*. The mterestmg
reactions for this experiment is when this object is neutral, so that the other particle emitted is a pho-
ton or a #°-meson. The branching ratios

=1 2T, +T), (2.41)

R"=1T T

Rﬂ., =T o/T

fot ! tor * o

for the two reactions pp—+vy + (Nﬁ)* and pp—+#"+ (NN)" have been estimated by Dover [53] using an
opt:cal potential model, Assummg the range of the potential to be rg =0. 82 fm they obtain the number
R J*~10"% and R *~0. 1R , . Others {97], however, have obtained R o0 *210~2. The productlon rate
of’ exotic states X of the typc lgggq ), via the decay pp—+vX is computed by Ader [3] in the so called
"Bag Model” (subsection 2.5.2) to be R x"‘lO * with photon energies between 200 and 400 MeV,
These estimations together with the a.rgu.ment that the #%-yield should be an order of magnitude larger
than the photon yield due to the absence of the electromagnetic vertex, was a basic motivaticn for this
experiment PS182,

Despite model-dependent quantities such as branching ratios, masses of exotic states and their
widths, there are certain restrictions [43] from conservation of fundamental quantum numbers put on
the states possible to reach from pp annihilation. These quantum numbers are the total spin J, parity
P, charge-parity C, and G-parity. If subscript X refers to quantum numbers of the exotic state, and
subscript i labels initial state, and [, is the relative angular momentum between the two objects in the
final state, the quantum numbers 0{: the object X are given by

J I =1,
PP~ = (=T,
(2.42)
C,C = (~nlite,
o f — N Sy
GG = (—nit s

where (J, P, C, G)={(0, —, +, —) for a « -associated decay mode, and (/, P, C, G)=(0, —, +, +)

A theory has only the alternative of being right or wrong., A model has a third
possibility: it may be right, but irrelevant, (Manfred Eigen, 1927 - J
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for an y-associated decay mode. The quantum numbers for the case of photon emission® are, accord-
ing to the Vector Dominance Model, the same as the quantum numbers of the p-meson or the
w-meson: (/, P, C, G)=(1, —, —, +). In the second relation of (2.42) the fact that P __= ~1 is used,
and the third relation holds if the two particles in the final state are neuotral and therefore cigenstates of
the charge-parity operator. Tables 2.3 and 2.4 give the quantum numbers of the final states reached
from different initial pp states for the two cases that the decay is associated with the emission of a
=’-meson or an y-meson, respectively,

2.5. EXOTIC FINAL STATES

Several models have been developed to overcome the problems of QCD at low momentum
transfers, and to avoid calculations based on pertubation expansions. All these models have, however,
to use phenomenology of some kind as input [79] Generally one can say about these models that they
all depend on parameters that have to be adjusted to experimental data, and that they predict a large
number of bound states. Rarely, however, do masses, line widihs, or quantum numbers of different
models agree. In general they do, on the other hand, agree “'reasonably’ well with the measured meson
spectrum. A review of the ficld is given in the article by Rossi and Veneziano §142]. In subsection 2.5.1
the Potential Model is presented, which is historically the first one. It is based on the NN-potential
derived from G-parity transformation of the phenomenolgical "One-Boson-FExchange Potential”
(OBEP) valid for nucleon-nucleon interactions. This model does not consider the particles to be com-
posite objects and is therefore questionable when concerning phenomena that occur on a distance scale
that is of the size of the nucleons themselves. A model that takes the quark content of the nucleons
into account is the so called "Bag Model”. In this model one has imposed confinement of the quark
fields by introducing a linear term in the QCID Lagrangian. This ad hoc measure can be interpreted as
a kind of "vacuum pressure”. The existence of confinement is indicated by QCD. K can be understood
from the appearance of gluon self-interactions, i.e. the coupling of gluons to each other, which is, from
a mathematical point of view, a consequence of QCD being based on a non-Abelian gauge-group®.
Since a cp Brows when |4*| approaches zero, higher order diagrams will become more and more im-
portant, and there might be an "avalanche” of quark-gluon loops. Imagine there is a repulsive force

between the colour flux lines which terminate on colour

charges, i.e. quarks. Stretching the quarks apart forces the

— colour flux lines to come closer, which then resnlts in an

3‘ increase of energy (fig. 2.10). In the Bag Model the quark

wave functions are forced to zero outside a spherical cavity

. _ but are otherwise unconstrained. A more elaborated model

L:f/ qd [B0}] —— not presented here — called the "Flux Tube
S

},—~ Model”, introduces additional degrees of freedom (gluons)
— in the form of elsstic band vibrations between the guarks.
Decays are made possible by having & finite probability of
breaking a band.

Vig. 2.10: The gluon-ghion self-interaction In 1974 a non-perturbative method of renonmalizing
Lmuf%ﬁidﬁf repulsion between col- QCD was proposed by Wilson [144]. The new method is
h based on a discretizing of space-time into a four-dimensional
cubic lattice. This "Lattice QCD"* has had several suc-

cesses, as, e.g., the "numencal evidence” of confinement,

: Z

® ‘The selection rules for a pure electromagnetic decay pi—2y are the same as for a positronium decay; see for instance the
book by Sakurai {128].

¥ See for instance the book by Achison and Hey 2.

1® There is a good introductary article on the topic by Schierholz (129].
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Table 2.3: Quantum numbers of the final states X reachable from different initial pp-states
through the reaction pp-+»°X. I is the relative angular momentum between the #° and
the state X, Ordinary mesonic states are mndicated.

Initial pp-state

Gy y PiCy
17,

0ro—+
1707+

07 1--

11"

071+~

|

0tot+

0+1++

0+2++

1-ot+

T B

-2+

251+ 1L,
I

ISCI
ISU
381

asl

1p,

1p,

3p,

31)1

3P2

3P,

3P1

sz

On the surface there is infinite varietu
of things; at base ¢ sirmitelty of oausae.

. Gx r PxCx
Final state Ix Jx

b=0

1-0++

g*rpt+

11+~

0-1*~

1+1--
1--

0717~

170~ *

1-1-*

12—+

0+0-—+

o+1-*

0+2—+

4

=

11+
o+

1¥0~~
1*1--
1*2-

1--

0-0~-
/S
027~

-

140+~
1+1+-
1+2+-

0-0*-
0-1+-
0-2*-
1-1++

1-0++
171t
172++

-1+
1-2++
Qi+t
oot
o+t1++
g+at+

Q+1++
g+a*+

w,b,0

BO

i

DE
S*J
DH
fre

DE
ff.0

o~
1l
(o8]

172+
0+2++

1+1+-
142+~

6-1%-
0-2*-

1+1--
1+2--
I——-

(Ralph Waldo Emerson)

ff.e

BU

nm's



Chapter 2

Theoretical Aspects on pp Annihilations

page 19

Table 2.4: Quantum numbers of the final states X reachable from different initial p-states

through the reaction pp—+3X. [ is the relative angular momentum between the »® and the
state X. Ordinary mesonic statés are indicated.

Initial pp-state
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In computing QCD on the lattice several people have been able to derive masses of exotic states such
as glueballs |gg). The concept of Lattice QCD will be viewed at an elementary level in subsection 2.5.3.

2.5.1 The NN-potential for Bound States

A striking feature of the NN-potential, that was early observed [5} and later explored by Shapiro
[132], is that it is strongly attractive. The repulsive "hard core” of the NN-potential (mainly due to
exchange of w-mesons according to OBEM) is turned into a deep potential well by G-parity transfor-
mation. The possibilities for this well to house any bound quasi-nuclear states was investigated by
Shapiro [132). Later work used the interpretation of the nuclear potential to be caused by exchange of
virtual mesons. This OBEP can be transformed into an NN-potential by term-wise applying G-parity
transformation {51]:

VN

N '2; V' (2.43)

E
VNF:: = g Gr(VNN(r)) ’
[ Mev] VNN(T') VNﬁ(r)

where r labels one of the ex-
change-mesons w, p, @, $, 0y, 05, OF @,
and G_is the G-parity of respective me-
sons. The mesons o; and o, are identi-
fied with the e- and the &-resonances,
respectively, while the entirely hypo-
thetical o -meson is to allow for nonre-
sonant two-pion contributions*. Since
the w has negative G-parity the corre-
sponding term will change sign in Vo
1), and subsequently the repulsive core
of the NN-potential is turned into an
attractive well (fig. 2.11). Fig. 2.11: When the NN-potential is transformed into an
At some radial distance the annihi- NN-potential the repulsive core is tumed into an attractive po-
. . tential well that possibly could house strongly bound
lation process must become important. N _states.
This possibility can be opened by adding
an annihilation potential” V_ - con-
taining an imaginary part W, [52}:

Var(r) = Vag'(r) + Vou(r)

-29 3| W———

<
Q_I;
. 4
[an)
A A e A A A S

(2.44)
V,+iW,

V. (r}) =
anl™ 1+~ = Ra

Comparing experimental data indicates that V= W;=20 GeV, R~0, and a~0.2 fm. The result that the
range of the annihilation region is only ~0.1 fm, whereas the range of the nuclear force is ~1 fm, thus
indicates there should be room for possible bound states. Calculations using the so called "Paris Po-
tential” [30] yield a rich spectrum of levels close to, and above, the threshold 2m . The energy scale of
this level scheme is, however, strongly dependent on the range r, of the hard cofe which is difficult to
determine experimentally. A promising attempt to improve the Potential Model was lately made by
Shapiro [42]. Good agreement with results from scattering experiments is achieved. Masses of qua-
si-nuclear states predicted by this improved model are compared in fig. 2.11 with predicted values

11 gee for instance the book by Hornyak [78]. Later the *P ~mesons have been incorporated to explain the small rise of the
nuclear density observed at the centre of a nucleus,

You should never trust experts... They all require to have their strong wine diluted by

a very large admixture of insipid common sense, (Lord Salisbury, 1830-1903)
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obtained with the Paris Potential, with mass values predicted by the Bag Model.
Of interest for any experiment searching for exotic or quasi-nuclear states is the possible lifetime
that determines the line width ', A suggestion [132] is that ' can be computed as

I = 10{mb]x [R*(r)V(r)dr, (2.45)
where R(r) is the radial wave function. This would give a width of 10 to 50 MeV/c* for states and
about 50 MeV/c? below the threshold 2m_. {30].

An angpihilation potential deduced from rearrangement considerations [106] predicts low-lying
states with masses around 500 MeV/c* and with widths T of only 10 to 20 MeV/c?.

2.5.2 The Bag Model

Confinement can be introduced in & model by hand, so to say, by adding a linear tern b (the
"bag" parameter) to the QCD Lagrangian {82]:

1 —
iy i Aa a I 1 a a;’
"Q,QCD = iy (y#a# + tgs-"z-y“A p Yy — m, ¥~ Z—G PRCLa (2.47)
G4, = 9,49 — 0 A% + g fobodb 4°,, (248)

This has the consequence of forcing the quark fields to zero outside a certain radius and "confining”
the fields to the gpherical cavity set by the step function 8(r). A totally antisymmetric wave function
representing whatever quark content considered, is then assumed to compute the eigenstates under the
boundary conditions imposed by the cavity [82]. The encrgy eigenvalues E(r) will then be dependent
on the radius » of the cavity. Masses of the states are obtained by minimizing F(r) with respect to r.
An attractive result of this mode! is its ability of roughly reproducing the correct masses of the ob-
served hadrons, In this Bag Model it is then possible to compute the masses of other colour-singlet
combinations for the bag content, as baryonium for instance. The resulting |gqqq )-states can be classi-
fied according to quantum numbers. States for which the quarks and the antiguarks move in a relative
S-wave have a large width into mesonic channels and are therefore not commonly referred to as
"baryonium’’. The masses of states are predominantly the kinetic energy of the constituents, and the
model predicts the ratio 2:3:4=700:1100:1500 MeV/c? for masses of mesons, baryons, and baryonium,
respectively. A more promising configuration of the quarks would be a diquark ¢ and an anti-diquark
g * rotating around each other with a relative angular momentum / >1 in an elongated domb-
bell-shaped bag structure. Because a diquark is not a colour singlet the object cannot disintegrate un-
less substantial rearrangement takes place. And if the object is of the type |¢*¢ ) the angular momen-
tum between the ¢° and the g 2 produces a centrifugal barrier that prohibits such rearrangement.

Concerning the colour structure of such objects one can distinguish between what has been called
"true baryontwm’ and "mock-baryonium”. The diquark consisting of two identical fermions has to be
in a totally antisymmetric state. Suppose the quarks move in a relative §-wave {which is symmetric).
Their spins couple either 10 a symmetric spin 0 singlet or to a spin 1 antisymmetric triplet. Further-
more, quarks are members of the flavour triplet representation 3 of SU. (3) as well as of the colour
triplet representation of SU_ (3). Coupling two quarks to a diquark then gives

3@3=3®6, (2.49)
i.e. the diquark can either belong to the antisymmetric triplet 3 or to the symmetric sixtet 6. To have

an overall antisymmetric wave function the diquark can then only be one of the four types , £, {, or g
listed in table 2.5. If we consider baryonium produced from pp annihilations at rest the diquark
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emerging from the proton is most likely to be antisymmetric in colour, because of the proton being a
colour singlet. Only combinations { and » are then possible. The result is a diquark 8 being an isosca-
lar, and a diquark A being an isovector. Coupling a diquark and an anti-diquark then results in the
three types of baryonium: 85, (54 + A8)/,/2, and AA.

One can argue that isotensor (/= 2) baryonium, i.e. type AA, should be more long-lived because
there are fewer channels opened for decay. A baryonium type having the more complicated colour to-
pology

606=1® .. (2.50)

has been named "mock-baryonium”. It can possibly be assumed

Table 2.5 Quantum numbers of to have longer lifetime because it possesses 2 more complex colour

diquarks ¥, £, ¢, and 7. structure, but it is not likely to be reachable from pp annihilations

at rest as already mentioned. Some of the observed resonances

spin  flavour  colour have been interpreted as being |ggqq )-states, as, e.g., the £(1300),

;P 0 5 s the $%(975), the 5(980), and the «(1350) [16]. The predictions of

¢l 6 3 masses of exotic and quasi-nuclear states by some models are
v 1 T 6 compared in fig. 2.12.

Another type of exotic states possible to compute within this
model is “glueballs”, ie. bound states |gg} of only gluons, which
also should generate masses around 1300 MeV/c¢? [31]. The more
refined Flux Tube Model {80] predicts in addition a width of these
states of 10— 50 MeV/c? [6].
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Fig. 2.12: Mass specirum of exotic states as predicted by three different models, viz. the Paris Potential
Model, the Bag Model, and the improved optical-potential approach of coupled channels,
(Adapted from refs. [30] [42]).

2.5.3 The Lattice QCD Approach

QCD is the candidate field theory for the strong interactions. We expect it 1o describe properties
as confinement, chiral symmetry breaking, the hadron specirum, cte., down fo the short-distance phe-
nomena where much of the support for QUD originally derived from. QCD is described by the La-

grangian density & Qen [eq. (2.47)], which is scale invariant in the chiral limit 0. However, the

Life is the art of drawing sufficient cenclusions [rom insufficient premises, (Samuel Butler, 1835-1902)
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world is not. The theory needs to be regularized which involves the introduction of a cutoff to remove
"high frequency” components of the fields. These are then reintroduced while couplings, field scales,
masses, etc., are varied to keep the low energy physics unchanged — i.e. removing the cutoff by re-
normahzatlon This introduces a mass scale A exp(— Clg*(a)), with an essential singularity for

gla)=90 (ais the lattice parameter), which means § there is no pertubative expansion {129]. This means
that the calculation of confinement radius, hadron masses, etc., amounts to a nonpertubative problem,
requiring a nonpertubative regularization scheme. The lattice regula.rization [144] is such a scheme. Tt
consists of formulating the theory on a discrete lattice of points in Buclidian space-time. The bonus of
this formulation is (if the space-time volume is kept finite to proceed only later to the infinite volume
limit) that the originally field-theory problem becomes one of statistical mechanics, which invites using
methods developed for solving statistical-mechanical systerns.

The mathematical problem to compute the expectation vatue of an observable O is formulated as

(0 = Z-*{[dU,  10(U)e~S(V) .51

where S(U) is the lattice action [144], and Z is the lattice partition function, and the "link variables”
U, are associated with the gauge fields 4 (x ). Compare the field-theoretical case with the Euclidian
actmn

+m
Sg = [dzjdﬁx_g’ (%5 9), | (2.52)

where ., is the Lagrangian in Euclidian space. The partition function is then in the feld-theoretical
description (v= 1/kT)

Z=Tr(e""H) = ¢|e“HE¢) f [dgl,” e~ [0 xLpie, 8) | (2.53)
${0)=¢(r)

and the expectation of the observable O is written:

(O = 27 f [do], Oe~ S A0 xLEs, 9) , (2.54)
#{0) = ()

The results from several calculations of glueball
masses are converging [129] [120]. A glueball mass is
given by the observable O=¢(1)¢(0) where ¢(t) is a
so called "zero-momentum-operator” obtained by
summing over all points x and the three rotations of
a2 2x2 loop (fig. 2.13)

¢ = Ji';na 1 O ), (2.55)

where ¢(J/, m) is the perimeter of the loop, obtained
by multiplying the U/ matrices along the links:

&, m) = Tr(U. .. U (2.56)

XM X¥

Mass values are presented in fig. 2.14, where also
masses predicted by the Bag Model and the Flux
Tube Model are shown for comparison. A couple of
the observed resonances have been suggested [16] as Fig, 2.13: Pictorial QCD lattice.
glueball condidates, viz. the (1440; 0" *) and the

6(1690; 2* %),




page 24

The LEAR Experiment PS182

Chapter 3

Mass {GeV)

Fig.

~rrne Flyn-tube model
— Bag model

—— Lattice gauge theory

0t o 7 i - b

2.14: Mass spectrum of lgg)-states (gloe-
balls} as predicted by three different mod-
els. (Adapted from refs. [31] (80]).

What adwits no doubt tn my mind is

that the Creator rust have known a great
dral of wave mechanics and solid stats
phustes, and must hove applied them.

(4. Szent-Gydrgut)
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CHAPTER 3
THE LEAR EXPERIMENT PS182

The main purpose of the LEAR experiment PS182 was, as already mentioned in chapter 1, to
investigate the occurence of rare decay channels of the pp system by means of the inclusive #° spec-
trum. If an intermediate exotic state is formed in the annihilation process, and is associated with the
emission of a »%-meson the momentum of this #% will be well defined. When studying a large number
of pp annihilations these «%'s will eventually build a peak in the inclusive spectrum. Even though a «°
will attain a well-defined momentum in each particular reaction, as it is a two-body decay, its momen-
tum differs between reactions due to the finite lifetime of the exotic state, i.e. the width of its mass dis-
tribution. Thus the observed «° peak might have a substantial width. Theories, as learned from the
previous chapter, seldom predict the width of an exotic state with accuracy, and they could very well
be extremely short-lived and consequently broad. This fact is maybe also the explanation why these
states have been so hard to identify. In order to prevent the detector from rendering a possible peak
even more jaded, it is desirable for an experiment to make the momentum resolution of the detector as
good as possible. At least it should be smaller than the width of an ordinary mesonic resonance — as
the p for instance. The different issues of this task will be extensively discussed in this chapter. How-
ever, before going into details about the capabilities of the apparatus used in PS182, I will somewhat
less circumstantially describe the layout of the experiment (section 3.2), the beam and the target (sub-
sections 3.3.2 and 3.3.3), and the machine environment (subsection 3.3.1).

The experiment PS182 was designed to measure the momentum of #%-mesons ejected from anni-
hilating pp systems in a liquid hydrogen target, Because of the short mean lifetime of the «°, being
r=8:10717 g, the maximum 7° range is only cr =24 nm before it decays into two photons, which it
does with 99% probability. Thus, it is in reality two coinciding photons that have to be detected. The
#® momentum is then calculated from the sum of the two photon energies. It is evidently necessary to
assure that the detected photon pair in fact was emitted from one and the same »"-meson as it very
often happens that several #%’s are produced in a pp annihilation. Hence, one firstly computes the in-
variant mass of a detected photon pair, which requires in addition knowledge about the angle between
the directions in which the photons radiated. Thercfore the apparatus has to be able to measure both
photon energies and angles, i.e. the impact positions of the photons. And of cousse it is desirable io
measure as accurately as possible to finally achieve optimal #%-momentum resolution. To meet these
requirements the detector was constructed from a large array of lead glass and two smaller arrays made
from bismuth germanium oxide (BGO), that is a relatively new detector material in high-energy phys-
ics. The properties of the BGO calormeters {that have been extensively tested) are discussed in detail
in section 3.4. Section 3.5 describes the methods of calibrating and determination of the resolution of
the lead-glass amray. The last section of this chapter deals with the special features of the apparatus that
are of importance for =% spectroscopy, ie. photon coincidence measurements. Before presenting the
experiment, however, a few words should be said about the technique of #° spectroscopy, since this is
what the experiment is devised for.

3.1. PRINCIPLES OF n° SPECTROSCOPY

The #?-meson decays with 99% probability into two photons. From two photons radiated from
the same vertex there are three quantities available for measurement in the lab frame. These are the
two energies of the photons and the angle between them. In the #¥ rest frame the two y-rays are coli-
near and the decay is completely isotropic since the «" is spinless. When transforming the kineratics
to the lab frame the photons will be subject to relativistic aberration and acquire a Lorentz boost.

The magnitude of the boost depends then on the
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angle of the colinear decay to the »? direction. S\ab Sem o Py
Hence, the laboratory opening angle between the

two photons is uniquely determined from the /vEf
energy sharing between them. A relation be- /V\?&.Ei r‘\e{
tween the photon energies and the opening angle ﬁ_:‘* jqb a;

in the lab frame can be derived from the Lor- R{@z ‘/f(““‘@é
entz-invariant inner product P#P, of the Es Ey

4-momenta of photon 1 and 2, respec‘iively (see
fig. 3.1). Evaluating it in the lab frame gives then  Fig. 3.1: Kinematics of a #%-decay in the lab frame S, and
with notations from fig. 3.1: the centre-of-mass system S, ..

P\rPy, =(Ey, PiYEs, p2)= B Ey = pipp = ErEp(1— cosg) . (3.1)
And evaluating it in the # rest frame gives

2
m
m o o

m 2
) ) = (-f——- ) (1~ cos w) = -~ (3.2)

meo
Pops = (2 )
Since the value of any inner product is unchanged under Lorentz transformation we have
m o = 2E, E,(1—cosp) , : (3.3)
where ¢ =8, + 8, is the opening angle between the photons in the lab frame, and 8,, 0, are the angles

between y-ray 1 and 2, respectively, and the #° direction. For a certain »° energy the amount of energy
acquired by one photon is then a function of the opening angle:

E_o 0
E = ,_z,{li\/m(m_.'."_’:.m)z] : (34)

v E_osin($/2)

The distribution of the decays in the E_-versus-¢ plane is plotted in fig. 3.2a for #”’s with 550 MeV/c
momentum. The projections of the distribution onto the energy axis and the angle axis are shown in
figs. 3.2b and 3.2c, respectively. Fig. 3.2d shows the distribution of the angle 8, between one photon
and the #° direction in the lab frame, which can be derived in the same way as the photon energy dis-
tribution. This is done in Appendix A. The energy distribution turns out to be uniform between the
maximum and the minimum energies, i.e. the foreward and backward boosted cases, respectively. Fig,
3.3 shows the same distributions for «%'s of 150 MeV/¢ momentum,

As seen from the figures the opening-angle distribution increases sharply towards a minimum an-
gle, which is given by

mﬂo

¢ ). (3.5)

= 2 arctan (

min

P ygo

The minimum angle in the lab frame occurs when the decay is at 90° centre-of-mass angle to the «°
direction. In this case the two photons attain the same boost and have subsequently the same energy
in the lab frame, i.e. E, =E, (cf. fig. 3.2a). We call this a "symmetric” decay, which is the most usual
case as demonstrated by the angular correlation function (fig. 3.2b) of the decay photons. The & distri-
butions do not, however, peak at ¢ . /2 (sce fig. 3.2d), but at a smaller angle due to the Lorentz con-
traction of space. Because most of ’ﬁ‘le decays occur close to the minimum angle, and this is propor-
tional to the #° momentum, there is a strong correlation between the observed opening angle and the
momentum of the #°, The derivation of this so called Jacobian peak distribution is also compiled in
Appendix A.

Our mistake is not that we take our theories too seriously, but that we do not

take them seriously enough. (Steven Weinberg, "The First Three Minutes",



Chapter 3 The LEAR Experiment PS182 page 27

Of all the observed photon
pairs the computed invariant
mass will only rarely coincide
with the true #° mass. Firstly,
the two photons might not at all
come from the same «° decay,
but be just an accidental coinci-
dence. Secondly, the measured

.G

values of the three quantities o
have experimental errors due to &
detector resolution and imper- N
fections, We therefore introduce )
[

a variable m, being the com- ‘ : o
puted invariant mass of the two it . 70
detected photons. If we denote : { i | f D T
the measured photon energies
by E, and E, and the observed E (C) (d)
opening angle between their di- ; !

rections by ¢, we write eq. 3.3 : :
in form that will be frequently a i
referred to:

my? = 4K, E,sin*(¢/2) . | | e

1 { | | R T |
(3.6) 0 100 200 300 400 500 O 20 40 60 80
Photon energy F, (MeV) Photon angle 8,,,
to me direction (dg)

How the experimental errors in
the measured quantities x={ £,,

E,, ¢) influencies the invariant
mass m, is given by the formu-
la® for error propagation:

Fig.

3.2: The photon energy E, is a function of the opening angle ¢ between the
directions of the two decay photons {a). The projection of the distribution
onto the energy axis (c) is uniform, whereas the projection onto the ¢ ~axis
(b} shows a sharp peak of the minimumn angle. The distribution (d} of Hccay
angles & , between the n%-direction and a photon direction also peaks at a

2 2 Img \? ) small an‘f;lg, but, due to Lorentz contraction of space, this angle is not half the
(] = ) a7 . minimum opening angle ¢ .
my = min

=1 axl

(3.7

Evaluating the partial derivatives we get:

2 2 2 z
(2)- &)+ G2) - (=) o0
my 2F, 2K, 2tan($]2)
For small #°-momenta, i.e. a large minimum angles, the last term of eq. (3.8) can be neglected as the
coefficient vanishes and makes it inconsequential even with poor angular resolution. The invadant
mass resolution is then determined by the energy resolutions. At higher #°-momenta the angular reso-
lution term becomes dominant as the coefficient approaches infinity when the opening angle goes to

ZEro.
In principle the 7°-momentum is fully determined from the two photon energies

Po = \/(E1 th'Ez)z_'”'zwuz ' (3.9

! See for instance the book by Revington [21].
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3.1

where m is the true #%-mass
and not the measured invariant
mass my,. However, by measur-
ing the decay angle as well one
can improve the momentum
resolution by fitting the kine-
matics to reproduce the correct
invariant mass. The idea of such
a fitting procedure is to adjust
the measured values according
to the relative uncertainties of
the measurements so that they
combine to m , after adjust-
ment. To be sure that the indi-
vidual measurements are im-
proved one has to know the
experimental errors, because the
fit weights the corrections with
the inverse of respective error.
The final #’-momentum resolu-
tion will then depend on the
different resolutions of the ap-
paratus in a complicated way.
The «"-momentum resolution
¢_can with good approximation
be expressed as

(Z)-ali—E
p

B (1Pl ¢

4
s 2 a
+-§-.__(_1_._.2_xl____% + .§..
4 (1+x)*(1—x*) E*

(dg)

Decay angle &,

1 i

H
O 50 100

|
150

| WO S S| | | | 1
C 20 40 86C 80
Photon energy £, (MeV) Photon angle 6

ym

to me direction (dg)

Fig. 3.3: Same as fig. 3.2 but for »™3 of momentum 150 MeV/e.

2

4 (1—x*(1—x2) E*

2
X %8, x i + (3.10)
1+ x)2(1—x%) E? (1-xP(1—~x%) E? ’
(1+2x)* 6524 1 0512 UEZZ]

(1-x?)*  E*

where E is the #° energy, and x is the asymmetry between the two photon energies:
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3.2. LAYOUT OF THE EXPERIMENT

The detector "dream” for the purpose of this experiment would be a "crystal-ball” calorimeter
covering 47 solid angle and made from a material providing good energy resolution, as for instance
Nal(Tl) or BGO that offers a few percents energy resolution at 1 GeV. Maximal sensitivity is obtained
when all radiation directions in space are covered, and no y-ray escapes detection. Furthermore, the
angular resolution has to be good. It can be improved by increasing the inner radius of the “crystal
ball” so that each crystal element subtends a smaller angle. However, the detector volume blows up
roughly as the square of the radius. The beam height at LEAR would allow for a "crystal ball” made
from BGO that has a radius of 1 m. The price of such a detector would, however, become fabulous.
At the time this experiment was proposed (in 1981) the BGO price was around $5/cm?, and with 20
cm long crystals the total cost (of the crystals only) would excede $15M, which of course was a com-
pletely unrealistic cost for the experiment.

To compromise and reasonably meet the requirements with the budget available the detector was
constructed from a big array of lead-plass blocks complemented with two smaller arrays of BGO crys-
tals. As lead glass is a Cherenkov calorimeter the energy resolution (at the current encrgies) will be
about 10%. This might seem somewhat poor but can be compensated by a good anpular resolution
owing to the kinematic fitting procedure. The detector setup is presented in fig. 3.4, The two sets of
seven BGO crystals each are mounted on a ring surrounding the target. They can be moved to any
azimuthal angle relative to the lead-glass array and are adjustable in the radial direction between 25 cm
and 80 cm, to enable variation of solid angle and angular resolution. The lead-glass array is rigidly in-
stalled below the beam line at a radius of 80 cm and subtends an azimuthal angle of 120°. It extends
25.6 cm in the beam direction and covers a total solid angle of §.3%,

r\\ﬂ sp e 5P

-, ]

'44’)1 VB M\}/T - Target
@“ﬁ L S
Target j ﬂH Boam l
%, )
lead glass 0, 50
em
y

Fig. 3.4 The expesimental setup of PS182. Except the y-calorimeters the scintitlators VB and VI, are
shown which serve as veio counters for charged pions, and the scintilators 8P for triggering on
charged pions that passed through a BGO set. The telescope seintiffator T and the heam modera-
tor M are also shown.
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The positioning of the BGO sets was different during different run periods. The detector configu-
ration shown in fig. 3.4 was arranged for the first run period that took place in December 1983. The
geometrical parameters of the individual run periods are summarized in table 3.1. Note the symbols
D83, M84, A84, and M85 referring to the different run periods, respectively, which will be frequently
used further on. In addition to the calorimeters the setup comprises a number of plastic scintillators. In
front of the y-calorimeters there are 1 cm thick scintillators?, labeled "VB” and "VL.” in fig. 3.4, re-
spectively. These will recognize charged pions? and will only with negligable probability yield a signal
from passing photons. Hence, they serve as veto counters to reject charged pion events. The veto
counter VL before the lead-glass array consists of a double layer of 41 scintillator strips, each covering
eight lead-glass blocks, i.e. two columns across the four rows. Bach layer is half a centimeter thick, and
they are displaced relative one to another by half a unit so as not to leave any dead space inbetween
them. Behind the BGO sets there are also 1 cm thick scintillators mounted, labeled "SP” in the figure.
These provide the possibility to select events of charged pions that passed through the whole BGO set,
by applying a coincidence condition with the front scintillator. These events do not belong to the ac-
tual measurement but are used for calibration of the BGO crystals. Around the target immediatly out-
side the shielding there was a cylindrical counter mounted during the last run period in May 1985 (not
shown in fig. 3.4). It has an inner radius of 6.4 cm and covers 92% solid angle. It is assembled of 20
strips of dimensions 0.5x 2.0x 30 cm®. With these scintillators the charged multiplicity of a reaction can
be measured, and also their spatial distributions.

Table 3.1: Geometrical parameters from the four different run periods in December 1983, in
May 1984, in August 1984, and in May 1985, respectively. (Note the mnemonics for
denoting the different run peniods.)

Run penod: D83 MB4 AB4 M85
Angle of BGO,[°} 195.0 1220 180.0 180.0
Angle of BGO,[*} 85.0 286.9 286.9 286.9
Distance from target [cml]

of BGO, 312 30.0 30.0 50.0

of BGO, 302 35.0 30.0 52.5
No. of hodoscopes

of BGO, 0 0 o 0

of BGO, 1 0 2 0

The liquid hydrogen target of 5 cm diameter had different length during different run periods.
During period D83 in December 1983 it was only 10 cm long. However, the range of the 300 MeV/c
p-beam would be around 1! to 12 om, thus a few millimeters of plexiglass was inserted in the
beam-line to serve as a moderator {labeled "M” in fig. 3.4). Immediately before the target window the
telescope scintillator (labeled '"T™) is positioned, which tags an entering antiproton. This scintillator is
only 1 mm thick and has a diameter of 2 cm, although, the p-beam was never broader than a centi-
meter.

2 These are of the type NEI02A from Nuclear BEnterprise.

 Due to the large Jifetime of the charged pions that is r, % =2.6:10" "5 they will have a range of ¢7_ =7.8 m in contrast to
the neutral pion range of 24 nm,
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3.3. BEAM AND TARGET

The LEAR machine at CERN at which the experiment P§182 was conducted generates a p-beam
of extremely high quality. The small dimensions of the beam and the well-defined momentum pro-
duces a small and confined interaction region in the target that makes the vertex definition of the
y-pairs accurate. It also allows for the target dimensions to be of the order of a few centimeters, With
such a small target volume the probability for secondary reactions induced by mesons produced in the
pp annihilations interacting with another proton is brought down to an acceptable level. The LEAR
machine, which possesses some unique, quite remarkable capabilities, will be shortly surveyed in the
following subscction. In subsection 3.3.2 the extemnal beamline where PS182 was performed is de-
scribed. Subsection 3.3.3 then discusses the moderation of the beam and the resulting annihilation re-
gion in the target.

3.3.1 LEAR p Factory

The Low Energy Antiproton Ring is a small storage ring to generate intensive and uncontami-
nated p-beams of extremely low momenta. It receives the antiprotons from another machine called the
Antiproton Accumnulator (AA) where the antiprotons are produced and stacked until high luminosity
is achieved. The interconnections of these machines via the Proton Synchroton (PS) at CERN is illus-
trated in fig. 3.5.

W03 m
—)

Fig. 3.5: The CERN PS-complex. Antiprotons are produced in the conversion target CT by protons
accelerated in the proton synchrotron PS. The antiprotons are then collected and stacked in the
antiproton accumulator AA. When a stack is full the antiprotons are ransferred to the P8 and
can, frem there, be distributed to LEAR or the pp-collider Spps.

The production of the antiproton beam stasts with the focusing of 26 GeV/e protons from the PS§
onto a conversion target (Jabeled "CT in g 3.5 made from copper and being 11 om long and 3 em
diameter. The antiprotons are produced through the reaction

ptp -+ ptptpth

and emerge from the target at various angles and momenta (fig. 3.6) [44]. The © yield has a flat maxi-
mum at momenta between 3 and 4 GeV/e. The converted beam is collimated and subsequently col-
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lected and stacked in the Antiproton Accumulator (AA), which is designed to accept P's with
momenta in the range 3.57 GeV/e £ 0.75% and angles contained inside an acceptance of 1007-107%
me rad in both the transverse planes [83].

Protons arrive at, and antiprotons leave, the con-
version target in bursts of 500 ns duration every 2.4
seconds. Stacks of antiprotons are accumulated during

25k o'(mradls) & days to wecks with an accumulation rate of about

s Dekkers AR 3.5-10° p's/hour, provided the full PS rate of 6-10%3

. S protons was delivered onto the conversion target. The

= . R possibility of stacking $’s and successively build up a
%20” e Eichten .7 more and more intense beam is enabled by the telc);h-
§ % Amaldi L nique named ''stochastic cooling”. The idea of this
L : R technique s to reduce the transverse and longitudinal
5 15 6 A A /6(&‘_‘3 . momenturn spread of the beam, "calm' it down so to
o ko n say, in order to make it denser and subsequently more
% {mrads)/a/ 100(mads)-$ inzense [102]. When viewed from a reference system
;‘-?. 10 // 4 travelling along with the beam and having a velocity
5 [ equal to the averape particle velocity, the large mo-
i . 100 40F mentum spread of the particles resembles a hot gas.
=S 5t TR - Hence, the concept “cooling” of an accelerator beam
Reike 100 (mrads) when the momentum spread is being reduced*. The
cooling has also the effect of filtering out contaminating

H Bf Af ij ,Wui_t_)__ particles from the beam. The consequence of the di-

1 10 100 minished momentum spread is that the beam will

A shrink down in dimensions, and thus the edges of the

phase space volume preserved by the machine is emp-
tied of particles and made available for additional anti-
protons to be appended.

The AA provides both the SppS collider and
ILEAR with antiprotons. When the system is operating
in 100% LEAR mode about 10° s, known as a "fill”,
are transferred from the AA via the PS into LEAR
over a couple of minutes. The antiprotons are mjected
in LEAR at 2 momentum of 600 MeV/c which generally is more than wanted by the experiments at
LEAR. The beam is therefore decelerated in LEAR. However, as the beam is decelerated the emit-
tance E will increase. The emittance is defined as the area of the ellipse that represents the beam in
phase space. With z along the beam direction the equation of motion can be written

Fip. 3.6: Antiproton yield for various materials for
23.1 GeV/e protons and 4 GeV/e antiprotons.
The AA points are extrapolated for 26 GeVie
protons. {Adapted from ref, [85]).

m*-qz--)-c'+va“—“0,

3.12
P G142

where G is the gradient of the magnetic field. By choosing z instead as independent variable it be-
comes, with x'=dx/dz

4 There exisis basically two different techniques of cooling. The one named stochastic cooling works with an electronical re-
coupling system; the position of a small sample of the beam is probed with a "pick-up”, and a signal is sent across the stor-
age ring 10 a "kicker” that will correct the dispiacement of the sample 1o the beam average. This technique reaches a satura-
tion point due to that the pick-up signal vanishes as the beam becomes cooler. The other method is eleciron cooling which
works with 2 well controlied electron beam that s travelling along with the p-beam for a short distance. The p's are then ac-
yuiring the order of the electron beam by Coulomb interaction, This method works more efficient the cooler the f-beam is,
and is therefore complementary to the stochastic cooling.

Vacoum 18 the nearest thing to nothing bhat
anything can be and st1ll Dbe pomathing.



Chapter 3 The LEAR Experiment PS182 page 33
..
P e Bl
p i
or f?
l.‘.S -
e "
e ) b x? = g = const., (3.13) A
G/p Iy L
: oot
which shows that the phase space has an elliptic shape NENE, AN s
and is spanned by x” and x. The emittance is then P-AP P PeOP

proportional to the inverse of the momentum p:

G
E = qg*e—[m rad] .
F4

Fig. 3.7: The improvement of momentum spread
achicved by the stochastic cooling technique

(3.14) installed in LEAR.

Therefore, the beam has apain to be cooled so that
antiprotons not are peeled off and to achieve optimal

values. To minimize losses the decelers-
tion is made stepwise and allernated with
cooling intervals. In the first step the mo-
mentum is taken down to 300 MeV/e,
which, together with the subsequent
cooling period requires some 10 minutes.
Fig. 3.7 shows the improvement of mo-
mentum spread achieved by the cooling
technique in LEAR [103]. Fig. 3.8 shows
a drawing of LEAR with the placing of
the kicker mapnets and pickups of the
cooling system and the interconnecting
waveguides, The LEAR beam has, at 300
MeV/e, an optimal cross-section of about
1 mm? in the machine and a longitudinal
momentum spread ~107* at an intensity
of 10° p's [91]. 1t is extracted during 50
minutes which yields an extraction rate of
roughly 310° p/s to be shared among
three external beamlines operating simuol-
tancously. The overall eycle time of the
system is thus about an hour.

3.3.2 External Beam ]

The experiment PS182 is situated at
branch C1 of the central beamline of the
three external beams running out from
LEAR (see fig. 3.9). Two different beam
momenta were delivered, viz, 200 MeV/e
and 300 MeV/e. The rate were in the best
cases between 10% and 10° $'s/s. The typ-
ical intensity variation of a spill is shown
in fig. 3.10.

Tl e Bt
fXhorizonty

——.

wave guides

é!ectrdn 0 5m
cooling

Iiig, 3.8: The LEAR machine at CERN with the waveguides of the
stochastic coaling system. The beam is decelerated in the RIF
cavities, Dashed lines show future devices, as the electron cool-
ing for instance,
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Fig. 3.9: The expenmental arca in connection to LEAR. The top view shows the location of the ex-
perimental area relative LEAR and the proton synchrotron (PS). The experiment PS182 is situ-
ated at beamline C1 in the lower right corner of the experimental area. Note the location of the
primary focus Fl.

In the branch C1 there is a primary focus ("F1" in fig. 3.9) half-way down the beamline serving
another experiment. Because of this focus there has to be a half-meter gap in the beam pipe, and the
beam has consequently to pass through two 100 pm thick windows about 25 m upstream of our iar-
get, one of aluminum and one of mylar. This will naturally introduce a longitudinal momentum spread
and blow up the lateral size of the beam until it arrives at the secondary focus and the target of PS182.
The beam cross-section was measured just upstream of our target with a 7x7 cm? wire chamber. A
monitor picture of this measurement is shown in fig. 3.11. The wire spacing is 0.4 cm implying a beam
cross-section of 0.79x 0.76 cm? full-width at half-maximum.

The longitudinal momentum spread induced by the energy strapgling when passing through the
windows could, however, not be directly measured but only estimated by a calculation. The distribu-
tional shape of the energy straggling of a particle passing through matter is mainly due to Coulomb

Technology... the knack of so arranging the world that
, . .
we don't have to experience if. (Max Frisch, 1911~ }
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Fig. 3.10; Intensity of the external beam Cl
from LEAR as a function of time.
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given by a Vavilov distribution [141]
[136] that has the probability density
function
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s e ] s Fig. 3.11: A monitor picture of a measurcment of the cross-section of the
where ¢ is an arbitrary real postve external beamn C1 at the target of PS182. The inset in the upper lefi
constant, and corner is a sirnilar measurement of the cross-section of the same
beam 25 m upstreams at the primary focus F! (of. fig. 3.9).

é(s)=Ce¥(s) | - (3.16)
C=e(1+96%) | (3.17y
]
- 1 -
Y(s)=sInfr)—xe 5 + (s+«p?) [f“;“ (1—e 5 ) dr — v ] , (3.18)
0

where y=0.5772... is Buler’s constant, The variable A is the parameter introduced by Landau [90] that

contains the actual energy loss &,

loss ™ Eav

A= : — 1 =B+ vy~ Ink) , (3.19)

where & is the average energy loss, and

mct
e

£=10.30058 A (3.20)

with s being the path length in gfem?®. The shape of the Vavilov distribution — that actually is a
whole seres of distributions —— is shown in fig. 3.12 and is determined by the parameter & which i3
proportional to the ratio of the mean energy loss over the path length of the particle to the largest en-
ergy transfer possible in a single collision with an atomic electron:



Fig. 3.12: Vavilov distributions for different values of k. For small values
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Fig. 3.13: Estimated momentum
distribution of the {-beam
upon arrival at PS182.
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of ¥ {(~0.01) it approaches the Landau distribution L, and for large
&’s (> 10} it can be approximated by a Gaussian. Sec the text for
definition of the cnergy-loss parameter A, {Adapted from ref. [131]).

Sy e
TR

Fig. 3.14: Momentum distribution of the LEAR p-beam as
circulating in the machine. The aversge momentum is
defined by the revolution frequency. When kicked out of
the machine the $'s acquire a slightly higher momentum
50 that the momentum of the extracted p-beam is 310

MeV/e.
= — (3.21)
emax
2m c*p? 2m m -1
[ —= L +(—) . (3.22)

&
max 1=p Mp  J1-82 Mp

In the high-energy limit, when x-~0, the Vavilov distribution approaches the Landau distribution, and
for « <0.01 it can be replaced by the Landau distribution {141]. When x> 10.0 the Vavilov distribution
may, with good approximation, be replaced by a Gaussian distribution G(, ¢) [131] with the mean
value and the standard deviation according to

p=y—1=p*~Infx)
(3.23)
o= (22 .

Problems worthy of attack prove their worth in hitting back, (Piet Hein)
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In our case we have 300 MceV/c p's penetrating 100 pm of aluminum, half a meter of afr, and
then 200 um of mylar. Thus, « is in our case

0.872 M
k= s = A (3.24)
e 0.112 MeV

max

which shows that we are just between the two limits. The relevant Vavilov shape has then to be folded
with the momentum spread of the beam prior to the windows. The result is displayed in fig, 3,13,

where the mean value £ is given by the beam momentum upon extraction (fig. 3.14) together with
the Bethe-Bloch formula”20]:

dE ngczﬁz e ,
= ¢ [ in O 28 § U ] , (3.25)
where [ is the mean excitation energy of the stopping medium (fig. 3.15). The last two terms in the
brackets are corrections, whose effects are appreciable only over imited energy regions. The correction
& is due to the density effect, i.e, polarization of the medium, and U= 2C/Z is the shell-correction term
due to non-participation of the inner shells (X, L,...) for very low velocities of the incident particle.

The density effect, which can be understood as a screening of the incident particle at large impact
parameters by the polarization of the medium, can be expressed as {Steinheimer's equation) [135]

A<X, §=0
X2 X< X, 8=4.606X+ D+ a(X, - X)"
X>X 8:=4.606X+D (3.26)
p_ 1 :
X=log g~ = — log o= ,
810 me 2 gwle"‘

where the parameters a, m, D, X,,
and X; depend on the dilectric
constant of the medium and can
be interpolated from table 3.2.
The shell-correction term is a
more delicate task to handle [60].
Roughly speaking, one may say

Table 3.2: Paramecters for Steinheimer's equation. (Taken that the electrons of the inner

from ref. [60]). .
) shells K, I.,... cease o contribute
7 D a i X, X, ts: the stopp.mg power Ii*‘l s?cscs-
sion as the mcident particle’s ve-
4 2.83 0.413 2.82 2.0 =0.10 locity decreases. 'The appropriate
13 4.2 0.0906 3.51 3.0 ¢.05 value of U/ can be interpolated
29 4.38 0.107 3.39 3.4 G.17
e 5 09 0183 3.05 3.0 0.02 from fig. 3.16. We therefore have
82 6.16 0.344 2.66 3.0 0.39 enough information to use eq.
92 5.89 ¢.318 2.06 3.0 0.20 (3.25) to calculate the range.
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Fig. 3.16: The shell-correction €72 to the Bethe-Bloch formula as a function of the parameter
x=fR2137%/Z, which can be bypassed by using the nomogram, where T is kinematic en-
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3.3.3 Liguid Hydrogen Target

The target and telescope configuration is shown in fig. 3.17 as it was arranged during the D83 run
period. Depending on the beam momentum and the farget length there has to be 2 small piece of
moderating material inserted into the beamline. In other run periods cither the beam momentum was
lower or the target was longer so that any moderator was redundant. The thickness of the moderator
"M, that was made from plexiglass, is determined by computing the rough range of the entering
p-beamn without passing through
any moderating material and com-
paring the range obtained with ad-
ditional matier. The range is de-
duced by, firstly, cxpressing the
total thickness of each type of ma-
terial in gfem?, and then converting
tw carbon-equivalenis by  scaling
with the ratio of the stopping pow-
ers [58)]. One then obtaing a hydro-
gen-equivalent total thickness ¢ in
Fig. 3.17: Target-telescope setup of PS182 as it was arranged in the run period 8/ om?® of the material before the

DB3. Three telescope scintillators ST were prosent; ST, was to coffimate  target, as e.g. windows, scintillator,
the beam afier possible scatiering in the moderator M. This was, how-  gnd its encapsulation. How deep o

ever, not a problem and subsequently only scintillator ST, was kept in ' : .
later run periods. Windows W aze made from mylar. I is the beam focus the antiprotons will penetrate the

Tl

at the centre of the target volume of liquid hydrogen, 1.H,. tﬁfget hydrogen is then given by the
difference
Ry~t=d (3.27)

where R, is the range of 308 MeV/c antiprotons in liquid hydrogen. R, can be caleulated by integrat-
ing eq. (3.25); T, is the kinetic energy upon incidence:

T, 0

pdT dr _
Ro(T)= =p ) L~ 2n 2l 3.28
o(1) fo——dE/a’s b dEds 7 (3:28)

where n<0.6 for a nonrelativistic particle®. This procedure was performed in the Monte Carlo program
mentioned below, which was used to simulate the annihilation region. For a quick estimate, however,
the range is most easily Jooked up in a range diagram (see fig. 3.18). The range estimation resulted in a
range of 4.8 cm in liquid hydrogen with 0.7 em of plexiglass as a moderator.

The size of the annihilation region, i.e. the stopping region, is necessary 1o be known for determi-
nation of the resolution of the angle between two detected y-rays. Because the detectors are placed in a
plane perpendicular to the beamline the transverse beam dimensions are most important, These are
caused by rmultiple scaitering and the emittance of the external beam. The longitudinal dimension is
not that crucial for the anpular resolution, but it is nevertheless important that the stopping distribu-
tion is well contained in the hydrogen volume. The longitudinal extent is given by range straggling and
the momentum spread of the incoming p's. The range stragpling is a Gaussian distnbution given by

[145]

1

P(R)dR = e~ (R RoY'lo® 4R (3.29)

onf

with 0% =2[P(R)(R— Ry)*dR. The straggling parameter § is defined as

* See for instance the book by Ritson [124],
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WOZ =

5%

ay

B | e
[

where « is the fine siructure constant and
N, is Avogadros’ number. The full-width
at half-maximum v of the range-strapgling
distribution can be deduced from the
straggling parameter:

y=25 . /—2- 12 (3.31)
i

By folding the range straggling y with the
momentum spread one obtains an ap-
proximate longitudinal width of the stop-
ping distribution:

Am2
T? = y* +(--E) Ro? = I em.
P
(3.32)

The range curve was measured in the
beginning of the D83 run period with the
setup shown in fig. 3.19. The target was
for D83 only 10 cm long, thus the range
in liquid hydrogen should not be longer
than 5 cm. The target was replaced by the
scintillator 8, complemented by a copper
plate as thick as needed to obtain the
equivalent thickness to 5 cm of Liquid hy-
drogen. The trigger condition required
coinciding signals from ST,, 8T,, and 8,
but S, was coupled in anticoincidence.
When varying the moderator thickness we
observed the curve displayed in fig. 3.20.
Assuming 2 beam momentum spread of
1073 at 300 MeV/c the range stragpling is
unfolded to be

v=12cm,

which is a perfectly acceptable longitudi-
nal dimension of the annihilation region.
The transverse size of the stopping
region is to a large extent govemned by
multiple scattering and cannot be esti-
mated straight forwardly but has to be
done in a cascade calculation. A Monte
Carlo program was developed to simulate
the blow-up of the beam before it came to
a stop in the liquid hydrogen. The princi-

Fig.

Fig.

T,
Z 0
(R=Ry), = 2na(icy'N , — fo(w % yar, (3.30)
p ds

d.

100 : il — A oo

o
=]

[S)

i

{—mm of hydrogen}
(-~ m of hydrogen}

™

Range

w-dE /dx (MeVicm in hydrogen)

-
[3]
2

P (Mev/c)

3.18: Ranges of different particles in liquid hydrogen as a
function of incident particle momentum p. (Taken from ref.
£1220).

3.19: Sctup to measure the range curve. 5 om of hydrogen is
replaced by the equivalent thickness of copper and the scintil-
lator 8;. The sipnal R gives the rate of P's that reach §,, ie.
that would penetrate more than 5 em of LH,. The range curve
is obtained by measuring the rate RIN. for different thicknesses
of the moderator M. The thickness is varied by turning M as
indicated.

Seales and clocks are not to be trusted to decide anything fthat's worth deciding. Who leils
time be a clock ? Every hour is the same to a clock and every hour is different to me,

(Finley Peter Dunne, [867-1936)
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ple of the program is to "pick” a p with a

3-momentum p, according to the beam 15
specifications, let it successively pass

through consecutive slabs of material, and

after each step compute the energy loss -
and the scaitered angle. Each slab is cho-
sen thin enough that the formula (3.25)
gives a good approximation for the aver-
age energy loss E_ . The actual energy loss
E, . fora particdar case is then obtained
by throwing a random number according
to the appropoate Vavilov, Landau, or
Gaussian distribution {cf. section 3.3.2). If
p,; is the magnitude of the momentum of 5+
the § when it enters slab 4, the
momentum on exit will be

s
<o
1

[t 4
I ] H 1 H |‘| """" T
Fig. 3.20: Range curve obtained with the setup
shown in fig. 3.19. The width " acquires 8 10 12 14 mm
contributions from both the range straggling Moderator thickness
and the momentum spread of the beam.
2E A
losy
= e e ¥ — 2
Piy1 T [p! (P, B ) Elos.s' ! : (3.33)

After penetration of the slab, also the direction 13[ of the momentum is modified due to multiple
scattering. The probability that the p is scattered an angle 6 is given by the Scott-Snyder-Molicére
theory, and can be expressed as

P(@)dﬂx%—» e~ KO g, (3.34)

where (#7) is the mean-square value of  given by [20] [145]

N
(0%)= 20, In (‘;‘M = 0,2 In | 40208 A" ' ("’f{;’ 1. (3.35)
R

Here 8 is the minimum angle of scattering in a single encounter, 8 &X/a, where X is the de Brog-
lie wav’e’:lfength of the particle and « is the radius of the atom of the scatierer, a~a 213, The angle 8,
is the angle for which there is, on the average, only one collision with 8 > 6, throughout the distance

ZZ+y 1
A (phcY?

8,7 = dwo(Hic)sN  p (3.36)
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A random number @ is thrown according to the distribution (3.34) to obtain the angular deviation
from the incoming trajectory to the outgoing trajectory (see fig. 3.21). The azimuthal angle around the
incoming trajectory is taken uniformly.

Fig. 3.21: A particle penctrating matter is scattered by Coulomb interac-
tions with the electrons of the medium and will, after a large number
of relatively small scattering angles, be deflected an angle # depending
on the thickness s of the penetrated material,

Jﬂ%g'b-wnﬁ]hutr"“ﬂ‘J:”‘ [ H,,nm L g ,qr".J [
0 5 10 -2 0 2
R [cm] y [cm]

Fig. 3.22: The stopping distribution of the f-beam in the liquid hy-
drogen target as simulated with Monte Carlo techniques for the
run period D83, The longitudinal projection {a) shows the tail
towards the entrance window of the target produced by anti-
protons annihilating in flight. The transverse projection (b)
shows that the annihilation region is well confined in the hy-
drogen volume.

Neanderthalaren dr den dldste av alla talare
ool borde vara ettt fdreddme f¥r alla andra

fér att han har AGLI4t mun 1 500 000 dv. .
(Cellol
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Because energy is lost continuously, the slab thickness has to shrink along the particle path. So as
not to run into a disasterous loop of “infinitesimal” dimensions a cut-off has to be introduced. Thus,
the p is put to a stop, uniformly chosen, within the next slab that is 100 pm thin when its kinetic en-
ergy T is only 720 keV, This cut-off is chosen because the range of a 720 keV § is just 100 pm in lig-
uid hydrogen, and 100 pm is the accuracy that corresponds to that required in this simulation.

The resolt of the sirmulation for a beam momentum of 300 MeV/c is shown in fig. 3.22a—b. We
see that the range stragpling is in well agreement with the measured range curve. IHowever, the calcu-
lated average range is slightly larger than that measured. This result is in fact not surprising as the sim-
ulation approximates the integral [eq. (3.28)] of the Bethe-Bloch formula with a series of linear ap-
proximations, i.e. in each step i the energy loss is computed as if the antiproton preserved the same
initial energy E, throughout the whole slab, whereas in reality it loses energy continuously. This has an
impact on the multlpk: scattering as well; one can anticipate a slightly narrower stopping regxon than is
shown in fig. 3.22b. The simulation approximates a P-track with a polyline as illustrated in fig. 3.23
where the kinks are on the actual track. To estimate the comrection to the width of the stopping distri-
bution we scale down each slab thickness according to the ratio between the simulated range and the
measured one, and recalculate the multiple-scattering angles 8, for each step i. The extreme trajectory

is then replaced by the corrected trajectory T that produces an annihilation spot that has a
ftﬁf width at half-maximum of about 8.5 mm, which is roughly 9% wider than the measured beam
cross-section,

(mmls Y

Fig. 3.23: The simulated § trajectory Tex obtained for maximum deflection in each slab of liquid hy-
drogen. When the slab thicknesses are scaled down according to the measured range this trajectory
is modified to T, which yiclds a slightly narrower stopping distribution.
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3.4. THE BGO CALORIMETERS

A detector is generally called a "calorimeter” if it is used to determine the energy of a particle by
total absorption. Any quantity that is proportional to the absorbed energy may be measured. Such
quantities are for instance scintillation light, Cherenkov light, and tonization, Scintillation calorimeters
are usually blocks of transparent material in which the energy of a particle is converted and degraded
to detectable atomic ionizations and excitations. For one of the detectors in this experiment these
blocks were crystals grown from bismuth gexmammn oxide B14Ge 0,; (or simply BGO). BGO was
first grown in small crystals by Nitsche [111] in 1965 as a rcplacernent for bismuth silicon cnlytxtc
B1 8i_0,,, a rare natural mineral, in laser host material. The luminescence properties were studied in
deta113 by Weber and Monchamp [143]. Small crystals have been used extensively for some time in nu-
clear medicine, particular in computer tomography where its short radiation length allows an improve-
ment of the spatial resolution as compared to NaI(TI). The PS182 collaboration was one of the first
groups in high energy physics that studied the use of large BGO crystals for y-calorimeters [116}. In the
first subsection 3.4.1 some general properties are discussed of BGO as a detector materal in
high-energy physics experiments.

Before the BGO detectors were operated as y-calorimeters in this experiment they were tested
with electrons of energies from 50 to 450 MeV at the SIN® cyclotron. Results from this test run will be
mentioned together with the results obtained during experimental runs. The test results are thus pre-
senied in their relevant context.

In subsection 3.4.2 the geometry of the BGO detectors used in this experiment is described, and
subsection 3.4.3 deals in detail with the performance and the relevant parameters of the detectors.

3.4.1 BGO As Detector Material

The properties of BGO are well documented
elsewhere [143] [50] [89]. Here only its main fea-
tures are summarized and compared with Nal(T1),
the material with the most understood energy res-
olution. The properties are collected in table 3.3.
In contrast to Nal(TD) BGO is nonhygroscopic
and is less delicate to handle due to its mechanical
and thermal stability, It is chemically stable
against most cleaning agents and is soluble in
HCI. BGO is a cubic crystal grown from a melt of
roughly 1050°C (fig. 3.24). It can be grown in
crystalline form from two different stochiometric
mixtures {143] in the ratios 2:3 or 6:1 of B120
and GeQ,. The fluorescence of Bi;,GeO,, 1s
however, very poor, and it has found no applica- 0,® o‘_"y gen
tion in y-spectroscopy. When grown from highly @ sismuth
pure materials BGO is completely transparent.

For small impurity admixtures the crystals have a

faint yellowish colour and tend to have small Fig. 3.24: Crystal structure of BGO. (Taken from ref.
voids, which are caused by ions of significantly (143D).

different size than Bi or Ge ions. The crystals can

easily be machined and polished.

Fig. 3.25 shows a compilation of some optical data for BGO. The fluorescence is attributed to the
*P,-= 18, transition of the Bi," ion (fig. 3.26). Due to the large Stokes’ shift” the fluorescence occurs

Viewed along [111]

® Germanium

¢ Schweizerische Institut fiir Nuklearforschung, Viiligen, Switzerland.

7 This enerpy shift is due to the interaction with the vibrational modes of the crystal. It can be considered as the photon emittes
or absorbes a phonon quantum. For more details see for instance the book by Kittel [88] or the one by Omar [112].

There is one thing more important than logic: imagination. (Alfred Hitchcock, 1899-1980/
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in a region where the crystal is fully transparent. Because there is no overlap between the tails of the
excitation and fluorescence spectra (fig. 3.25a) partial self absorption is absent. Thus, one can expect

! Excitutio;\ ' ' Fluorescence '
) -:
E . (a)
5
>
8
= ;
n i
o :
-4 o]
| 1 i
i ] 1 1 T i H
80 ¢ Silicon
9 | hoto Di
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i ]
e 40 :
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Fig, 3.25: Optical propertics of BGQ: (a) excitation and fluorescence speetra compared to the quantum
efficiency (b} of a photo cathode and a photo diode, (c) the refractive index of BGO, and {d)
transmission. (Adapted from ref, [ 5061},
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Fig. 3.26: Relaxation of the Bi®*<on in BGO. The

energy levels of Bi** {left-hand side of top view)
are split by the influence of the crystal ficld
(right-hand side of top view); the (2/+ 1)-fold de-
generacy is reduced. The luminescence is due to
the radiative transition from the P, state to the
18, state. The *P, state is thermally populated if
the energy difference AE=E(*P,)~ E(P,) <kT.
The *P, state is rcached via nonradiative decays
{wavy symbol} from the *P, or 'P, states excited
by optical {ransitions, Notice the crossover encgy
AFE that cnables nonradiative relaxation at high
temperatures. Notice also the stokes shift between
absorplion and emission wave lengths. (Taken
from ref. {143]).

51 marpon edt &t une coulsur,
FHlawase £t6 une contryebasse.

fYoltaire)

Table 3.3: Properties of BGO. (Taken from ref. {50]).

Density

Eff. atomic
number

Rad. length

Hygroscopic

Mech, stab.

Emission peak

Fluor, dec. time

Refr. index

dE|dx(min}
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—
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a—

luminosity [%%6]
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9.2

[g/em’]
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[ns]

[MeV/em]
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Fig. 3.27: The light output from BGO as function of time after
X-ray source is switched of. (Adapted from ref. {73]). The
inset shows the oscilloscope pulse obtained with one of the

BGO crystals used in PS182,
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high uniformity in crystal response along its length. This question will be further discussed in section
3.4.3.2. For comparison fig. 3.25b shows the typical quantum efficiency of a photomuliplier cathode. A
disadvantage of BGO compared to Nal(Tl) is that its scintillation conversion efficiency, or
sensitivity”, is not more than 10% of the sensitivity of Nal(Tl). If is, on the other hand, much more
stable against radiation damage than Nal(T1). After an exposure of as much as 1500 R the material re-
covers within a few hours [137].

The fluorescence decay time of BGO is approximately 350 ns at 20°C (fig. 3.27) and has a strong
temperature dependence [50] of «(20°)= -4 ns/dg (fig. 3.28). The inset in fig. 3.27 shows the BGO
pulse as measured with the setup used in the experiment PS182. The light output per unit energy also

shows a strong temperature dependence {50]: linear between 14— 50°C with 1%/dg normalized to 20°C
(fig. 3.28).
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Tig. 3.28: Temperature dependence of the light constant and the light output from BGO, {(Adapted
from ref. [50], insct adapted from ref. [ 143]).
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BGO is a primary scintillator and its Hght
output increases with cooling. Nal(TIl}
shows the inverse effect. For Nal(Ti) the
scintillation mechanism is much more
complicated and depends strongly on the
activation concentration. As a conse-
quence of the strong temperature depen-
dence of BGO a stabilisation of the calo-
rimeter temperature to within 1°C and a
precise calibration system would be desir-
able 10 make full use of the high energy
resolution of the material®,

A Monte Carlo simulation using the
SLAC-EGS program [64] has been per-
formed by Dictl et al. {50] to define the
needed  specifications of a BGO
y-calonmeter, Cross-sections for BGO are

absorption coefficient [cm™1]

shown in fip. 3.29. Some results from this 10-2

simulation are represented in fig. 3.30a—c. 1072 1 102
Fig. 3.30a shows the longitudinal energy

deposition for various incident energies. energy [MeV]

At least 20 radiation lengths (X)) are nec-
essary to absorb 98% of the shower for Fig. 3.29: BGO light absorption coefficients energy. (Adapted from ref.
energies up to 1 GeV. Fig. 3.30b shows 13D

the fraction of front and rear leakage for a

20X, long BGO crystal of infinite width.

Beside material inhomogeneity the fluctu-

ations of these leakages will finally deter- 3.15¢m

mine the resolution. Fig. 3.30c shows the
fraction of contained shower energy as a
function of the crystal width for a crystal
with square cross-section,

3.4.2 Geometry T

The BGO detectors used in this Sh5em
experiment consist each of a set of
seven crystals with the shape of hex-
agonal prisms. These crystal ele-
ments® are 20.3 cm (~20X,) long and
5.4 cm between parallel faces (see fig.
3.31). Each set is equipped with a
hodoscope consisting of seven small
BGO bars of dimensions

1.0x1.2x 5.0 cm?® placed in front of \ A
the hexagonal crystals. The crystals
are covered with 100 um thick alu- Fig. 3.31: View and dimensions of the BGO-detector systern used in

PS182. The front hodoscope consists of severn BGO bars of dimen-

minum foil. The scintillation light is sions 5.0x 1.0x 1.2 om®.

detected by Hamamatsu

8 ‘The calibration of the crystals in PS182 could be reproduced every ten minutes, which made the temperature stabilization less
crucial.

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

A gifted small girl has explained that pins are a great means of saving life "by not swallowing them”. {C.E.Montague)
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photomultipliers (type R 1306-01)
glued onto the rear surface of the

crystals. The BGO assemblies are 2000

housed in plastic boxes designed as a
shield against rapid temperature var-
iations in the experimental hall; as
mentioned above BGO has a large
temperature coefficient for light pro-
duction.
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Fig. 3.30: Results from a Monte Carlo simulation by Dietl et al.: (a)
differential energy absorption AFE/X, as a funclion of crystal
thickness, {b) rear and front leakages as a function of impact
energy, and (c) fraction of shower energy contained in a crystal
with square cross-section of width d and 20 radiation lengths
long. (Adapted from ref, [50).
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3.4.3 Performance of the System

The performance of a calorimeter, which generally improves with increasing energy, is limited
both by statistical fluctuations of the elementary phenomena through which the energy is converted
and degraded to the level of detectable atomic ionizations and excitations, and by the technique chosen
to measure the final products of the cascade process. When a high energy photon or electron enters the
calorimeter it initiates a multiplicative process of bremsstrahlung and pair production. This cascade
phenomenon is called an electromagnetic shower (sce Appendix B). In this experiment we want to use
the calorimeter to measure the energy of photons and the spatial coordinates of their impact. Of inter-
est are then the energy resolution of the detector and the accuracy with which the impact position can
be reconstructed. Of course also the detection efficiency is of interest, which is a function of the impact
position. In this subsection the properties of the BGO calorimeters used in this experiment will be dis-
cussed in detail, as well as the procedures used to investigate them. There is a sub-subsection devoted
to each property. The subject here is confined to those functions that concern the actual detector, and
the treatment of functions that depend on electronics or software manipulations will be left until the

next chapter.

Several results concerning the performance of our BGO detectors were obtained from the test run
at SIN. This test measurement was conducted at the #M3-beam which has a momentumn spread of less
than 1%. During the measurements in this beam contaminating muons and pions were vetoed by a
time-of-flight condition. The BGO detector was generally placed with the beam along the symmetry
axis of the central crystal. A 1x 1 cm? trigger scintiflator defined the impact position of the electrons.
Sometimes the detector was displaced or tilted relative to the beam axis in order to see the influence of
this on the energy resolution. Before discussing energy resolution, impact-position reconstruction, and
efficiency the first sub-subsection concerns the energy response function and procedures for calibrating

the crystals.
3.4.3.1 Linearity And Calibration

It is desirable that the energy response function of
the detector is linear to facilitate absolute calibration and
data analysis. This means that the charge of the photo-
multiplier pulse is directly proportional to the energy
deposited in the crystal. This so called "linearity” was
checked with the electron beam at SIN. By adjusting the
beam for various electron momenta (~energies), the
charpe output can be plotted versus deposited encrgy.
This is done in fig. 3.32. The deviation from a linear be-
haviour, expressed by the ratio |JE;’a1| after having fit-
ted the second-order polynormial
E'(E)= a,+ a,E+ a2, amounts to |\/ay/a,]=4.5107%,

During the test run at SIN the seven crystals of a
BGO set were calibrated by using the signals from
stopped muons and pions of 300 MeV/c momentum,
which correspond to the deposited amounts of energy*®
212 MeV and 191 MeV, respectively. This method,
however, could not be used during the experiment at
LEAR. Instead different methods were used [130]. A
primary calibration of the crystals was done with a **Th
source before each run period. The observed peaks from
the 2.6 MeV line (fig. 3.33) were matched by adjusting
the high-voltage of the photomultipliers. This rough

i T T T i T T T
(”+’
r"u . -
2 " o
E . +‘
2 - ¢'J -
et .
g 4 AN apta,Eea,E?
[oe
&) -~
i} ’;
L -
r”“‘ )
— ’+4 ]
i | ] 1 J J } i
Y 108 200 360 400

Electron energy {MeV]

Fig. 3.32: Response E, . of a BGO calorimeter to a monoch
romatic cleciron beam versus beam momentuam,

19 The energy released by the secondary electron from the muon decay is neglected due to the long lifetime of the muon thus
the ADC gate was set to 600 ns. The energy released by the secondary muon from the pion decay yields a tail towards

higher energies due to a different path length in the crystal.

If you see some one swimming against the tide, watch him. He may sink without trace; he may bring

ashore a new idea. (Eric Ashby, in NATURE 283,425)



Chapter 3 The LEAR Experiment PS182 page 51

calibration was accurate to the order of
10%. One method used for the final cali-
bration employed charged pions that pene- _
trated the full length of the BGO crystals.
Such pions were continuously monitored
throughout the experimental runs. The 2
corresponding events were defined by si-
multancous signals from the plastic scintil-
lators in front of and behind the BGO set
(see fig. 3.4), and energy deposited in the
BGO. Only those events where only one
single BGO crystal contained energy were
selected in an offline analysis. The enerpy
released by these pions gives a peak at 198
MeV in the spectrum from a BGO hexagon
(fig. 3.34). These peaks were used for cali-
bration and correction of the calibration
time drifts. For a LEAR run penod, that
typically extends over a few days, the cali-
bration of a crystal drifted not more than k

noise

" pedestai
«— 2.6 MeV (¥3Th)

;f;}-—z.s +0.58 MeV (*22Th)
]

counts

e e @7 e5Cape

threshold

0.5%. The inclusive y-spectra from each
individual crystal was also used for calibra- ;
tion by fitting a parabolic expression to the ADC channels

high-energy part of the spectra, and adjust-

ing the end points to one another. This Fig. 3.33: Spectrum from a ***Th source as measured with
method was consistent with the one em- " one of the hexaponal BGO crystals.

ploying charged pions but less accurate (see

further section 4.1.1.1).

When the BGO hodoscope was used
in front of the hexagonal crystals this had
also to be calibrated. The hodoscope bars,
as the hexagonal crystals, were roughly cal- 300
ibrated before the run periods with the
228Th source {fig. 3.35). The final calibra-
tion for the hodoscope was also based on
the peaks observed from the through-going
charged pions (fig. 3.36). Because the peaks
are dominated by pions around 400 MeV/e¢
momentum (i.e. where the pion spectrum
from pp annihilations at rest peaks), their
position were adjusted to 10.7 MeV [eq.
(3.25)]. An accuracy of about 10% could be
achieved.

A bad calibration has the effect of de-
teriorating the energy resolution of the de-
tector. In fact the energy resolution Ji%HthJr
achieved during experimental runs was [T
never as good as it was during the test run

Counts /10 ch

<— 198 MeV

(it

at SIN. This might seem strange, since the 100 500
charged pion method is very accurate and ADC channels

efficient, and it can be frequently repeated. . ) . ,
The reason for this will be further discussed Fg. 3.34: Spectrum obtained from charged pions

. : ! that passed through one of the hexagenal BGO
in the following section. crystals.
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Fig. 3.35: Spectrum from a ***Th 300 500
source as measured with a BGO ADC channels

hodoscope bar.

Fig, 3.36: Spectrum obtained from charged pions that passed
through a BGO hodoscope bar.

3.4.3.2 Energy Resolution

The energy resolution in the energy region below 3 MeV was investigated with y-rays from the
radio-active sources ***Hg, 22Na, **7Cs, #8Y, and ***Th. The source was attached to the front face of
the crystal. The result, after having quadratically subtracted the amplifier noise {~200 keV), is shown in
fig. 3.37a. The energy dependence is fitted by the expression

T (.49%
R (3.37)
E JE[GeV]

where U is the full-width at half-maximum. In this low-energy domain the resolution is limited by sta-
tistical fluctuations in the number of photo-electrons. The number n=m/u of photo-electrons per
MeV that reach the first dynode can be deduced if we assume an energy p for which the total number
of photo-electrons m>>15. In that case the Poisson distribution Po(m) of the photo-electrons can be
approximated by a Gaussian G(g, o) with m=p?/o%, We then have that the number of photo-electrons
reaching the first dynode is 7=230 MeV~'. If we assume 10% transmission efficiency of the BGO
crystal and 25% quantum efficiency of the photo cathode of the photomultiplier, we get an estimated
number of scintillation photons primarily emitted of about 5000 per MeV of shower energy. Fig, 3.37a
also displays the resolution at higher energies. There the resolution was determined as a function of the
energy of the electron beam at SIN. At higher energies the energy dependence is fitted by the expres-
sion

r 2.65%
— = (3.38)

E *JEIGeV]

where T again is the full-width at half-maximum. The resolution here is dominated by shower leakage
outside the active detector volume. ‘

Common sense is the most fairly distributed thing in the world, for each one thinks
he is so well-endowed with it that even those who are hardest to satisfy in all other
matters are not in the habit of desiring more of it than they already have,

{René Descartes, 1596-1650G)
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Energy resolution
full-width at half-maximum
T of a BGO calodmeter (a)
measured at high cnergics
with an electron beam and at
low energies with the indi-
cated sources. The sirnulated
resolution {b) for a crystal
volumne as indicated shows
the similar dependence. {{b)
adapted from ref. [35}).

Fig. 3.37b is a Monte Carlo simulation by Cavalli using the SLAC-EGS program [35]. To find a
one-over-fourth-root law valid for BGO as has been found to fit Nal(T1) data, might seem somewhat
astonishing, since this behaviour was believed to be caused by the complicated scintillation mechanism
present in Nal(T1). It now rather seems to be connected to the occurance of leakage. Other groups [35]
have found the one-over-square-root law vatid up to 11 MeV. It certainly looks like the energy resolu-
tion becomes worse again somewhere between 11 and 30 MeV before it decreases and flattens out. In
fact, a similar energy dependence has been observed for Nal(T1) [32]. The behaviour can be explained
[32] by employing an expression for the energy resolution of a single crystal of the type (£ in MeV):

T \Z
"E‘") =cy+ e B+ B2,

where the respective terms can be attributed to the following effects:

(3.39)

& constan! term: systematic fluctuations in the response of each crystal can oceur in several ways
[22] {27), primarily associated with efficiency in the conversion to photo electrons due to, for
example, nonuniformities in the scintiflation yicld {119] throughout the crystal volume, or
nonisotropics of the optical efficiency of the cavity, or nonuniformities in the conversion effi-
ciency of the photo cathode or the capture efficiency of the first dynode;
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¢ second term: mainly due to statistical fluctuations in the number of photons generated as
discussed earlier;

o third term: reflects the fixed channel width of the ADC and the occurance of electronic noise.

The fact that shower leakage plays a more dramatic role at energies around 200 MeV than around
450 MeV seems likely from comparing the lineshape at different engergies (fig. 3.38). The tail towards
zero is clearly more pronounced at the lower energy. This circumstance is also understandable when
recalling that the shower is relatively broader at lower energies (cf. Appendix B).

The resolution achieved during the
experimental runs at LIEAR can be de-
duced from the width of a peak from a
’J\l reactionn appearing in the y-spectrum. Be-

cause the resolution obtained during these
runs is caused by y-showers, whereas the
resolution measured during the SIN test

0 run was caused by electron showers, there

§ is no a priori reason why they should be

o the same. Also the run conditions were

© somewhat different as well as the calibra-

f tion method employed. There are two

spectral peaks available for deduction of

J i 1 the energy resolution. In the y-spectrum

e ” ],”L.J . b one finds the Panofski peak at 129 MeV

180 200 400 450 (fig. 3.39) coming from the secondary re-

energy [ MeV] action # p-+yn that adses from

o~ -mesons produced in the pp annihila-

Fig. 3.38: Obscrved line shapes tions. 'The width of the peak is about 9

: from a BGO calorimeter for MeV indicating a resolution at 1 GeV of
[T (a) 200 MeV electrons and o :

151 | {b) for 450 MeV eclectrons. as me:h as '4 Yo full-width ?«t
The tail towards zero seems half-maximnum. This value, however, is
to be rolatively more pro- suspected to be somewhat too large as

ns | ;Od‘}l::tigg atmﬁwﬁu;ﬁzgﬁ; these reactions occur away from the target

3 play a more dramatic role. centre. The other peak that can be used is

2 a signal in the energy spectrum from

Bos) | measured p-mesons {fig. 3.40). The signal

o stems from the two-body reaction

€ Fig. 3.39: The signal in the pp+nw. If no kinematic fitting is per-

S ol- .1 inclusive photon en- formed the peak width directly reflects the
1 ergy spectrum  from .

the Panofski reaction energy resolution for detected photons.

w”p+yn, measured Events used for the spectrum in fig. 3.40

0o TR with a BGO calorim- are the most (x<20%) symmetrc

energy [MeV] eter reveals the detec- n-decays {eq. (3.11)]. In this case the

tor resolution at low
photon cnergies.

photon energy is half of the n-energy, The
energy resolution foll-width at
half-maximum is thus the width of the
100 ' ' ! peak quadratically subtracted with the
- - contribution from the other photon,
1‘. which was measured with the lead-glass
50r ) H detector (see next section 3.5}, As a result
ﬁ/l ' w . the energy resolution at 428 MeV is 18
1
“

MeV which indicates a resolution of 3%
¥ mﬂ-ﬁ-ﬂ at 1 GeV according to eq. (3.38).

Counts/4 MeV

1 L i Fig. 3.40: The signal in the inclusive n-cnergy spectrum from the
BOO 500 reaction pp-+nw, is utilized to deduce the energy resolution of
h energy [MeV] a BGO calorimeter at high energies.
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Several reasons can be imagined for the energy resolution to be worse during the experimenial
LEAR runs. One difference fo the SIN test ran is the method of calibration. During the test run the
calibration was accomplished by using stopped muons and pions, while through-going charged pions
were utilized during the experimental runs. As they are through-going they release energy throughout
the whole crystal contrary to the case if they stop in the crystal. These charged particles do not
produce an electromagnetic shower as photons and electrons, but release most of their energy through
ionization and excitation in the immediate vicinity of their track. This means the energy is deposited in
a narrower region than for showers. The efficiency factor used to convert energy deposited in the crys-
tal to number of photo electrons hitting the first dynode of the photomultiplier must be a function of
the position in the crystal where the energy is deposited. The position dependence arises, e.g., from the
nonuniformity of seintillation efficiency and transparency of the crystal. Because about 90% of the en-
ergy of an electromagnetic shower is deposited in the first 10 radiation lengths of the crystal, one would
expect the calibration method that uses stopped charged particles to give a better result as it, so to say,
calibrates the relevant part of the crystal.

Nonuniformities should be mainly longitudinal, but also these can be expected to cause small ef-
fects since there is no self-absorption present as already mentioned. Furthermore, due to the very high
refractive index of BGO, one does not anticipate variations from different reflection modes in the crys-
tal cavity. The largest contribution to longitudinal nonuniformity can thus be cxpected from local de-
ficiencies in transparency. If there is a local region of inferior transparcncy one would anticipate a
nonuniformity curve that is constant in the beginning of the crystal and then suddenly rises and be-
comes constant again in the latter part of the crystal closer to the photomultiplier (of. ref. {116]). The
BGO crystals were optically compensated to give a longitudinally uniform light output. According to
Harshaw the compensation was accomplished by partially wrapping with optically diffuse paper —
the crystals were delivered encapsulated and equipped with photomultipliers. It seems, however, un-
likely that this is the only measure undertaken, since most of the light remains trapped inside the crys-
tal owing to the large refractive index of BGO. An investigation performed by Dietle et al. {50], in fact,
also shows that the signal output is completely insensitive to the wrapping of the faces orthogonal to
the surface viewed by the photomultiplier. A guess could rather be that the surfaces have been partially
roughened. The longitudinal nonuniformity in light output from a crystal used in the experiment was
measured with two methods. Firstly, a beam of 800 MeV/c¢ pions was used.

The beam traversed the
crystal perpendicular to its
symmetry axis at different ] |
distances from the front face.
Secondly, a **7Cs source (£ B o basf module

=662 keV) illuminated the 6 o worst module
crysial through a 5 mm hole L
in a 5 cm thick lead collima-
tor. The two methods pave
consistent results: the nonu-
niformity of the crysials was
found to be typically +2%
in the first 18 cm of their
length., Fig. 341 displayes

[

o ——
b p—

the nonuniformity of the

worst and the best crystals. b % ‘} % -

When using |
through-going charged pions
to calibrate the crystals one
is sensitive 1o the intepral g fcm]
over the whole nonunform- ‘

ity curve. Por the case of an i o

,ly 4 apnctic sh . . Fip 341 Longitudinal nonuniformity in light output from. two of the hexagonal BGO
f’ ec mma‘fbﬂ',{’ ,“’ shower onc erystals as a {function of the distance d from the photomultiplier; data fos '1]u‘
is only sensitive up to a cer- most-uniforrn and the least-uniform hexagonal crystals obtained with a YCs
tain depth. This means that source.

discrepancies  between  the

seven crystals in the last

parts (closest to the

Nonuniformit




page 56 The LEAR Experiment PS182 Chapter 3

photomultiplier) of their nonuniformity curves, will cause the calibration to be worse for showers than
for the charped pions. In this context it must be betfer to use charged particles that stop before they
reach the back of the crystals. Another circumstance that discriminates between the experimental runs
and the test run is the fact that a shower initiated by an electron always starts practically at the same
position, viz. immediately on entry of the crystal, whereas a photon shower only starts at the point the
photon convetis into an electron-positron pair {(cf. Appendix B). As much as ~20% of the incoming
photons around 200 MceV do not convert until afier one radiation length - 200 MeV is the mean
value of the photon spectram from pp annihilations. This means that photon showers, having the
same energy, probe different parts of the nonuniformity curve, in contrast to an electron-initiated
shower that always affects the same range. Further differences: during the SIN test run the incoming
clectron was always triggered by the Ix 1 cm? telescope scintillator, which caused all showers to be
well centred and symmetric around the symmetry axis of the detector. The photon showers measured
during experimental LEAR runs, on the other hand, could start at any transversal position in the cen-
tral crystal {and sometimes even somewhat outside it). These photon show-

ers cannot be expected to be symmetric around the detector axis, as the

v-rays originated from the target that was as close as 30 cm ~— compare to '
the 5.4 cm diameter of the central crystal — and the emission source is not L
infinitely small ecither. All these circumstances, that the photon showers were
neither as well centred, nor as aligned to the detector, nor as well longitudi-
nally defined as the electron showers must contribute to the deterioration of
the energy resolution observed in the experimental runs.

- The Panofski peak in the inclusive y-spectrum from the experimental
data run in May 1985 indicates an energy resolution as bad as 10.2 MeV at
129 MeV. It is hard to understand the underlying reason for this fact. It
could have been an indirect consequence of the high p-rate present during
that fun period. The high rate seems to have caused “pile-up” effects in the
data taking system, although not pile-up of light in the BGO crystals them-
selves, Fairly oftenn an ADC gave 0 output during this run period, which is
something that should normally happen very rarely, as the "pedestal”, ie.
the ADC output corresponding to zero input, was set to 40. The pedestal is
measured by feeding the ADC with a gate signal that is uncorrelated to the
signals from the BGO crystals. A typical spectrum obtained from such a
measurement iy shown in fig. 3.42. It shows that electronical noise fluctua-
tions are an order of magnitude smaller than 40. The p-rate did, during the
May run in 1985, reach values of as much as 40 000 p/s. Unfortunately the - ,ﬂ | ‘
LEAR beam up to now has had a micro duty cycle correlated to the 50 Hz 0 50
frequency of the electrical-power network, which has cavsed the instenta-  ADC ¢h anneis
nous rate to sometimes be twice as high, i.e. 80 000 p/s. On the average this
will give 2 BGO event every 5th ms, since the BGO solid angle was 0.25%..

Counts

Fig. 3.42: The "zero-point™

However, this 5 ms is the mean value p of a Poisson distribution Po(f;u) signal put out by an
which implies that (.5% of the antiprotons, i.e. 40 per second, arrive already ADC when there s no
after 500 ps. This time period is not in conflict with the BGO light constant energy deposited  in
of 350 ns, but might well be with the time constant on the input of the ¢ BGO orystal, the

! . . . . 8o called "'pedestal”, is
ADC, which is a few hundred microseconds. If the time interval between typically a few ADC
two consecutive signals is so short that the previous pulse bas not com- channels wide,

pletely ebbed out yet when the next one arrives, the interpretation will be

that the pedestal has shifted. If the pedestal watk-around is the reason for the

worse energy resolution during that run pesiod, it would give a relatively smaller contribution to the
resolution at higher energies, which also seems to be the case from studying the upper end-points of
the y-spectra. Unfortunately it is not easy to discover problems like this and undertake measures during
a LEAR run period, which only lasts for about 48 hours and a new magnetic tape has to be mounted
every ten minutes.

When using the hodoscope in front of the hexagonal BGO crystals the

fandlq tnte mot andra
som du skulle vilja
att de handlade mot dig
Nt har konske iInte samna smak.
{ Beynard Shoaw)
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energy resolution of the system dete-

i | : [ riorates. For those photons that
10§ i . convert and start a shower in a ho-
N } . doscope bar this fraction of the en-

t 4 ¢ t ergy has fo be added to that meas-
T e ured in the hexagonal crystals. Thus,

- ¢ - the hodoscope slabs have o be cali-
-10} b brated relative to the hexagonal orys-
{ | ! { tals. As mentioned in the previous
A 2 0 section 3.4.3.1 this could only be
d [em] done within ten percent. Because the

photons cross & bar in the transverse

Fig. 343 Longitudinal nonuniformity in light output from one of the direction, only a very limited region

BGO hodoscope bars as a function of distance d from the photo- of the cryst.al i3 %llumi‘nated, and thus
mulsipler, the nonuniformity will play a rela-

tively more important role in this

case than it does when the shower

, : , ; , | . develops along the crystals as in the
hexagonal ones. The nonuniformity
0100k | of the hodoscopes was measured
o | with a ""Cs source; a result is
g [ [t g shown in fig. 3.43. The contribution
- i | ]5 s 1][ T . N

(3 10 I l” to the energy resolution from the

Nonuniformity [%]

{ 1’}_{”]_ hodoscope is most crucial at low

1 ! ; I , ”1 o] photon energies, when quite a signif-
0 10 20 30 40 icant fraction of the shower energy
energy [MeV] can be deposited in the hodoscope.

Fig. 3.44 shows the photon spectrum

Fig. 3.44: Photon energy spectrum as measured by one of the BGO  measured with a hodoscope bar, and

hodoscope bary. reveals that it can contain as much as

30 MeV. How much the hodoscope

contributes to the resolution can be estimated by comparing the different widths of the "#%p-peak” as

it appears in the three different rus periods. This »°-signal originates from the two-body reaction

pp~+up®. In December 1983 one hodoscope was mounted in front of BGO,, in May 1984 no hodo-

scope was used, and in August 1984 two hodoscopes were assembled in front of each other and in

front of BGO,. Assuming the additional width A of the December peak compared to the May peak is

due to the hodoscope, it would be expected that the August peak is 2A broader than the May peak.
This is indeed the fact:

I'3(Dec)=1?(May) +A? s A=11.2 MeV (3.40)
I'2(Aug)=T?(May) +4A* = A=12.5 MeV

This result indicates that the hodoscope contributes at an energy E of 393 MeV a resolution full-width
at half-maximum of AJE=3.0%, compared to a 3.8% contribution from the big hexaponal crystals.
This large contribution from the hodoscope is worse than expected. Assuming the calibration of the
hodoscope contributes 10%, nonuniformity 20%, and intrinsic BGO resolution of 6% at maximal en-
ergy deposition in a hodoscope bar, the worst energy jitter produced by the hodoscope would be 7
MeV. The origin of the additional 4 to 5 MeV is not understood. Although the cross-section for pair
production becomes smaller for lower energies, a larger fraction of the shower will be deposited in the
hodoscope so the relative influence on the energy resolution of the combined detector is suspected to
become worse at lower photon energies.
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3.4.3.3 Reconstruction of the Impact Position

Photons striking a BGO detector result in two types of events. For those photons that convert in
the hodoscope, the relevant coordinate (') of the impact point is provided within a centimeter by the
hodoscope information (the coordinate system is defined in fig. 3.31). The error distribution is then a
square distribution of width b= 1 cm and standard deviation o, = b/\/l_z- ={0.59 cm. In fact it s not a
perfect square but has rounded corners, because the photons do not irradiate perpendiculary to the
hodoscope entrance face. Close to a boundary between two slabs a photon will not penetrate the full
thickness of the slab, but will continue into the next one. Thus fewer photons will be registered close
to the boundary as the conversion probability is proportional to the penetration depth. Furthermore,
the part of the shower encountered by the neighbouring slab has to be smaller otherwise the photon is
considered to have entered that one instead, This effect becomes of course more pronounced for the
outer slabs, that also will show a small sysiematic shift towards the centre. Since one wants an error
distribution for the estimated impact position independent of which slab was hit, the distribution for
the individual slabs have to to be shifted and added. The resultant distribution looks like a Gaussian
with a flat top**. The fact that the shape is not Gaussian has an impact on the kinematic fitting of the
w®-momentum, which will be further mentioned in section 3.6.

During the run perod in August 1984 there were two
hodoscopes mounted in front of the BGO, set. By com-
bining the information from the outer and the inner ho-
doscopes one can decide in which half of the outer hodo-

| RSN S Rt ) RS NS S R

st Ny scope bar the photon converted. The distribution will in
...... this case then have a width 5=0.5 cm and a standard de-
-|-> viation v, mb/\/ﬁ' = .29 cm. This is of course only valid
i - L for the sample of photons that convert in the outer hodo-
2 0 0 <m I For the photons that do not convert in any hodo-
5 J s scope element, the impact position (£, {) is estimated from
S l'l the observed division of energy among the hexagonal
J L crystals. The position resolution that can be obtained in
i J this way has been discussed by several authors for arrays
P of lead-plass modules {15] [133] {75} [8} {86], and also for
r Mqﬂﬁjﬂ JU"Jb Nal{T1) arrays [32]. The simplest estimate of the impact
position (£, {) is provided by associating the energy E,
e observed in each crystal i=1,..,7 with the centre coordi-

0 0.5 ’ ate . of the crystal, and b it
£ /E nates (£, {,) on t'he face of the cryst , and by computing
¢ ftat the centre of gravity of the observed distribution. The ac-
curacy of this estimate is limited by the cross-sectional size
Fig. 3.45: The distribution of the ratio EJE, . of each crystal relative to the transverse dimensions of the
i.e. between the cnergy contained m the electromagnetic shower (cf. Appendix B) and especially at
central crystal and the total encrgy regis- low energies below 100 MeV, by fluctuations in the tran-

tered by the complete detector, obtained g !

for a 200 MeV cleciron beam entering the sverse development of the shower. The effects of shower
detector at the indicated position between fluctuations are evident from the test run at SIN (fig.
three crystals. 3.45). For this particular test 100 MeV electrons were in-

jected at nommal incidence to the detector front face at the
position indicated in the figure. The impact position was
defined by a 2x 2 mm?* trigger scintillator, In the figure is
plotted the ratio between the enesgy £ deposited in the central crystal and the energy E, , deposited in
the complete set. It is evident that quife frequently shower fluctoations result in the deposition of sub-
stantial energy in only one or the other of the crystals. Only rarely is the energy approximately equally
shared between the two cystals. A major deficiency of the simple centre-of-gravity algorithm in the
ptesent application is that it cannot adequately reflect the actual transverse development of the elec-
tromagnetic shower. The method, in effect, assumes that the energy deposition has a linear transverse

1 Such a shape can easily be parameterized by a "hyper-Gaussian”, in which the exponent is raised o a number > 2 instead,

Do not make yoursell so big, you are not so small!{Jewish Proverb)
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dependence which is in contrast to reality {(see fig. B.4 in Appendix B). Consequently the procedure
mtroduces considerable spatial distortion.

The radial distribution of an electromagnetic shower in BGO as computed with the EGS Monte
Carlo program, referred to previcusly in this section, can be used to caleulate the fractional encrgy de-
posited in the central crystal as a function of the impact postion. The result is plotted in fig. 3.46 and
shows that very little energy escapes from the central crystal if the shower axis is displaced by less than
1.5 cm. This suggests that the position resolution may be improved by associating extra weight to the
small energies that are deposited in the outer crystals. This can be achieved by computing the moments
of the observed energy distribution weighted by a fractional power « of the encergy [32}, This gives
preferentially more weight to energics observed further from the shower axis. Accordingly, the coordi-
nates (£, {) of the impact point can be estirmated by

7 7 7
i 1

= 20§ B8 {=— 2§ Ep N, = 2 Eg , (3.41)
pi=1 Npt=1 ‘ =1

where £, are the observed energies, (£ e
} are the coordinates of the crystal azes,
and the exponent o remains to be opti-
mized. The parameter a was fixed by
comparing values of [{'] to data for which 100
the impact position had been measured
with the BGQ hodoscope. The optimal
value was a=0.308. The position resolu-
tion obtamed with this improved algor-
ithm can be measured for 428 MeV pho-
tons by, also for this purpose, uiilizing the
signal from the reaction pp-=nw which
was used to deduce the energy resolution,
but this time the relevant peak is in the
corresponding distribution of opening an-
gles ¢ between the y-rays observed from
the dEans of the n-mesons. Pig. 3.47a
shows a fit of the peak, and the inset is a Fig, 3.46: Simulated faction of encrgy contained in the central crys-
display of the full spectrum. The shape of tal as a funciionj 9f the _diSpi,acen{elat' d from il_ae symmetry axis
. . ‘. . of the detecior. The striped area indicates the influence of fluc-
this peak is originally, before smeared by tuations.
detector resolution, a Jacobian peak dis-
tribution {see section 3.1). Thus the fitted
function is a convolution of a Gaussian
and the approprate Jacobian. The resultant shape is again displayed in fig. 3.47b topether with the
unfolded Gaussian and Jacobian*?. The width of the Gaussian embraces three contibutions, viz. 0.34
cm from the finite vertex definition (ie. the width of the annthilation spot in the target), from the
lead-glass resolution (entering via the other y-ray), and from. the BGO position reselution. Subtracting
the two former quadsatically gives a root-mean-square value of 0.55 cm for the BGO resolution.
Because the formulae (3.41) are based on the shower spread, the accuracy of the position (£, {)
will ¢learly be dependent on the shower energy. This centre-of-gravity method works well for higher
photon encrgies, as demonstrated by the resohution at 428 MeV. At lower energies the shower spread is
not as large, and fluctuations are more dramatie, reducing the utility of the centre-of-gravity method.
At enerpies of 10 to 20 McV the complete shower is almost always contained in a single crystal. Any
algorithi in this case cannot yield better result than a square distribution of width b= 5.4 om, the di-
ameter of a crystal, that yields a standard deviation o = b/ﬁ = 1.6 cim.

60

Ec /B[]

20

12 Notice the shi{l of the peak off the minimal angle.
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For the fitting program of the #° (or n) kinematics, the best estimation of the position resolution
of every photon energy is desired. Knowing the encrgy resolution as a function of shower energy {eqgs.
(3.37) and (3.38)], a heuristic formula is adopted for the position resolution as calculated according io
eq. (3.41) versus the shower energy E [GeV]:

54cm/\f12=1.6cm  E<20 MeV (3.42)
Op=op= E"#04cm E>20 MeV '

where 8 is a free parameter. The value 8=0.35 fitted the observed angular-resolution values. When no
hodoscope is used both the position resolution in the £ and in the { directions are given by eq. {3.42).
On the other hand, when the hodoscope is operating the o, is given by the values discussed carlier in
this scction, and these are independent of the shower energy. The o, has, however, still to be estimated
with eq. (3.42). However, the ¢-coordinate along the beam axis is not that crucial when measuring the
angle between the y-rays as the detectors are placed in the xy-plane of the detector setup (sce fig. 3.4).

The improvement in overall spatial resolution provided by the modified formulae (3.41) over the
plain centre-of-gravity algorithm {a=1} is illustrated more specifically in fig. 3.48. The figure shows
how the estimated impact position typically depends on the true impact point for these types of algor-
ithrn [32]. There is a severe biasing of the estimated impact point towards the crystal centre by the
plain centre-of-gravity estimate. This effect is reduced by the modified algorithm (« <1) — but still
present — implying that it bears a closer resemblance to the true development of a shower,

One could conceive several ap-
proaches to obtain better position resolu-
tion. An immediate idea is to divert the
value of o for different shower enerpies.
For the extreme case when e« is a
well-calibrated function o(E) of the
- shower energy it seems plausible that the
systematic  “disease” could be almost
/ cured. The best result would be achieved
; with a method based on a calibration ex-
periment in which a well-collimated beam
- of y-rays is directed sequentially at many
points on the face of the BGO detector,
and the response pattern of the detector is
- recorded. This information could then be
used to develop a probabilistic (average)
relationship between the energy division
and the impact point. This relationship
may be of a look-up-table type that con-

é : {l) 1 é i sists of an extensive library of showers,

- . their energy topology and impact point.
TRUE IMPACT G-POSITION FOR =0 [orm] This approach was not pursued, since
soch  detailed expedmental information

Fig. 3.48: Reconstructed photon-impact position versus the irue has not been obtained.

impa'ci position and as estimated with the centre-of gravity Some experimental information on

algorithm  (dashed ling), and with the weighted = con- the location of the photon impact point is

tre-of-gravity algorithm (solid Ene). {Adapted from ref. {32]). . L.

available for those runs where coinci-

dences between elements of the BGO ho-

doscope and the main detector were re-

corded. An attempt to improve the
centre-of-gravity dlg,orit}n’n was thus made, using this information. This "new algorithm™ [100] reads
the three largest encrgies among the seven BGO hexagons, viz. £ from the central crystal and £, ,Ej
from the adjacent peripheral crystals i and j (only a smail faction of all events lead to non- adjacent {, j}.
From the software conditions for accepting a BGO event (see next chapter), and from the symmetry of
the system, we can always wate £ > E, > Ej . From these three numbers, two ratios

—_—
—
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av] [
] {

T POSITION
MO

1

-2 0 2
E POSITION

C-POSITION [em}
i

ESTIMATEED IMPACT
1

Host of the papers which are submitted to the "Physical Review" are rejected, not because it is
impossible te understand thea, but because it 1s possible. (Freeman Dyson, 1923 - )
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A=InE - InE, (3.43)
B=InE;~ InE,

are formed. The quantities 4 and B are then
histogrammed for those events where a coin-
cidence with hodoscope element k=1,..,7 is
observed, Le. where the impact position lies
inside a known region in § and {. From these
histograms an average relation between (£, §)
and {4, B) is derived. A crude dependence on
the total shower energy was obtained by car-
rying out the above analysis for several ener-
gy intervals. The resulting position algorithm
shows a marked improvement in the { dirce-
tion (direction in which the binning informa-
tion from the hodoscope is available) as can
be seen from the comparison in fig. 3.49,

3.4.3.4 Detection Efficiency

Not all events registered by a BGO ca-
lorimeter will be accepted for the data analy-
sis. Some photons that hit & BGO crystal are
never registered, because they deposit too lit-
tle energy in the detector to give a signal
above the discriminator threshold, or there
was a veto signal present from the front scin-
tillation counter caused by a charged particle. ~ Fig. 349: Comparison between the reconstructed —pho-
If a photon enters the BGO detector close to ton-impact position estimated with the woighted con-
the edge of the front face a substantial part of tro-of-gravity algorithm (lefl-hand side), and with the "new

. algorithm™ (right-hand side). The true impact position. is
the shower energy escapes out of the active within the striped hodoscope bar.
detector volume and is lost. The cogrelation
between the measured shower energy and the
original energy of the photon is then poor. Thus, it is desirable to reject photons that enter the calo-
rimeter so far from the symmetry axis that a significant fraction of their shower energy systematically
leaks out of the detector. This rejection is attended to by requiring a certain fraction of the total show-
er energy to be contained in the central crystal. The purpose of this constraint is to confine accepted
events to a central region on the entrance surface. Hence, the effective solid angle of a BGO detector,
i.e. its overall detection efficiency, is determined by the software cuts applied to the energy division
arnong the seven crystals (see further next chapter).

According to Appendix B the transverse shower spread has a Gaussian shaped core. Hence, one
would expect the detection efficiency 1o be 100% and nearly uniform as a function of radial distance
from the symmetry axis, out to a radius slightly larger than the central crystal, and then to drop off
according to an integrated Gaussian. Since a so called Woods-Saxon shape'? is a simple two-parameter
description of such a dependence we have assumed that the efficiency versus radial distance from the
symmetry axis may be approximated by

“y

w(r) [ SO S—
1+ glr— Ryla

(3.44)

with

13 This shape has been used Lo describe the density of nuclear matter 78],

It takes a long time to understand aothing, (Edward Dahlberg, 1965/
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3N
4 R? {1+ (wa/R)? ]
(3.45)

where N is the total number of
accepted events, R is the radius at

wﬂﬂ

half height and a= s/4in(3), s be- é-g
ing the diffuseness (sce fig. 3.50). )
The values of the two parameters wir)

R and s can be determined by “o o o

utilizing information from the
hodoscope again. The event sam-
ple consists of those photons that
both convert in the hodoscope o)
and yield such showers in the
hexagonal crystals that satisfy the
topological demands. If the pho-
tons accepted have a density dis-
tribution according to eq. (3.44),
the number n of conversions in
hodoscope slab i can be calculated
as

Fig. 3.50: Parameters of a Woods-Saxon shape w{r) (sec further text).

25§

= f f w(¢) el (3.46)

—23 &

where o{¢, {)= w( /¢*+{9)=w(r) given by eq. (3.44). The second function ¢(£, {) is the conversion
probability in the hodoscope, which also has to be dependent on ¢ and ¢ as the photons do not irra-
diate parallel to the surface normal. However, a geometrical estimation of how much ¢ varies indicates
that it is less than 1%. Thus, it can with good approximation be set constant, cy=c(£, {), which yields
an unknown normalization that cancels when computing ratios n; /n,. Because the situation is sym-
metric around slab four we calculate the three ratios (N, +N7)/2Nl (N, +N6)/2N and
(N + N3 J/2N, . They are plotted versus R in fig. 3.51 with s as an mcrementcd parameter The hori-
zontal lines represent the values deduced from experimental data, the surrounding striped regions being
the statistical errors. These strped areas can be transformed into the R-versus-s plane (fig. 3.52). The
over-lap area shows that R=2.9 cm and s= 1.3 cm for photons around 200 MeV, where the photon
spectrum has its mean, whereas they are R= 2.7 cm and 5= 1.6 cm for high-energy photons above 500
MeV.

To obtain an effective solid angle £ to have an equivalent geometrical acceptance the radius R" of
a step function has to be calculated such that

o

aR*2=2n f w(r)rdr (3.47)
4]

which yields an equivalent radius R about 1.5% larger than R which is roughly the statistical error,
With the BGO calorimeter placed at 30 om distance from the target centre the cffective solid angle is
2.4%o for 200 MeV photons and 2.1%e for 500 MeV photons.
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Fig. 3.51: Expected ratios (N, +N,

Of course R” depends on how large a fraction 5 = F 1E

H2N, of count rates N, as recorded by hodoscope bars § versus

the parameter R of the Woodq Saxon-shaped d:str:butmn of accepted events. The measured
values are indicated.

of the shower is required to be con-

tained in the central crystal. This was > 15% except for a pa_moular data sample of triple photon co-
mmdences for which it was #3> 50% (see further next chapter). For this latter case the equivalent radius
is R"=2.6 cm for the photons above 500 McV, which are the interesting ones in this sample. The
corresponding effective solid angle is 1.9%o (with the detector at 30 cm distance from the target).

Using the hodoscope has the drawback of decreasing the overall detector efficiency, mainly be-

cause of the limited conversion probability, The total efficiency §

, of the system is in this case de-

termined by, on one hand, the solid angle of the overlap area of the hodoscope and the effective area
of acceptance on the front face of the hexagonal crystals, and on the other hand, by the fraction ¢; of
passing photons that actually convert in the hodoscope:

A mind's true strength is measured by the degree of uncertainty it can tolerate.

2 5
= ¢, f f w( L)dEdk .

-3 —3.5

{Friedrich Nietzsche,

(3.48)

18441900
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The photon conversion probability is, at 200
MeV (which is the mean value of the photon 8
spectrum), dominated by the cross-section for
pair production, since the cross-section for

photo-electric effect drops as 1/E®, and for 6 (a) -~
Compton scatfering it drops as 1/F making
these processes inconsequential above 10 4L -

MeV. Around 200 MeV the pair-production
cross-section 15, however, energy dependent,
and the asymptotic value given by the equa-~ 2F
tions in Appendix B is attamed only above 1
GeV. Since the effective atomic number of
BGO is £=30, and thus 2#2/1378=1.3, the
value obtained with the Born approximation 6l (b) N
should be comrected. Carrying out the calcu-
lation results in a conversion probability ¢, in =
the hodoscope of roughly 70%, which can be Li- ~
checked by comparing the trigger rates from of
the two hodoscopes, respectively, that wag 2 -
mounted one in front of the other during the
A84 run perod. This indicates that 1
€o = (76 12)%. The total efficiency obtained 0
with a hodoscope is then

s [cm]

| ]

2 3 4
R [cm]
0, =0.72.0% = 1.4%. (3.49)

Fig. 3.52: Allowed values of the radial parameter R and the

. o . diffuseness s of the distribution of accepted events as
To summarize, the hodoscope dimin- given by the measured count rates of hodoscope bars 1,

ishes the overall detector efficiency from 7 and the two bars 2, 6 , respectively, (a) for photon
2.1%0 10 1.4% which can secem a little bit energics around 500 MeV and (b) around 200 MeV.
unjustified in an experiment where extremely

high sensitivity is most desirable and the nar-

rowness of the exotic quark-states under

consideration is doubitful indeed. However, the method of kinematic fitting — which was not realized
until after the design — reduced the need of the good position resolution offered by the hodoscope,
and it was for this reason the hodoscope was removed after the first run period.

3.5. THE LEAD-GLASS DETECTOR

For many years now lead-glass detectors have been used for Cherenkov calorimetry. It has be-
come a common practice to designate as “calorimeters” such particle detectors that measure the parti-
cle’s energy through total absorption by stopping it and yielding a signal approximately proportional to
its energy. Like in BGO a photon entering lead glass will initiate a cascade process of alternating pair
production and bremsstrahlung reactions, called an electromagnetic “shower”. In Appendix B the rel-
evant features of electromagnetic showers are briefly reviewed in a utilitatian way. Parameters used here
are defined in Appendix B, and some of the formulae pertaining to Cherenkov detection are quoted in
this section. After the first subsection that recalls the physics of Cherenkov calorimetry, there is a sub-
section discussing the designing of the peometry. The last subsection 3.5.3 deals with the performance
of the lead-glass detector used in PS182,
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3.5.1 Lead Glass ~ a Cherenkov Calorimeter

There are some differences in the case of using lead glass compared to the BGO situation. Firstly,
the shower will extend larger distances in lead glass than it would in BGO for the same photon energy,
because of the larger radiation length in lead glass. Secondly, the amount of light produced in lead glass
is much Jess than what is produced in BGO. The light produced in Iead glass is of Cherenkov type in
contrast to BGO where it is produced through scintillation. The Cherenkov radigtion appears from
electrons and positrons moving faster than the speed of light in the medium. Due to their small rest
mass this happens already at an energy of about 1 MeV. The Cherenkov photon cmission is given by
the number N of photons emitied per unit track length [83]:

N = aje« [ {1~ 1" 2ndy, (3.50)

where n is the refractive index and B==v/e, v being the particle’s velocity. For the visible spectrum
where lead glass is not opaque

N = 500 .rin"'Bc [om '] (visible spectrum), (3.51)
where 8 _is the Cherenkov angle (see fig. 3.53) given by
B_ = arcsin[1/(nB)] . (3.52)

With n=1.62 for the lead-glass and B=1, the Cherenkov angle is 0 = 56°, implying the number of
photons emitted per unit track length is

N = 500 - (0.85)% = 350 cm ™t (3.53)

Since f is close to one already

for a few MeV of electron ener-

gy, the nember of Cherenkov

photons is virtually constant for

all et energies, until well below

the critical energy €, beneath

which cascades do not propa-

gate. Because of the small num- \ N

ber of photons produced, one Q

would anticipate the energy res- &

olution to be govemed by pho- . Bet 8. .
ton statistics. In this context it is o~ B Yo @
desirable to have as large overall

track length T as possible, which

would be favoured by a large e

radiation length -  since

N=350T. The total track length

can be written (see Appendix B)

T = F{z)X.ll e, (B.ID
Fig. 3.53: When the velocity fe of a particle exceeds the light speed efn of the
where E is the initial photon medium it penctrates there oceurs coherent light due to polarization of the
. fe ) medium, so called Cherenkov radiation,
energy, & is the critical encrgy
X, is the radiation length, and
F(z)} is approximately piven by

Frz) = e Z{1+ zinf2}1.53)]

T ud eatsterade,
fur gl ag Foredraga tanken
ott Jag inte vore Gud. {Friedrich ¥Metasohe)
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with
z=4.58(Z|A)(E Je) ,

where the cutoff energy £, below which the electrons and positrons become invisable, depends on the
detection method employed; for Cherenkov detection it is roughly I MeV. The lead-glass blocks used
in this experiment are fabricated from type F2 glass'®. The basic properties of the F2-melt are listed in
table 3.4. The effective & of the glass is 60, and the average atomic mass number is 4 = 140, With these
values we can calculate 2 and subsequently F{z) to obtain the total track length

T = 0.T2X,E] & = 0.24F [cm/MeV]. {3.54)

A 200 MeV y-ray will therefore yield a total irack length of 7'=47 cm, resulting in a total number of
N=1710* emitted Cherenkov photons. Of these, however, only a limited fraction will ever reach the
photo cathode of the photomultiplier due to transmission inefficiencies.

The lead-glass detector in this experiment is designed to simultaneously measure the two photons
from decays of #"-mesons. As was pointed out in section 3.1 it is necessary to measure also the decay
angle between the y-rays, in order to identify the #° Thus, the detector has to be devised to measure
also the photon impact positions. The maximum #%-energy £, obtained from pp annihilations at rest
oceurs for a two-body disintigration mode of the pp system. The »%-energy is then

£,= (Hfdm Yam ? +m " = m?), (3.59)

where m is the rest mass of the other particle in the final state. Obviously the maximum =%-energy is
acquired for m=0, i.e. for the process pp-="y, which gives E _o=933 MeV and a minimun decay an-
gle of 16.5°. 1t is of course necessary to place the detector far enough from the target so that showers
from two such photons do not overlap. The distance from the target depends then on the transverse
spread of the showers. A typieal containment parameter is {¢f. Appendix B)

Ros & 2R, = 144/Z |glom?], (3.56)

where the Moliére radius is R, =2X, for high-Z nuclei. Taking the numbers from table 3.4 the 95%
containment radius is Ry, = 9.“{1 om. Some further conternplation might be appropriate for this prob-
lem.

1t can be realistic to assume that Ry, is a too large gauge of the lateral development of a shower
in the context of the Cherenkov technique. A more relevant measure is possibly the radial dimension
of the central component of the shower {(cf. fig. B.4), which comes at fixed direction and velocity. This
is not because the particles in the broad halo around the central radiative core of the shower, do not
produce Cherenkov light at all, but that that light might have more difficulties to reach the photo ca-
thode. Because the slow electron component in the soft halo (which is largely due to photon propaga-
tion around and below the critical energy & ) is closer to isotropy in angular distribution (cf. fig. B.3), a
bigger fraction of the subsequent Cherenkov Jight will be lost as it will not be totally internally reflect-
ed. In fact, the situation in a lead-glass block is close to critical when it is irradiated longitudinally and
having the photomultiplier viewing the smallest surface, which is opposite the entrance one. The geo-
metrical sitbation with a y-ray coming in parallel to the longitudinal axis is illustrated in fig. 3.54. Be-
cause the cntical angle for total reflection is

8, = arcsin(l/m), 3.5
it is exactly the complementary angle to the Cherenkov angle § , ie. 8 +8 =90° Hence, the light
emitted in a plane perpendicular to the reflecting surfaces will have an irradiation angle just on the

fimut fo total seflection. However, this is only the case for a part of the light as the Cherenkov light is
emitted in a cone around the track, The largest irradiation angle occurs for that y-ray that points to the

£ pdanufactured by lenaer Glaswerk Schotl & Gen, Mainz, FRG.
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comer as indicated in the fig. 3.54. With the dimensions that correspond to the blocks used in this ex-
periment the largest angle is 17°. From the considerations above it is plausible that, for tracks deviating
from the longitudinal direction, an increasing part of the emitted light will never reach the photoca-
thode. H then appears reasonable to assume that the dimension of the central component of the
shower is a more relevant number for the lateral spread in the context of Cherenkov detection. This
dimension is roughly one Moliére radius

R, = 2X, = 6.1cm.
M (3.58)

Consequently, the distance
between the two photons on the
entrance surface of the lead-glass
array should be at least twice
this number in order to avoid
overlap of the two showers. In
practice one needs some addi-
tional space between to have at
least one lead-glass block with-
out energy separating the two
showers. The reason is to be
able to decide unambigously in
the offline analysis that the
avent consists of two disjunct

Fig. 3.54: Cherenkov light is emitted in 2 cone around the particle track with

showers (see further next chap- half-top angle 8 , which is exactly the complement to the critical angle
ter). The width of a lead-glass for total internaf reflextion 8 o if the particle track is parallel to the cavi-
block has to be typically at least ty walls.

a couple of centimeters for me-
chanical reasons and limits set
by the dimensions of available
photomultipliers.  Thus, the
lead-glass detector has to be
placed with its entrance face at

least about 60 cm from the tar- Table 3.4: Properties of lead glass type F2.

get.
Pensity 361 [g/em?]
Efi. atomic 60
number
Rad. length 305 fem}
Refr. index 1.62

3.5.2 Geometry

The distance away from the target is limited in this experiment by the beam height above the
floor as the lead-glass detector is installed below the target (see fig. 3.4). Another requirement, that
competes with this [imitation, is that of having a block length of enough radiation lengths to contain
most of the shower energy; at least 15 radiation lengths are desirable.

As discussed in the previous section for the BGO case and as will be below for the lead glass, it is
of interest to have an accurate estimation of the impact position of the y-ray on the entrance surface of
the detector. The ultimate reason for this is the wish of having the best possible angle measurement in

How long should a man's legs be ?
They ought to be long enough to reach the ground,

fAbraham Lincoln,1809-1865)
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order to improve the #%-momentum resolution as mentioned in section 3.1. Good angular resolution
can be achieved by having a fine modularity of the detector and/or by positioning the detector far from
the target. Since we are limited by the beam height and some space has to be left between the detector
and the floor for photomultipliers, bases, and support constructions, we are left with the possibility of
increasing the modularity, On the other hand, however, one does not want to make the blocks too
thin, as this decreases the ratio between active detector volume and so called “dead space”, ie. for in-
stance wrapping and support materials between the blocks, that absorb energy but do not yield any
signal. To compromise and reasonably meet all these requirements the lead-glass blocks were made
from type F2 glass and in the shape of blunt wedges, 50 cm long and with front faces of 4.2x 6.4 cm?
and rear faces of 6.4x6.4 cn? (see fig. 3.55). The complete detector consists of an array of 160 ele-
ments that are stacked in four rows of 40 transverse to the beam. The four rows extend iotally 25.6 cm
in the direction of the beam. The distance from the target centre to the front face of each block is 80
cm. At this distance each block subtends an angle of 3°, implying there is at minimum four blocks be-
tween two shower maxima from a #%-decay. Because a shower rarely extends more than three blocks,
this means that there usually is a block without energy between the two showers, as was required.

The lead-glass block are wrapped in 20 pm thick aluminized mylar foil and covered with black
PVC sheet. The photomultipliers used were EMI-9839B with a two inch diameter covering only 50%
of the rear area; it is glued onto the surface with the epoxy Epotek!® 301-2, that has a refractive index
of 1.54. When transmitted from the lead glass to the photo cathode, the light has to pass two totally
reflecting junctions, because the refractive index of the lead glass {n, = 1.62) is larger than the refractive
index of the epoxy (n, = 1.54) which, in its turn, is larger than the refractive index of the glass window
of the photomultiplier (n3 =1.45). In fig. 3.56 the geometry is illustrated for a Jight beam travelling
through the three optical media. The criterion for transmission out of the glass window of the photo-
multiplier into the photo cathode is thus set by the refractive index of the lead glass:

sind <(mynMn [m)(ln )=062 > 0<38°. (3.59)

Because the Cherenkov light will reach
the rear face with irradiation angles up to
56°, the transmission criterion will most
certainly cause a significant part of the
light to be trapped inside the block cavity
and unable 1o reach the photo cathode.
The part of the rear face surrounding
the photomultiplier is covered by a 5 mm
thick PVC plate. This plate is supplied to
provide a larger distance between the
myler foil covering the block and the gra-
phite shiclding of the photomultiplier.
Because the blocks are supported by a
Fig, 3.55; View and dimensions of one of the clements of the metallic frame the electrical potential of
lead-glass array. the mylar foil is at ground. If the distance
between the mylar foil and the graphite,
that has a negative high voltage (—2kV),
P> N> | N> Ay is too short sparks will occur with subse-
guential discharge of capacities of the
0 \——:T—h"\\\ photomultiplier base electronics (cf. sec-

S RS- S5SUN S tion 3.7), which might generate spurious
\ signals.

il
—

\ Fig. 3.56: Light beam passing from the lead glass to the
Pb-glass epoxy window PM photo cathode.

1% Bpotecny, Vélizy, France.
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3.5.3 Performance of the Array

In order io monitor the gain and fonctioning of the individual photomultipliers each lead-glass
block was equipped with an **'Am «-source mounted on a small piece of plastic scintillator (2 mmx 8
mm diameter). The scintillator was glued onto the rear end of the block close to the photo multiplier
as indicated in fig. 3.55. The light pulse produced was equivalent to a shower of between 20 and 60
MeV. Variations occured from block to block due to differences in light coupling of the source scintil-
lator. The spectral peaks obtained from these sources are so broad that they are scarcely useful for cal-
ibration. Other methods were cmployed for the calibration as described in the following
sub-subsection. The next sub-subsection 3.5.3.2 discusses the reconstruction of the impact position of
y-rays, while sub-subsection 3.5.3.3 investigates the energy resolution, and the last sub-subsection con-
cerns the detection efficiency of the detector.

3.5.3.1 Lincarity and Calibration

To be able to monifor the re-
sponse of the lead-glass system as a
function of energy of the detected
photon one needs a y-source of
well defined energy. Such a source R e s i M
was never available. Another way i
to probe the level of linearity of the -
systern is to compute the invariant 140 (a) *
mass m, of iwo-photon coinci- i $ + + 7
dences [eq. (3.6)] as a function of
the energy E, of one photon, while
the energy E, of the other photon “{. ¢
is kept roughly constant. In prac-
tice, £, is selected to be in the in-
terval 200 to 300 MeV, in order to
achieve enough statistics. The mean
value m, of the «° invarant mass
peak should then be independent of
the enerpy E, if the system re-
sponds linearly 1o the energy E,. As
fig. 3.57a demonstrates the observed
dependence reveals a non-linear be-
haviour. However, before any con- -
clusions are drawn from this plot
some precautions should be made;
one can imagine another circum- 130+ -~
stance to cause the observed de- L
pendence. When computing  myy 0 500
versus F, we have implicitely as-
sumed that the decay angle ¢ is 51 [MeV]
harmless and perfectly measured. In
fact this angle is deduced from the

estimated impact positions on the  Fig 3.57: Position m1, of the #° invasiant mass peak versus the encrgy E; of

entrance surfaces of the two hit one decay photon. The energy of the o.thcr photon is kept betwe_en 200

blocks, phus a multiple of the block and 300 MeV/e: (a) before any comrections, and (b) after correcting for
\ § :

non-linearities.
width corresponding to the number
of blocks in-betweens. This resuits
in a certain distanece on a cylindrical
surface with a radios of 80 cm.
Suppose now that the tarpet is not

o
(O8]
o
i
L

=
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1
—
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o
i
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1000

Minniakan lever sdilan mer dn hundva dr
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perfectly centred so that the radius
is not exactly 80 cm. This would
cause the angle subtended by each
block to deviate from 3°, and sub-
sequently introduce a systematic
error into the measurement of ¢ so
that the real decay angle p always is ' T T

@= ¢+ Ap(p) = ¢ + prAp(3°)/3°. 20
(3.60)

The target could not be more ac-
curately centred than +7 mm,
which is a 1% error on the radius
introducing a 1% error in the angle.

Because my~sin(¢/2) and
disin(p/2)} = 1/2-cos{p/2)dp, this
systematically growing error in ¢ RIIE | Mo

with ¢ will be enhanced in m, by 300 500

the trigonometric function. Re- ADC channels

membering that the strong correla-

tion between the w“—encrgy Fig. 3.58; Spectrum from cosmic rays as measured with a

E ,=E, +E, and the decay angle ¢ lead-glass block.

through the Jacobian peak distri-

bution and that larger energies E

(~E,) correspond to smaller mini-

mal angles ¢, it then becomes clear

that a wrongly defined peometry

could result in a similar dependence

of my, versus E;. It could, however, never account for all the effect observed in fig. 3.57a. Morcover,
the angle can be quite well calibrated by measuring the width of the peak appeanng in the spectrum of
decay angles observed from w-mesons. This peak originates from the reaction pp—+nw and was already
used in section 3.4.3.3 to check the position resoultion of the BGO’s. Fig. 3.57 shows, in fact, the re-
sult after having done this, and the effect remains.

There can be several reasons for this non-linear characteristic. It might be intrinsic in the FERA
ADCs from LeCroy who cite a worst integral non-linearity of 1.7%, which is in the same order of
magnitude as the observed effect, or it could be caused by the home-made electronics device serving as
splitter/amplifier (see section 3.7), or perhaps it could even arise from the wedge shape of the lead-glass
blocks themselves. Regardless of the reason for this non-linear performance the effect is corrected by
the following expression (Ev n MeV):

10 -

counts/ Sch.

e S — . ~3. 7 2
E/ = E — (S4107%E ) + 18 (3.61)

The dependence of m, versus F, after the comection is presented in fig. 3.57b.

The preliminary relative calibration of the 160 blocks of the lead-glass array was performed by
using cosmic rays. Two scintillators of dimensions 1x 20x 30 cm?® were placed horizontally in the po-
sition of the target (see fip. 3.4), and a cosmic ray event was defined by coinciding signals from one of
these scintillators and a lead-glass block. Under this condition the cosmic particle is likely to pass
through the block longitudinally, which is of importance because of the deposited energy being directly
proportional to the track length. Only events with energy in one single block were selected in this pro-
cedure. The type of spectra obtained is shown in fig. 1.58. Particles traversing only a part of the block
or stopping in it yield a continuum whereas the through-going ones appear in the peak. The energy
deposited by the particles causing the peak is, on the average, equivalent to a 500 MeV shower. De-
pending on the orientation of the block it took between 12 and 48 hours to accumulate a peak with 60
counts, which is the minimmum needed. This method is limited by statistics; relative calibration of the
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order of 12% was achieved this way. A secondary method employed a data sample obtained during an
experimental run. A Ioose irgger condition was used so the amray of 160 biocks should be uniformly
illuminated with y-rays. This trigger consisted of the signal from the telescope counter, informing about
an incoming antiproton, and more than 10 MeV energy deposited in the lead-glass amray. For each
block an exponential was fitted to the upper end of the measured spectrum (fig. 3.59), and calibration
constants were derived by equalizing the exponents. With this method the relative calibration could be
made better than 7% around 500 MeV,

During the offline analysis of
experimental data the »%-data itself
could be wutilized to further adjust
the calibration by creating an in-
variant mass plot for each lead-glass
block. When a coincidence of two
photons is encountered the invari-
ant mass my, is computed and filled
into the two histograms that corre-
spond io the two struck lead-glass
blocks where the photons entered.
The events selected were resiricted
to those with two (or more) pho-
tons detecied by the lead-glass ar-
ray, and those with at least 60% of
the shower energy contained in the

0 500 1000 clement being plotted, Fig. 3.60

ADC channels (c) shows the position of the #° invar-

iant mass peak for cach of the 160

Fig. 3.59: The photon spectrum as measured with a lead-glass block shows an  blocks, The bottom view in the
exponential dependence at the upper end, ﬁgure i1s the projection onio the
mass axis which shows how much

the finite relative calibration may

contribute to the enerpy resolution.

Because
SE émy,
_— =g ) (3.62)
E ny

the calibration constants are derived easily. The peak positions after calibration give the projection
onto the mgy-axis shown in fig. 3.61. The distribution has a full-width at half-maximum of 1.8% im-
plying a contribution to the energy resolution of 3.6%. Repeating this procedure for following spills,
ie. allowing for about an hour's drift time, shows that the calibration for an individual block typically
fluctuates within +1.4%. In fig. 3.62 the time evolution of a block in an inner row is displayed. The
blocks in the outer rows generally show somewhat larger drifts, but these are less important as they
mostly contain a small fraction of the total shower energy.

Det dr mycket nedsidende att leva € en #id,

Jeir det dy ldttare att springe en atom

dn en fdrdom, ) .
{Albert Fingten)
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Fig. 3.60: Positions rm, of the »® invarant mass peaks for
the 160 individual lead-glass blocks. The projections

onto the mass axis is also shown.

Ervor fs boundless.

Yor hope nor doubt,
Though botk be groundless,
Will average out.

Fig. 3.61: Same as fig. 3.60 after calibration.
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Fig. 3.62 Position m, of the »° invariant mass peak for one
of the blocks in the lead-glass array versus time.

(J. Y. Cunningham)
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3.5.3.2 Reconstruction aof the Impact Position

The roughest estimation of the impact point of a y-ray is just to take the centre of the block con-
taining the maximum energy. As was demonstrated in section 3.4.3.3, a better estimation can be
achieved by computing the centre of gravity of the energy sharing between neighbouring blocks sur-
rounding the one with maximum energy. In fig. 3.63 is plotted the average number of blocks involved
in a shower as a function of the sum energy of the cluster, i.e. the registered shower energy. Consider-
ing this plot, one would anticipate a position algorithin based on the centre of gravity of the energy
measurement to give no better result below 100 MeV than the width of a block. The algorithm used
for the lead glass is not identical to the one used for the BGOs, but still based on the same principle.
The idea is simple: the impact position is displaced from the centre of the block containing the maxi-
mum energy with a fraction of the distance to the centre of the next block, that is proportional to the
ratio of the energies deposited in the blocks, i.e. a linear weighting of the displacement from the centre
according to the transversal energy spread. Because the shower spread is not linear {cf. Appendix B)
the so obtained position is subsequently mapped according to a phenomenologically deduced lookup
table. The stage of deriving the centre of gravity considers a matrix of nine lead-glass blocks covering
the cluster, where the middle one contains the maximum energy. Block energies are summed by rows
and by columms (the geometry is illustrated in fig. 3.64)

3 3
{5} }
Ef = E By, E¥ = ? E,, (3.63)
= FES!
where i, j=1, 2, 3. The preliminary coordinates (s, 2’) of the impact point are then derived as
EB(S) - E, 5 E (2 ""Ea(z)
5 =5+ b, Z =1z + bz (3.64)
E,® E,(@
= i 1 I 1 1. A Z
-3 - 7 777 A7 -
" . ) PEVPEZ1E 3] )
S TN
o - Z, EsYELfEs
— " L 21/ 22 3" - . S
o) | Y %
ks . ) EsvtEsf Ess )
¢ 8f 17
= 4
A : TSk
; i VI‘ Fig. 3.64: The reconstruction algorithm for the photon impact position considers

SR e
200 600 1000
energy [MeV]

Fig. 3.63: Number of lead-glass blocks involved in a
shower as a function of shower energy with a
lower cutofl at I MeV (top view), and at 3
MeV (bottom view).

a matrix of nine lead-plass blocks around the block containing the maximumm
energy.

People who honestly mean to be true really contradict themselves much more rarely

than those who try to be 'consistent',

(Gliver Wendell Holmes, 1809-1894)
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where ( ' 2, } are the centre coordinates of block k= 1,..,160 and b =42 cm, b = 6.4 cm.

As more extensively discussed in the BGO section an algonthm of this ty‘pt, suffers from severe
shortcomings. The problem that the estimated impact point systematically lies closer to the centre than
the real one is not equally pronounced for all photon energies. The effect is most visible for the lowest
energics. To try to correct for this phenomenon the final coordinates (s, z) of the estimated impact
point are mapped according to weight functions W (k, E) and W ¢ k, E) which depend on the shower
energy £ and on the block number k= 1,...,160. The energy dcpendcnce of W and w, should then
emulate the nonlinear function of depos:ted eIErgy VErsus transverse distance’ from thé shower axis,
and map the calculated impact position away from the centre. In this way the disability of the cen-
tre-of-gravity estimate to find the real impact might be improved, at least to some extent.

The weights Ws and W are taken from a large lookup table that has a phenomenological basis. It
was established during the experimental data run when the loose trigger condifion was in operation.
This trigger, as already mentioned, consisted solely of the beam-telescope signal and the requirement
that more than 10 MeV be deposited somewhere in the lead-glass array. The electronics device called
the "Logic Unit” (see section 3.7) was, however, functioning to reject charged particles. The purpose
of this trigger was that the lead-glass array should be uniformly illuminated with y-rays. The goal was
hence to construct the lookup table such that a flat distribution was obtained as response. The weights
W and Wz have obviously to depend on which block was hit, i.e. where the struck block is situated in
the array; if it is in the two central rows or in one of the edge rows. If the maximum energy was de-
posited in an edge block, one of the adjacent rows of the nine-block matrix (see fig. 3.64) is absent,
and consequently the other energies have to be weighted differently.

In contrast to the BGO case
there was no opportunity to
monitor the performance of the 1 T . T y T T

lead-glass algorithm in an electron e (a)

AL a (b)
or photon beam. Some plots can e L
be made from the experimental a ™ M
p-runs that demonstrate the col- | ll
lective performance of the proce- - L
dure. Otherwise we are left with v : : i : ; ! {
investigations based on simulated 3
showers produced by Monte ¥ {c) (d)
Carlo technique. The response ‘
induced by real y-showers can be ‘ \[\m
visualized in two plots of esti- JJ"“-H..,.._F.._IJ ]
mated impact points, one being a | | ; 1L | n 1 1
projection.  in snd:rectlo{i, ie. 0 > 4 ~10 0 10
¢-direction, the other in the
z-direction. They are presented in s [em] z [em]
fig. 3.65 separated into two palrs, Fig. 3.65. Distributions of reconstructed coordinater s and z of the photon
one for each of the energy inter- impact point for photon energies {a, b) of 50— 250 MeV and (c, d) of

vals: 50250 MeV, and 500 - 700 500700 MeV.

MeV. It is evident from these

plots that the ability of estimating

the true impact point is defective also for this algorithm. In fact, the inherent quality of enhancing the
central region of each block module is tremendously difficult to get rid of, unless the elements of the
array are made in very small dimensions compared to the size of a shower. For the block size used in
this experiment there will always be a considerable probability that almost all shower energy is depos-
ited in a relatively narrower region and hardly spreads over several blocks. This class of events will of
course be interpreted as having started at the centre of a block,

The spatial resolution achieved with this position-reconstruction procedure, including the system-
atic malfunctioning, can be observed when histogramming the angles between the y-rays from decaying
n-mesons. Because only the relative angle between the photons enters this measurement, the systematic
error in each estimated impact position will randomize, and only the average appear in the esolution.
This angle specirum is similar to the one used in the BGO case but this time both photons ate re-



page 76 The LEAR Experiment PS182 Chapter 3

corded by the lead-glass detector. The width of the peak from the reaction pp-+»ne does therefore only
contain the position resolution of the lead glass and the uncertainty in vertex definition from the finite
annihilation spot. As in the BGO case {cf section 3.4.3.3), the angle resolution full-width at
half-maximum T' o 1.7° is obtained by unfolding the Gaussian part of the peak shape (fig. 3.66). Sub-
tracting the vertex-definition contribution quadratically, and dividing by JZP then yields the
root-mean-square position resolution o, of the lead glass at 428 MeV:

r
o = [( T )2(80 cm)2 =T 2 ]nz 0.67 cm . (3.65)
a2 180°

As for the BGO, for the lead glass an ad hoc formula is assumed to describe the position resolution as
a function of the photon energy {cf. eq. (3.42). on page 60]. The justification is as follows: the position
reconstruction is ultimately based on energy measurements that follow a square-root law, and is given
to first order by eqs. {3.63) and (3.64), which implies the errors propagate according to

2 E,—F dE, .,
&y L] ap2+ ap (——2) diy? ] A (dE,?+ dE )22 (— (3.66)
5 32 EZ E?-z ]
dE,

> ds & —— fb \[5:
E, T

where f= E, |E, only varies slowly
with energy since the lateral
spread of a shower stays fairly 2
constant [eq. {3.56)] with energy
(cf. Appendix B). In this context
it appears plausible that the func-
tion of position resoultion versus
energy can also show an inverse
square-toot  dependence (£ in
GeV )

o, = ¢ JE = 044 cm/JE,

(3.67)

o N

counts=10% 0.5 dg

where the second ecqual sign in-
troduces the fitted value ¢=0.44
cm resulting from the measured
point o_=0.67 cm at the photon

counts x103/ 1dg

o

energy £=0.428 GeV. , | , | , {
It is presumed, however, that 80 90 100
the position resolution can never
be worse than what is defined by ¢77 [dg]
the block width b =4.2 cm, ie. a
standard deviation of Fig 3.66: The peak from pp-+7w in the spectrum of opening angles between
ab_: bs/ \/Em 1.2 c¢cm. Thus, the photon pairs observed from n-decays. The inset shows the full spectrum.

The fitted function is a folding of the Jacobian peak distribution with the

iy set constan h
energy dependence 15 set t detector resolution.

up to 134 MeV and then falls off
according to  the  inverse
square-root law:
1.2 cm E <134 MeV (3.68)
o= 1 044cm/JE[GeV]  E>134 MeV.

What happens to the hole when the cheese is gone ? (Bertolt Brecht, 1898-1956)



Chapter 3 The LEAR Experiment PS182 page 77

Whether this algorithm possesses any tendancy of global systematic shifting, i.e. migration of
events across block borders, could be investigated by covering the array, or a part of it, with lead just
leaving a slit at a certain distance from the symmetry line. Such a measurement has not been conduct-
ed (but cf. also sub-subsection 3.5.3.4). Nevertheless the response could be checked for Monte Carlo
simulated showers. These were produced with a comprehensive Monte Carlo program used to simulate
the complete experiment!®. The result is presented in fig. 3.67. According to this Monte Carlo test the
position algorithm does not seem fo suffer from any global shortcomings. Notice, however, the tiny
tail towards the boundary of the array appearing outside |z| =8 cm.

1 1 T ! T 1 I H
-
/——2“=9cm

//Z*:7cm 2*=8cm :/‘Zav’:
Bu (8.720.4)
[ cm
2
(]
[#]

J i i 1 I L i |
5 10 5 10 5 10 i5

z [cml

Fig. 3.67: The reconstructed z-coordinates of photon impact points z* as resulting
from Monte Carlo simulated showers.

3.5.3.3 Energy Resolution

As mentioned in the beginning of this section the energy resolution of a Cherenkov calorimeter is
governed by photon statistics. It was also said that the number of photons produced per unit track
length is constant, and that the total frack length is directly proportional to the photon energy [egs.
(3.53) and (3.54)]. Because of the statistical phenomena that the error is inversely proportional to the
square-root of the statistics, a resolution function is employed that is characterized by

T A
—_— ) {3.69)
E E[GeV]

where T ig the full-width at half-maximum and A is the resolution parameter to be determined. How-
ever, when considering the resolution of a spectrum composed of entries from any lead-glass block
there has also to be a constant ferm present, A, that is related to the finite (relative) calibration of the
lead-glass blocks. This contribution was estimated in section 3.5.3.1, but is necessarily not as large as
observed from fig. 3.61. Because a shower generally spreads over several blocks, A will receive contri-
butions from several blocks and is thereby also susceptible to the calibration and absorbs a part from
A 30 to say. When fitting the resolution full-width at half-maximum to observed data it can therefore
be reasonable to try a function of the kind

r A

E E{GeV]

+ A, {3.70}

1% This Monte Carlo program includes a subroutine [41] that simuiates the transverse spread of a shower by throwing a ran-
dom number according to a double exponential dependence.
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where A and A are to be fitted.

A quantity that is easy to measure and closely related to the energy resolution is the widith of the
#? invariant mass peak. It can be measured as a function of the «°-momentum. K we apply an asym-
metry cut x<10% between the photon energies {eq. (3.11)], we have that the »%-energy is F22F, 22F,
and T -1 Furthermore the decay angle is P = 2arctan{m/p). Thus, we get from eq. (3.8)

1 2

(1";“) - ( 2;'5‘ )(31;'3)(%) , (37

or
1
2o 271 g2 2,2
I‘m‘J 4I‘El {1-8 )+4 I‘¢p . (3.72)

If we now introduce the energy
dependences of I'; feq. (3.70)]
+ ' ' ' ' and infer I' from'the position
© resolution, we can plot T ver-

(a) A=0% sus #°-momentum and cc')nr?lpare

15 to the measured values. How-
ever, to fit this analytic expres-

8 . sion is a very tricky and tedious
task, especially if the asymmetry
i A \Tﬁ/}(_ cut is omitted when it involves
5 A [Olo] =6 W an integration over the Jacobian
K_/ distribution. The Monte Carlo
- = technique come to the resque,
1 O | | ; 1 and a stmulation is performed of
1 1 1 ’ the expected width of the #° in-
- variant mass peak as a function
(b) A=T7% - of the #°-momentum. Fig. 3.68a
presents three curves fifted to
“ the Monte Carlo results for
three different values of the pa-
/\[0]0]:2 rameter A of 6%, 7%, and 8%,
- respectively, A being equal to
zero for all three cases. A com-
patison with the experimental
data points demonstrates that A
is 6.7%. It should be empha-
10 4(‘)0 sized that the daia points from
0

8 OO lower-momentum «%’s are most
momentum [MeV/c]

3

rmo [olo]

151

influenced by the energy resolu-
tion {cf. eq. (3.72)]. Fig. 3.68b
shows also three curves fitted to
Fig. 3.68: Estimated full-width at half-maximum T for the w? invariant mass thE Monte Carlo re:s‘ﬂts for
peak of the LI detector combination for difforént parameter values of the A=7.0% and A takmg three
energy resclution (see further text). different values, viz. 0%, 1%,
and 2%, respectively, It seems
clear that A cannot be larger

than 2%.
The resolution enables us to estimate the number of emitted Cherenkov photons, in the same
way as the number of scintillation photons were estimated in the BGO case (see page 54) The mean

The very point which appears to complicate a case is, when duly considered and scientifically
handled, the one which is the most likely to elucidiate it (Sherlock Holmes)
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value of the Poisson distribution Po(m) of the photo electrons that reach the first dynode of the
photomultiplier is m= (pfo)*. If we consider a 200 MeV photon we have §=200 MeV and o=13
MeV, given by eq. (3.70) with the fitted parameters. Thus, the number of photo electrons is in average
m=240 at 200 McV {~1.2 per MeV). If we assume a transmission efficiency of the Cherenkov light of
10% and a quantum efficiency of the photo cathode of 10%, the total number of Cherenkov photons
obtained from a 200 MeV y-ray is estimated to be around 10% The theoretically calculated number on
page SYSPAGE. is a factor of 1.7 larger but the transmission efficiency of 10% assumed above could
very well be smaller by the same factor.

3.5.3.4 Detection Efficiency

The solid angle of the lead-glass array is 5.3%, but this will not be the effective solid angle as the
efficiency drops at the edge of the detector. The z-dependence of the fall-off could not be investigated.
A first order approximation must be that the efficiency is proportional 1o the depth penetrated by the
y-ray. Because the y-rays emit from a few millimeters wide region at the target centre, they will enter
with an irradiation angle around 9° close to the boundary. With the radiation length being 3.05 cm
photons hitting closer than 1.5 em to the edge will only penetrate three radiation lengths then. In addi-
tion, if the photon converts, a substantial part of the shower is lost systematically due to leakape —
the event will then be rejected later by the fitting to the #9-decay kinematics (see further next chapter).
Not to be exposed to these boundary conditions, only those photons are accepted in the offline analy-
sis that hit further away from the edge than 3.8 em, ie. |2|<9 cm (see fig. 3.4). If this 9 cm cut was
sharp the solid angle would be 3.7%. It has however to be based on the reconstructed impact position
which unavoidably introduces some uncertainty. To judge from the Monte Carlo investigation of the
position algorithm the shifting across the 9 cm border does not seem to cause a serious effect. But
nevertheless there is a hint of systematic diffusing of estimated impacts towards the edges. In addition
the w%-efficiency w might be diminished at larger z by the fitting of the #°-decay kinematics, which
might systematically reject an increasing part of the events detected further off-centre in the lead-glass
array.

If we presume the whole array being
uniformly illuminated with y-rays, a study
can be carried out to examine the overall
#%-efficiency regardless of any reason, but Y \
first we pay attention to the detection ef- -
ficiency of single photons. For this pur-
pose we only consider one half of the
lead-glass array at a time. This means that E.
we record only those showers firing a inner
cluster of lead-plass blocks for which the
block containing the maximum energy is
found on that side of the xy-planc under
consideration {fig. 3.69). For these events
we compile two quantities: the energy F -

o Deing the sum of the block energies in
ﬁqe inner row closest to the symmetry :
plane, and the energy Eourer being the sum Fig. 3.69: Detection cfficiency may be momitered by considering the
of block enecrgies in the outer row at the encrgy of the shower deposited only in the two rows on one
edge. Bvents are then histogrammed ver- side of the lead-glass array
sus the ratio

Eouter

ny

~outer

¢ = . (3.73)
E

A E
inner Eou!er
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The result for total cluster

energies between 50 and 250

| MeV is presenied in  fig

(a) . 3.70a. Showers depositing
' roughly equal amount of

energy in both rows are like-
‘e ‘@ Iy to have been initiated in
N ‘e the very vichnity of the infer-

& face Tbetween the rows.
Hence & =1{.5, should on the
average, correspond to the
junction |z|= 6.4 cm, £ =0 to
‘the symmetry line, and £=1
to the edge. The dashed line
on the right side of the his-
togram is a mirroring of the
left half. Because the arvay
was presumed to be  uni-
formly iHuminated, the dis-
crepancy between the dashed
line and the count rate at the
upper-end part of the histo-
gram must be due to detec-
tion nefficiency. The second
E question is then what value

of ¢ comesponds to jz|=9

O O.S 1 cm. Fig. 3.70b shows a scat-
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ter plot of the event sample
g in the £-versus-z plane. As

demonstrated by the plot the

Fig. 3.70: Distribution of {b) reconstructed z-coordinates of photon impact distance |z]=9 cm corte-

points versus the ratio =€ f(E,  +E ) {(sec further text), The S:E)()nds to .the ratioc £=0.9.
projection (a) onto the §-axis shows an asymmetry. There certainly seems to be a

shight tendency of shuffling

evenis toward the edge, since

the devistions 4, and d,

from the straight line z== 2%
“the true impact are, slightly different. This is, however, not significant inside |2|<9 cm, and nor is the
detection efficiency significantly different from 100% yet.

We now come to the detection efficiency for «#%'s. This efficiency depends on software cut condi-
tions, because the measured kinematics of a registered two-photon coincidence have to be analysed and
fitted to the =%-decay kinematics. A decision has to be taken whether the event is to be regarded as a
7%-decay and subsequently accepted, otherwise it should be rejected. Thus, it is sequired that the
x*-value!” retumed from the fit should be less then 3.8. It is expected that a larger fraction of the
shower is lost when the photon impinges closer to the edge. Thus one (or both) of the photon energies
entering the invariant mass m, [eq. (3.6)] will be too small, and consequently the invariant mass my
will be too small, even if the photons were correlated to the same ", The »®-peak in the invariant
mass spectrum would therefore attain a tail toward zero if events of larger 2] are selected. In. fig. 3.71
the »° invariant mass peaks for four different z-intervals, viz. 35|2|<5 cm, 5<|2{<7 cm, 75(2{<9, and
9<|z|< 11 are compared. Apperently the peak develops a tail toward zero at larger |2]. The immediate
consequence of this distortion of the shape is that a larger fraction of the true »%-decay events will be
refused by the x®-cut at 3.8 than what is theoretically true for a Gaussian shape, which is 5%. By

7 'Popics concerning the software analysis are irezted in chapter 4, but this item is anyhow mentioned here hecause the
lead-glass detector was o a large extent used to measure coincidences of two photons.

You can do very little with faith, but you can do nothing without it. (Samuel Butler, 1612-1680)
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recording the relative count rate after the x*-cut as a function of }z| we can monitor the size of the un-
fortunate lost fraction of events as a function of |z], and thereby also the detection efficiency w(z}). The
result is shown in fig. 3.72a for #°-momenta between 200 and 400 McV/c, where the momentum dis-
tribution culminates. We see that the rejected fraction do not deviate significantly from the theoretical
5%. However, it can be suspected that this is too large a number for higher momenta, since the show-
ers become longer for higher energies. Replaying the game for »°-momenta between 700 and 900
MeV/c results in the z-dependence displayed in fig. 3.72b. For these momenta it seems as additional
events are lost already for |z|> 8 cm, which, in fact, quite accurately corresponds to what is expected
from geometry if the shower penetrates the full depth of the lead-glass blocks. A calculation of the «°
detection efficiency w(p) including the geometrical acceptance, gives the momentum dependence pre-
sented in fig. 3.73. The vertical axis is the fraction of #%'s detected and accepted by the x*-cut relative
the number produced in the target.
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Fig. 3.71: The »° invariant mass peak for four different z-intervals: (a) 3— 5 em, 0.9 + +\‘+~_\ —]
(b) 5—7 cm, {¢) 7—9 em, and {d) 911 cm. )
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- ] Fig. 3.72 The «°-detection efficiency w{z), including a
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Fig. 3.73: The ’-detection efficiency «{p) as a function of the
wP-momentum.

You are not only responsible for what you say
but glsoc for what you omit to say. {Martin Luther)
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3.6. SPECTROSCOPY OF «° MESONS

There are several properties of the experimental apparatus that become important when using it
for comncidence measurment of photon pairs. Such a propesty is, for instance, the geometry of the de-
tector, besides the energy and angle resolutions that finally will defermine the =°-momentum resolu-
tion. When the spectrometer covers considerably less solid angle then 4w the detectable »’-momentum
range and the sensitivity for «°’s, will to a large extent be determined from its geometry. Since the de-
tector in this experiment consists of three separate parts, there are three different possibilities to detect
a photon pair. However, the lead-glass array is large enough to distinguish several shower clusters
which brings an additional combination. The performances of these different detector combinations are
presented in the first subsection. Another important task when using the detector as a pair spectrome-
ter is the relative positionming of the separate parts. This issue 18 dealed in the second subsection. The
last subsection discusses the different kinds of resolution, and how they influence each other.

3.6.J Detector Combinations

To identify a «° it is necessary to detect both photons from its decay, i.e. two (at least) detector
signals have to be registered. By combining different detector signals, events can be classified according
1o logical types® of coincidences:

1: LL, both photons detected by the lead-glass array;
2: B, L, one photon detected by BGO,, and the other photon detected by the lead-plass array;

3 B,LL, two photons detected by the lead-glass array and identified as a »Y-decay, and a third
one detected by BGOy;

4: B,L, analogous to case 2;
5: BB, one photon detected by BGO, and the other by BGO,.

These combinations exhibit some quite different characteristics. In particular the »°-momentum ranges
covered are different. Also the number of #%'s relative to the amount of background is different.

3.6.L.1 Signak-to-background Ratios

In as much as 85% of all pp annihilations the final state consists of a #%-meson and more than
two other particles. These annihilation channels produce a continuous momentum spectrum from
#'-mesons. In 55% of all annihilations the final state contains more than two photons. For these the
possibility arises of detecting a coincidence of iwo photons that do not originate from the same
w%-meson. These “fake” events of, so called, "uncorrelated coincidences” do also yield a contiuous
spectrum. The rate of true 2%-coincidences recorded by a particular detector combination relative to
the rate of uncorrelated coincidences is profoundly determined by the geometry, i.e. the angular inter-
val subtended.

In the procedure to extract the true =-events the first restriction applied is to require the invariant
mass m, of the photon pair [eq. (3.6)] to be inside a window centred at the «° rest mass m_o. One
would anticipate the relative contribution to the count rate from uncorrelated coincidences to be lower
at smaller coincidence angles, since uncorrelated photons are more likely to occur with a larger relative
angle, in particlar when they have high energies. They will then generate an unacceptable high invari-
ant mass [cf. eq (3.6)]. There are in addition, however, other circumstances that might influence the
two count rates differently, e.g. there must not be any »* too close to detected photons (ef. the two
former sections) although it is hard to imagine any obvious reason why this lmitation should not

18 Note the abbreviations for the different combinations which will be frequently used further on,

Nothing can be created out of nothing. (Lucretius, 99-55 B.C.)
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strike similarly the two types of coincidences. A constraint that should not concem the true coind-
dences significantly, but could well affect the uncorrelated ones, is the demand of having at least three
lead-glass blocks beiween the two maxima of two consecutive clusters — correlated photon pairs do
not occur narrower than 16.5° from pp annihilations at rest.

In figs. 3.74a ¢ the invariant mass spectra are presented for three detector configurations, namely
LI{M835), B,1.(M84), and B,L{D83), respectively. The inset in fig. 3.74a is a magnification of the tail
to visualize the peak from n-mesons. These spectra are computed according to eq. (3.6). There are the
two peaks in the invariant mass spectra that arse from decays of, respectively, w°-mesons and
w-mesons; the decay rate into the 2y-channel being 99% and 40%, respectively. As already expected
from the considerations above the configuration that covers the smallest decay angles (LL) has the
smallest relative contribution from uncorrelated background.

In the offline analysis {described in chapter 4) a cut is applied in the invariant mass spectra. Only
events within the windows between & 3o around the masses m o and m are sustained for further eval-
uation; ¢ being the root-mean-square of the respective pcak These windows are marked as stnped
areas on the plots. A cut at £ 3¢ will preserve about!® 99.8% of the true »°-coincidences ~ i.e. the
events in the peak. The 2% of the good events that are rejected by this cut corresponds in numbers to
about a few thousand per data sample.

A number that is of interest lat-
er i3 the signal-to-background ratio ! T T
S/B of an event sample inside a win- b
dow, both for understanding the - ~
continuous background in the mo-
mentum spectrum, as well as for the
reason that the amount of uncorre-
lated background in a momentum
histogram will reduce the sensitivity
for a structure in the  true
nU-spectrum to appear significantly.
To derive the signal-to-background
ratios a wider interval of + 70 around B
the mass values is considered. By fit- i | l {
ting a function that is a sum of a
Gaussian and a second-order poly- 500 600
nomial the ratioc between the areas m
above and below the polynomial and 0 [MG‘V/ Cz]
betweenn the +30 ordinates can be

i
!

=3
|

[P OOSeed—,

counts =103

-

Fig. 3.75: By fitting a Gaussian plus a polynomial to the 70 region

calculated. Fig. 3.75 illustrates an ex- around an invariant mass peak the signal-to-background ratio S/B is
ample [LL{M85) spectrum] of this determined for the event sample inside the Jo-limits,
fitting procedure.

19 1t is "about” 99.8% because the peaks are not perfect Gaussians, but are sligthly asymmetric as was pointed out in the for-
mer section. The skewness is typically only = — 5% which does not alter the preserved number of events. I then use the
definition [26] of the skewness as the third moment with respect to the mean value normalized to the standard deviation 1o
the third power:

= 1jo® f( x=X )¥f{x)dx, (3.74)
which in this case becomes
= 1fa® f(mo~ m, o) G(mg)dmy, {3.75)

where G(m,) i a fitied function composed of two halfs of different Gaussians Gy {m, o, 0,) and Gy(m, o, 0,}, having the
same mean value and scale, but of different width,
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Fig. 3.74: Invariant mass spectra from the three detector combinations (a) LL, (b}
B,L, and () B, L. The inset in {a) is a magnification of the tail.

Truth fs not only the fulfilment of our own being; it is that by which things
outside of us have an existence, (Confucius, 551-479 B.C.)



Chapter 3 The LEAR Experiment PS182 page 85

3.6.1.2 Momentum Ranges

Another important consequence of the detector geometry is the maximum and minimum mo-
menta that are possible to observe. When referring to the momentum "range” of a particular detector
combination we understand the mosmentum interval for which the minimum angle, given by eq. (3.5),
is subtended. Higher energy «#9's outside the actual range can, however, be detected with lower effi-
ciency owing to the tail of the Jacobian peak distribution that extends to 180°. When looking at the
w%-momentum spectra (presented in the next chapter) the tail of higher momentum «%'s can seem
quite large. This is to a large extent due to uncorrelated events, which of course do not have to pre-
serve the same kinematical restrictions. In table 3.5 the momentum ranges of the different detector
configurations arranged in different run periods are listed. The BGO calorimeters are mounted on a
ring surrounding the target and can be moved to any angle relative to the lead-glass array. They were
placed differently in the different run periods to optimize for different #»*-momenta.

As pointed out earlier it is also possible to identify n-mesons through their decay into two pho-
tons (40% branching ratio). Subsequently the momentum spectra of the %'s can be displayed. Analo-
gous to the #%-momentum range of a detector configuration there is an »-momentum range of that
same configuration. The w-range will obviously not cover the same momenta, but lie at higher mo-
menta due to the larger rest mass of the n-meson. The n-ranges are also listed in table 3.5 for the rele-
vant detector combinations. Not all
combinations  are  useful for
n-detection, because the efficiency for
that momentum range is too small to
yield significani statistics in a mo-
mentum  display, or there might
Det. Run 40 7 hardly be any -mesons produced at
comb,  per. min  max min max those momenta.

Cuts in the offline analysis di-
minish the azimuthal angle accepted

Table 3.5: Momentum ranges for »%'s and #’s of
different detector combinations.

LL AB4, MBS 82 1025 136 4168
B.L D83 44 573 180 2330

M84,AB4 60 1053 246 4284 by the Jead-glass amay by roughly
BL D83 o 100 0 410 half a block at each end of the array.
M84 0 216 0 880 Thus, the ranges in table 3.5 are cal-
AB4 0 75 0 7 culated with an effective azimuthal

angle of the lead glass running from
- 58.5° through + 58.5°.

3.6.2 Alignment and Angle Calibration

The angle ¢ between two photons detected by the lead-glass array is derived by measuring the arc
elongation between the estimated impact positions. The azimuthal angle is then obtained from the ra-
dius of the cylindrical surface the lead glass follows {see further section 4.1.2,1.2). All peometrical dis-
tanices are accurately measured and do not introduce significant uncertainties. Also the target and the
telescope scintillator can be well centred in the setup. The telescope scintillator is, however, signifi-
cantly larger than the bearn diarneter which is why the annihilation region, i.e. the y-source, really is
defined by the beam location. Because the quadropoles that focus the beam are adjusted before each
riun period, and the beamn spot is not measured after that, the beam can in fact pass the telescope scin-
tillator at an unknown position off the centre. But it is of course confined by the size of the telescope
scintillator which is 2 cm in diameter. This means that the annihilation region, that has a full-width at
half-maximum of 9 mm, can perfectly possibly be displaced by something like 5 to 7 nun from the
centre of the target without the trigger rate going down, which would introduce a systematic error in
the angle measurement. How large error this systematic shift of the emission source of the photons in-
troduces in the measurement of the decay angle ¢, depends on the orientation of the displacement rel-
ative to the directions of the photons. Thus, it will not be sufficient to check one single calibration
point to uncover this systematic error.
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The scale can be fixed at
79.8° by invesiigating the spec-
trum of decay angles from

50 100 150 n-mesons. In this spectrum there
1 is a sharp peak originating from
monoenergetic 7's produced in
pp annihilations through the re-
action pp-+nw which yields »'s
with  momentum  p =656
MeV/c and a minimum opening
angle qumﬁ'?E).R". Fig. 3.76
shows this peak with a fitted
function, which shows that the
peak position can be determined
to an accoracy of a few tenth of
a degree. Notice that the detec-
tor resolution shifts the peak
position. If there is any system-
atic error in the measurement of
the kind ouilined above, it could
be revealed by comparing the
position of the «° invarant
mass peaks produced from dif-
ferent event samples separated
(b [d g] by angular intervals. It is, how-
1k ever, not possibie to slice up the
specirum of decay angles, since

counts x 103

Fig. 3.76: The peak from pp—+ne in the spectrum of opening angles between pho-

ton pairs observed from 7-decays after fitting of the #-decay kinematics. The events in one and the same bin
inset shows the full spectrum. The fitted function is a folding of the Jacobian then can have been detected at
peak distribution with the detector resolution. different places in space. The

invatiant mass spectra displayed

in fig. 3.77a are produced from

w%-events for which v, was en-

tering the lead plass at o, e[ —8°,

8°], ic. in the middle of the ar-

ray, and v, struck at p,el, (i= 1,2, 3), where [, =[15°, 20°1, [, =[35°, 40°}, and !'32[50“, 55°1. The

effect is most contrasting when the influence from the energy resolution is minimum, which is the case

when the two photons share the w’-energy equally. Therefore, these plots were produced under the
condition x=(E, — E3)/E o< 10%. No systematic effect is observed.

When it comes to the B, L coincidences this method is not so applicable, whilst still being so for
B,L events. Because BGO, was placed at a large angle relative to the lead glass, the invariant mass will
be almost insensitive to a small discrepancy in angle owing to the coefficient [2tan(¢$/2)1™% in eq. (3.8)
that vanishes as ¢ grows. Another procedure was adopted which employs the event sample of triple
coincidences B,LL. By detecting a #° in the lead glass and a third photon opposite in BGO, one is
sensitive to the reactions pp-»2w? and pp—~=y. One is also exposed to other processes, but when re-
quiring the #®-momentum to be larger than 850 MeV/c and the y-energy in the BGO, to be above 850
MeV, only these two types of decays should survive, and from the 2u® decays only those when the
BGO, photon was extremely forward boosted. The largest decay angle 4, to the w®-direction is for
E, =850 MeV:

0,=arccos { (Up o) [E,o=m 2I2E) ] } =26 . (3.76)

The alignment of BGO, relative to the lead-glass array appears to be good as shown by fig. 3.78,
where the position on the lead-glass surface towards which the #°-direction points is plotted.

Speak in anger and you will
give the best sveach you aver have regratied. {Churchill)
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| : Fig. 3.78: Disttibution of positions in the lead-glass surface appointed by
(c ) #®'s for which a third photon was detected by BGO, in the opposite
direction.
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Fig. 3.77: «° invariant mass peaks for three different azimu-
thal-angle intervals: (a) 15°—20°, (b) 35°—40°, and (c)
50°—55°.

3.6.3 Momentum Resolution

The #°-momentum spectra are extracted by a least squares fit of the kinematics. In this procedure
the three measured quantities x= (E,, E,, ¢) are fitted to combine to the correct invariant mass m o as
the invariant mass of a photon pair generally differs from this value:

4E\ Epsin®($12) = mg? # m o . (3.77)

Also for correlated photons this is mostly the case due to detector resolutions. The fitting program
therefore adds a small correction to the observed values

E;=E,+AE, (3.78)
¢’ =¢+Ag.

The sizes of the corrections Ax depend on the respective errors attached to the different numbers ie.
the resolutions. A number that is accurately measured, e.g. a large angle (~1%), will be relatively less
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4d]usied in fitting it to yield m,=m_, than a worse measured quantity as, ¢.g., a small photon energy
in the lead glass {~20%). More premsely, Ax, does not depend oniy on the resolution o, of that par-
ticular distribution, but rather on the relation between the {o i}l’ ie. A=A (0,0, 0.). So to obtain
the best posa:ble fit, i.e. the best estimation of the real values of the Lnu'gxcs E, and E before resolu-
tion smearing, one needs precise knowledge about the errors ¢ = (g, 04, o) of which thc inverse ¢!
are used in weighting the measurements x. The fitted numbers x "= (E,’, E,’, ¢) are then used to
compute the #"-momentum p= J(E{ + E3)? —mwoz. If the evaluation concerns #’s, the fit is of course
to my=m_ instead,

Energy resolutions for any detector and any photon energy are well known from the former sec-
tions and will not be further mentioned (refer to sections 3.4.3.2 and 3.5.3.3). The angular resolution,
however, needs some further comment. It is determined from the uncertainty in defining the directions
of the two photons. Their directions are given by the emission point and their respective impact points
on the detectors entrance surfaces. Because of the short lifetime of the #° its range is completely negli-
gible compared to the dimensions of the annihilation region. The photon emission source is then the
annihilation region in the target and thus has a root-mean-square width of 0.34 cm in the plane tran-
sverse to the beam, The accuracy with which the impact point of a photon can by determined depends
on how it was detected. When a photon is detected by the lead-glass array the location p of its impact
is undefined within an assumed Gaussian distribution G(g, o), where the standard deviation ¢~0.7 cm.
The width of the Gaussian varies somewhat with the photon’s energy, but is about 0.7 cm for the
spectral maximum. Similarly, when the y-ray is detected by a BGO calorimeter the error in impact po-
sition is around 0.5 em (¢) at the spectral maximum, but is in fact also energy dependent. For the
photons that are detected by a BGO hodoscope the impact position is more accurately estimated?
with a o of only 0.3 cm. An important difference is that the hodoscope measures the impact equally
accurately for any photon energy. The resolution yielded by the centre-of-gravity algorithm is on the
other hand nearly a factor of 2 larger at low photon energies around 100 MeV, When estimating the
importance of the impact definition one has also to take into account the shape of the y-spectrum, i.e.
at which energies most photons occur from pp annihilations at rest, which is at low cnergies where the
centre-of-gravity method is inferior to the hodoscope measurement.

There are, however, other concerns that might be more important to the »°-measurement, be-
cause what finally is wanted, besides good momentum resolution, is to achieve high sensitivity in the
inclusive «®-momentum spectrum. For this purpose the lower efficiency of the hodoscope (cf. section
3.4.3.4), which decreases the statistics, can be of major effect. One can also fear that the profit from the
accurate hodoscope position is, at least partially, wasted by its negative influence on the energy resolu-
tion of the system.

The data sample that remained after the cut imposed on the invariant mass distribution, was sub-
sequently processed by a program that calculated a fit of the kinematics to the hypothesis that it
should render the right invariant mass. T'o execute this procedure in a proper way the correct errors in
each particular measured quantity have to be provided. Thus, much emphasis has been put on this
point; see further section 4.1.2.1. Here I will make an outline of how the experimental uncertainties
interlace in the kinematic fitting to yield the final resolution of the #%-momentum, which is computed
from the adjusted photon energies and the known rest mass m .~ 134.96 MeV. Exactly how the dif-
ferent errors affect each other is hard to penetrate, but the improvement of the momentum resolution
is apparent from a comparison of figs. 3.79a and 3.79b, where it is striking how much sharper the
"pw-peak” has become after the fitting. The improvment can amount to as much as a factor of 3 for
LL coincidences relative to just using the raw measured photon energies. Instead of trying to make a
strict mathematical derivation, I will cite a few typical cases and some results from Monte Carlo inves-
tigations. In these cases, below, it is assumed that the #° decays symmetrically, i.e, E; = F,:

0 A precaution should be made for the kinematic fitting, because of the different shape of the hodoscope distribution, which is
quite square-like, i.e. almost 100% of the distribution is confined to the full-width at half-maximum Tp=b=10 cm,
wheareas only 83% of a Gaussian distribution is within I‘G=2 22 o= 1.3 cm, This can cause a larger tail of the
x*-distribution than theoretically expected, This could, however, not be resolved experimentally from the background.

Tell the truth and run., (Yugoslav proverb]
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- case J: a small angle LL event has AE/E~0.51A¢/tan{$/2) which implies that the angle is

slightly improved;

- case 2 a large angle LL event has AE/E~5.3A¢/tan(¢/2) which implies that the energies are

improved;

- case 3: a small angle B,L event has AE,/E,~0.16A¢/tan(¢/2) and AF,/E,~0.450¢/tan(¢/2)
which implies that the angle and the lead-glass energy are slightly improved;

- case 4: a large angle B, L event has AF, /E,~3.4A¢/tan(¢/2) and AE,/E,~15.11 which implies
that the lead-glass energy is substantially improved.

By assuming energy resolutions according
to eqs. {3.36) and (3.70), and by inferring an-
gular resolutions from the heuristic eqs. (3.42)
and (3.68) the response of the kinematic fifting
can be monitored as a function of the decay
angle ¢ between the two photons. The decay
angle is #=48,+#, where #, and &, arc the
angles between respective photon and the
7%-direction measured in the lab frame which
are given by relativistic kinematics

cos & ,=(1/p o) [Eﬂo_mﬂozf(ZE )]
12 Y379

For a particular decay angle § the two encrgies
E, and E; are uniquely defined:

E=(Eof2) 1%/ 1~ (m ofE os5ind/2)* ],
(3.80))

where we conventionally have chosen v, to be
the forward boosted photon. The energy of the
other photon is then given by energy conser-
vation E,= E"0~E1. The four calculated vari-
ables x=(E,, F;, ,, 9;), where ¢, and ¢, are
the azimuthal angles in the coordinate system
defined in fig. 34, ¢=0=|p, —¢,} being the
angular elongation between the photons, are
then "smeared” according to a Gaussian dis-
tribution G(x,, 0 ), where x; is the computed
number and o, the appropriate standard devia-
tion. The smearing is carried out by throwing a
random number** R, uniformly between 0
and 1 and numerically calculating the Gaussian
random number R G a8

R, = FT{R,),

100F T 1 1 T n
_ (a) raw ]
501 -
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e I | ’
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Fig. 3.79: Comparison of the peaks produced from »%'s recoiling
from p®-mesons and w-mesons as obtained (a) dircetly from
the measured photon energies, and (b) from the energy val-
ues given by the fitting of the »°-kinematics.

(3.81)

21 The IBM computer random-number generator produces a well scattered series of uniformly distributed pseudo-random
numbers with a high repetition frequency of the order of 10°%,
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where F(R ) is the cumulative distribution*?

Rg

F(R,) = (1)f2n) fe™ &= %p"120" dx, ' (3.82)

The smeared variables x” are subsequently subject to the kinematical fitting, and the impaired numbers
are again amended to the output varables x”. From these the two energies £,” and E,” are used to
calculate the «%-momentum

pﬂon — \/(El 4 EZU)Z — mﬂﬂz_ (3.83)

These momentum values will build up a distribution to which a Gaussian G(p »”, ¢ ") can be fitted.
The standard dcwatxon o “=g “(¢) of this fitted function is then compared to the ftandardiation o ‘
of the "raw" #°-momentum computed from the smeared energies E;,” and £,’. In a similar manner the
amelioration of the »"-momentum by fitting the kinematics can be investigated for the two detector
configuration B,L and B, L. The result of this investigation is that the largest improvement is obtained
for large angle L1, events and B, L events. For LL coincidences the improvement is between a factor of
2 and 3 over its entire momentum range. The improvement for B;L coincidences is not significant.

Taking the root-mean-square of the function o_"(¢) with the integral extending over the angle in-
terval {g,, p,] subtended by the considered detector configuration, and with the Jacobian peak distri-
bution J($,) as a weight function then gives the momentum resolution independent of opening angle
¢:

P2
foo,”(6)I(¢)d¢
1

0 " = : (3.84)

P2
fo, " (0)J(¢)d¢

Py

By using the Monte Carlo technique above, the momentum resolutions for «%’s and 1's has been
simulated as functions of the momentum, The result for LL coincidences is shown in fig. 3.80. The
momentum resolutions for the other coincidence types are easier to estimate due to the influence of the
energy resolution of the BGOQ. The curves in fig. 3.80 can be compared to the signals from the reac-
tions pp-+w®+ (p° w) and pp+nu+(p°, «). The pw-peak in the =’-spectrum is dominated by recoils
from pY-mesons which gives #%'s of momentum 773 MeV/c, while the po-peak in the n-spectrum is
predominantly arising from  events that yield #'s of 656 MeV/c momentum. The full-width at
half-maximum of this latter peak is 6% which directly gives the momentum resolution because the

w-resonance is narrow (9 MeVj/c?). The peak in the #°-spectrum is, however, substantially broadened
by the intrinsic width of the p-resonance (154 MeV/c?). If we assume a classical®® Breit-Wigner shape

22 [f, in another application, ' would not exist or be oo complicated, but F could be split into » terms F; which are inver-
table, a useful trick to compute & random number Ry that will generate the correct frequency function is to calculate Ry
from each term F; at a time. Which i to choaose is then algo generated randomly, and the frequency with which each [ oc-
curs is proportional to the coefficient ¢, in the sum:

n
F= 2 ch i
i=1
If this possibility would not be feasible either, one ¢an always use the "hit-or-miss” Monte Carlo technique, i.e. throwing a

position uniformly inside the smallest square that covers the whole function F, and reject the number if it is above the
curve and keep it if it i below.

23 Agsuming a classical Breil-Wigner is not entirely correct, but is sufficient here as it gives significantly the same width.

To be master of any branch of knowledge, you must master those which lie next to it;
and thus to know anything you must know all. (Oliver Wendell Holmes, 1809-1894
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for the p® rest-mass distribution me BW(m
T ) = BW(769, 154) [MeV/c?], the mo-
mentum spread of the recoiling pion can be
sstimated

Apip ~ I‘p/(Zmp) = Ap = 77 MeVle,
{3.85)

The contribution to the peak width from the
experimental resolution can hence be unfold-
ed by fitting a function being a convolution
of a Gaussion G(p, o) representing the ex-
perimental resolution, and a Breit-Wigner
BW(713, T, representing the line shape. The
resultant full-width at half-maximum of the
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Fig. 3.80: Computed full-width at half-maximum I' of the momentum

resolution is 7%.

3.6.4 Detection Efficiency

A variety of mono- ener-
getic #"-decays appear isotropi-
cally in the centre-of-mass sys-
tem, but are characterized by eq.
{A.4) in the lab frame. Thus, the
laboratory acceptance of #%'s
having a particular momentum
cannot be derived from the solid
angles of the detectors in any
simple way. The detector effi-
clencies as functions of impact
position have been deduced in
sections 3.4 and 3.5, and sub-
sequently the equivalent geo-
metrical acceptances were esti-
mated. I we adopt these
dimensions, the "geometrical
acceptance” for #%'s and 9's can
be computed by using Monte
Carlo techniques. The resuli is
shown in figs. 3.8la—f. As al-
ready indicated in the introduc-
tion of this section the accep-
tances do certainly depend on
the peometry, The vertical axis
is the percentage of #%'s or 7'y
detected relative o the number
produced in the target. The
branching ratio R(n-+-2y)=0.4is
not included in these acceptanc-
es. The rapid drop-off some of
the detector combinations show
fowards lower momenta is due
o decays going out of range, i.e.
the minimum decay angle is not

resolution for »%'s and 7's detected by the lead-glass array as a fune-
tion of momentum, respectively.
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subtended any more. There is also a minimum angle covered by the combination, producing the less
steep fall-off towards higher momenta, where the accepted decays occur in the tail of the Jacobian peak
distribution. Caution: it should be emphasized here that the geometrical acceptances of #%'s and 4's,
presented here, are strictly valid only for “'single-particle” events {and perfect detection) when there are
no other particles present that can cause veto signals or evoke other quenching phenomena that might
deplete the #°/n yields preserved by cut conditions.

3.7. DATA AQUISITION SYSTEM

In this section the data-acquisition system is presented, basically in the form of flow-chart dia-
grams. The general structure of the data-taking system is presented in the first subsection, and then
follows two subsections that describe, in somewhat more detail, the BGQO sobsystem and the lead-glass
subsystem, respectively,

General Architecture

The general organization of the system is presented in fig. 3.82. The main principles of the infor-
mation flow are as follows. Electrical signals are generated by photomuitipliers and attached base cir-
cuitry in the experimental area and sent through about 30 m long coaxial cables (type BNC) to the
counting room. Signals are there split (at least) two-fold, one part is going to an ADC via 160 ns delay
cables while the other part is fed to the fast trigger electronics. The tripger logic (fig. 3.83) is assembled
from standard electronics units, except for a couple of devices that are home-built, One of these is the
primary splitter/amplifier for the 160 lead-glass signals, the other is a unit named the "Logic Unit"”
(LU) which determines the number of neutral showers in the lead-glass ammay. After the signals have
been digitized by ADCs, situated in CAMAC?* crates, the data words are read out by a dedicated
CAMAC crate controller denoted "ICC". This device is one part of a readout system that was spe-

cially developed for this experiment [140].
The ICC operates a memory buffer of FIFO
type that is situated in a separate crate. Thus,

the ICC communicates with the host com-

(0 = trigger puter, a VAX-11/750 that is the final station

(P B m;,__’"*:: togic of the data-aquisition system, via a bus fo the
v el FIFO memory which is CAMAC external.
160 ”;9‘1 Y The ICC, which is programmuable from the

host computer, puts the information read in

§ 2 § " from ADCs, TDCs, and PUs together with a

VAX bits gate few additional words into a defined event
y format (fig. 3.84), which typically embraces

M N CAMAC 30 to 40 16-bit words. This "event” is then

i‘ o transferred to, and buffered in, the FIFO

A g & memory, which can hold in total 65,000

mag.lape ‘

16-bit words of information. When the FIFO
memory is filled to 67% it sends an
"interrupt”’ signal via CAMAC to the host
Fig. 3.82: General organisation of the data acquisition system. computer, ie. the VAX-11/750. It takes
about 1 ms before the VAX responds to an
interrupt and has established a DMA transfer.
The FIFQ buffer is then emptied at a rate of
1 us per word, which is done without disa-
bling the external conmection to the ICC.

24 The CAMAC standard is defined in EURATOM Reports EUR 4100e, 4600e, and 6500e.

Do you bring a solution or are you
a part of the problem. (D, A. Irigter)
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This readout system is extremely efficient in the sense that it eliminates the deadtime the VAX inter-
rupt would have caused if it was carried out for each event. At rates of about a thousand events per
second, which was expected for PS182, this would just have resulted in a tremendous deadtime. The
deadtime in reality was typically about 10%, measured as the ratio between the rates of the signals de-
noted "p’’ and "pbusy” (cf. fig. 3.83a), being the antiproton rate measured by the telescope scintillator
and the rate of recorded events, respectively. The signal named "busy” is a veto signal generated by the
VAX when it does not accept interrupts and thus disables the system for data taking. The 10% dead-
time was mainly caused by the unfortunate micro-duty cycle of the beam originating from the 50 Hz
frequency of the electrical power net-work, which resulted in a twice as high instentanous rate as the
averape rate of about 30,000 p/s. The VAX, after having read in the content from the FIFO memory,
copies the event buffer to magnetic tape, and sorts out a subset of the events for online monitoring,.
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Fig. 3.83; Lopic flow-chart diagrams of the trigger electronics.
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The BGO Subs_ystem

The hexagonal BGO crystals were equipped with 2" photornultipliers?® type 1306-01 from Ham-
amatsu. These photomultipliers, that have a low noise level, were supported with a base circuitry that
consisted of a, so called, "progressive’”’ resistor chain (fig. 3.85a), i.c. the resistances between the dy-
nodes are not equal. Thus, the amplification was brought down an order of magnitude, as compared to
what is achieved with a "linear’” resistor chain (4l resistance are equal), and saturation was thus
avoided for energies deposited in a BGO crystal that ate less than 1.4 GeV; more then 1 GeV was not
expected in this experiment. Running the photomultipliers on negative high-voltage allows the signal
to be coupled out without a DC-isolating capacity, and thus avoiding the problem of zero-point fluc-
tuations (which is particular risky at high signal-rates).

The BGO hodoscope crystals were equipped with photomultipliers*® type R647-1 from Hama-
matsu. These photomultipliers were supported by a linear resistor chain (fig. 3.85b) and run on posi-
tive high-voltage. Because of the tight mechanical construction, the sensitive photocathode was not put
on negative high-voltage but the anode on positive instead, _

All signals from the BGO systems were, in the experimental area, immediately amplified ten times
amd split two-fold. One part of the signals were then fed to an analog summing unit (fig. 3.86e), while
the other parts were sent to the counting room, and reached the ADCs after about 350 ns. Meanwhile
the signals from the summer and the central hexagonal crystal (in A84 also the hodoscope summed
signal) were sent together with the signals from the veto counters {cf. fig. 3.86) to the counting room
via 90 ns cables, and were there fed to the trigger electronics {fig. 3.86d). The parallel discriminator
branch in fig. 3.86d, denoted "'Z-TIM", was there to minimize the so called "time-walk”, t.e. the rela-
tive timing between the discriminated signal and the original analog signal being dependent on the size
of the analog signal. Thus, the signal was amplified to get a steeper mising edge to base the timing on,
while the other discriminator branch, denoted 2" took the logical tripger decision based on the signal
height; the discriminator threshold was proportional to 1 MeV of deposited energy. The two pieces of
information were then combined in the coincidence unit, denoted "T-GATE", that released the gate
signal to the ADCs. The types of ADCs used changed between run periods, but were always of a
charge sensitive type from LeCroy??. During D83 the type used were 2249W, and during the other run
periods they were of type FERA 4300. For the sum signals the ADCs always used were spectroscopic
ADCs of type 3511. The trigger thresholds in effect during the different run periods are compiled in
table 3.6.

Table 3.6: Trigger thresholds and conditions in effect during different run periods,

Run period: D83 M84 A84 M85
Hodoscope in trigger %
Lead glass in trigger »® X » X
LU in trigger X *® ®
Thresholds {MeV]
hardware
BGO,-7 25 2.2 2.74 2,74
BGO, Z 18 13.8 10.4 10.4
BGQ,-7 25 2.2 - 274
BGO, % 18 13.8 10.4 10.4
hodoscope 0 0 0.6+08 0
Pb-gl. block 2 2 2 2
Pb-gl. = 5 10 5 5
software
BGO, X 10 20 20 20
BGO, = 10 20 20 20

2% Pata sheet No, PM-231-1, Hamamatsu TV Co., Hamamatsu, Japan
2% Data sheet Cat. No. CPMT-186-02, Hamamatsu TV Co,, Hamamatsu, Japan

27 LeCroy, Spring Valley, New York, USA.

Cheer up, the worst ts yet to come. {Fhilander Johnson!



Chapter 3 The LEAR Experiment PS182 page 101

8 g RN NG T N I
£ 03 &
§os & & & &l s &8 o5 & E ~
1 10 1 2 3 5 7 A
Pin . § ¢ . fn -
'-)Z ~~~~~~~~~~~~
1 (:
p-(EE 94 -[LE {38 DT I e WF/ 2KV
L Wnf/ i
t all resistors in k “mnmh
-HY
(a) = HVroung
Base for the photomultiplier Hamamatsu R1306-01 BGO-HEXAGON
| anode
LY
13 T &
i
[EE3
i
ail resistors in kQ Itj C e
R= 330 k2 E— —
(= 10 0F/2 KV: 3, a7
HVrpung C‘= 220 pf C

(b)

Base and network for photemultiplier Hamamatsu R647-01 {BGO-Hodoscope)
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for the BGO hodoscope bars.

The Lead-glass Subsystem

The lead-glass blocks were equipped with 2" photomultipliers of iype EMI-9839B, which were
supported by a progressive resistor chain (fig. 3.87) and run on negative high-voltage. Because the light
produced in lead glass is of Cherenkov type, it comes during a short time period as compared to the
time-constant of the photomultiplier (viz. about 10 ns) and thus can cause large momentaneous cur-
rents. The progressive resistor chain should prohibit saturation for deposited energies less than 1.4
GeV,

The 160 lead-glass signals were sent directly to the counting room topether with the signals from
the 41 veto counters via 30 m long cables of type BNC. On arrival in the counting room the lead-glass
signals were fed to a home-built amplifier/splitter/summer. One part of the signals were then discrimi-
nated and fed to another home-built device named "Logic Unit” (LU). This electronics device, that
also had access to the 41 discriminated signals from the veto counters, decided within 35 ns whether
the energy deposited in the lead-glass array originated from a charged particle or not. It generates two
output signals that were fed to the frigger logic, one if there was exactly one neutral cluster present,
and the other one if there were (at least) two neutral clusters, The LU recognized a number of fired
lead-glass blocks as a neutral cluster’ if none of the veto counters in front of these blocks had fired.
Two clusters were distinguished if there was a column of four lead-glass blocks in-between that con-
tained less than 20 MeV deposited energy. The discriminator threshold for each block corresponded to
2 MeV deposited energy.
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The other parts of the 160 lead-glass signals were sent via 160 ns delay cables to ADCs.
Meanwhile four sum signals were fed to the fast trigger electronics (fig. 3.83f), one sum signal for each
row of 40 lead-glass blocks. The ADCs were of type FERA 4300 from LeCroy. These 11-bit ADCs
have a short conversion time of about 10 ns, and were operated in the sparse-readout, pedes-
tal-subtraction mode, Data was read out via the LeCroy ECL bus at a rate of 100 ns per word. This is
an external bus that allows access to several modules from one single CAMAC station holding a drive

umt.
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Fig. 3.86: Resistor support chain for the photomultipliers for the lead-glass blocks.

... The morality of art consists
tn the perfect use of an
tmperfect medium.
{Oscar Wilde)

Truth is never pure, and rarely simple. {Oscar Wilde)

Every single truth can be expressed in an almost unlimited number of ways. For the time
being at least, it is necessary to make a choice. What should guide us in this choice ?

{Henri Poincaré, 1854-1912)
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CHAPTER 4
MEASUREMENTS

In the last section of the previous chapter we saw how the signals from the different detectors were
guided via the trigger electronics to ADCs and other CAMAC units. The information was subseq-
uently stored on magnetic tapes by the online VAX computer. These data tapes were then after each
run period analysed, and histograms were generated. This procedure is described in the first section of
this chapter. Section 4.2 presents the methods of interpreting the different spectra, and numerical re-
sults are finally collected in the last section 4.3.

4.1. OFFLINE ANALYSIS

This section will follow what happens to the data from the moment on it is recorded online as
ADC bit patterns to the point it can be displayed as histograms of physical parameters. The magnetic
data tapes recorded online were firstly read by a computer program that performed the relative calibra-
tion of the BGO crystals, among other things, It also made a rough absolute calibration and converted
the ADC numbers to energies in MeV. This first step of the evaluation is called the "pre-analysis” and
is described in subsection 4.1.1. Each event was then rewritten by the same program, in a condensed
format, to a second generation of tapes. These tapes, that are considerably fewer in number, were in
their tumn read by another computer program that sorted out the different types of events, made re-
construction of impact positions, calculated angles, performed the kinematic fitting, and finally filled
the relevant histograms. This second part of the evaluation is treated in the second subsection 4.1.2.

4.1.1 Pre-evaluation of Data Tapes

The data tapes, that online were written on a VAX-11/750 computer, were after the run periods
transported to the CERN computer centre and analysed by the pre-evaluation program that is de-
scribed throughout this section. The analysis was carried out on the IBM 3090/Siemens 7890S or the
Cyber 875 computers at the computer centre, because these machines are considerably faster than the
VAX-11/750. A LEAR run period, that typically extends over a few days, results in some 10° recorded
events. This amount of data requires between 50 and 100 magnetic tapes of storage.

4.1.1.1 BGO Calibration

The pre-evaluation program starts by searching for the charged-pion events in the BGOs which
are marked with bits 14 and 15 in the "Main Pattern Word" (cf. section 3.7 and fig. 3.84), These
events are quite rare in the event stream on the tapes; roughly one event in a thousand. A histogram is
filled for each BGO crystal with these charged-pion events. In fig. 3.34 is shown an example of such a
histogram. The through-going charged pions produce a sharp peak that is used to calibrate the crystals.
The positions of these peaks are taken to be the mean values p, of a fitted Gaussian. In practise a
Gaussian plus a second order polynomial is fitted {130] because there is a small background under the
peak. The error of the mean values obtained from the fit is typically Ap/u ; =0.5%. A table of calibra-
tion constants {¢;}{ for each BGO set is derived by putting

¢ =EL 4.1
et
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so that the energy registered by crystal i can be expressed as

E, = ac 4, (4.2)
where a is an absolute calibration constant still to be deduced and the numbers 4, are the ADC chan-
nel numbers. The contribution from fimite relative calibration to the energy resofution of a BGO set
can now be estimated. The error in each crystal energy is

Ap,
) e = ]9 (4.3)
E, ] y

and they combine to yield an error in the total energy of
AE, = ZAE, = 1% a2 4, =1%E,, . {4.4)

This error is, at all energies, smaller than the other contributions to the resolution (see further section
34.3.2).

Another method to calibrate the BGO crystals relative to each other, that was investigated [130],
utilized the inclusive photon spectra recorded by each individual crystal. By fitting the square-root ex-
pression

N(E) = N,.JE, - E (4.5)

to the upper-end part of the spectrum from each crystal i and equalizing the end points £; calibration
constants could be extracted. This method gave results consistent with the charged-pion method, but
was less efficient as it takes more run time to acquire enough statistics. The histograms can therefore
not be reproduced with as short time intervals as the charped-pion ones can, and hence cannot
produce as good time stability. Even if photon events in general are much more frequent than the
charged-pion events, so are high-energetic photons quite rare, and these are the events that define the
upper end-point of the spectra. With the charged-pion method a peak of a few hundred counts can be
collected within ten minutes of run time, which is enough for calibration. The calibration drifts can
thus be kept below 1%, which is of the same size as the calibration itself.

The complete sets, of seven crystals each, have also to be calibrated on an absolute scale. The fi-
nal absolute calibration is left to be done in the second step of the analysis. Nevertheless a rough cali-
bration can be carded out already during the pre-evaluation. By making a charged-pion plot after a
BGO set has been absolutely calibrated (seec next section), the energy released by these pions is seen to
be 198 MeV!. In the pre-evaluation the energies E, are therefore set to

E, = ac, 4, = 198 MeVed /n,, (4.6)
where a= 198 MeV/p,.
4.1.1.2 Goodness of BGO Events

When a photon striks a BGO set too close to the boundary of the detector, a significant part of
the shower energy systematically leaks out of the active detector volume. For such events it is impos-
sible to determine the original photon energy. In order to avoid these situations one applies constraints
to the energy division among the crystals. This is most appropriately done in the offline analysis after
the relative calibration has been peformed, rather than applying hardware conditions in the trigger logic
online. For instance, requiring at least 50% of the total energy to be deposited in the central crystal,
would reject photons that hit outside the central crystal (except maybe a few low-energetic ones being

! This indicates that these pions are not really minimum ionizing, Minimum jonizing pions deposit 9 MeV per radiation length
in BGO. Since our crystals are 20 ¢m long minimum-ionizing pions are expected to release about 163 MeV.

Neither fs contradicton the mark of falsehood nor is non-contradiction the mark of truth, (Blaise Pascal, 1623-1662)
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subject to extreme shower fluctnations). It is of interest to accept as many events as possible in order
to have maximum detector efficiency. In order to decide at which value a cut in the ratio n = E /F
should be applied, one must know the lateral and longitudinal extent of electromagnetic showers. T :z:
development of electromagnetic showers in BGO has been simulated by Dietl et al. [50] using the
SLAC-EGS program {64]. Their results were presented in section 3.4. One could allow photons to en-
ter as close as 3 to 4 cm to the edge of the assembly, without systematic loss of shower energy. The
energy £ _deposited in the central crystal could for such a case be as little as 15% of the total shower
energy E . Accordingly, not to throw away unnecessarily many events, we ask that

> 15% . (4.7

This condition does, however, not alone completely assure that leakages were not significant for all
showers. If the photon enters close to the border between two peripheral crystals, the central crystal
may contain 15% of the overall registered energy, and still a substantial part of the shower energy can
have leaked out of the system. To withdraw the boundary of accepted events from the inner comers it
is in addition requm:d that, if the maximum energy £ was registered by a peripheral crystal, the
majority of the remaining energy E, E 15 contained in the central crystal, ie.

n< 0% » Ez(E,-E ) (4.8)

Fig. 4.1 shows the location of accepted events. The effect of
these cuts can now be monitored by plotting cvents in the
p-versus-energy plane (fig. 4.2). It is an imimediate impression
that the cuts are indeed energy dependent. What was said
above, that a cut at 50% would reject hits outside the central
crystal, i1s not fully true. Due to the fact that photons entering
the detector off the central axis always strike with an impact
angle different from zero, these showers develop in direction
towards the lateral boundary of the assembly. Hence, one
would also expect photons that enter just inside the edge of
the central crystal to be rejected by such a cut. One can ag-
sume this effect to be more pronounced for higher energies,
Fig. 4.1: Distibution of the impact  since shower dimensions grow faster with energy in the longi-
positions of accepted photons. tudinal direction than in the transverse direction.

4.1.1.3 Definition of Lead-glass Clusters

Another important task carried out by the pre-evaluation program is the recognition of showers in
the lead glass. This includes determination of the number of showers and where in the array they are
located. This procedure siarts by summing block energies four by four so that an array of forty ener-
gies is obtained, one for each column of four blocks in the z-direction (beam direction). The program
then searches for local maxima in this array of forty energies. A shower is identified with a cluster of
fired lead-glass blocks around these maxima if the following criteria are satisfied:

1°y two adjacent maxima must not be any closer such that there are at least three columns left
in-between the maxima;

2°) if two clusters overlap, they are considered as being one cluster;
3%) clusters were than five columns wide are rejected;

4%y the sum cluster energy must exceed 10 MeV;
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5°) scintillators in front of lead-glass blocks containing energy must not have fired, otherwise the
cluster is considered as being caused by a charged pion and subsequently rejected.

The reason for "three columns” under 1°), is the fact that the smallest #%-decay angle occuring from
pp annihilations at rest is 16.5°, and a column of lead-glass blocks subtends 3°. The 10 MeV limit un-
der 4°) is reasonable to apply already here because the lead-glass blocks have been quite accurately
calibrated before the run period (cf. section 3.5.3.1); the final calibration of the lead-glass array being
done in the second part of the analysis described in the next section.

4.1.1.4 BGO Hodoscopes and Scalars

During the run period in August 1984, when BGO, was equipped with two hodoscopes, the ho-
doscope information was treated by the pre-evaluation program. The two hodoscopes were, during this
run period, placed one in front of the other, and both placed in front of the hexagonal crystals. The
idea of this arrangement was to combine information from them both in order to obtain a more accu-
rate definition of the photon's impact point. To enable this the hodoscopes were displaced by half the
width of an element, ie. 0.5 cm, relative one another. Here the program looks for the bar in each ho-
doscope that contains the largest energy. Knowing the {-coordinate at the middle of the bars, one
simply takes the average of the centre coordinates of the two bars with the maximum energies to rep-
resent the impact position; only element energies larger than 1 MeV are considered. The case when the
bars are separated by more than half a unit is extremely unusual, but do nevertheless occur due to
back-scattering from the hexagonal crystals. Something that happens more frequently on the other
hand, is that only the inner hodoscope fires. Only 70% of the photons convert in the first hodoscope
(cf. section 3.4.3.4). This leaves 70% of the remaining 30% to convert in the second hodoscope, which
is 20% of the irradiating flux. The impact points of these latter photons are taken to be the centre
¢-coordinate of that bar of the inner hodoscope that contained the maximum energy. For all events the
£-coordinate is later calculated with the centre-of-gravity algorithm described in section 3.4.3.3. During
the run period A84 when two hodoscopes were mounted in front of BGO,, the {-position, deduced as
described above, was written onto the secondary generation of tapes, and the energy deposited in the
hodoscope was added to the total energy of the hexagonal crystals. During the run period D83 only
one hodoscope was used, and then the energies of the seven hodoscope bars were directly rewntten
onto the secondary tapes.

Finally the pre-cvaluation program also reads and accumulates scaler rates that count the signal
rates at different levels and branches of the trigger electronics (cf. section 3.7). The most important rate
is the telescope rate, i.e. the P-rate, as this is used to normalize the measured histograms. This number
is crucial later when determining any yield of a particular reaction that might be observed. The total
number of p’s that arrived during the complete run period and were not vetoed by the "busy’’ signal
from the online computer is of greatest importance. This number is the total number of pp annihila-
fions that contributed to the studied event sample. Thus, it is the number a peak appearing in a spec-
trum should be normalized to in order to obtain the corresponding branching ratio. These rates are
listed in table 4.1.

Table 4.1: Total number
of p's recorded in

u the different run

periods.

; D83 2.953-10°

| A

{ i L {
MB4  1.491:10°
energy M85  5.769-10°

Fig. 4.2: Distribution of the ratio g=F cjli' for €. the fraction of the energy contained in the central

crystal, for accepted photons versus the photon energy.

To know the truth on must imagine myriads of falsehoods. (Oscar Wilde, 1856-1900)
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4.1.2 Event Analysis

This second step of the data analysis is, like the first one, to a large extent performed by a com-
puter program. Before playing through all data tapes and producing histograms, the absolute calibra-
tion has to be made. It has also first to be decided which kind of kinematic cuts shouid be made to
reduce the background, and at which values to apply them. Thus, to investigate these topics, only a
fraction of the data is analysed to start with. The absolute calibration is accomplished by adjusting the
7" invariant mass peaks from the different detector combinations to the correct value, 134.96 MeV/c?,
and 1s further described in sub-subsection 4.1.2.2. Prior to the computation of the invariant mass s, of
the photon pairs the opening angle ¢ between the two photons has to be known, which requires the
reconstruction of impact positions. Sub-subsection 4.1.2.1 is devoted to the position reconstruction
and discusses limitations and the impact it has on the measurements. Sub-subsection 4.1.2.3 explores
possibilities to reduce background. For a sample of triple coincidence events some special kinematic
checks were made which are discussed in sub-subsection 4.1.2.4. Finally there is a sub-subsection con-
cerning the time analysis.

4.1.2.1 Reconstruction of the Impact Position

The principle for reconstructing the impact point is, as already extensively discussed in sections
3.4.3.3 and 3.5.3.2, to utilize the energy division between neighbouring modules, i.e. to enquire infor-
mation about the shower topology. A simple and reasonably well working method of doing this is that
of the centre of gravity, which works quite well for the BGO detectors. For the lead-glass array, how-
ever, the situation is somewhat different, and hence 2 variant approach was explored for its case.

4.1.2.1.1 BGO Algorithm

For reconstructing the impact point (£, {) we have used the weighted centre of gravity of the en-
ergy sharing among the seven crystals of a BGO assembly:

7 7 7
1 1
f=-—— 2 ¢ Eg | (=2 ¢ Eo N_ = 2 Eg (3.41)
Nyiey 1o Nproy 11 E G

where (£}, {,) are the coordinates of the symmetry axes of the crystals. The £{-plane is the front face of
the crystal. The exponent « is a free parameter optimized to 0.308. For more details about the inherent
features of this method refer to section 3.4.3.3. The accuracy of the algorithm depends on the shower
energy as the fluctuations in shower topology are more dramatic at lower energies than at higher. As
shown in section 3.4.3.3 the resolution possible to achieve is about 1.3 cm full-width at half-maximum
at a photon energy of 428 MeV. Unfortunatly this algorithm systernatically shuffles events towards the
centre of the entrance surface. This tendency turns out to be impossible 1o cure by changing the only
global parameter a. However, this effect is circularly symmetric around the central axis of the BGO
assembly, and will therefore enter our measurement in a more random way and give an additional
contribution to the position resolution. This contribution is in fact already implicit in the measured
value of 1.3 cm at 428 MeV.

When the position (£, {) is calculated there is a low-energy cutoff at 2 MeV so that crystal ener-
gies [, below that value are ignored. An exception occurs if the estimated impact position is compati-
ble with (£, {Y=(0, 0). The centre-of-gravity calculation is then conducted a second time with a yet
lower limit of (.5 MeV,

The ultimate motivation for making an accurate impact-position reconstruction is to be able to
improve the energy measurement by performing a fit of the kinematics that will adapt the measured
quantities to the invariant mass of the #° {or in occurrent case, of the »). To make the fitting optimally
the experimental errors have to be provided, The kinematic fitting program works with the angles #,
and &, between the y-rays and the #° direction, respectively. Therefore, it is the angular resolution of
one y-ray that has to be delivered to the fitting program. It is computed from the transverse position
resolution o, of the emission point and o, of the irradiation point on the detector front face together
with the intermediate distance R:
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i
a, (E?) = m}?/ aez + crsz(Eyj = ““;1%\/ trez + E707.0.16 cm?, (F in GeV). (4.9)

In all run periods except M85 the BGO sets were placed at a radial distance R= 30 cm from the target
centre which results in an angular resolution

o, & £7035.9.9° (K in GeV). (4.10)

In M85 the distance was R= 50 cm and subsequently a somewhat better value of o, £ 035 .0.6° (E
in GeV) was achieved. Fig. 4.3 shows the dependence of o o with shower energy £ f%r the two radii of
30 and 50 cm, respectively. The figure also displays the angle resolution obtained from the hodoscope
information. For comparison with the lead-glass situation (presented in the next paragraph) that curve
is shown in the same figure.

4.1.2.1.2 Lead-glass Algorithm

The sitwation of the im-
pact-point  reconstruction of
photons entering the lead-glass
detector is somewhat different
then of photons entering the
BGO. Care has to be taken for
the onentation of the block
containing the maximum encrgy
within the array. No constraints
have been applied for lead-glass
events when it comes to the en-
ergy sharing between neighb-
ouring blocks analogous to the
EJE condition for BGO

[ tot

events. Thus, the event sample O i | | ] L i

; ! .
being subject fo the position re- O 4_00 800

construction consists of photons

that could have entered any- ener Me'
where in the array, including the gy [ V]

edge blocks. The procedure Fig 4.3: Full-width at half-maximum T'¢ of the angular resolution for y-rays detected by
considers a matrix of nine a BGO calorimeter at 30 cm distance from the target (B,), and at 50 cm distance

blocks covering the cluster,
where the central block contains
the mazximum energy. Hence, it
is possible that an outer row (or
column) of three blocks does
not “exist”, so to say. Two mapping functions W_and W _that consider the location of the blocks in
the array are introduced to overcome this problem. The tmpact position (s, 2) is thus computed as

scope (H, 2H) is constant.

=W, (s, &, B) z=W, (7, b E)

where k= 1,..,160 is the middle-block number, and F the cluster energy and {1',2) is calculated accord-
ing 1o eq. (3.64). The values of W _and W, are taken from a lookup table which corrects for the failure
of the centre-of-gravity estimate ifor more details refer to section 3.5.3.2). W_and W _ are discrete
functions of the ratio (£,~E)/E, and go in 50 steps. The steps are, on exit from the algorithm
smeared effectively with a smaif random number,

As pointed out in the previous paragraph 4.1.2.1.1 it is of importance for the kinematic fitting to

provide proper error definitions as they control the possible improvement of the energy measurement.

Convictions are more dangerous enemies of truth than lies. (Fljied:‘lch Nietzsche, 1B44-1900)

from the target (Bgg), and for y-rays detected by the 1cac13—?;1ass array {L) as a func-
tionn of the photon encrgy. The resoluiion for photons detected by a BGO hodo-
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It is the angular resolution of one y-ray that has to be given, which is composed of an uncertain
emission point and impact point (R = 80 ¢m):

aﬂ(Eyj=*;}*.. / o+l = wi\/ o 2+ E710.19 cm® & E705 +0.4°, (£ in GeV). {4.12)

This error is relatively smaller than that in the energy measurement, whercfore a substantial improve-
ment of the energy values can be expected. Fig. 4.3 shows the angle resolution for the leadglass to-
gether with the BGO curves. For a more extensive discussion of the inherent charactenistics of this al-
gornithm refer to section 3.5.3.2. This algorithm certainly exhibits some severe systematic shortcomings
exactly as the BGO algorithm does. When measuring LL coincidences? this systematic is, however,
completely randomized as it is only the relative angle between the y-rays that is measured, and gives
thus only an additional contribution to the resolution. The result should be compared to the position
resclution obtained without performing any reconstruction. The omission of reconstruction yields a
standard deviation o, = 4.2 Lm/mﬂ 1.2 cm at all energies, which is considerably worse at higher en-
ergies than the 0.5 to 0.7 cm achieved by the reconstruction procedure.

4.1.2.2 Absolute Calibration

The absolute calibration is accomplished by adjusting the «° invadant mass peaks to 134.96
MeV/ct. The invariant mass m, of a photon pair is computed according to eq. (3.6) and entered a
histogram. A separate histogram is generated for each detector combination from which the three dif-
ferent positions m , (k= 'LL', 'B,L’, and B,L") of the #%-peaks are observed. Generally these values
differ from m_, =134.96 MeV/c*. The point is then to ad]ust them to the correct number by multi-
plying the energxes E, (i=1, 2) with calibration facotrs €,

Ef=c, E,. (4.13)
It is then presumed that the angle is already properly calibrated (cf. section 3.6.2). If we start with LL

coincidences the same calibration constant ¢, is cntenng both energies E," and F,” (provided that ¢, i
energy independent of course, i.e. assuming Ik mearity?),

m Lz =4F E,s5in*($/2) , mw‘,2 = 4CLL251 E,sin?($/2). (4.14)
which gives
m o Am
LT e R AmmmLL~mﬂD. {4.15)
My L

When ¢, is known the BGO energies can be calibrated in the same manner by using the »° invariant
mass pea.{Es produced by B, L and B,L coincidences:

mo=deyy ¢ EEsit(9[2) > ¢ = =—=c (4.16)

k

where k="B,L’, 'B,L".

T Caution: for BL coincidences one y-ray is fixed in space by the BGO position relative to the lead-glass array; sysiemalic ef-
fects could then become important.

* The lead-glass system does in fact noi respond exactly linearly, but this peculiarity has already been corrected for.
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The precision of the calibration is given from the fitting of the peaks and amounts typically to
about 0.5%. The calibration of the detectors was performed this way for the D83 data. For the later
run periods the calibration was already good enough from the pre-analysis since the charged-pion
peaks then could be adjusted to a, by then, known value (cf. section 3.4.3.1). The lead-glass had al-
ways 10 be calibrated this way.

When defining the calibration constants ¢, any potential negative influence from the angle meas-
urement should be minimized so that the constants are obtained as accorately as possible. The invari-
ant mass 18 my~sin(¢/2) and hence is dmy~cos(9/2) dg, so the proliferation of the angular error is
mostly surpressed at 90° decay angle. Selection of only these decays is invoked by imposing the condi-
tions that the w°-momentum p o=m o , and that the assymmetry x=(E, — E,}/E_, <£10% which
guarantees that accepted events are restricted to the peak of the Yacobian distribution. These con-
straints can, of course, not be applied to B, 1. coincidences, since this combination does not subtend
90°; one has in this case to be satisfied with the closest angle covered by the configuration.

The success of the calibration is monitored by a variety of check-points. In the LL and B,L
#%-spectra there are signals from the process pp—w'(p®, @) that peaks at 768 MeV/c. In the LL
7-spectrum there is a signal from the reaction pp-=n(p°, @) at 656 MeV/c. The calibration of the lead
glass is revealed by both signals, whereas the BGO, calibration can only be seen from the 7°-signal
due to bad detection efficiency for 4's. The BGO, calibration cannot be revealed by any of these sig-
nals, since the combination B, L is not sufficiently sensitive to those reactions. However, there is an-
other signal appearing in this spectrum that allows inspection of the calibration.

It arises from monoenergetic #%'s coming from the
Panofski reaction = p-=w’n which is induced by

I i I

negative pions produced in pp annihilations. These PP

«%'s occur at a momentum of 28 McV/c. The BGO, TCOTEO
calibration is also perceptible in the photon cnergy 0
spectrum obtained from B, L1 triple coincidences, of T Y

which the two photons detected by the lead glass are
identified as a #°. The maximum photon energy is
933 MeV, which, together with knowledge about the
resolution, settles the upper end-point of the spec-
trum. We can profit more from this triple combina-
tion by plotting the lead-glass #°-momenta ender the
boundary condition that the energy of the third pho-~
ton is greater than 850 MeV/c which separates the
two rcactions pp=+2a" (p =929 MeV/jc) and
pp-+7'y (p_o= 933 MeV/c). The retained events build
a peak in the LL spectrum (fig. 4.4). | ’

The D83 and MR35 single photon measurements 800 1000
can apparently not be subject to any of the above
signals, neither the invariant mass peaks nor the other momentum [M eV/ C]
signals. The calibration can in this case be founded . ,

Fig. 4.4: Peak in the LL #®-momentum spectrum
on two other observables. On one hand the upper from the indicated reactions obtained when a
end-point of the photon-energy spectrum can be high-cnergetic photon is detested by BGO, in
matched to the proper value (933 to 938 MeV), the opposite dircetion.
which, however, requires accurate knowledge about
the resolution at this energy. On the other hand a signal from monochromatic photons can be ob-
served. There is one such line, though of very poor statistics, originating from the other Panofski reac-
tion w p-yn (E_ =129 MeV. By matching these two pieces of information an absolute calibration of
1% could be achieved [130].

Finally, to summarize, the maximum absolute calibration errors can be observed a posteriori in
units of the bin-width of respective histogram. These errors are of substantial importance later in the
analysis, because they might introduce systematic errors when applying cuts in the spectra (see further
next section).

counts

Nature goes her own way, and all thal to us seems an exception
/s really according to order. (Goethe, 1749-1832)
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4.1.2.3 Kinematical Investigations

The examination of the event kinematics commences by inturogating the invariant mass m, that
has to belong to the + 3¢ interval around m o - The standard deviation o is given by a fit of the peak
(see fig. 3. 74) A *3o cut corresponds to 2 conﬁdence level* of 99.8%. For the Ll-spectrum the

w’-window is [106, 162] (MeV/c?). By fitting a Gaussian plus a second-order polynomial to the +7¢
rcgion around the peak, the signal-to-background ratios are deduced.

Events that survive the invariant-mass cut are passed further to a one-constraint kinematic fitting
program® that forces the correct invariant mass to be reproduced by computing corrected quantities,
and letting them supersede the measured ones. There are two virtues with such a kinematic fitting,
Firstly, instead of merely deriving the #»%-momenta from the two photon energies only, the measure-
ment can be improved by letting the kinematic fitting "solve” the over-determined equation system
that defines the event kinematics. Secondly, the x?-value delivered by the fit is a sensitive measure of
the goodness of an cvent under the hypothesis that it was a #%-decay, and provides consequently a
potent event rejection. Before discussing the last issue we halt 2 moment at the former topic about the
amelioration of the momentum resolution. To assure this point the level of precision in each individual
measured quantity has to be identified and provided to the fitting program. If an error would be
wrongly defined it could cause, not only a variable to be under-weighted, but even injury of the obser-
vations. These errors are used to weight the corrections of the measured quantities that the fitting does
in order to fulfit the invarant-mass constraint. This meens that the ratios between the relative correc-
tions are proportional to the ratios between the relative accuracies. For numerical examples refer to
section 3.6.3. The fitting is most relevant for LL coincidences and can then give a resolution three
times smaller than that merely summing the photon energies leads to.

The other benefit of the fitting procedure was the resulting x*-values. These are extremely useful
in order to reject background from uncorrelated photon coincidences. The true #%-events will produce
a proper x2-distrdbution of one degree of freedom, and we employ a conventional cut at 95% confi-
dence level, ie. at x* = 3.8. Before trying to justify this cut it should just be demonstrated the excellent
rejection power of background that this method possesses in comparison to simply making a cut in the
invariant mass spectrum. For LL coincidences in the »%window a x2-cut at 3.8 reduced the data sam-
ple by 25%. The signal-to-background ratio in this window is S$/B= 1.04 implying that 91% of the
events thrown away are uncorrelated coincidences, or equivalently: 46% of the uncorrelated back-
ground is removed. Fig. 4.5 shows a result from a Monte Carlo simulation: the invariant mass distri-
bution from uncorrelated coincidences retained by the x-cut. The dashed lines show the situation be-
fore the x*-cut. If one simply makes a cut in the invariant mass spectrum at 95% confidence level it
has to be applied approximately at +2o. This would only affect 10% of the data sample, ie., hardly
17% of the uncorrelated background is removed in lieu of the 46% rejected by the x*-cut.

To show that the x?<3.8 i3 a reasonable requirement, the x®-values from the kinematic fit are
plotted (fig. 4.6). Before this distribution is compared to the theoretical funciion for one degree of
freedom

* See Appenix C.

* The principles of such an itierative constraint fitting program are described in several articles; see for instance the one by B.
Ronne in the CERN Report 64-13 (p. 87) from 1964, The basic idea is Lagrange’s method of minimizing a multi-dimensional
function for certain boundary conditions.
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1 1 1
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the contribution from the uncorrelated background has to be subtracted. The shape of the background
distribution can be estimated in three ways:

e X2, 4.17)

¢ scrambling coincidences by using two photons from different events;
e compating the x?-plot for events belonging to a window below or above the #%-window;
¢ Monte Carlo simulate the background contribution.

Fig. 4.6: x*-distribution from LL coincidences. The line is an esti-
mation of the contribution from the uncorrelated background.
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Fig. 4.5: Fraction of the uncorrelated X
background in the LL invariant
mass specirum that passes the Fig. 4.7: x*-distribution obtained from uncorrelated LL coincidences
x*-cut as resulting from a Monte in a window (a} below and (b) above the »°-window in the in-

Carlo simulation. variant mass spectrum,
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Figs. 4.7a~b show the x*-plots for the window
[50, 106] below and the window [162, 208] above
the »%-window, respectively. A tentative form of
the background in the »%-window is the binwise
average of the two “side-bands” which yields the
curve in Hg. 4.6, scaled according to the sig-
nal-to-background ratio. This curve is in apree-
ment with the result from a Monte Carlo simula-
tion and the scrambling of disjunct events.
Subtracting this contribution from the experimen-
tal data sample results in the distribution shown in
fig. 4.8 which also contains the theoretical
x*-function for one degree of freedom [eq. (4.17)].
A. reasonable choice of confidence level 13 evi-
dently x* = 3.8.

The momentum. spectra are eventually pro-
duced from the events that were preserved by the
x?-condition whilst the momentum of the «° is
computed from the fitted energies. The evaluation
of the p-momentum spectrum is of course com-
pletely analogous to the w%-evaluation. The invar-
iant mass cut is applied at 3o around m_= 548.8
MeV/c¢? and the kinematic fitting is conducted ac-

cording to this mass value instead of that of the Fig. 4.8: Remaining x*-distribution after the estimated

a0, contribution from the uncorrclated background
has been subtracted. The line indicates the theo-
retical x*-distribution for one depree of freedorm.

counts

4.1.2.4 Triple Photon Coincidence Events

This data sampile, denoted B, L1, is a subset of the LL coincidences recorded during the D83 run
period. It consists of those events for which the photon pair detected by the lead-glass array is identi-
fied as a «" according to the cut conditions presented in the previous sub-subsection, and for which
there was simultaneously a photon striking the BGO, detector in the opposite direction. Figs. 4.9a—b
show the #°-momentum spectrum of the LL photon pair and the energy spectram of the third photon
as observed by BGO,. Two additional quantities that can be derived from the three photons is the in-
variant mass M, and the missing mass MM:

Mo*=(Eo+E )* = (po+p )% (4.18)
(MM = [2m ~(E+E ) | = (p,op, )

The corresponding spectra are displayed in figs. 4.9d—~e. There is a prominent signal in the invariant
mass spectrum stemming from w-mesons that decay into «%y (3% of all w-decays). In the missing-mass
spectrum there 1s a clear signal at zero which embraces pp annihilations into 27" and =% final states.
The distribution of the angle ® between the direction of the third photon and the «°-direction is
shown in fig. 4.9¢.
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To discriminate contaminating back- O 1 2 3
ground and separate the annihilation
channels pp—+24° and pp—=="y, con- 4 ' ' i !
straints are imposed on the #°-momentum F‘lil ,Lﬂ}ig%k
2o » the photon energy E, , the angle © 3 Hﬁ[WWNE
between their directions, and the missing E;“%
mass MM, according to
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s E >600 MeV  (4.19)
a 0% 166°

(MM)? <0.6(GeV/c?)?
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Even if the E -cut and the O-cut are x
equivalent as  they apply 1o the i
27°-channel they might be complementa- wn
ry in suppressing background processes. "E 2 -
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The resulting p , , E, and @ spectra are
shown in figs. 4.10a"¢c. The detection ef-
ficiencies for different annihilation chan-
nels under these cut conditions are further |
presented in the next section. I *
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Fig. 4.9¢: Sce figure caption on the {former page.
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4.1.2.5 Time Analysis

The purpose of implementing the TDCs in the trigger electronics is, in addition to reject very late
events relative the telescope signal, to offer the possibility of making a time-delayed analysis. The wish
with such a time-delayed analysis is to distinguish secondary processes. These are for instance kaon
decays K+nn® (21%, 31%) that are delayed by the lifetime of the kaon (7_+ = 12.4 ns and To=51.8
ns). Kaons are produced in ~6.8% of all pp annihilations [11}. To make t’fxe time resolution optimal
iwo corrective measures are undertaken. One is to compensate for the different transmission times of
the individual photomultipliers. The other is to amend the time-walk of the discriminators in the trig-
ger electronics. The former correction is performed by histogramming TDC numbers in separate his-
tograms depending on which BGO crystal contained the maximum energy. By requiring more than
50% of the shower energy to be contained in the module being plotted the trigger signal is dominated
by the signal from the entrance crystal. This way the different transition times of the separate photo-
multipliers are probed, and relative time calibration factors are deduced:

He who asks questions cannot avoid the answers. (Camerconian proverb)
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S = ;

t’ wtu

(4.20)

where i=1,.,7, and the corrected
time is computed as

7
t
(7= 2 £ E,
E ri=1

{2

(4.21)

The latter correction, of the
time-walk, is carried out by moni-
toring the TDC values 1 as a function
of shower energy E and deriving an
energy dependent correction coeffi-
cient ¢(E) according to

t” = t'(E} + ¢(E) = const.
(4.22)

The final time spectrum of BGO, is
shown in fig. 4.11a and shows the
presence of a few late photons. The
time resolution achieved after the
corrections is about 320 ps.

To demonstrate secondary pro-
cesses yielding #'s it requires that
both photons of a coincidence event
are late by the same time. In fig
4.11b a scatter plot of B,L coinci-
dences from the event sample D83 is
displayed. On the vertical axis is
marked the lead-glass TDC value
versus the BGO, TDC value on the
horizontal axis, and one sees a clear
diagonal band of late #%'s, and per-
haps a difuse island in the upper right
corner that are candidates for kaonic
decays.

counts x 103

Fig. 4.11a: Time spectrum of BGO events recorded
during the D83 run period. (Adapted from
ref. [121]).
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4.2. INTERPRETATION OF SPECTRA

In the previous scction was described how the different spectra are extracted out of the raw data.
It was presented what constraints were applied, both to the quality of the direct measurement of the
detection phenomenon, ie. the electromagnetic shower, and the event kinematics. The final stage of
this offline analysis is a number of spectra, These are mainly #°-momentum spectra and the momen-
tum spectrum of n-mesons emerging from the annihilation, and also the energy spectrum from single
photons. In this section these spectra are interpreted including the deduction of yields from appearing
signals, and comprehension of the general shape of the spectra. Thus, this section is confined to de-
scribing the methods, and the actual results from the interpretation are then collected in the succeding
section 4.3 The shapes of the »°-momentum and n-momentum spectra are dominated by the influence
of the detector geometry. The overall shapes are understood from simulations of the many-body anni-
hilation channels of the pp system by using Monte Carlo techniques. To deduce the size of a signal
that appears above the continuous background the basic task is to parameterize the background in
terms of a smooth (analytic) function. These procedures are described in subsections 4.2.1, 4.2.2, and
4.2.5 for the three types of inclusive spectra obtained from measuring an emitted «°, %, or v, respec-
tively. The sample of triple photon-coincidence events is subject to a more extensive interpretation that
is discussed in subsection 4.2.3. Interesting information can also be extracted from the B, L sum energy
spectrum, which is presented in subsection 4.2.4.

4.2.1 Inclusive w° Momentum Spectra

- Of the inclusive 7°-momentumn spectra the LL spectrum is perhaps the most comprehensive one.
It contains high statistics and shows structures from resonances after the continuous background has
been parameterized and subtracted. The high statistics of the spectrum offers high sensitivity for den-
vation of upper limits for any non-observed two-body disintegration modes of the pp system. The B, L
spectra from the run periods D83, M84, and A84 have their highest sensitivity at momenta around 200
MeV/c. They do therefore serve as complement to the L1, spectrum when computing upper limits of
two-body decays. The sensitivity of the LL combination is lower at Jow =%-momenta due to low de-
tection efficiency. The B,L combination is combined with L1, to exclusively measure #’-coincidences
in the lead-glass array that are accompanied by a third photon in the opposite direction. In addition
B,L is used to measure hig-energetic back-to-background photon coincidences. Parenthetically it can
be mentioned that the general shape of the B,L spectrum offers a nice opportunity for a deeper un-
derstanding of the impact that the detector geometry has on 7%-spectroscopy.

4.2.1.1 Double LL Coincidences

A first rough qualitative understanding of the general shape of the LL spectrum is apparent from
comparing the spectrum of produced «#°-mesons, ie. as it would have been seen by a perfect
4z-detector (fig. 4.12). The LL spectrum has been simulated with Monte Carlo techniques. The anni-
hilation channels included in this Monte Carlo simulation are those labelled "MC" in table 2.1, which
are the dominant annihilation channels. These dominate the continuous background of the
x®.spectrum. The resulting spectrum is shown in fig. 4.13a. Figs. 4.13b and 4.13c show the contribu-
tions from true w°-coincidences and from uncorrelated ones, respectively. The spectrum dropping to
zero around 100 MeV/c is owing to the fact that the acceptance vanishes.

To subtract the continuous part of the data spectrum one needs a smooth (analytic) function that
has the shape of the contimuous background spectrum, i.. that which has been simulated. We there-
fore try to parameterize the Monte Carlo spectrum (fig. 4.13a) in terms of an analytic function. The
spectrum can be expressed as a set of numbers ¢,{p,/) being the bin contents where p, are the momenta
at the centre of the bins. Making a variable transformation from p, to x,;=py—p; , where p, 18 the
maximum occuring momentum, and plotting the spectrum ¢ !( p;) on a double loparithmic scale (fig.
4.14) shows that a large part of the spectrum becomes approximately linear. A straight line in this plot
has the equation: '

Thinking means connecting things, and stops if they cannot be connected (G.K,Chesterton, 1874-1936)
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in(f}=a+Bl(x)=a+Bin(p,—p) , (4.23)
which suggests that a large part of the spectrum can be fitted by the function®
[= e @o—pf = ap—pP, (4.24)

where a and B are free parameters. By subtracting a similar term with a "deeper knee”, i.¢. a larger ex-
ponent 8, the curve can be bent down to follow the spectrum over a larger range. A function” that fit-
ted the whole Monte Carlo spectrum well was obtained with four such terms:

4
ftn) = 4 2 a,(py~p)t, (4.25)
I=1

where the parameters were fitted (except 4,) to the following values:
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Fig. 4.12: Momentum specira of the annihilation Fig. 4.13: LL momentum spectrum (a) as obtained

channels marked "MC" in table 2.1 as simulated & . .
. ) . . om a Monte Carlo simulation. Spectra (b) and
with Monte Carlo techniques: {a) using all pos- © the  contsbutions P from( ) N

Si},ﬂe double dphotc;n rﬂc oincidenclm;, d(blz tOf w%-coincidences and uncorrelated coincidences,
w%-mesons, and {¢) of only uncorrelated photon respectively.

pairs.

® A function of this type has been used to successfully fit the inclusive photon spectrum; see section 4.2.5 and ref, [13].

7 Also the nspectrum might be possible to fit with a function of the same type as was later found to fit the y-spectrum; see
footnote on page 138
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A is also a free parameter but is
not relevant for the shape of the
spectrum, since it only deter- :
mines the scale. The fit resulted -

in a x*-value of 127 for 83 de- 1 /\ Y
grees of freedom. Fig 4.15 - P
shows the Monte Carlo spec- :
trum with the fitted function.
Fig. 4.16 shows the measured
LL spectrum from M85 with
the function j;ack(p)=Nf(p), )
where N is a normalization : o
constant. As demonstrated by ¥ W
the figure the Monte Carlo sim- i o *
ulation does not agree with the
measured  specirum  in  detail. -
The reason for this is not un-
derstood, but seems to originate
from annihilation channels with
fow «%multiplicity but high
multiplicity of charged pions,
and could not thus possibly be

counts
4

IIII 1 1 L S D

100
B~ P [MevVic]

1000

Fig. 4.14: LL »°-momentum spectrum recorded during A84 plotted on double logarith-
mic scale as a function of py,— p, where p, is the maximum occuring momentum and

connected to the rejection of
showers due to firing veto
counters.

The dashed curve is the
contribution from the uncorre-
lated background as obtained
from the Monte Carlo simula-
tion, and is compared to the
bulleted data points that are an
estimation of the uncorrelated
background from data. This es-
timation is computed as the av-
erage of the results from three
different methods. One method
consists of determining the sig-
nal-to-background ratio of 20
different invariant mass plots.
Depending on which 50 MeV/c
interval the «"-momentum be-
longs to a corresponding invari-
ant mass plot is incremented.
This method hinges on the as-
sumption that the x?-cut does
not alter the shape of the un-
correlated background. To con-
firm or deny this assumption the
following procedure was under-

taken. The signal-to-background

p is the »"-momentum,

100 -

counts

50

|
200

momentum

|
600

1000

[MeV/c]

Fig. 4.15: A it of the Monte Carlo simulated LL spectrum (fig. 4.13a).

! have often heen wrong about scientific things in the past, and I have learned
that the best thing to do s to admit it and go on. (Harold C. Urey, 1893-1981)
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ratios cannot be determined for T I x ,
invariant mass plots that are
produced only from events that
passed the x?-cut, because the
shape of the uncorrelated back-
ground has also a Gaussian
shape after the x?-cut (fig. 4.5).
However, fruitful information is
obtained by comparing the total
number of entries of each in-
variant mass plot produced after
the x?-cut with the correspond- _
ing plot produced prior to the
cut. Knowing that the xZ-cut \L

rejects 5% of the true #%-events | i ‘+" +“| e

the rest of the removed events 200 ' 600 1000

has to be uncorrelated back- ; [M v/ ]
ground, ie., if the area of the #° momentum eV/c

e atwe + 3o limits i
Rrak ban d fﬁe ﬂ::taz ilml:‘g)ue:‘s :};. Fig. 4.16: The LL «®-momentum spectrum from M85 with the function fitted to the
L s ; Monte Carlo spectrum. The dashed curve shows the contribution from uncorrelated
entries after the x*-cut is n tot ? coincidences obtained from the Monte Carlo simulation and is compared to an esti-
the number of uncorrelated co- mation based on data. :

incidences n_after the x2-cut is

i
o
i

($2]
i

counts «10% / 4 MeV/c

nuc - nto!

~no =, ~ 095N o . (4.26)
Thus, the signal-to-background ratio s/b after the x2-cut is

1

_Sg_z [_'i“’_’__ (1+ ) -1 ]"1_ (4.27)

0.95N, (S/B)

Comparing the 20 ratios (5/8), obtained before the x*-cut and the 20 ratios (s/b), obtained after the
cut indicates that higher momentum events are sliphtly more surpressed.

Another method to uncover the shape of the uncorrelated coincidences is to plot the content of
each 50 MeV/c interval as a function of the x*-cut value. When the cut is moved to larger values the
events gained are practically only uncorrelated ones. The third method is to use the events in a window
above and one below the #®-window, as was done to deduce the contribution to the x*-distribution.
Momentum spectra are subsequently produced by performing fits to my-values at the centre of the
windows. These are shown in fig. 4.17, and the shape in the #"-window is tentatively estimated by
binwise taking the average of these two shapes, To estimate the contribution to the x2-distribution one
method employed was to synthesize coincidences from photons belonging to different events. This
method can, on the contrary, not be used to estimate the momentum distribution of the uncorrelated
background, because there is a substantially larger probability to pick a pair of photons where both
have high energy than it is in a physical coincidence, In a physical event the total energy and momen-
tum have always to be conserved, which does not hold for a scrambled coincidence.

In principle the goal is to subtract the continuous background in terms of an analytic funtion, and
1o fit the residual spectrum with a function j; cat' P/ that is a sum of peaks® /,(p), where r labels a re-
sonance:

A

P

car P = ? A f(p), (4.28)

8 The peak function JAp} is derived from a Breit-Wigner shape by weighting with the acceptance curve (fig. 3.81a} and folding
with the resclution.
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where 4 are the amplitudes of l l l |
the signals from the respective 9 '
resonances. However, due to the "
failure of the background func- N (a)
tion fback(p) to describe the I u
shape accurately, this approach | )
was altered. The =%-signals ex- 1 t ".
pected from observations of ' M,
w"-associated two-body annihi-
lattons in earlier experiments are
listed in table 4.2 together with
the estimated yields. In fig. 4.18
these signals are exhibited as
they would appear in the LL A ! (b)
w%-spectrum if they all were ; i

produced with  the same :
branching ratios. The figure also : I h
shows the expected signal from | ",
pp annihilations into 7%, which ' e

has not been directly observed . l 'i'""a---.,,,,h
before. A structure function 00 500
j:p ' P) was composed being a

sum of the four peaks f(p) -
from table 4.1 with the an;pli- Fig. 4.17: Momentom spectra obtained from uncorrelated coinci-
tudes 4 as expected from the dences belonging to windows {a) below and {b) above the

. . . . O.window in the invariant spectrum.
observed branching ratios. The function is w-window in tho invanant mass p
shown in fig. 4.19 together with the data spec-

trum from A84. The spectrum is then fitted by
the sum function

2

/4

|

counts »10°

o
m O

o
I~
t
i

1000
momentum [MeV/c}

ec (p)= Npeak j;:eak (p)+ Nback f;ack(lgij 29)

where the normalization factors N and N

are free parameters. In fact, also ﬂigkpa:ametfg% Table 4.2: Expected »%-signals.
of f, ., were refitted since f, . failed to describe

the background exactly, but their values were Reaction  Yield
altered by less than a standard deviation. Fig. :

4.20a shows the total spectrum and the back- w%p® 1.9%
ground function as resulting from the fit, while 7'B° 0.4%

fig. 4.20b shows the residual spectrum after sub- 7°f 0.4%
traction of this background, and with the struc- 7°A,"° 2%

ture function superimposed. The small cusp at
205 to 210 MeV/c is recognized as stemming
from kaons produced in pp annihilations and
stopping in the target, and decaying into wz®. A
small Gaussian was added to the fit function to
represent this signal. Adding a peak for the pro-
cess pp—+»"w to the function f__ resulted in a
slightly better x*-value of the fif%nd a value of
4, that increased the area of the "pw-peak” with
roughly 25%. It should be emphasized, though,
that the #%w-yield deduced in this way is con-

In order to draw a limit to thinking, we should have to think both sides of this limit {Ludwig Wittgenstein 1889-1
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nected to the shape” of the peak

in the spectrum, and does thus T | | T
hinge on the size of the signal in
this spectrum from the channel
pp-=n"p"

The significance of the
#%w-signal can be enhanced by
two means. On one hand, it can
be discriminated from the
a%p-signal by interrogating the
charged-pion  distribution. On
the other hand, there is the pos-
sibility of asking the presence of
a third photon. The vast major-
ity (~100%) of the p®-mesons
decay into two charged pions -
(two neutral pions do not occur 200 ~ 600 1000

due to charge-parity conserva- t [MeV/c]
. . momenium ev/ic
tion). Thus, the #%%-events will

be co mpletely exclu@ed by the Fig. 4.18: Peaks expected in the LL w®-momentum spectrum from two-body an-
requirement of a third photon, nihilation channels.
whereas a fraction of the

a’w-events will be retained due

to the decay of the w-meson

into w¥w v’ or % yielding the

third required photon. The third

photon can be detected cither by T 1
a BGO detector or by the '
lead-plass array. Duec to the
small solid angle of a BGO de-
tector the already  small
wCw-signal is further reduced so
much by this condition that it is
almost washed out. The
#%-momentum spectram in fig,
4.21 is obtained from M85 data,
and is produced from those
events that consisted of at least
three showers in the lead-glass
array, of which two were identi-
fied as a w%-decay. The signal at d L B S A P,

768 MeV/c in this spectrum is - 200 600 1000

exclusivelyﬂcormng from the dv.?~ momentum [MeV/c]
cay pp-~n"w. The area of this

peak is accurately enough de- Fig. 4.19: The LL w®-momentum spectrum from A84 and the function representing
duced by fitting a Gaussian plus the expected structures.

a second order polynomial to

this region of the spectrum, be-

cause the w-resonance is narrow

and thus the peak width is the

detector resolution,

pf,*nopo

counts x10%/6 MeV/c

? The peak shapes were derived from a classical Breit-Wigner shape, which does not give the compietely correct shape, but
does not alter the overall area significantly. However, when decomposing an observed struciure into two peaks the chosen
shape might influence the ratio.
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The other method to
separate the two signals «%°
and 7% in the #%-momentum
spectrum, is to utilize the infor-
mation from the charged-pion
hodoscope installed around the
target during the M85 run perni-
od. This device consisted of 20
scintiilator strips of dimensions
0.5%2.0% 30 cm? assembled to a
cylinder of 6 cm inner radius.
Each scintillator strip subtends
an azimuthal angle of 18°, and
the complete cylinder covers
92% solid angle. The idea of
this investigaion is that of mak-
ing use of the different spatial
distributions of the »* =~ -pairs
from the decays of the
p%-mesons and the w-mesons,
respectively. The decays of these
mesons are not isotropic in the
centre-of-mass  system but are
correlated to the direction of
motion as they are vector me-
sons, ie. they carry spin. The
momentum  direction of the
vector meson can be choosen as
the quantization axis, since it is
the opposite of that of the pri-
mary «° and thus known. The
differential cross-sections [39]
[147) for the two decays
pleate” and o=vte o’ are

do ~ sin*® 49,
do ~ sinZGN sin*® dit ,
(4.30)

respectively, where @ is the hel-
icity angle of the positive pion
from the p%-decay, and e,

the angle  between the
w-momentum and the normal to
its disintegration plane, and 8 is
the helicity angle of the positive
pion in the centre-of-mass sys-
tem of the «'w~ from the
w-decay.

While this thesis is being
written these investigation have
just started and not yet yielded
final results. A Monte Carlo
simulation [100} of the expected
charged-pion distributions from

counts x10%/6 MeV/c

romentum

(®) pp—+n’s & w
LN
nmﬁﬁﬂm, il UL”“ b ugﬂ 0
200 5_00 =
IMevic]

Fig. 4.20: The LL #°-momentum spectrum from AB4 with the function
representing  the continuous background superimposed (a). The
residual spectrum after subtraction of the continuous background
with the structure function superimposed is shown in (b).

counts «10°

[ i I feﬂ. A
pp=mw |
B _—
1 i 1 | ..............
200 600 1000
momentum [MeVic]

Fig. 4.21: LL #%momentum spectrum from M85 obtained from events
yielding three photon showers in the lead-glass array. Inset shows the
spectrum when requiring no charged pions.

The pursuit of knowledge is, [ think, mainly actuated by love of power. (Bertrand Russel, 1872-1970)
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these two annihilation channels was done using a computer program by Amsler [10] that incorporates
the spin correlation’® of the decays. The difference in the distributions of the charged pions from the
two decays pO-»7*7~ and w-a¥w o® respectively, is perhaps best visualized in a two-dimensional
plot with one axis being the number i= 1,.., 20 of that scintillator strip fired by one of the charged
pions, and the other axis being the number j=1,., 20 of that scintillator strip fired by the other
charged pion. Scintillator strip 1" is then defined as the one the primary #° passed through, which
direction is calculated from the kinematics of the two decay photons detected by the lead-glass array.
In this plot the central cross i=j= 10 represents the opposite direction of the primary #". Apparently,
all #%"%events will occur in quadrants 2 and 4 symmetric around the diagonal, because the two
charged pions in these decays have to emit symmetrically in the projection plane perpendicular to the
w¥pY-decay line (fig. 4.22). This circumstance does not hold for the #%-events, since the w-decay is a
three-body decay which will allow the charged pions to appear on the "same side” of the
w"w-direction, so to say. The resultant distributions from the Monte Carlo investigation are shown in

20

10

strip 1
N
o0

10 |- =

o) T
0 10 20
strip j

Fig. 4.22: The two charged pions from a p®-decay (a) do always Fig. 4.23: Distributions of pairs of fired scintillator
hit the muliplicity counter on opposite sides of the strips /, j of the multiplicity counter as resulting
a%p0.line, which is in contrast to the two charged pions from a Monte Carlo simulation of (a) p%-decays,
from an w-decay (b). and (b) w-decays,

10 1n practice, Monte Carlo programs of this type work in the way that, firstly, an event is generated randomly so that energy
and momentum is conserved according to the mass specifications given as input. After that, a weight factor Wy is calcuiated
which informes about the probability that this particular momentum configuration occurs, owing 1o phase space considera-
tions. Similatly, a weight factor w, can be calculated from considering spin-correlation effects so that the overall probabitity

for a particular decay to occur is given by the product W W
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A similar data plot of the events between 680 MeV/c and 850 MeV/c in the »”-momentum spectrum
from M85, and for which exactly two strips of the charged-pion hodoscope fired, does, however, not
show any conspicuous clue how to separate the two channels pp—+#®p® and pp—+n°c. The hope is that
the continuous background under the peak in the #»°-momentum spectrum is flat and smooth in the
charged-pion plot. Whether this is true has, however, to be further examined before any conclusions
can be drawn from this plot.

Finally, information can be extracted from this »"-momentum spectrum about any other
two-body decay of the pp system that result in a #° by deducing a “sensitivity curve”. This curve gives
an upper limit for how frequently any non-observed two-body decay pp-»°X can occur. The limit is
deduced such that, if a process pp—+«°X occurs with a branching ratio given by this sensitivity curve, it
would result in a "'30” peak in the LL #%-momentum spectrum. The unit "o’ for denoting significance
is indeed a confused concept in the literature. 1 have adopted the definition given in Appendix C. The
size of a 30-peak is obtained by adding an artificial peak to the spectrum and fiiting the function Cf
with only the scale C as a free parameter, and calculating the increase of the x?-value (cf. Appendix &5
The branching ratio corresponding to such a peak is then derived by dividing the total number of
counts in the peak with the #°-acceptance for its mean'! #°-momentum. Subsequently the branching
ratio for the associated hypothetical two-body decay pp-+=°X is obtained by normalizing the yield to
the total number of pp interactions that were contributing to the spectrum.

The sensitivity curve deduced from

the LL spectrum from M85 is shown 10 | — T :
in fig. 4.24. On the vertical axis the
branching ratio R(pp—="X) is read
directly as a function of the momen-
tumn of the recoiling 7°.

It should be emphasized that the
sensitivity curve in fig. 4.24 is derived
under the assumption that the un-
known state X is narrow enough not
to cause the momentum distribution
of the recoiling #° to be broader than
~10% of the resolution at the mean
»®-momenturm, which allows the
mass distribution of the X-state to be
about 20% broader. For a larger life-

time of the X-state the branching ra- Fig. 4.24: Upper limit for the branching ratio R ,, (sec text) with 95%
tio has to be larger to yield a confidence level as a function of the #”-momentum.
3o-effect in the spectrum.

It should finally also be pointed I E T i
out that the entire discussion above 8
is only strictly valid if the X-state
does not disintegrate into some fatal
charged-particle distribution that will
impair the w«%-measurement. This
would reduce the effective
w®-acceptance and thus saturating the
sensitivity by requiring a larger
branching ratio.

R oy #1077
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0 | ! l i
200 600 1000
momentum [MeV/c]

10
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Fig. 4.25: B,L #%momentum spectrum from AR4
with a spline function representing the contin-
uum superimposed. The dashed line is the 200 800 1000
contribution from the uncomelated back-

. momentum [MeV/c]

11 The acceptance should be taken at the mean value of the peak, because the momentum is resolved after the 7° has been ac-
cepted by the geometry of the detector.
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4.2.1.2 Double B,1. Coincidences

There are three B, L
#®-momentum spectra recorded dur-
ing three different run peniods. The
resolution differs between the spectra
due to the different number of BGO
hodoscopes mounted in the BGO
system, and in addition the D83 ar-
rangement subtended another angutar
interval, Thus, the acceptance of the
D83 spectrum is somewhat different,
and care has to be taken if summing
the three spectra together. Fig. 4.25
shows the AB4 spectrum together
with two curves, the dashed one re-
sulting from a Monte Carlo simula-
tion and representing the contribu-
tion  from  the  uncorrelated
coincidences. The contribution from
the uncorrelated background was in
this case also estimated from data as
was done for the 11, spectrum,

The continuous background of
this spectrum could not be parame-
terized in terms of an analytic func-
tion of the kind wsed for the LI
spectrum, but is well parameterized
by a spline function of fourth order
with seven knots. The smoothness of
this function was examined by com-
puting the derivative of it, which was
found to be monotonically decreasing
to zero and then remaining negative,
making no rapid variations.

A sensitivity curve (fig. 4.26)
was also derived for this spectrum by
using this spline function plus a peak
function for the p®w-signal.

4.2.1.3 Double B, K. Coincidences

There are also three different
B,L #%-momentum spectra existing
from the same three different run
periods, viz. D83, MB4, and ABR4.
The spectra from D83 and A84, are
more similar in the sense that they
both cover about the same
al-momentum range, which differs
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Fig. 4.26: Upper limit for the branching ratio R ,, (see text) with
95% confidence level as a function of the »®-momenturn.
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Fig. 4.27: B, L »°-momentum spectrum from AB4.

slightly from the M84 spectrum. The B, spectrum measured during the A84 period is shown in fig.
4,27. The spectrum contains mostly of uncorrelated coincidences which is demonstrated by the invan-
ant mass plot (fig. 3.74c). The monochromatic #-signal at 28 MeV/c springs from the Panofski reac-
tion # ~p-°n which is induced by # ~-mesons produced in pp annihilations and stopped in the target.

This signal has been used for calibration.
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The somewhat queer general shape of this spectrum offers a relishing opportunity to further
understand the impact the detector geometry has on the spectral shape. The bump around 110 MeV/c
on the upper falling slope of the B,L spectrum shows also up in a Monte Carlo simulation of the
spectrum, and has therefore most likely to be due to the detector geometry. A tentative explanation
could be the following. Let us consider a uniform =°-energy distribution between 135 and 1000 MeV
(fig. 4.28a). The momentum distribution is then as indicated in the figure. If the detector now only ac-
cepts coincidences in a narrow apartuge around, let us say, 120° the accepted spectrum will have a
shape according to the Jacobian-shaped distribution under the uniform one, where the peak is obtained
for the momentum that corresponds to a minimum angle of 120°. In a diagram where one de-
cay-photon energy E, is plotted versus the other photon energy E,, these accepted events will Lie on

the hyperbola (fig. 4.28b)
E,. [MeV]
200 600 1000

\
L p (a)
A}
4
~
B £
, ™
'l \\
" J- . e
! ‘\\%
A Rl
[ %‘i ’Gf 0T e vkt
1000 | ’
4
7

E, [MeV]

E 2 [ M eV]

Fig. 4.28: The accepted part j of 2 uniform «°-¢nergy distribution » in a small angular interval
around 120°. Thus, a is the accepted part of the #%-spectrum e from pp annihilations. In
“a plot (b} of onc photon energy E, versus the encrgy E, of the other photon, a%'s oceur
on the hyperbola A, and the »%-pnergy spectrum is the projection onto the diagonal
E =E,.

Knowledge is one. Its division into subjects is a concession to human weakness. (Sir Halford J.Mackinder, 1861-19
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7,2 (1352 6075
£, = - - _ (4.31)
4K, 5in*(¢/2)  4sin?60° E,

In this two-dimensional plot the #%-energy distribution is the projection onto the diagonal E, = F,
The #%-energy distribution after acceptance is obtained by sampling the different Jacobianwpeak distri-
butions at 120°. In the F,-versus-E, plot the events in one and the same bin in the «"-energy spectrum
are lying within a dlagonal strip E, —E, = E _, as illustrated in the figure. If we now go back and re-
mind that the produced »%-energy spectrum is not uniform, the accepted spectrum has 1o be scaled
binwise so that the striped shape in fig. 4.28 is obtained. To get the measured spectral shape we have
to sum the contribution from several hyperbolas down to p, o={. The nising edge of the spectrum is
thus given by the shape of the produced spectrum. This rise s abruptly cut off to a sharp cusp as the
range vanishes and the bump on the falling slope is a remainder of the maximum of the produced
#¥-spectrum. I hope this discussion has made it conceivable that the bump around 110 MeV/c the
spectsum is marred with is not a signal, and has shown the importance of examining structures ob-
served with a y-pair spectrometer with delimited solid angle.

it could also be illustrative here to mention the difference between the two ways the
#%-momentum can be obtained from the two measured photon energies, cither by performing a fitting
of the decay kinematics or not. The measured #%-evenis will not He exactly on the hyperbola (4.31) in
fig. 4.28 but scatter around it due to detector resolutions. If no kinematic fitting is conducted the
w"-energy will directly be projected onto the diagonal E, = E, as if the event would have been lying on
the hyperbola "behind” {seen from the diagonal E, = E,). If a fitting of the kinematics is performed, on
the other hand, the event will firstly be projected onto the closest point on the hyperbola, and then
projected onto the diagonal E, = E,.

A final remark concerning the B, L spectrum is why the spectrum of uncorrelated events vanishes
in the vicinity of the origin. Uncorrelated coincidences would be expected 10 oceur isotropically and
completely random at arbitrary coincidence angles, as for example 180° and 120°, ie. as likely at 0
momentum as at 78 MeV/c. The reason is simply that the solid-angle clernent vanishes at the origin,
The number of coincidences detected in a certain angular interval [¢, ¢+ dg] is

dN = 2u Rsin(w — )ds , (4.32)

where R= 80 cm is the distance to the lead-glass array, and ¢ is the opening angle between the two
y-rays, Thus, the angle spectrum should grow from zero at 180° as sin(w —¢) until the circular sol-
id-angle element infringes the edge of the lead-glass array, which happens when Rsin(w — ¢)=12.8 em,
i.e. when ¢ ==~ arcsin{12.8/R) = 11°. From then on it decreases with the fraction of the circular sol-
id-angle element that is covered by the armray:

8 12
dN = 2u Rsin(w ~ ¢)dp -5-;- .8 = darcsin (m) . {4.33)

In fig. 4.29 the B, 1, angle spectrum is shown together with the curve of the solid-angle element df as a
function of the opening angle ¢.

Education is an admrirable thing, but it is well to remember from time to time
that nothing that rs worth hknewing can be taught. (Oscar Wilde,1856-1900;
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6 \ — The reason why the spectra
from the other detector combinations
.,.l.aw.‘"“',,',"..l P, do not have a similar sharp top as
. ] the B,L #"-momentom spectrum is
Z} — \ ' - sirnply that they are convolutions of

, a much larger number of hyperbolas
. in the E,-versus-E, plot, since those
2 . - detector combinations covers larger
' 4Q energy ranges.

counts = 10°

O | L i
100 200
Fig. 4.29: Distribution of opening angles ¢__ as observed with the

d,) [dg ] B, L detector combination in A84. The line shows the expected
Y dependence.

4.2.2 Inclusive n Momentum Spectrum

The n-momentum spectrum was measured during two run periods, viz. A84 and M85 (fig. 4.30).
Only the LL combination is sufficiently sensitive to n-decays in order to obtain a useful spectrum. The
general shape of the spectrum can be understood as being dominated by uncorrelated background from
pionic annihilation channels, which is demonstrated by a Monte Carlo simulation {fg. 4.31). The
curve superimposed on the Monte Carlo spectrum is a fitted spline function £, . (p). Fig. 4.32a shows
the spectrum from A84 with the background normalized according to the signal-to-background ratio
for that spectrum. The residual spectrum after subtracting the background is shown in fig. 4.32b. The
prominent signal at 656 MeV/c is caused by monoenergetic #'s recoiling from w-mesons: pp-»aw. This
peak can possibly also conceal a fraction of np”-events, but only a relatively smaller fraction, since the
peak has the width of the resolution. The peak is too narrow to house any comparable amount of
np®-decays as is apparent from fig. 4.33. As demonstrated by this plot the annihilation channel
pp-+np® would result in a substantially broader peak than the one observed.

The next item is the broad

| I | [ structure around B00 MeV/e. A
- fair assumption of the origin of
||ﬂ pp- MW this structure could be that it
I 0 arises from the reactions pp—2y
b ‘/ P and pp—+«"n. However, it ought
1k 1' - then to be possible to discern
' po two distinct peaks. In addition
||1|15“IE1‘||:J,|H‘|I | there seem to be a tail towards
TR 1 ta. These t i
g wld | ower momenta. These two re
i marks certainly cast some doubt
on the hypothesis. To trace the
! e ongin of this particular structure
! " we interropate the

oy
i
i
{ i

; . charged-particle muliplicity
Lt counter around the target. The

| — :
200 600 1000 hypothesis can be cxamined by
demanding the absence of any
momentum  [MeV/c] charged pion, which would be
anticipated not to affect the
Fig. 4.30; The g-momentum spectrum from M85. wﬂn-yigld at all and the 21?-yicld

—n
o
I
]

i
i
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counts =103/4 MeV/c
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by maximum 25%, and possibly only
surpress backpround and thus enhance the
structure. What in reality happens is that the
count rate of the structure is almost exhaust-
ed. This hypothesis was consequently aban-
doned. After consulting table 2.1 for possible
candidate processes for the "wedge” shaped
n-distribution, the idea rose that it can spring
from the secondary decay of A,-mesons pro-
duced in pP annihilations:

PP+ w + A, (4.34)
nu

The branching ratio for A,—»nw is 14.5%.
The upper end of this distribution'? is given
by the mn-momentum obtained in the
lab-frame when it is forward boosted. The
mean A,-energy is

1
=ee— (Am i tm, *—m?) =
P A, ”
4mp

=14GeV > =033, (4.35)

which gives the Lorentz boost of the
B-momentium

lab = yp CM cM =
p0 = yp MABE
= 835 MeV/ec. (4.36)

To enhance the signal from this process
we request those events of which exactly one
strip of the charged-pion multiplicity counter
has fired. We then select events of the decay
chain (4.34) when the primary pion and the
secondary pion both passed through one and
the same strip of the multiplicity counter.
The geometry of such an event is illustrated
in fig. 4.34a. This demand means that the
monitored events had the secondary pion
running in the backward direction relative to
the direction of the A -meson. This implies
in its turn that the n-meson was emitted in
the forward direction and will consequently
acquire its maximum momentumn in the lab
frame. Thus, only the events belonging to the
upper end of the g-distribution will be

T i 1 T

10

/( My |
\ |
| | \

200 G600 1000
momentum  [MeV/c]

i

counts «102

Fig. 4.31: Contnbution to the n-momentum spectrum from un-
correlated pionic background as resulting from a Monte
Carlo simulation.
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Fig. 4.32% The p-momentum spectrum from A84 (2) with a function
representing the background superimposed, and (b) the remajn-
ing spectrum afier subtraction of this background.

12 A two-body decay in flight results in a square energy distribution il ithe decay products are massless (cl. Appendix A). When
the decay particles are massive the distribution attain a concave top with an average slope. The y-distribution in this case is
further distorted by the broad mass disiribution of the A -meson and the acceptance curve of the detector combination,

and also smeared out by the resolution. The result is a triangular-shaped distribution.
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maintained, which is also confirmed from the
spectrum in fig. 4.35. To get the shape of this
n-distribution a Monte Carlo simulation was
performed. The result shape can be parame-
terized by the combined function (fig. 4.34b)

)= " (4.37)
Ag"(ﬂ"‘#) {20 ,p>p,

42TPe B [uite
¥
K=pPg M pe

where pp,=380 MeV/e, ¢+=549 MeV/e,
p=820 MeV/c, and o=20 MeV/c. The
n-spectrum was fitted by the sum function of
£ ack and a function f e composed from
f;f p) and two peak functions (fig. 4.36):

FoneP) = oS5 (p) + Bf (P} *+ ¥/ ().
e A 14.38)

The nw-decays cam be discriminated
from the np®-decays in the same way as in
the w%w-case, by requinng a third photon to
be detected in the lead-glass array (fig. 4.37).

4.2.3 Triple B, LL Coincidences

This detector combination allows to ex-
clusively measure decay channels of the pp
system that result in at least one additional
photon emitted in the opposite direction
from the «%. When the kinematical cuts are
applied (cf. section 4.1.2.4) only two-body
and three-body decays are preserved. Because
the two photons detected by the lead-glass
array are identified as a «°, the presence of a
third photon then signifies that the final state
merely comprises neutral particles. Contribu-
tions can thus be expected from the reactions:

2 Y

a) vy f) ge

b) 270 g) 3a°

¢) 70, n+2y h) «%f» 370
d) 7%, w-enly 1) 2a%

e} 2

(4.39)
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Fig. 4.33: Comparison between the shapes of the
peaks from #'s recoiling from p-mesons and
w-mesons, respectively.
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Fig. 434 Momentum distibution (b) of
n-mesons from decays {a) of A,-mesons.
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Fig. 4.35: The n-momentum spectrum obtained under the condition that

Fig.

exactly one scintillator stdp of the multiplicity counter fired.
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4.36: The p-momentum spectrum from A84 with the structure func-
tion superimposed.
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Fig. 4.37: The g-momentum spectrum from M85 produced from
events yielding three photon showers in the lead-glass array.
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Several of these channels are rejected by one or the
[Mevic] — other cut condition. A #° from the reaction (i) will

8001 never reach a momentum above 850 MeV/e (fig.
4.38). In practice also channel (h) can be excluded,
since it is only a few events in the tail of the muass

Px . .
' 4LO0 - distribuation  of the fmeson that produce a
a%-momentum above threshold. The nw-channel is
oh also rejection by the #"-momentum threshold. The
remaining reactions that could contribute under the
current consiraints are thus reactions (a), (b), (d), and
Pn, ~40O0 L (). Fig. 4.39 shows the contributions frors these
channels to the BGO, energy spectrum, which is the
800 o relevant spectrum to study as it expose the quite dif-
200 600 1000 ferent shapes of the contributions from the channels
py [MeV] (4.39). In this fipure the fraction of events occurring
in each 10 MeV interval is plotted as compared to the
Fig. 4.38 Momentum dependence be- total number of events occurring in the target. From
tween the particles of the reaction the inclusive n-spectrum an upper limit can be deter-
pp- 20y, mined for the channels pp-+='y and pp-+2y. The

lo-limits are Rﬂ0n<7'10“5 and R, <107%, respec-
tively. From the inclusive «®-spectrum was found
that the branching ratio of pp-~7w is less than 1%. Thus, only the four annihilation channels men-
tioned above remains.
The distributions of the retained four reactions have been fitted {62] to the £, . spectrum by
using the fit program MINUIT [101], Fig. 4.40 shows the result for x?/f~0.86 from this fit of the
function

3
fE) = E N J(E) (4.40)

folded with the i= 1 detector resolution, where N, are the number of entries in the spectrum belonging
to the distribution f,(E). These distributions are, in turn, the ones orginating from the reactions
pp+7'y (i= 1), pp—~+27° (i=2), and pp~+{(In®, #%) (¢==3). The two last channels are taken together
because they yield (small) distributions of very similar shape, the branching ratios being R o~ 5%, (48]
and R o ~ 5% (from the inclusive w%-spectrum), respectively. The fitting was performed under the
boundary condition that the function f{£) should be normalized to 289, the observed mumber of events
in the energy interval from 600 to 1000 MeV.

1 will end this subsection by shortly mentioning two methods that were explored [63] in order to
separate the two decay channels pp-+w®y and 2#°. First method: the triple event sample was processed
by two different kinematic fitting procedures, one five-constraints fit to the hypothesis that the decay
was pp-~7"y, and one four-constraints fit to the hypothesis that it was pp-27". However, the result-
ing x?-distributions have four degrees of freedom and 5 degrees of freedom, respectively, and have
therefore too similar shapes to offer a powerful separation of the two channels. Moreover, too many
2n°-decays percolate the five-constraints fit yielding a good x®-value. Second method: based on the
idea of more cfficiently utilizing the information concealed in the angle distributions. By parameterizing
the distributions of measured quantities for the two hypothesis, respectively, a maximum-likelihood
analysis was performed. For this procedure the three quantities x=(p_o, Ey, # , ) were chosen. The
likelyhood function P( x, N,, N;), where N, is the number of n%y-events and R’Z is the number of
2w%-gvents, was defined as

Poets are masters of us ordinary men, in knowledge of the mind, because they drink at streams
which we have not yet made accessible to science. (Sigmund Freud, 1856-1939)
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Fig. 4.40: BGO, energy spectrum obtained from the event sam-
ple of triple photon coincidences from D83 with the fitted
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contributions from the indicated annihilation channels.

P(x,N,,N;) = N_I N, f(x) + N, g(x) H{(N-N,—N)A(X)],

w (=-)[107°710 MeV]

Fig. 4.39: Efficiency  for detecting a taple B, L1 photon evincidence under kinemat-

(4.41)

where N=1331 was the total number of events in the sample. The probability-density functions f, g,
and 4 were obtained from Monte Carlo simulations of the individual annihilation channels, They per-
tain to the #"y-events, the 2n"-events, and the two background channels (329, #%), respectively. By
evaluating P(x) for each event, the likelihood function was obtained

N

E(N,N,) = 15 In(P(x, Ny, N)] .

(4.42)
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Fig. 4.41 shows the likelihood func-
tion #(N,, N;). The lo-level is de-
fined by Ei = Fma —2.3[56], and the
two numbers ; and N, of
nYy-events and 2#%-gvents, respec-
tively, can be read with their errors
from the projections. The result from
this method was, however, not sig-
nificantly better than from the £t
procedure described above.

tn{L)

125 150 20 )
Nzﬂa N 1)

Fig. 4.41; Likelihood function L obtained from an analysis of the
triple B, LL coincidences from D83,

4.2.4 Back-to-back B, L Coincidences

From the B, L data from D83 is also extracted the sum-energy spectrum of back-to-back photon
coincidences. The hypothesis is then not that the photon pair originates from a zero-momentum wl.
The invariant mass cut and the kinematic fitting along with x2-cut are thus omitted. The purpose of
this event sample is instead to be sensitive to the annihilation channels; pp— 2y, pp-+a'y, pp-~2w°,
and pp-3#°. The spectrum of the sum energy E, + E, of the two photon energies is produced under
the conditions

E,, E, > 450 MeV , (4.43)
0,, > 170°,

where 0, , is the angle between the two y-rays. The contributions to this spectrum from different anni-
hilation channels are shown in fig. 4.42. In the figure is plotted the fraction of events occuring in each
20 MeV interval relative the total number of events occuring in the target. Some of the channels in fig.
4,42 can be neglected, because of the small detection efficiency for them and their small branching rat-
ios. From the inclusive n-spectrum an upper limit can be determined for the channels pp—+='n and
pp~+2n. The lo-limits are R"% < 71075 and Rzn < 10~*, respectively. From the inclusive #°-spectrum

was found that the branching ratio of pp—+n"w is less than 1%.

There be none of Becutyw's Joughtars
With a magic like thaee. {Lord Buron)
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Thus, only the four annihilation channels mentioned above remains. The distributions from these
channels have been fitted [62] by using the fitting program MINUIT {101]. The result is displayed in
fig. 4.43, and was obtained for x*/f=0.6 and the yield of the channel pp-=Cy being fixed to the value
1.9-107% which was deduced from the data sample of triple B, L1 coincidences (see next subsection
4.2.3).

2 I T ¥ 1
PP+

w(—)[107%20 MeV]
w-107°120 MeV]

E+E, [GeV]

Fig. 4.42: Efficiency « for detecting a high-energetic back-to-back photon coincidence
from the indicated annihilation channels as a function of the sum E, + £, of the
two photon cnergies. {Adapted from ref. [62)).
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Fig. 443 B,L spectrum from D83 of the sum cnergy of
high-energetic back-to-back photon coincidences with the
fitted contributions from the indicaed annihilation channels.

4.2.5 Photon Energy Spectrum

The inclusive photon energy spectrum produced in pp annihilations at rest was measured during
the two run periods DB3 and M85. The M85 spectrum is shown in fip. 4.44. The high-energy part is
also shown on logaritmic scale to visualize the “shoulder” of the square distnbution from the reaction
pp+7%(p?, w), #°+2y. The D83 spectrum was fitted by a polynomial, and the subtracted spectrum
(fig. 4.45) shows two clear signals, viz. from the two Panofski reaction # p-+yn and 7 p-=n,
w92y, the former reaction corresponds to a yield of about 0.7%c. The M85 spectrum was simulated
with Monte Carlo technique using the decay channels listed in table 2.1 and marked "MC” (fig. 4.464).
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This Monte Carlo spectrum was fitted [130] by the function'? for x?//=1.19.
Foat(E) = A [ay(Ey— EYPs+ ay(Ey— EY's~a,b E~a b B ], (4.44)

The parameter values delivered by the fit were:

a, = e 338 a, = ¢ 663 b, = 0972
a, = ¢~ 193 B, = 422 5, = 0.997
a, = =50 B, = 1.56 E = 917 MeV

The remainder of the Monte Carlo spectrum after subtraction of f, acrl E) is plotted in Oig. 4.46b. The
M85 data spectrum could afterwards be fitted by the function f{E =If\’j;a «(E), with merely the over-
all normalization being a free parameter. The residual spectrum after subtraction of the background
function is shown in fig. 4.47. The square-shaped part of the spectrum is predominantly arising from
monochromatic #%’s recoiling from p®-mesons and «-mesons. This part of the spectrum embraces
around 30 000 counts, which corresponds to a value of approximately 2.6% for the combined yield of
pp~7%(p°, ) in agreement with the result obtained from the inclusive »°-measurement.

2 -
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— —
ty
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x \\ \h 7 1 0 3
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|
|
0 \\«m o

energy [MeV]

Fig. 4.44: Inclusive photon encrgy spectrum from MBS, The high energy part is shown also in log-
arithmic scale.

13 1y was later found that the y-spectrum is well fitted by an expression of the type sine/(1 ~acose}B, ¢ =nE|E, having only
two free parameters.
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Fig. 447: Photon energy spectrum from M85 (50% of full statistics) after sub-
tracting the background funcfion obtained from the Monte Carlo simulation.
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Fig. 4.48: Photon energy spectrum from M85 afier subtraction of the expected
contributions from n-associated annihilation channels and #%-associated
two-body channels.
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Fig. 4.45: Inclusive photon emergy spectrum from D83
{50% of full statistics), the background being par-

tially subtracted.

The tail extending to the highest energies com-
prises events from the decays pp—+2#° and pprly,
but also events from pp—+3v° and pp—+oo,
w=+a%y. The rest of the spectrum above the
square-shaped part is attributed to n-mesons de-
caying into 27 These yield square- distributions
between E (1+[3 )E { 2. All these square- dis-
tributions, for any 1; encrgy contain the energy
E =m, = 275 MeV, which thus will be the maxi-
mum of the total distribution from 7's of different
energies. This part of the spectrum is roughly
200,000 counts large and corresponds to a total
n-yield of about 4.3%. After subtraction [139] of
the two contributions discussed above the spec-
trum seems 10 be exhausted of structures (fig.
4.48) except of the peak from the Panofski reac-
tion =~ p-yn, which corresponds to a yield of
2.4%0; notice the larger yield of this process in
MB35 as compared to that obtained in the run D83
when the tarpet was only half as long as it was in
MRS, and thus the liquid-hydrogen volume was
only half as large.

A sensitivity curve for the reaction pp-+vyX is
derived from the statistics recorded in MBS, and is
presented in fig. 4.49, where it is assumed that the
unknown state X is narrower than the limit ob-
tained from the resolution.

A

counts = 10

600 1000

energy [ MeV]

Fig. 4.46: Monte Carlo simulation of the photon cnergy spectrum (a) with a
fitted function supcrimiposed, and (b} the residual afier %ubtractmg this

function.
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Fig. 4.49: Upper limit for the branching
ratios R {see text) with 95%
conﬁdangexlcvel as a function of the
photon energy.

4.3. RESULTS

The previous sections of this chapter discussed the treatment of the different data samples to ex-
tract information. In this section the results from those procedures consisting of branching ratios for
neutral decay channels of the pp system, plus upper limits for the occurance of other non-observed
channels are summarized. The results are structured according to which particle is emitted and avail-
able for spectroscopy, i.e. whether the pp anmihilation is associated with photon radiation {(subsecion
4.3.2), or associated with emission of #%-mesons (subsection 4.3.3), or associated with emission of
n-mesons (subsection 4.3.4). The limits obtained for the population of exotic or quasi-nuclear states
are collected in a separate subsection 4.3.1, for the two cases of photon emission and #°-emission. All
branching ratios derived in this section are corrected for lost events. 'The "standard corrections’ are the
following two, and are implicit if nothing else is mentioned. Firstly, 5% of the detected »%'s or 4's were
rejected by the cut in the x?-distribution from the fitting of their decay kinematics. Secondly, there is a
finite propability of 1.8% that a photon converts before it reaches the detector, and will thus be re-
jected as if it was a charged particle. Of course the branching ratios R{(#z"-»2y)=98.8% and
R{n—+2y)y=139.1% are also taken into account.

4.3.1 Population of Exotic States

The highest sensitivity for determination of upper limits of the branching ratios of any unknown
states is obtained when the statistics from the different run perods are added together. For the case
when the annihilation is associated with emission of a »°-meson the LL spectra from M85 and A84,
and the B,L spectra from ARB4, M84 and D83, are used to derive a sensitivity curve. The information
from the two different detector combinations is merged such that the highest sensitivity is chosen out
of the two at each #°-momentum. Because the resolutions of the LI spectra do not differ significantly,
these two spectra are surmmed. Similarly, the three B,L spectra are summed. The B,L spectra from
D83 have somewhat different acceptance, since the range was not exactly the same during that run
period. Thus, the acceptance of the summed spectrum is the weighted average of the two acceptances.
The resultant sensitivity curve is displayed in fig. 4.50, and gives the upper Hmit with 95% confidence
level (cf. Appendix C) of the branching ratio R oy for the reaction

PP+ 'zrr0+X,
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where X is a resonance with unknown mass m_ and an intrinsic width of less than 80 MeV/c?. If the
X-resonance is broader, i.e. has a lifetime less t

limit grows faster than the lifetime, so that a twice as large intrinsic width as given by the figure corre-
sponds to an upper limit that is more than twice the number given in fig. 4.50. Alternatively, one can

ﬁ(an about 10~ 2s, the upper limit of R

take a twice as large limit, but then suffice with a smaller confidence level.
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Fig. 4.50: Upper limit for the branching ratios R, (sce toxt) with 95% confidence
level as a function «°-momentum and the mass m, of the recoiling object.
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Fig. 4.51: Upper limit for the branching ratios Ryx {see text) with 95% confidence
level as a fanction of photon energy and the mass m,, of the recoiling object.

"Nhe invented the human heart, I wonder, said Justine.

wpe1l me, and then show me the place whare he was hanged". (L.

Durpel)

oy 15 larger. The
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An analogous sensitivity curve is derived from the single photon energy spectra from MBS and
D83 for the case the annihilation is associated with photon emission (fig. 4.51). The curve gives the
upper limit with 95% confidence level of the branching ratio Ryx for the reaction

PP+ v+ X,

where X again is a resonance with unknown mass My, but has now 10 have an inirinsic width of less
than 40 MeV/¢?. The limit of R given by this curve is only strictly valid if the subsequent decay of
the X-resonance is completely chdrged

pp +~ y+X°, (4.46)
ot 4w

which has been considered as a likely decay mode. In case the X-decay would generate photons a strict
limit has to be taken from the curve in fig. 4.49, which is based on only the M85 data.

3.3.2 Channels Associated with Photor Emission

By observing three photons in coincidence it has been possible to measure the rare annihilation
channel

pp - 7%, (4.47)
By observing two high-energetic colinear photons an upper limit for the decay rate of
pp - 2y (4.48)

is obtained. The corresponding branching ratios Rﬂ and R, of these two annihilation channels, re-
spectively, are somewhat sensitive to the absolute em,rg;y calibration of the detector system, which
might introduce systematic errors. From the observed positions of identifiable signals the absolute en-
ergy calibration is seen to be better then +1%. This systematic uncertainty implies in the worst case
that all 2y-events can be w%y-decays or 2w°-decays instead. Thus, only an upper limit is achieved for
the 2y-channel.

The numbers of #y-decays and of 2y-decays observed were deduced from spectral fits described
in sections 4.2.3, 4.2.4, respectively. To obtain the corresponding branching ratios these numbers have
to be scaled according to the detection efficiency for each decay type, respectively, and then normalized
to the total number of pp-interactions (table 4.1) that contributed to the measurement. In addition to
the standard corrections, for x*-rejected »%’s and finite conversion probability of photons, the number
of #%-decays has to be corrected for lost due to the »°-momentum cut at 850 MeV/c, and for 5% lost
due to a requirement of having at least four columns of lead-glass blocks between two adjacent shower
maxima (cf. section 4.1.1.3). In all run periods except 1283 only three columns were required. The two
branching ratios for the annihilation channels pp-+#'y and pp-+ 2y are then, respectively,

R, = (19£0.9)107° (4.49)

R, < 12107 . (4.50)
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4.3.3 Channecls Associated with Emission of w°-mesons

The inclusive #°-spectrum from pp annihilations at rest shows structures from several ordinary
mesonic resonances, as for instance the 4, and the p. Our measurement is consistent with expectations
(see table 4.2). The branching ratic R_, for pp-+="w can be estimated in several ways'*. One ap-
proach is to study the shape of the (p'ﬁ ,ww)—pcak in the #%-momentum spectrum. This gives a small
statistical error, but, on the other hand, a substantial systematic error is introduces due to uncertain
definition of the background and possibly wrong peak shaped used in the fitting. Another approach is
to use the spectrum produced under the condition that a third photon was detected, which excludes all
#9p0-decays, but this of course reduces the statistics. The combined yield for pp+n’(p?, w) is derived
by taking the weighted averape of the two numbers obtained from the LL spectra from M85 and A84:

R ) = (26£0.08:04)% (4.51)

7(p%, w

The last error is a systematic error coming from uncertainty in defining the background, which was
given by the fit described in subsection 4.2.1.1. To minimize this error the number (4.51) was based on
the peak area inside the full-width at half-maximum, which contains the 7lw-yicld and 50% of the
7°p?-yield, When deriving the combined branching ratio R o o 2 small correction was made, except
the standard corrections, of the contribution from AB4 owing 0’ a larger »°-detection efficiency. This
higher detection efficiency was due to the fact that no cut was imposed, in the offline analysis, on the
z-coordinates of the impact positions of photons entering the lead-glass array. However, most of the
»%’s of which one of the decay photons entered close to the edge of the detector are rejected by the cut
in the x2-distribution obtained from fitting the #°-decay kinematics. By subtracting the branching ratio
for pp-+n'p°, which is R , , =(1.9%0.2)% according to ref. {65}, from the combined yield (4.51), the
branching ratio for pp-+ #04 is obtained to be

R = (0.7£02£0.4)% (4.52)

From the exclusive «°-spectrum produced from =°-events associated with a third photon the branching
ratio for pp-+wCw is directly observed to be:

R, o, =(0.48£0.05£0.33)% (4.53)

Here, the systematic error mainly is due to uncertainty in determining the detection efficiency for ob-
serving three photons from pp—+°w.

By measuring three photons in coincidence of which the two detected by the lead-glass array are
identified as a #°-decay, the branching ratio for the neutral annihilation channel

pp = 27° (4.54)
is obtained. The number R. , is derived from a flat spectral region in the energy spectrum measured

with BGO,. Thus, the end-point has a negligible influence on the yield and makes the number insen-
sitive 1o the absolute energy calibration. The value deduced from the fit described in subsection 4.2.3 8

14 An fHlustrative method to reveal any potential »%»-events is to make a (discrete) Fourier transformation of the spectrum.
Because the w-resonance is substantiaily narrower than the p, the w-content of the peak appears as "higher frequency”
components in the transformed spectrum.
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o =(2240.3)107* (4.55)

The neutral annihilation channel pp-«3#% is also observable in this data sample of triple photon coin-
cidences. However, only an upper limit is obtained, because an uncertain fraction of the events might
originate from #%w-decays:

Ry o <3.2107 : {(4.56)

Both the branching ratios R, o and Raﬂﬂ were deduced using the same corrections as applied to Rw(,Y

4.3.4 Channels Associated with Emission of n-mesons

The inclusive n-momentum spectrum generated from pp anm'hilations at rest uncovers one sharp
resonance, viz. the w. A fraction of the peak can come from np®-events. Thus the combined yield
R 0 for pp-=7{p?, w) is derived from the weighted average of the two numbers obtained from the
data sampics recorded during the run periods M85 and AB4:

= 3
Ry o = (7:9£0.1£0.5710" (4.57)

The last error is again the systematic error coming from uncertainty in defining the background under
the peak. The number (4.57) is based on the area of the peak that is limited of the full-width at
half-maximum of the p -pcak (cf. fig. 4.33). Also in the u-case the yield expected from carlier meas-
urements [65] of pp-+np" can be subtracted, but it is just 50% of the yield R DWO.ZZ% that appears in
the considered interval. Thus, the branching ratio for pp-+ne is

= (7£1£0.5010"3 (4.58)

The branching rafio R?j can be directly deduced from the exclusive p-momentom spectrum produced
under the condition that a third photon is present in the lead-glass array, which excludes the yp“-events
but reduces also the detection efficiency for pp—+ne. The obtained value is

= (6.0£0.3+2.8)107* {4.59)

Here, the last systematic error is mainly caused by uncertainty in estimating the detection efficiency for
observing three photons from pp-+ye.

The n-distribution from the secondary decays of A,-mesons produced in pp annihiations is used
to estimate the total A,-production in pp annihilations in liquid hydrogen. The branching ratio for
A,-mn is measured [46] to be (14.5+1.2)%. The total production rate of A,-mesons is thus estimated
o be

Take her we tenderly,
LLFE her wita eare
Fashion'd so 3
Young, and a0 fave!

{Thomes Hood)
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R,, = (50£1.7)%. (4.60)

The number is taken as the weighted average of the two values obtained from M85 and A84 data, re-
spectively, and the error is mainly due to uncertain background definition.
The signals from the following annihilation channels are absent in the inclusive 9-spectrum:

PP = % (4.61)
PP~ 2n (4.62)
PP+ m’ (4.63)

By summing the statistics from M85 and A84 upper limits (95% confidence level) for the correspond-
ing branching ratios are derived:

R, < 71075, (4.64)
R;"< 1-10~*, (4.65)
R < 510%, (4.66)

If a lion could sveak we wouldn't ]
understand him. (L., Wittgenstein)

And you want to travel with him,
you want to travel blind
and you think maube pou'll trust him
because he touched your verfect body
with his mind.
And you went to iravel with her
and you want to itravel blind
and you're sure that she can find you
because she's touched her perfect body
wrth her mind.

{Leonard Cohen)
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CHAPTER 5
DISCUSSION AND CONCLUSIONS

The results to date from the experiment PS182 are compared in this chapter to theoretical pre-
dictions and results reported by earlier experiments. The pomary results from PS182 are the upper
limits obtained for the population of exotic states (section 5.1). In addition, it has been possible to
measure rare neutral annihilation channels of the pp-system. These results are compared to predictions
by the quark "Rearrangement Model” (section 5.2), and by the "Vector Dominance Model” (section
5.3). The observation of the annihilation channel pp-27° is used to estimate the P-wave contribution
to pp annthilations in Liquid hydrogen (section 5.4).

5.1. EXOTICS REMAIN ELUSIVE

The upper limits obtained in this experiment for the population of (narrow) exotic states X
through the reaction pp—~vyX are not compatible with the yieklds of the signals reported by Richter et
al. {123}, and neither with the theoretical predictions by Dover [53], but are nevertheless consistent
with other theoretical predictions by J.P. Ader {3]. The limits obtained in this experiment are com-
pared to the theoretical predictions, and to numbers reported by a pre-LEAR experiment in table 5.1.
The significance (cf. Appendix C} of the signals reported by that experiment are for comparison
"translated” according to table C.1 and listed together with the corresponding confidence levels in the
fifthcolumn of table 5.1. Our result is consistent with the upper limit of 4-107 % for the yield of the re-
action pp—+yX, X-2x*2» ", reported by Ahmad et al. [7].

The upper limits obtained in this experiment for the population of (narrow) exotic states through
the reaction pp-+»"X are given by fig. 4.50 and are around 5:107* with 95% confidence level. This
result can be viewed in the context of limits reporied by other experiments {93] [7] on the occurance of
the reaction pp-+=+X¥, which are of the same osder of magnitude.

Table 5.1: Comparison between the yields of the signals reported by Richter et al, [123]
and the upper limits obtained in this expenment. Two different theoretical predictions
are also compared.

Experiment Theory

Photon P5182 Richter ct al, Z{CLY Ader Dover
energy [MeV}  (95% CL)

108 3.5-10"% 510~
180 3.3107% (164 5y10°*  31e¢ B8% 1.5107* 5107?2
200 2.0:10"% 51073
220 B0+ 10010°% 270 BS% 51072
290 2.4:107% (12+£510°% 270 85% . 510-2
420 (110 03 7% 5107 51073

550 1.1-10-4 (331077 3.00 89% 51072
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As evident from table 5.1 the results obtained in this experiment deny the signals reported by
Richter et al., which seem difficult to understand from a physics point of view as the measurements are
of the same kind. One could of course argue that the reported yields and significances of those signals
were over-estimated. A signal appearing in both experiments, however, is the Panofski peak arising
from the secondary reaction » ~p-~yn, and should serve as a rather fair comparison. The signals re-
ported by Richter et al. are of the same strength as the Panofski signal {123}, and the yield of the Pa-
nofski reaction scales (to first order) with the target volume whereas the population of exotic states
should not. Thus, one would expect those signals found by Richter et al. to appear stronger than the
Panofski signal in this experiment PS182, because our target volume is smaller. But the fact is the
contrary, the Panofski peak is present and distinct while the surrounding spectrum scatters, These re-
sults do, however, not imply that exotic states do not exist. As pointed out in chapter 1, care should
be taken before making any conclusions from spectroscopic results about the existance of exotic states.
These can have a substantial intrinsic width and may also overlap with one another which would ren-
der them difficult to identify in a spectroscopic measurement like this. The conclusion seem to be that
one has to perform scattering experiments with polarized beams and targets, and make a subsequent
partial-wave analysis in order to give more definite answeres to the still opened question whether exotic
kinds of resonances exist or not.

5.2. QUARK REARRANGEMENT

The upper limit of 3.2:10~? for the branching ratio of pp-»3=° found by this experiment is not
directly compatible with the prediction by Maryama and Ueda using the Rearrangement Model. The
strength of the 3w%-channel as predicted by Maryama and Ueda [95] and listed in table 2.2 is around
1%, and this discrepancy with our experimental limit cannot be explained as being caused by
form-factor effects (which are expected to be substantial) since these are implicitly contained in the fit-
ting of parameters of their model. However, their prediction is not necessarily in disagreement with our
result due to the following reason {110]. When deriving the number ~1% for the 3w°-yield"” they have
always counted a photon pair as a #°, which implies that their published number, in fact, also em-
braces the 6y-branching ratio of the channels pp- 24y, pp—=2nv°, and pp-~3n, and this brings the
predicted branching ratio for pure 3n°-yield down to ~0.3%. Another theoretical prediction of the
3#%-channel is given by Niskanen et al. [107] also based on the Rearrangement Model. They give the
yield for w* =~ #°® that should be multiplied {110] by a factor 3/2, the ratio of the squared SU(3) re-
coupling coefficients, which gives a predicted 3n°-yield of the order of 0.1 0.2%.

Our upper limit of 3.2:10~* for the branching ratio of pp-»3=° is not compatible with the num-
ber reported by Devons et al. {48] of (7.6£2.3)-107*. As described in section 4.2.3, our result relies on
a Monte Carlo simulation of the detection efficiency for this annibilation channel which assumed the
decay to be isotropic. The Dalitz plot shown in ref. [48] is, however, non-uniform, and thus our result
might be misleading, since we only scan a limited region of the Dalitz plot. When comparing the two
results one should maybe also consider the fact that Devons et al. fitted the events to the hypothesis
pp—+ 20 + 2y 6y, in which the two photon pairs with invariant masses "nearest” (it is not sald how
near) the #%-mass were "constrained” to have the #°-mass. This #"-recognition might be based on
necessary but not sufficient tests, 5o to say.

Other results from PS182 that can be compared to theory are the ratios Rﬂu(pudw) and Rn( %) be
tween the channels pp-+7’p® and pp-nw, and the channels pp+n« and pp-+7p°, respectiv&’y. The
numbers obtained from our experiment are

Rﬂupo 1.9£0.2

R - = = 38457,  2/<R 4 0. <11 (3.1)
W)y p . 0.540.3 np°fw)
Lo
R, 7+1
R, = - = 35£80, 2<R, . <8 (5.2)
n {©fp”) RW“ 241 Nwie®)

To losa an enemy 18 a great loss. {Quzen Xristina of Swedan)
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The final states »%° and nw are reached via S-wave annihilation (dominant in liquid hydrogen) from
an initial pp-state with isospin /=0 and spin S= 1. The Rearrangement Model {107] predicts that the
initial pp-state with isospin /=0 and spin §=1 should be a factor of 7 to 8 more favoured as com-
pared to [=1, §=1, which is in agreement with our results. Discrepancy between theory and exper-
mental data could be explained by the argument that the Stark effect (of. chapter 2) should cause the
different initial pp-states fo occur with a statistical ratio [110].

In an extended version of the, so called, "**P,-Model” [108] the rearrangement matrix elements
squared gives the values Rﬂ‘, o, 9 and R o =9, which also is in reasonable apreement with our

. {p"fw) Rlwle”)
experimental results,

The upper limits we obtain for pp annihilations into final states 2y and 73" combined with the
measured branching ratio R, o for pp-~2n", allow us to compute limits of the ratios RZn 20 and
R " %ﬂoobetween the branching ratios for pp-+ 2y and pp2»°, and the branching ratios for pp—+n7’ and

k3

pp—+ 27", respectively:
Rln I
R, . o= < = (.53, (5.3)
WAETR . 22403
in
Rnn‘ 5
Rw,ﬂwu = < = 2.6. (5.4)

R, 22+03

This is in agreement with the theoretical predictions stated in chapter 2.

5.3. VECTOR DOMINANCE

Our measured branching ratio R_, = (1.9+0.9)10"* for pp- ="y can be compared to the number
predicted by the Vector Dominance Model (see chapter 2). The predicted number is R , ~1.4107%,
which evidently is in contradiction to our measurement. However, there are cffects that are not taken
into account in the formula {2.33), which relates the #%y-channel to the real w%%-channel (main con-
tribution). Such an effect is the influence of form factors. Because the dynamics of the two reactions
pp—+7°p® and pp-wly are quite different, #%° involving rather low momentum transfers whereas »%
is a hard process, form-factor effects are expected to enter importantly. Further-more, in the real
w'p%.case the substantial intrinsic width of the p-meson increases the phase space integral [106] [109] in
contrast to the w(p®)" = wOy-case where this effect should not appear at all. For these two reasons =’y
is, apart from scaling with the fine structure constant, further suppressed as compared to real «%"°.
Thus, the number obtained from eq. (2.33) should be multiplied by another factor ~1/20 [110}. Con-
sequently the measured small branching ratio for pp-="y seems to be understandable from a theoreti-
cal point of view,

Similarly, the predicted number for the channel pp-+2y feq. (2.40)} should be multiplied by a fac-
tor ~1/400 resulting in a number of R, ~1078, which is two orders of magnitude below our measured
limit. An earlier experiment {71] has theasured the cross-section for pP-+2y at a total centre-of-mass
energy of \/5=2.24 GeV to be do/d(90°)=(160+33°) nb/sr. By only considering the different phase
space for atomic annihilations as compared to annihilations at ./s=2.24 GeV, this cross-section can be
translated to a corresponding yield of R, = (32+37)-107° for annthilations at rest. However, there is no
argument for the matrix element to be tfie same for atomic! annihilations as it is at J5=2.64 GeV. At
low momentum transfers one has to consider [19] corrections to the first-order Feynman diagram from
the propagator being different from l/(;;}""mp) as well as the fact that the vertices get modified (they

! A way to calculate atomic annihilations {19], that works well for positronium, is to consider the initial state as 4 superposition
of pP-states with a weight factor ¢{p), being the Fourier transform of the wave-function ¥{r) of protonium (which is a hy-
drogen-like atom). However, irs the pp-case, the wave-function ¢{r} is not as well known as in the positronium case since the
pp-potential is not only the electromagnetic one,
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are, by the way, not given by the normal form factors since one photon is off-shell).

5.4. S-WAVE OR P-WAVE ANNIHILATION

By comparing our measured branching ratio R, o={(2.2% 0.3)10~* for pp—+2x" with the branch-
ing ratio R_, _=(3.2¢ 0.3)-10"2 [14] for pp+w*a" the P-wave contribution to pp annihilations in
liquid hydrogen can be estimated. The 2v°-channel can only proceed via P-wave while both S-wave
and P-wave are allowed for the #* 7~ -channel. If we assume spin statistics for the initial state and if v
is the fraction of P-wave annihilations, we can write

Pwave 2R, o 2(2.2+0.3)107
y = = = = 0.14£003,  0.11<y<0.17. (5.5)
al R, (32031073

This is consistent with the result obtained by studying pp annihilations into neutral kaons [23], which
indicated that the P-wave contribution has to be less than 20%o It is also consistant with a theoretical
prediction [24] which gives the contribution to be 10% —40%.

When computing the ratio v for the P-wave contribution to pp annihilations in liuid hydrogen,
we have assumed that all annihilations take place from an initial atomic state. This is, however, not
completely true, since there is a finite probability that an antiprotons hits a proton before it is slowed
down. These in-flight annihilations do not necessarily have the same relative P-wave contnbution as
the atomic annihilations. During the run period D83 (when the 27° yield was measured) the range of
the p-beam was 5 cm of liquid hydrogen, and the p-momentum was then around 200 MeV/e over
roughly 80% of the range. The fraction of the annihilations that take place in flight can then be esti-
mated from the total annihilation cross-section [eq. (2.30)] to be less than 1%, which does not alter
the derived value of the P-wave contribution significantly. However, if the P-wave contribution to the
in-flight annihifations is as important [106] as the S-wave contribution down to 10 to 20 MeV, one
could suspect that the fraction of P-wave annihilations from atomic states are less, since the annihila-
tion cross-section plausibly increases towards lower momenta.

N kan inte dela wt recept pd hur man gér en mozartsx
melodi pd grundval av fa en fidrdedelsnot, sadan an dtton-
delsnot, sedan en sextondelsnot etc...

Wi ber inte en konsildrare om ett vecept pd hur man gbv eén
Lionardo-teckning.

Hivay den cephorda trikigheten, orsakad av den gingse
professorliga dokumentationen aller hogstrivande avhand-

lingen i prosedi. . ]
{rava Pound)
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APPENDIX A
KINEMATICS OF TWO-PHOTON DECAYS

The so called Jacobian peak distribution is the angular correlation function J(¢) of the two pho-
tons from the decay of a #°, or 1, or any other particle that can decay into two photons. It gives the
distribution of opening angles ¢ between the directions in the lab frame of the photons, and is de-
rived under the assumption that 'the decays occur isotropically in the centre-of-mass system. The deri-
vation outlined here follows the one given by Kilién [87], and the reader is referred to this book for
further details.

The phase space integral I of the decay can be written (notations from fig. A1)
1= [{d*kyd*he,8(ky )8k, )0k, )0k, )0 (P — Ry — k3) (A.1)

and the probability for the opening angle ¢, to be within the interval from ¢ to ¢ + do is then

J(0)d(0)= 2 [[ dhyd sy Yo, B(P— by — i) x A.2)

kl 'kz

x0(k, )8k, )8 { cosp~ ) sinpds .

tyity

We can solve this expression by firstly eliminating k, with the help of the third §-function, and then
integrate over E, by using the first §-function and the first step-function: :

ky'p—k?
E\E,

Jo)=2 § iy 80y Y8(— m? — 2Pley (U, J6(P — k)6 { cosp— sing = (A3)

5 [ &k 2EE, — m? — 2E,*
= | e Q(E - EVS(2EE, —m* — 2 pok))6 (co.np - ) sing =
L 2K, 2E\(E—-Ey)

E
= ! fa’Elé‘(cos:;bw
Ipl °

2EE1 - mz - 2E12

Yo [ 4 p2E,>— EE, ~m?)? ) sing
2E1(E_ Ey)

where the last step makes use of the last §-function and introduces a step-function to assure that the
magnititude of the cosinus of the angle between p and &, does not exceed unity. Integrating over E;
then finally yields:

E
J(¢) - _fodEl'El(E_ E,)82(1- cospY(Ey* — E\E)+ m?] x (A4)

|l .
x 8{4mPE (E— E,)— m*] sing =

_ me  sing B( 2 —l)delcS [(Elm-{i-‘*)z— ( k2 mt )]:—“
2lpl (1—cos¢)® [—cos¢ 0 2 4 21-cosp)

2

m’  sing .BEEz(l -~ cosp) — 2m°] -

lpl  (1—cosp)? \/Ez —2m* (1~ cos)
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_ 1—8% cos(¢/2) BIB%—cos?($/2)]

28 sitt0l) [ cost(e2)

The step-function defines the minimum opening angle that can occur:

¢

min

= 2arccos(f) = 2arcsin (“g') = ZQarctan (-—pm) . {A.5)

Fig. A.2 shows J(¢) for different values of 8 =p/E. The top axis gives the momentum p if m=m_,.
The energy distribution of the decay photons turns out to be uniform between the maximum and
the minimum energies

E-rr“ Eﬂ'o Poo
E =T(1+B) ' E

max mln=2 - E o "

(A.6)

This can be shown in the followmg way. The number dN of states per solid-angle element df
the centre-of-mass system is constant, since the #° is a scalar meson and decays isotropically. Ni'he
density of states as a function of the observed photon energy £ in the lab system is then

dN dN Ry an $inf g 40 sind

v i e i v oo | Moy N (A7)
dE. diloy d¥  dE sind g dE|db

where @ . and 8 are adapted from fig. A.1. The Lorentz contraction of space dil ., ,/d can be evalu-
ated from the aberration formula in special relativity:

cosd = m (A.B)
1—Bcost
sin ., 4By . i-p? (A9)
sinBdf (1—Bcos9y* .

The photon energy E in the lab-frame is obtained as a function of the angle 8 to the =°-direction in the
lab-frame by evaluating the Lorentz invariant P s P in the centre-of-mass system and in the
lab-system:

PP, |CM =m0 OEqpg s kopg )= M0 Egpy =M% 12 (A.10)

Pw”# Pw.; i iab

=(E o, P WE )=E,o E~ p_o k=E(E,q =p,o cosf) = EE,, (1~ Bcosh)
m o2
" 2E o (1~ Beosh)
dE mﬂﬂzﬁsinﬂ
8 2E o (1—Beost) | (A.11)

We then eventually find that the angle dependence is exactly cancelled by the Lorentz contraction of
space:
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dN i_Bz 2E",3 (E“BCOJ’G)Z
=== = const. * sinfl - = (A12)
dE (1 — Beost)? m o*Bsind
2E,0 (1-57) P2
= const, ——e—— = copst, — +— ,/1—f?
m 0 ZB n m ° B ﬁ

which obviously is constant for fixed B, i.e. monoenergetic #%'s,
The distribution of decay angles  between a photon direction and the original #°-direction is
found in exactly the same way

dN_ dN Doy Bsind
—= T —— (A.13)
@ g, de (1 —Beosd)?

This distribution is displayed in fig. A.3 for different values of j.

Lab CM
L [3
ki=(Ey, k;) ™
N
P=(E,p) |64

Ve
-6,
k,=(E;, ko) ¥ 7, 7

Fig. A.1: Kinematics of a n%-decay.

1% momentum [MeVic]
800 500 250200150 100 50
H L]

B=lossjoss Joss  oso {035 |ote
dN
ddyy
R e PR i SN
0 100 180
¢, [dgl

Fig. A.2; Jacobian peak distributions for different values of B. Top axis
shows «"-momentum for corresponding minimum angles.
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dN
dByay

Fig. A.3: Distrbutions of decay angles ew"'r between the #° and the photon direc-
tions for different values of 8.
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APPENDIX B
ELECTROMAGNETIC SHOWERS

Whenever an electron or a photon of high energy propagates through matter, there will occur a
maultiplicative process of bremsstrahlung alternated with pair production. This phenomena? is called an
"electromagnetic shower” (fig. B.1). When an electron passes near a nucleus there is a finite probability
that it emits a photon through bremsstrahlung. The other major interaction, that of pair production, is
when a photon materializes into an electron-positron pair when passing through the field from a nu-
cleus. In both these processes there is a recoil of the nucleus to conserve energy and momentum, but
because of its large mass the energy absorbed is completely neghigible. There are also other processes
present in an electromagnetic shower, but the two interactions mentioned above are the ones playing
the dominant role for the development of a shower, and determine the basic character of the shower.
Of somewhat less importance are the inclastic collisions between high-energy electrons and atomic
electrons. Since these collisions are extremely numerous but with very little energy transfer in each col-
lision, the phenomenon can be considered as a continuous energy loss —— "ionization loss™ (cf. sec-
tion 3.3.2). The different cross-sections of the main processes occurring in an electromagnetic shower
are compared in fig. B.2.

e | 50 GeV

Fig. B.1: Bubble chamber picture of an electromagnetic
shower.

2 For a survey seg refs. {9] [B1).
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The cross-sections® of the two predominant processes, bremsstrahlung and pair production, that
profoundly determine the development of the electromagnetic shower, were derived by Heitler [72]. In
the extreme relativistic limit they can be written, respectively,

2E, i
o, =doy | In (=%)-=1, (B.)
8 g C 3
_ 28, (25 218
op =0y ';In(mec’) —“5;7‘“ , (B.2)

where E, is the energy of the primary electron or photon upon entry, respectively, and oq = Z*r,?/137,
ro= 2.8 fm being the Bohr radius of the electron. These formulae are, however, derived under the basic
assumptions that the Born approximation is valid, and that the screening of the nucleus is negligible.
For heavy elements (Z > 50) the screening of the nucleus becomes substantial; the cross-sections satu-
rate, and the expressions (B.1) and (B.2) modify to the assymptotic formulae.

0 5% = 4ay [ in(183Z 13y + -——E'] , (B.3)
_ 28 4 2
0,5 =ay [ TIM(IBSZ 13y + —5%] . (B.4)

Screening effects become important if

5 £ - > 1372718 (B.5)
mec

For larger Z the Born approximation rarely gives very correct results, particular not for smali in-
put energies £, when it is hardly legitimate to compute the matrix element by inserting plane waves
either. E.g., for lead and photon impact energies around 150 MeV the Born approximation gives a
factor of 2 too small value for the pair-production cross-section o, . The validity of the Bomn approxi-
mation is given by the condition

2nl
1378

< 1. (B.6)

The Born approximation is therefore generally valid for GeV-energies and Z's of typical crystal calo-
rimeters. The screening, on the other hand, is seldom negligible but not complete either for crys-
tal-calosimeter materials. The cross-sections can be corrected for the failure of the Born approximation
by adding [72]

* The Feynman amplitude for the bremsstrahlung process i derived in the book by Bjerken & Drell and the amplitude for pair
production is readily deduced from this one with the well-known substitution rules for "crossed” diagrams.
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| Fig. B.2: Cross- sections for lead of different
processes occuring in an clectromagnetic
shower; (a) for clectrons, {¢} for pho-
tons, and (b) is the differential energy
loss of electrons due to different pro-
cesses. (Adapted from ref. {98)).

0'=20,0(Z), Q(Z)=2414(Z[137)*, Z<<137. (B.7)

The bremsstrahlung cross-section increases rapidly for small energies of the emitted photon
the so called “infrared catastrophe’. It is, however, reasonable not to consider particles below a cer-
tain cutoff energy E_, i.e. the minimum kinetic energy that can be detected in the calorimeter. If we
only consider particfes above the cutoff energy E_we see a rapid build-up in number of particles to a
maximum followed by a slower fall-off as the shower develops (fig. B.3). From one primary
high-energy electron the average energy of the secondary electrons decreases uniformly until it is com-
parable to the thermal clectron energy. The longitudinal development of the electromagnetic shower in
a particular medium is determined by the radiation length X,. The radiation length is defined as the
distance, in which the energy E; of a high-energy electron will drop, on average, to e™*E,, i.e.

E(t)=Ese~ ¥ (B.8)

by bremssirahlung enly. Because the pair-production cross-section o p is approximately 7/90_ a
high-energy photon will convert within a distance X, into an electron-positron pair with the proba%il-
ity 7/9. The distance 9/7-X,, is thus sometimes referred to as the "'conversion length”,

The lateral spread of the shower is mainly due to multiple Coulomb scattering of the electrons
that do not radiate but have a large enough energy to travel far from the axis. The energy of an elec-
tron that loses as much energy due to excitation and ionization as by radiation is called the critical en-

ergy €,
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The formulae for X, and & are rather complicated [126], but for rapid estimates one can use the
approximate expressions:

A
X, =~ 180 —=[g/em?] , AXo < 1 20% for 1327592, (B.9)
2z X,
5
£ > -§29- [MeV] , A% L 4 10% for 135 2<92. (B.10)
E

A quantity usually introduced to represent the spatial development of the shower 1s the differential
distribution of the track length T, defined as the sum of the tracks of all the charged particles. T de-
pends of course on the cutoff energy £ . For £ = 0 all particles are detected and we have T/X, = Ep/e.
For increasing values of E_, the fractmn F of useful track length decreases as

T = F(z)f-"i’-xo . (B
where

Fiz)~e | 1420 ( )] . - (B.12)

1.526
The formula (B.12) is valid within 10% for z<0.3; universal for all materials with [104]

p= 4.5 ol (B.13)

Note that because T~E, calorimetry 13 possible at all since ionization and exmtauon are continuous
and uniform along the track.

" The distribution of the long1tudmal track lcngth which is propomonal to the longxtudmal energy
deposmon is gwen by Longo {92]

d .L“ e, gt (B.14)
_ gy T e t = 1 . .
dy | Dla+]) %,

whcre_u and b are two constants related to the shower maximum [i}:
Vax = alb ~ Prned -1.5, : : : <. {B.15)

where P med is the median depth, i.e. where half of the incident energy Ej is deposited (fig. B.3):

- Ing , 0= 0.4 for electrons (B.16)

Imed € 1.2 for photons
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The knowledge of the longitudinal distribution of the shower allows to compute the thickness ¢ of the
calorimeter needed to contain a fixed fractlon of the incident energy:

{ (98‘%) o~ 3y e . e = R - . {B. 17)

This discussion is true on the average Typically fluctuations multiply or dwxde the average de-
posited energy by a factor 1.5 [84]. Howevr.r the energies deposited  at dzﬁ'erent depths are strongly
correlated [ 36].

The lateral spread of the shower is usually measured, adequately enough, in Moliére units R ,
which is the transversal spread of an electron beam of energy £, after having penetrated a thickness of
X,: : : . s

ES
R

= (B.18)

where E =21 MeV is the constant appearing in muluple scattenng, theory [126]. Thcre are, however,
two different mechanisms contnbutmg to the transverse distribution as shown by fig. B.4 [146] |

The central part scales as R I while the penpheral part is mainly due to the propagation of photons
that are less attenuated in matter (10 to 20 MeV in lead) (fig. B.5). The spatial distribution of this
component is determined by the minimum value of the photon attenuation coefficient which has no
simple dependence upon 4 and Z [1] [105] {146] Still 95% of the total energy 1s contained in a cylin-
der of radius

Ry %2R, =14~ 4 lgfom?] . - (B.19)

s

Owing to statistics in the elementary processes there will be a limit on the optimal energy resolu-
tion [92], that is possible to achieve with a calorimeter:

ofF) - G(T)N 0.7% . Ec 05
E T [E(Gevi = ¢ 11.8

Any lack of containment spoils the resolutmn and gives the lineshape a tail towards zero. In this con-
text longitudinal losses are much more dangerous than lateral ones.

i

{
=
=
x

(B.20)

tmax th } . t(gig%)
T 1 ¥ ~initiated
N(e*e™) | -

initiated

i

!

!

.

|

|

) |
& I
!

£ [Xo]

Fig. B.3: Number of tracks N{e'e™) present in an electromagnetic
shower after penetration of the thickness ¢ (Adapted from ref, [74]).
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Fig. B.4: Radial energy distribution of an electromagnetic shower at different depths 1. {Adapted
from ref. {91).

9 B i f B | ]
- (@) all
| energies|| |

-1 0 14 -0 1
cos ©
Fig. B.5: Angular distribution of tracks in an clectromagnetic shower for (a) any

particle energy, and (b} particle energics below 3 MeV only. {Taken from ref. °
[90). ' '
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APPENDIX C
SIGNIFICANCE OF SIGNALS -~
The method of least squares is built on the hypothesis that the optimum description of a set of
data is one which minimizes the weighted sum of squares of dcvzatlons of the data points y, from the

ﬁttmg functmn ¥(x,). This sum is characterized by the variance s* of the fit, which is an estlmate of the
variance o? of the data. For a function with n parameters, the vanance of the fit to N data pomts is

El{'}'”z[yl ~y{x;) 12 }

—n

, o, . T - .
5 = - . ' C.1
T | - ©
L> 1 |
N =1 4
_I'
whereﬂlefactor _
f-—N " e o - (€2)

is the number of degrees of freedom left after ﬁttmg N data points to n parameters, The weighting fac-
tor for each data point is the inverse of the variance o ? which describes the uncertainty of that pa.rt1c~
ula: data pomt i, nonnalmed to the average of all the weighting factors

. 'The variance s* of the fit is also characterized by the statistic x2: -

Xf _}_,, _,3.2_ , : _ : S | '_:(.CJ)
where x £ is the so called ’ reduced cln—square and o is the weighted average of the individual vari-
ances, ’Itius definition of x2, as the ratio of the estimated variance 5% to the parent variance ¢* (times
the number f of degrees of freedom), makes it a convenient measure of the goodness of the fit, and
yields the maximum likelihood that the fitting function p{x) represents the parent distribution [21]. If
the fitting function is a good appmximation to:the parent dependence, then the estimated variance 52

should agree well with the parent variance 62, and the value of the reduced chi-square should be ap-
proximately unity. A value less then 1 does: not mdxcate an nnprovement -of the ﬁt but is sunply a
consequence of the uncertamty in the determination of s%

‘A stochastic variable x is x2-distributed if it has a probabﬂny dens1ty ftmctmn

P(5)= e 5S¢~ 312 (C4)

202 T(f)2)

The mean and variance are fand 2f, respectively. The confidence level (CL) is defined as

CL= fyP(x)dx, (C.5)
0
and can be read from the diagram in ﬁg C.1. When evaluatmg P(x ) Stirhng 8 approxxmauon for the
T-function may be useful:
T{x) = (x~~ 1)1 = 2.507e™* xx 12 (1+0.6833/x) , .(C.6)

which is accurate to +0.1% for x> 1/2.
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GONFIDENCE LEVEL VS. x2 FOR f DEGREES OF FREEDOM For large numbers of degrees of
r 2 3 456 810 20 30 405060 60100 freedom (/> 30) the x*-distribution is
1.0 s i TREREC ST S o B REECE well approximated* by a Gaussian
g-g G(f, J2f) with mean value f and
0.3 “standard deviation ./2f.
0.2 The significance of a structure
o O -observed in a spectrum of data points
T y, is indeed a confused concept.
~ ggg Numbers quoted in the literature are
z 9.0 e e e S usually in units of “'¢”, which seem
T to denote an arbitrary unit without
8 008 conventional definition. My personal
20,004 intuition is that the concept signifi-
& gggg : cance of a structure should carry in-
Q . o
o Vit formation about the probability that
(;)‘00000'6 EFor £ > 30, MY the structurc not just is a statistical
10004 E :CLHJW_I exp - —-—)dx~ A PR ﬂuctuanc.)r'l, and thus I have.adopted
0.0003 I+ ' , ‘ the definition given below,
C.0002 1~ with y=vaxE ~ V2 FZT TN \\ \ \ There are two destinct cases: ei-
0.0001I N N jsilill ther the ordinate position at which

2 Y 458 810 20 30 405060 80100

> the peak should occur is known in
X lor X2 x1Q0 for ===

: SN . - advance, or it is not. If the peak po-
Fig. C.1: (Taken from ref, [122}), S oo o sition is known the significance only

' 'dcpends on the statistics of that con-
fined region in the spectrum around the peak, and its s;gmﬁcance is most -expediently expressed in
units of the statistical uncertainty of the background. On the other hand, if the peak position is com-
pletely unknown, the significance has in addition to depend on the total number of data points in the
entire spectrum, since the probability of having a statistical fluctuation just anywhere in the spectrum
has to increase with the number of data points.

Suppose y(x,), i=1,.,N, is a function that emulates the ""background” of the spectrum of data
points y, at the ordmatas X; . ‘Any ‘other shapes, local or global, but the structure under current. con-
cern are comprehended as “background”. Further assume that y(x ) fits the rest of the spectrum,
without the considered peak, with a goodness x*/f~1. i a fit of y(x ) to-the complete spectrum, in-
cluding the peak, yiclds a goodness x V2, the szgmf cance of the peak is said to be "lo”, The unit
Ve ig then the standard deviation \/ifj' of the relevant x*-distribution for f=N-n degrecs of freedom,
whem N is the total number of data points, and 7 is the number of free parameters in p(x). .

Suppose there is a peak present that covers a number & of bins j. Let us divide the contents ¢; of
the bins that cover the peak into two (unknown) numbers b, and p,, being the number of counts be-
longing to the background and the peak, respectively, We can then write the contribution to the
x*-value from each one of these bins as

o, ’le, —y(x,)1?=0,"b, +p, —y(x)]*= L (C8)

ijz[bj ",V(xj)]z“FPJ Uju.z {Pj +2b 2}’( )]

The significance £ of the peak is thus approximately given by

* According to R.A. Fisher (Staumcal Methods for Research Workers, Oliver and Boyd, Eﬁmburgh and London, !958} a bet-
ter approxxmauon is that x, not x?, becomes normally distributed, so that R S .
v fix- JTF~1 e G0,1), xex*(f) . (cv)
'I‘hls is particular true for confidence levels close to 1. Thus, for /=50 and x?=_80, the true value iz - CL=045%, but the
Gaussian approximation yields {x*— ,jf),f\/_,i‘F = 3.0 corresponding to 1- CL R 13%, while Fisher's approximation gives
x'=27 correspondmg to 1 - CL*=0.35%. o O



Appendix C page 163

k
P
3 EEI{_I;L[ Py +2b, =B } (C9)
J

if the peak spans over k bins. If we assume the background under the peak to vary slowly, so that all &
=p, it can be meaningful to estimate the height above the background, in units of ;E\/Z)__,g of a peak
having the significance 2 = ma=m\/ff‘, m=1,2,... . The average height p above the background of the
dominant peak bins is then approximately

pe V1o me ~ 1 ]1./5. (C.10)

Vice versa the significance £ of a peak with dominant bins of average height p above the background
with average height b, is approximately given by (units of o):

ngff__,[(mé_“+l)zul]’f>>k_ (C.11)

NG

It should be emphasized that the formulae (C.9) and (C.10} are only meaningful if the number of
data points are much larger then the number of points spanned by the peak structure, ie. f>>k. In ta-
ble C.1 the peak height p is listed for different significances 2 = mo and different values of the ratio &/f;
i.e. the fractional region of the spectrum that is spanned by the peak. If f< 50k eq. (C.11) is not
meaningful any more and the significance has to be exactly derived from the fit. The significance ap-
proaches the limit given by the statistical uncertainty o £=\/E£ of the background. However, if f be-
comes too small compared to k one can wonder if the systematic error introduced by inaccurate defi-
nition of the background y(x) will not be significantly larger than the statistical error, and thus turn
the result of the significance test completely corrupt. One has, so to say, tested another hypothesis than
that intended.

It appears to me as if it was very common to always denote significance in terms of the statistics
under the peak only, even when the peak position was unknown prior to the measurement. How large
a region that is considered as being under the peak is then very unclear. There are arguments, that one
should take 2 standard deviations of the peak width, or convert the peak shape to a square with the
same arca and height. In any case, if the peak position was unknown before the measurement, this
method bears little resemblance with the probability that the peak is merely a statistical fluctuation,
and yiclds a rapidly increasing fault of the significance for the peak to have a physics reason, if the
number of data points is very large compared to the peak.

Table C.1: Relation E/'\/F— between the significance £ of a signal that
appears al an_unknown position and the uncertainty of the
background ﬁ kif is s the fractional region of the spectrum
spanned by the peak.

kif1%]

0.4 0.8 1.2 1.6 2



page 164
Appendix C




References page 165

REFERENCES

[1] G. Abshire et al., Nucl. Instr. and Meth. 164 {1979) 67.

[2] LLR. Aitchison and A.J.G. Hey, "Gauge Theories in Particle Physics", (Adam Hxlger Ltd
Bristol, 1982) ISBN= 0-85274-534-6.

{3] J.P. Ader et al., Phys. Lett. 101B (1981) 427.

[4] 1. Adiels et al., Nucl. Instr. and Meth. A244 (1986) 380,

[5 A.M. Afrikyan, ZhETF 30 (1956) 734; Sov. Phys. JETP 3 (1956) 503.

[6] S. Ahmad et al, Proc. Physics at LEAR with Low-Energy-Cooled-Antiprotons (Plenum
Press, N. Y. and London, 1982) ed. U. Gastaldi and R.Klapisch, p. 253. -

[ S.Ahmad et al., Proc. 3rd LEAR Workshop (éditions frontiéres, France, . 1985) ed U. Gas-
taldi et al., p. 347 CERN/EP Preprint 84-167 (1984).

{8] G.A. Akopd;anov et al,, Nucl, Instr. and Meth. 140 (1976) 441,

91 tJ. Amaldi, Physica Scripta Vol. 23 (1981) 409.

[10] C. Amsler and 1.C. Bizot, Comp. Phys. Comm. 3 (1983) 21. '

[11] R.Amenteros and B.French, "Antinucleon-nucleon Interactions in High Energy Physws
ed. E.H.8.Burhop (Academic Press 1969) Vol IV, p. 237, .

[12] R. Armenteros et al., CERN Proposal CERN/PSCC/SO 101 PSCC/P28 (1980)

[13] G.Backenstoss et al., Nucl. Phys. 228B {1983) 424. : -

[14] C. Baltay et al. Phys Rev. Lett, 15 {1965) 532. =

[15]) D.P. Barber et al., Nucl. Instr. and Meth. 145 (197’7) 453.

[16] T.Barnes, Proc, Bonn EBLSA Meeting {Bad Iionnef FRG 1984)

[17] E. Barrelet, Nuovo Cim. 84 (1972) 331. .

[18] P. Benkheire et al.,, Phys. Lett. 688 (1977} 483.

[19] L. Bergstrém, private communications (1986). - :

[20} H.A. Bethe and I. Ashkin ? ,,xpmmental Nuclea.r Phys;cs” Pax:t ZI (Wlley, i952) ed E

. Segré.

[21] P.R. Bevington, ”Data Reductxon and Data Analysxs for thc Physxcal Sciences”,
(McGraw-Hill, N. Y., 1969). R

[22] 1.B. Birks, "The Theory and Practxce of Smntﬂlatmn Countmg (Pcrgamon I’ress N.. Y
1964).

[23] R. Bizzam, Proc. Symp. on Nucieon Antmucleon Anmhzlatmn LERN 72 10 (1972) ed. L
Montanet, p. 161,

[24] E. Borie, Proc. Physics at LEAR with Low- Fnergy-Cooled-Anhprotons (Plenum Press, N
Y. and London, 1982) ed. U, Gastaldi and R.Klapisch, p. 185.

[25] G. Bossompierre et al., Proc. Furopean Conference on pp- Physws (edxtmn du centre natmn-
al de la recherche *.mcrmﬁquc France, 1979) ed. A. Fridman, p. 139.

[26] S. Brandt, "Datenanalyse” (Bibliographisches Instatut Mamlhmm/ ern/ Zunch B.lL- W1s-
senschaftsverlag, 1975).

{27 E. Breitenberger, Progr. Nucl. Phys. 4 (1956) 56. -

[28] W. Briickner et al., Phys. Lett. 678 (1977) 222.

[29] D. Bugg et al., CERN: Proposal 80-76/PSCC/P16 (1980).

{30] W. W. Buck, C. B. Dover, and J. M. Richard, Ann. of Phys. 121 (1979) 47.

[31] C.E. Carlson, Proc. XV Symbosium on Multiparticle Dynamics (World Science Pubhshmg
Co Pte Ltd, 1984) ed. G. Gustafsson et al,, p. 213. . .

[32] R.L. Carrington et al., Nugl. Instr. and Meth 163 {1979) 203.

[33] A.S. Carroll et al,, Phys. Rev. Lett. 32 (1974) 247.

[34] A.A. Carter et al., Nucl. Phys. B127 (1977) 202. :

[35] M. ‘Cavalli-Sforfa, "Detectors and Bxperiments for ete™ :at 100 GeV" Proc. Workshop
Cornell Univ. {Jan. 1981); CLNS 81-490,
Proc. Internat. Workshop on Bismuth Gcrmanate, Pnnmton Uniy. (Nov 1982) cd C.
Newman Holmes, p. 79, 702. ' s ;

[36] C. Cerri and F. Sergiampietrd, Nucl. Tostr. and Meth. 141 (1977) 207 .

“[37 - G.F.Chew, Proc. 3rd Furopean Antiproton Symposium (Stockholm . 1976) Ld G hkspong



page 166

References

[38]

[39]
[40]
{41]
[42]

{43]
[44]

[45]

[46]
[47]
[48]
[49]
[501

[51]
[52]
[53]
[54]

£55)
[56]

[57]
[58]
[59]
{60}
[61]
f62]
[63]
[64]
(65]
[66]
{67]
[68]

[69]

{70]

[71]
(721
(731

(74)

{751
[76]

71

F.E. Close, "An Introduction to Quarks and Partons” (Academic Press, London, N. Y., San
Francisco, 1979)

S.U. Chung et al., Phys. Rev. Lett. 45 (1980} 1611.

S.U. Chung, CERN Report 71-8 (1971).

M.D. Cooper, private communications {1984).

0.D. Dalkarov, LS. Shapiro, and R.T. Tyapaev, P.N. Lebedev Physical Institute preprint
No. 21, Moscow 1984,

T. Day, C.A. Snow, and J. Sucher, Phys. Rev. Lett. 3 (1959) 61.

D. Dekkers et al.,, Phys. Rev. 137 (1965).

T. Bichten et al., Nucl. Phys. B44 (1972).

U. Amaldi et al., Nucl. Phys. B86 (1975).

B. Delcourt, J. Layssac, and E.Pelagier, Proc. Physics at LEAR with Low-energy Cooled
Antiprotons (Plenum Press, N. Y. and London, 1982) ed. U. Gastaldi and R. Klapxsch .
305.

Delfosse et al., Nucl. Phys. B183 (1981) 349,

S. Devons et al., Phys. Rev. Lett, 27 (1971) 1614.

S.Devons et al., Phys. Lett. 47B (1973) 271.

J. Diaz et al., Nucl. Phys. B16 (1978} 239,

H. Dietl et al., Nucl. Instr. and Meth. A235 (1985) 464,

Max Planck Inst. Munich Preprint MPJ/PAE/Exp.E1.124.

C.B. Dover and J.M. Richard, Ann. of Phys. 121 (1979) 70.

C.B. Dover and J.M. Richard, Phys. Rev. 21C (1980) 1466.

C.B. Dover, J.M. Richard, and M.C. Zabek, Ann. of Phys. 130 (1980) 70.

C.B. Dover and P.M. Fishbane, NN Annihilation into Two Pscudoscalar Mesons: Qua.rk
Rearrangement vs Quark Annihilation”, IPNO/TH 84-8.

* R.S. Dulude et al., Phys. Lett. 79B (1978) 329, 335.

W.T. Eadie et al,, "Staustlcal Methods in Expenmental Phys1cs", (North Holland Pubhshmg
Company, Amstcrdam and London, 1971). :

E. Eisenhandler et al.,, Nucl. Phys. B96 (1975) 109. :

J. Engler, Report KfK 33868, Kernforschungszentrum, Karlsruhe (1984)

C. Evangelista et al., Phys. Lett. 72B (1977) 139.

U. Fano, Ann. Rev. Nucl. Sci. 13 (1963).

H. Feshbach and V. Weisskopf, Phys. Rev. 76 (1949) 1550

C. Findeisen, Thesis, Basel, 1986.

C. Findeisen, private communications (1986).

R.L. Ford and W.R. Nelson, Internal Report SLAC-210 (1978)

M. Foster et al., Nucl.-Phys. B6 (1968) 107,

M. Gell-Mann, Phys Lett. 8 (1964) 214.

H. Genz, Phys. Rev. D28 (1983) 1094.

C. Ghesquiére, Proc. Symposium on AntmucleomNuleon Interactions, CERN 74-18 {19’74}
ed, L. Montanet, p. 436.

A.M. Green and J.A. Niskanen, Helsinki Preprmt HU-TFT-83-54, (1983)

A.M, Green and J.A. Niskanen, Proc. 3rd LEAR Workshop, (éditions frontleres France,
1985) ed. U. Gastaldi, p. 185.

R.P. Hamilton et al., Phys, Rev. Lett. 44 (1980) 1179, 1182. '

M. Alston-Gamnjost et al., Phys. Rev. Lett. 35 (1975) 1685 43 (1979) 1901.

D.1. Hartill et al., Phys. Rev 184 (1969) 415.

W. Heitler, "The Quantum Theory of Radiation”, (Oxford at the Clarendon Press, 1954).
Hitashi, Chemical data sheet No. 8-021, Hitashi Chemical Co., 1td,, Nxshxshm;uku Shinjuku
ku, Tokyo, Japan 160.

" C.A. Heusch, CERN-EP 84-98 (1984).

M. Holder et al., Nucl. Instr. and Meth. 108 (1973) 541. .
Chang Hong-Mo and H.Hegaasen, Nucl. Phys. B136 (1978) 401

* ‘M. Fukugita and T.H. Hansson, Rutherford preprint RL-78-105 (1978), Phys. Lett. 84B

(1979) 493.
Chang Hong-Mo, Proc. 4th European Antiproton Symposium (Barr 1978).



References page 167

{78]
[79]

[80]
{81]
[82]
[83]
[84]
{85]

{86]
{87]
(88]
[89]
[90]
[91]

[921
[53]

[94]
[95]
[96]
[97]
[98]
(991
£100]
[101])
[102]
[103]

£104]
f105}
{106}
[107]
[108]
[109]
[110]
[111]
[112]

[113]
[114]
[115]

[11s]
[117)

[118}

[119]

W.F. Homyak, "Nuclear Structure”, (Academic Press, N. Y. San Francisco London, 1975)
ISBN= 0-12-356050-0.

N. Isgur, Particles and Ficlds (1981), Proc. Meeting on the division of Particles and Fields of
the APS, ( AIP, N. Y., 1982) ed. C. Heusch and W.T, Kirk, p. 1.

N. Isgur and J, Paton, Phys Rev 310 (1985) 2910.

S. Iwata, DPNU (1980} 13.

R.L. Jaffe, Phys. Rev. D15 (1977) 276, 289; D17 (1978) 1444.

LV, Jelley, "Cherenkov Radiation and Its Applications”, (Pergamon Press, 1958).

T. Jensen, J.D. Amburgey, and T.A. Gabriel, Nucl. Instr. and Meth. 143 (1977) 429,

E. Jones, Proc. Workshop on Physics at LEAR with Low-energy Cooled Antiprotons, (Ple-
num Press, N. Y. and London, 1982) ed. U. Gastaldi and R. Klapisch, p. 5.

M.N. Kachaturian and G.L. Melkumov, Nucl. Instr. and Meth. 135 {1976} 505.

A.0.G. Killén, "Elementary Particle Physics”, (Addison-Wesley, 1964).

C. Kittel, "Introduction to Solid States Physics”, (Wiley, 1976) ISBN = (-471-45024-5.

K. Kleinknecht, Phys. Rep. 84 (1984) §5.

L. Landau, . Phys. 8 (1944) 201.

P. Lefévre, Proc. Workshop on Physics at LEAR with Low-energy Cooled Antrprotons,
(Plenum Press, N. Y. and London, 1982) ed. U, Gastaldi and R. Klapisch, p. 15.

E. Longo and 1. Sestili, Nucl. Instr. and Meth. 128 (1975) 283,

M.A. Mandelkern, Proc. 3rd LEAR Workshop, (éditions frontiéres, France 1985) ed. U.

(Fastaldi et al., p. 361.

A.D. Martin and M.R. Pennington, Nucl. Phys. B169 (1980) 216,

M. Maryama and T. Ueda, Nucl. Phys. A364 (1981) 297.

M. Maryama and T. Ueda, Phys. Lett. 1248 (1983) 121,

0.V. Maxwell et al., Nucl. Phys., A362 (1981) 301.

I1. Messel and D.F. Crawford, (Pergamon Press, Oxford, 1970) 18.

M. Meyer, S. Carius, and P. Schmit, CERN-EP Internal Report 83-02 (1983)

H.Q. Meyer, private communication (1985).

E. James et al.,, CERN Internat Report 12506 (1983).

D. Mahi, G Petrucm L. Thorndahl, and 8. van der Meer, Phys. Rep. 58 (1980) 73.

D. Mohl, Proc. Workshop on Physics at LEAR with Low-energy Cooled Antiprotons,
{Plenum Press, N. Y. and London, 1982) ed. U. Gastaldi and R. Klapisch, p. 27.

H.H. Nagel, Z. Phys. 186 (1965) 319.

W.R. Nelson et al., Phys. Rev. 149 (1966) 201.

J.A. Niskanen, Nucl. Phys. A430 (1984) 605; A412 (1984) 448,

J.A. Niskanen and A.M. Green, Nucl. Phys. A431 (1984) 593.

J.A. Niskanen et al., Nucl. Phys. A443 (1985) 691.

J.A. Niskanen and F. Myhrer, Phys. Lett. B157 {1985) 247.

LA, Niskanen, Helsinkd Priprint HU-TFT-86-3, (to appear in Phys. Lett. B).

LA, Niskanen, Int. Rev. of Nucl. Phys., Vel. I, Quarks and Nucle:, (World Scientific, 1985).

JA. Niskanen, private communications {1986).

R. Nitsche, Journal Appl. Phys. 36(B) (1965} 2358.

M.A. Omar, "Elementary Solid State Physics”, (Addison-Wesley, 1975) ISBN=
0-201-05482-5.

8.J. Orfanidis and V. Rittenberg, Nucl Phys B59 (1973) 570.

S. Okubo, Phys. Lett. 5 (1963) 163.

V. Zweig, CERN Report 8419/TH 412 (1964).

J. lizuka, Prog. Theor. Phys. Supplement 37-38 (1966) p. 21.

E. Pauli, Proc. Workshop on Physics at LEAR with Low-energy Cooled Antiprotons, (Ple-
num Press, N. Y. and London, 1982) ed. U, Gastaldi and R, Klapisch, p. 805.

P. Pavlopoulos et al., Nucl. Instr. and Meth. 197 (1982) 331.

M.P. Pennington, Proc. Vith European Symposium on NN and QQ Interactions, Santiago
de Compostela, Spain, 1982,

D.H.Perking, “Introduction to High Fnergy Physics” (Addison-Wesley 1982) ISBN
(-201-05757-3.

G.R. Prescott and G.H. Narayan, Nuogl. Instr, and Meth. 75 (1969) 51.



page 168

References

[120]

[121)
[122]
[123]
[124]
[125]

f126]
{127
[128]

[129]

[130]
[131]

[132]
[133]
[134]

[135]
[136]

(137
[138]
[139]
[140]
[141]
[142]
[143]

[144]
[145]

[146]
[147]

C. Rebbi, "Die Gitter-Eichtheorie: warum die Quarks eingesperrt sind”, Spektrum der
Wissenschaft, 1983,

J. Repond, Thesis, Basel, 1984.

Review of Particle Properties, Rev. of Mod. Phys., Vol. 56, No 2, Part 2 {1984).

B.Richter et al., Phys. Lett. 1263 (1983) 284.

D.M. Ritson, "Techniques of High Energy Physics”, (Interscience N. Y., 1961},

J.L. Rosner, Phys. Rev. Lett. 21 (1968) 950.

H.J. Lipkin, Nucl. Phys. B9 (1969) 349; Phys. Lett. 32B (1970) 301

B. Rossi, High Energy Particles, (Prentice-Hall, N. Y., 1952).

H.R. Rubinstein and H. Stern, Phys. Lett. B21 (1966) 447.

1J. Sakurai, “Advanced Quantum Mechanics”, (Addison-Wesley, 1980) ISBN=
0-201-06710-2.

G. Schierholz, CERN-th.4139/85 (1985), Lect. 27th Scottish Univ. Summer School in Phys-
ics on Fundamental Forces, St. Andrews, 1984,

A. Schopper, private communications (1985).

S.M. Seltzer and M.J. Berger, *'Studies in Penctration of Charged Particles in Maiter”, Nucl.
Sc. Series Rep. No 39, Nat. Acad. Scs. Washington, D.C. (1964).

LS. Shapiro, Sov. Phys. USP 16 (1973) 173.

R.H. Siemann et al., Nucl. Instr. and Meth. 129 (1975) 427.

G.A. Smith, Proc. 7th International Conference on Experimental Meson Spectroscopy (Up-
ton, New York, 1983) PSU/HEP-83-01.

M. Steinheimer, Phys. Rev. 88 (1952) 851; 103 (1956) 103.

K.R. Symon, "Fluctuations in Energy Loss by High Energy Charged Particles in Passing
through Matter”, Thesis, Harward Univ., 1948. .

K. Takagi et al., Journal of Crystal Growth 584 (1981) 52.

L. Tauscher et al.,, CERN Proposal 80-142/PSCC/P36 (1981).

L. Tauscher, private communications (1986).

D.A. Troster, CERN 84-03 (1984).

P.V. Vavilov, Sov. Phys. JETP 5 (1957) 749.

G.C. Rossi and G. Veneziano, Phys. Rep. 63 (1980} 149.

M.J. Weber and R.R. Monchamp, Journal Appl. Phys. 44 (1973) 54, 95; Proc. Internat.
Workshop on Bismuth Germanate, Princiton Univ. (Nov. 1982) ed. C. Newman Holmes, p.
79, 102.

K. Wilson, Phys. Rev. D10 (1974) 2445.

L.C.L. Yuan and C.S. Wu, ""Methods in Experimental Physics”, Vol. 5 (Academic Press,
1961) L. :

T. Yuda, Nucl. Instr. and Meth. 73 (1969) 301

C. Zemach, Phys. Rev. 140B (1965) 97, 109.



Acknowledgements

Acknowledgements

It was possible to carry through this work through the important help of
many people.

I would like to express my gratitude to the people at the Research Institute
of Physics in Stockholm that helped me and supported me in the physics as
well as in administrative concemns. Especially I wish to thank Prof. 1. Bergstrém
for giving me this possibility to write a thesis, and Doc. A. Kerek for his super-
vision and care.

I want to thank my colleagues of the PS182 collaboration for creating a
stimulating and friendly working atmosphere, and for many (mutually fertilizing
1 hope) discussions that often lead to a deeper understanding of various prob-
lems. I especially wish to thank L. Tauscher and H.O. Meyer and most warmly
my fellow graduate student Charles Findeisen,

Of special importance to me and my scientific education as well as to the
work behind this thesis was the contact and collaboration with M.D. Cooper.

The communications with H. Rubinstein and J.A. Niskanen have been of
major importance for my understanding of proton-antiproton anmnihilation
physics as well as for the interpretations of the results from experiment PS182.

It is mice to know a person that gives, whatever the question concerns, a
most understandable explanation. Thus, I want to thank L. Bergstrdm for never
hesitating to take time to explain me the most abstract phenomena of elemen-
tary particle physics, and, in particular, for giving me a course in gauge theories.

For providing and presenting courses in the compulsory subjects I want to
thank the following persons at the Gustaf Werners Institute in Uppsala: G.
Fildt, B. Hoistad, §. Dahlgren, and also C. Fahlander at the Tandem Acceler-
ator laboratory in Uppsala.

The proof-reading of this thesis by H. Renshall has had a substantial influ-
ence, not only on the inguistic correctness, but also on the logic clarification of
the presentation of several topics.

For taking care of practial problems such as the printing of this thesis I wish
to thank my brother-in-law B, Bystrdm,

Starting up a life in the Geneva area was easy and joyful thanks to E. and A,
Engstrom.

Finally, and most of all, I am indeed grateful to my wife Lise-Lotte who has
typed and corrected and corrected this thesis, and also assisted with my usage of
the English language, as well as drawn the majority of the figures.






7%, v, AND 5 SPECTROSCOPY OF ppb
ANNIHILATIONS AT REST

Staffan Carius

AK AD EMISK AVHAND LING

som med tillstand av Kunghga Tekniska Hogskolan framlagges till
offentlig granskning for avliggandet av teknisk doktorsexamen,
fredagen den 30 maj 1986, kl. 10°° i Férelasningssalen,
Forskningsinstitutet for atomfysik, Frescativigen 24, Stockholm



7 Ry
‘%‘ SCIENCE\)\,‘;!-\E
&

70, v, AND n SPECTROSCOPY OF pp
ANNIHILATIONS AT REST

STAFFAN CARIUS

Thesis for the degree of Doctor of Technology

Abstract

The experiment PS182 performed at the Low Energy Antiproton Ring at CERN is presented. It
was designed to search for exotic states (narrow) produced in proton-antiproton annihilations at rest. A
spectrometer consisting of two sets of bismuth germanium oxide (BGO) crystals and a lead-glass array
has been used to measure the #° and 7 inclusive momentum spectra and the inclusive photon energy
spectrum produced in pp annihilations at rest. The tests of the BGO sets in an electron beam of ener-
gies from 50 to 450 MeV is described, as well as procedures to extract the energy and position resolu-
tions for detected photons. Also discussed are the methods of calibration and reconstruction of impact
position of photons detected by the lead-glass array

For the production rate of narrow exotic states, anupper limit is given as a function of the mo-
menturn of the emitted #°-meson or as a function of the energy of the emitted photon, respectively.
The measured inclusive spectra show structures of ordinary mesonic resonances, which allows deduc-
tion of the branching ratios for the two neutral annihilation channels pp-+n°w and pp+nw. From the
absence of signals upper limits are extracted for the neutral two-mesonic’ annihilation channels
pp-+ =y, 29, n1’. By measuring coincidence events of three photons, the ‘branching ratios of the rare
annihilation channéls pp—+27° and pp- "y are measured with precision, as well as an upper limit for
the channel pp—37°. Discriminating events of two high-energetic back-to-back photons resulted in an
upper limit for pp—+2y.

To be presented, with the permission of the Faculty of Applied Physics and Mathematics of the Royal
Institute of Technology, for public criticism at the Rescarch Institute of Physics (main auditorium) on
. May 30 1986 at 10.00.
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