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ABSTRACT

A description is presented of a general 'missing
mass' type of experiment used to study 17 » interactions,
concentrating here on single pion production processes in
the incident momentum range from 670 to 1300 Mev/c.

The experiment involved the detection and the
identification of those recoiling nucleons which were
produced in a small forward cone of angles about the incident
beam axis. The divion system was also identified (in a decay’
array sensitive to both charged and neutral particles), and
its missing mass calculated by measuring the incident pion
momentum and the nucleon time-of-flight in the final state.

Although it has been the aim to provide a self-
contained description of the experiment, most emphasis has
been laid on the analysis and interpretation of the data,
with which the author was primarily concerned, vwhile only a
general outline of the experimental design and characteristics
has been presented,

o The most prominent features observed in the gdata
were two enhancements in the T T° p final state, at incident
momenta of 755 and 1070 Mev/c. Various interpretations of the

enhancements have been discussed.
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Chapter One

An outline of the experiment,

Introduction.

Most of the established baryon resonancés have been-
detected in direct s-channel "formation experimenﬁs", in which
a nucleon target is bombarded by a beam of pions or kaons at
several closely-spaced incident momenta. When the total energy
in the centre-of-mass of this initial system coincides with the
mass of a baryon resonance, the presence of the latter may be
detected by a suitable analysis of any of the final states
corresponding to its decay modes. The analysis may simply consist
of observing enhancements in the cross-sections for these final
states, or may involve a more sophisticated approach - as in
phase shift analysis.

On the other hand, the restriction of practical
experiments to nucleon targets has meant that, to date, the
formation of meson resonances has been possible in only two
types of interaction. In the first, experiments involving
intersecting electron - positron beams have been used to detect
the formation of vector mesons; in the second, searches for
mesons with masses greater than twice that of the proton have
been made, using antiproton - proton collisions. Recause of
these limitations, the spectrum of meson resonances has been
studied extensively in "production experiments". Here the
presence of a meson is observed as an enhancement in either the
effective mass of a particular group, or in the missing mass

of a general group of particles in a multi-body final state.
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In particular, the technique of missing mass
spectroscopy has been developed in "counter experiments" where
there is a high degree of statistical accuracy. In 1966 the
Counter Group at Imperial College proposed such an experiment:

a search for meson resonances, XO, present in reactions of tﬁe
type T + p~—> Xa + N , would be undertaken in the following
way. The incident momentum of the pion would be varied in closely-
spaced intervals; at each momentum, recoiling nucleons, N,
produced close to threshold, would be detected and timed over
a known distance. Aresonance would be seen as a systematic
variation in the number of detected nucleons (section 1.2). The
advantages would include the simultaneous measurement of proton
and neutron channels - so that a search for charged and neutral
mesons was feasible -~ and the identification of the decay products
of the meson in a complex array of counters, Minor modifications
have been made to the original design, but data was essentially
taken with the same instrument over a period of months, ending
in September,'197o. The incident momentum range covered was 670
to LOOO Mev/c (a missing mass range of 540 to 1960 Mev/cz).
Details ﬁf various completed analyses are given in reference 1.

This thesis is concerned with single pion pro-
duction, and in particular with the T T°p and W' n channels,
at the lowest momenta available in the data., In this region
nucleon resonances are known to have significant branching
ratios to these particular final states.

Results are présented in the form of "yield curves"

(section 1.2), any structure in which may be interpreted as
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either nucleon or meson resonance behaviour,

Missing Mass Svectroscopy and thanield Curve,

The yield curve
technique is a variation of the well-established method of
missing mass spectroscopy advanced by Maglic (2). Consider a
quasi-two-body process

i +2 — ¥ + 4
where 1,2 and 4 are stable particles (not resonances), and X
is in general a system of particles. The missing mass of this
system of'pﬁrticles, M, is given by
M = (E, + B, - & )2 - (py *+ P, = P )2 SR ¢ I
1 2 L 71 T2 L
where Ei is the total energy, and p; the momentum of particle i.

At a fixed incident momentum p and with ¥ representing a

.1’
system of uncorrelated particles, the distribution of MZ will
be smooth and slowly-varyihg. However, should X represent the

decay products of a resonance of mass M, , there will be a peak

X
in the MZ distribution at a mass M = MX « This forms the basis
of all missing mass experinents.

Conglder éxplicitly the present experiment, where
partic%e 1l is a pion incident on particle 2,vwhich is a proton

at rest, with particle 4 the recoiling nucleon, N, Equation

(1.1) then reduces to the following:

MZ = (® + mp - EN)2 - p2 - pg + 2ppucose P ¢ -2



where E, p and E are the energy and momentum of the incident

N* Py
pion and the recoiling nucleon respectively; mp is the mass of
the proton; and 6 is the angle between the pion and the nucleon
(all variables measured in the laboratory system). Obviously,
at a fixed incident momentum, simultaneous measurements of Py
and @ are sufficient to determine M. However, to obtaln a yield
curve, a fscan' in incident momentum is required, over a range
of values of p: in general, therefore,
M = Mp, 6, py)

where Py = pN(t), if t is the nucleon time-of-flight.

Thé sensitivity, dM, of the determination of M

depends on the precision with which the three variables are

measured:
2 oM oM, au 2
(dM) = ( ap'dp) + ( ae-de) + ( apI'q'de) ooc-ooc..(loB)
where, by differentiating equation (1.2),
Ma__M = -[3(EN - mp) + Py.CO8 e
dp
’ Mﬂq_ = - p.pN.Sine .u.oaoon-.o-n..(l.h’)
d6
M gﬁ = -PN(E + mp) + p.cos @
Py

with P , and IZN the velocities of the pion and nucleon respectively,
. For a given systematic precision d6 of the measurement of @,
aM/ ae.de can be made to vanish if aM/ 0g = 0. From equations

(1.4) this occurs at 8 = 0. Similarly, for a given systematic
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precision de of the measurement of Py QH/QPN.de vanishes

N
when aM/apN = 0. If 8 = 0 this can be satisflied when

p - FN(E + mp) =0

or, ceesresseevssesslle5)

where Pc is the velocity of the centre-of-mass 1in the laboratory

system, P = Pc corresvponds to the nucleon being produced at

N
rest in the centre-of-mass system (the c-system). With the
conditions 8 = 0 and PN = FC , the resolution of the missing

mass determination is then solely governed by the vrecision dov

of the measurement of the incident beam momentum:
dM =_aM/ap . dp

.This experiment was therefore designed to operate
as follows: a beam of negatively charged pions was incident upon
a hydrogen target; the beam had a precisely defined momentum,

A series of neutron counters, arranged symmetrically about the
beam axis, was used to detect recoiling nucleons scattered into
a small forward cone of angles & = 0 about the axis. The nucleon
times~of-flight were recorded, so that in a subsequent data
analysis, events for which the nucleon had a velocity FN = Pc
could be selected. In this way the resolution of the missing
mass determination was optimized at each incident momentum.

The remaining products of the interaction were



detected by an array of counters sensitive to both charged

and neutral particles; for each detected nucleon, the state of
this array was also recorded. Such.é flexible system enabled
several final state; to be identified and studied simultaneously.
During data analysis, histograms of the time-of-flight of the
nucleons for various states of the decay array were made; these
could be combined in a suitable fashion to represent the time-
of-flight spectra of particular final states of interest. As

an example, Fig.l.lA shows the spectrum of the T n®n final
state, at an incident momentum of 1125 Mev/c. gs the time-of-
flight t is related to the missing mass M by equation (1.2)

with p,. = pN(t), an enhancement in the missing mass distribution

N
will also be present in the time-of-flight spectrum. Thus, the

® meson produced in the reaction W + p— w + n , w-le'+‘lT-TTO,
is seen as an enhancement in Fig.l.1A.

The yield in a fixed timing gate (interval of time)
is the nunmber of recoiling nucleons with times-of-flight within
that gate: tﬂis number is usu2lly normalized to a rate of 100
million incident pions. The yield curve is generated by plotting
the yield in a given gate as a function of incident momentum,

The rise and fall of a cross-section through resonance vro-
duction is reflected as structure in such a curve. And since
backéround subtraction is simpler in this case, the yield curve
is preferred to a time-of-flight spectfum for the extraction

of the mass and width parametefs of the resonance. As an example,

Fig.l.1B shows the yield curve of the W+n“non final state, for

yields in the gate shown in Fig,l1.1A. The @ mesoOn is seen as
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a strong enhancement. From such curves the mass and width of
the resonance can be obtained,

A slight variation in the technique of analysis
leads to a presentation of the data in the form of mass plots.
This technique emphasizes how the yield curve is, in fact,
equivalent to a continuous mass spectrum. Essentially the
yield in a fixed gate t2~t1 is redistributed intoimass bins by
using equation (1.2). Thus, at a fixed incident momentum,
there exist times T and T+dT corresponding to missing masses
M and M-dM, such that the events in the time interval are
those with masses in the mass interval. A mass spectrum re-
stricted to the range m,< M < m

2 1

events in the gate tz-tl s if N(Tl’TZ) is the number of events

in the gate TZ-T1 , then, in an obvious notation:

can be produced from the

= 2
m, = T1 t1
my - dm = T,+dT; = T, : N(Tl,Ta) = N(ml,ml—dm)
m1~2dm = T2+dT2 = T3 : N(TZ’TB) = N(ml-dm,ml-de)
m,= ml-ndm = Tn+dTn - Tn+1 < tZ: N(Tn’Tn+1)= N(m2+dm,m2)

A slightly increased incident momentum produces
a displaced but overlapping spectrum of masses; but by adding
such spectra together, with suitable normalization, a continuous
mass distribution is achieved. In this way, by aptually
performing a scan over closely-spaced intervals of incident

momentum, a continuous missing mass spectrum can be "simulated”.
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This method is illustrated in Fig.l.2, where again the final
staté is mmwomw® n, and the W seen as a strong enhancement.
Using both the yield curve and mass plot techniques,
the mass of the W meson has been estimated (1c): from the yield
curve a value of 782.1 ki 0.5 Mev/c2 was obtained; from the mass
plot, 782.7 h 0.5 Mev/ca. The width of the W was estimated to

be 9.7 z 1.3 Mev/c2 from the mass plot,.
The Kinematics of Meson Resonance Production.

The kinematic relation between incident momentum p,
missing mass M, and the nucleon time-of-flight t, can be showm
diagramatically. Thus the kinematics curves of Fig.1l.3 show typical
missing mass contours in the p - t plane,

Of particular imvortance is the yield in a small
time interval around t = tc, where tc = tc(p) is the time-of- !
flight of nucleons having velocities PIW = P c (Fig.1l.3). Here,
for each incident momentum p, there exist almost unique values
of M, since B»U'Bt = 0 (see section 1.2):

oM
t ) 4 —) .dt

M(p,t‘:’t) c at t:t +o'-.
C

c

M(p, t

13

M(p,t:tc)

= Mmax(p) (see Fig.l1l.3)

Working at t = tc(p), therefore, is equivalent to being at the
tiv of a Dalitz vlot with M2 as ordinate (M = My for single

rion production modes). As the momentum is increased, the
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FIG., 1.3
- The Kinematics Curves
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are measured relative to a fixed reference point (section 2.5).
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Dalitz boundary exvands so that higher and higher values of M2
are possible. At each momentum, the yield in the gate at t = tc
is proportional to the density of states at the tip of the
Dalitz Plot: as the momentum is varied, a peak will occur in
the yield curve corresponding to the production of a resonance

of mass MX at a momentum p = P, for which

My _ MCp, , t, }

The kinematics curves show that this momentum is the lowest
possible required to produce a mass of M, : the resonance is
produced at threshold. When this happens, the nucleon is pro-
duced at rest in the c-system, and its resulting motion in
the laboratory is therefore directed towards the detectors
at 8 ¥ 0, In consequence, there is a high collection efficiency
for such nucleons. Very close to threshold it has heen shown |
(3) that nucleons emitted at all angles e* in the c-system
are detected;

As the momentum is increased to some value
P =P, > Pe » there now exist two times-of-flight of the
nucleon which correspond to the production of the missing
mass My : t) < t, and t2:> t, (Fig.1l.4). In both cases the
nucleon now has a non-zero kinetic energy in the c-system.
However, only those produced backwards (at G* = 180°) are
detected at tl; only those produced forwards (at " = 0%)
are detected at t2 (3) . The collection efficiency of events
with a'missing mass equal to the resonance mass M‘ therefore

X

decreases as the momentum is increased above the corresponding
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threshold value Paor

In the time-of-flight spectrum produced at a
momentum p = P, > there will be a single enhancement at a
time t = tc , corresvonding to the vproduction of the resonance
of mass M :,at a higher momentum P, s there will be two

X

enhancements in the spectrum at t, and t,. Thus the two

1 2

enhancements seen in the time-of-flight svectrum of Fig.l.1lA
both represent @ production - at ah incident momentum above
its threshold.

Such an effect can be exploited using the 'yield
curve technique': thus in the yield curve generated from the
gate at t = tc’ structure due to the production of the meson
resonance (Mk) should occur at an incident momentum p = P.s in
the curve generated from a gate at t = tl (or ta), the structure
should be at p = Py By a suitable choice of tl, this change
in the pbsition of the structure, p,~b, » can be made large |
enough to be observable, So by generating curves of the yields
in suitéble timing gates, it is possible to demonstrate whether
or not observed structure in such curves behaves in a manner
consistent with its interpretation as meson resonance production,
This principle is clearly demonstrated in Fig.l.L4. Here the
contour of M = MX = Mgy 1s drawn in the t - p plane, and shown
together with the. observed yield curves of the LR A |
channel, generated from the yields in the two different gates
shown on the t-axis. A peak due to @ production is observed, at
differenf momenta in the two curves: the relative disvlacement

of the peaks is (apvroximately) as predicted by the kinematics

curve,
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The choice of timing gates in the practical apvlication of the
yield curve technique.

It was seen in the vreceding section
that systematic variations in the position of structure,
present in yield curves obtained from different timing gates,
could be related o meson production, The exact form, and the
limitations on the choice of such gates, imposed by practical

considerations, is now discussed.

The centre-of-mass éliding géte (the cms gate),

In section 1.2
it was shown that the determination of the wmissing mass is
independent of the precision with which the direction, &, and
momentum, pN(t), are measured, for nucleons detected at 8 = 0
with velocities PN = Pb . In this experiment, nucléons were
detected at small angles € ® 0; so a gate selecting those
with velocities FN

determination with optimum»resolution to be made at . each

= Fb suggested itself - allowing a mass

momentum, A gate centred on the time tc was therefore chosen;
since tc is a function of the incident momeﬁtum p, the position
of the centre of the gate changed at each new value of p. In
practice, the width of the gate was also made a function of p.
This ensured that the number of events in the gate did not

vary too ravidly as the incident momentum was changed: if

this were to happen, it would make background subtraction

more difficult. (As the momentum is increased, more nucleons

are detected close to threshold, so the gate was made to
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contract.) The gate limits t and t then had the following

lc 2c
form:
t), = t,(p) - F(p)
tac = tc(p) + G(p)

where F and G were positive, linear functions of p, emvirically
chosen from studies of other channels. However, the same gate
was adopted for this study of single wnion vproduction wrocesses
as 1t provided a twofold advantage: firstly, the observed yield
curves generated from the gate were relatively slowly-varying,
which would facilitate accurate background subtraction; secondly,
the predicted geometric acceptance of nucleons with times-of-
/flight in this gate (as furnished by the 3-body vhase space
simulation described in section 4.3) is independen: of incident
plon momentum, This gate is referred to throughout the text as

the "cms gate": the limits of the gate are showvn in Fig.l.3.

1.4.2 Other timing gates.

| For gates at times t <« tC , the kinematics curves
show that OM/ Ot rises rapidly. In this region the mass
resolution is dominated by OM/ dt.dt, wheré dt is the intrinsic
electronic timing resolution, systematic to the exveriment;
(dt is apvroximately Y 0.6 ns.). The mass resolution therefore
becomes incrgasingly worse as gates at shorter tinmes-of-flight
are chosen. The contribution to the resolution due to the
finite size of the neutron counters, d8, is negligible at all
times-of-flight.

The mass resolution versus time-of-flight curve

v
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for neutron channels at an incident momentum of 1.1 Gev/c
has been calculated in reference lc. In the region of the
cms gate where the resolution is dominated by the precision
of the incident momentum measurement, it is of the order of =

2 to 3 Mev/c2 (standard deviation).

For proton channels, gates chosen at times t > tc
have the additional problem due to the nroton energy loss
in ionising collisions in the target. This requires a correction
to the raw time-of-flight depending on the vosition of the
interaction vertex; any uncertainty in this position leads to
an error in the missing mass determination. This problem is
discussed further in section 4.5.2.

Iﬁ general, therefore, the choice of gates is
practically restricted; on the t < t, side for both proton
and neutron final states due to the electronic timing pre-
cision; on the t > tc side for proton final states due to the
uncertainty'in the position of the interaction vertex. Within
the range governed by these limitations, all other gates
used in the analysis were fixed in time, and chosen for two
main reasons:

(1) to distinguish between nucleon and meson resonances by
observing the behaviour of enhancements in yield curves
generated from the yields in different timing gates, as out-
lined in the next section;

(2) the time-of-flight t is related to the L4-momentum transfer N
by the equation:
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where Py and pp are the L-momenta of the final state nucleon
and the initial state proton respectively: this can be expressed

as

AZ

2
-2TNmp + ( mN-mp)

with TN the kinetic energy of the recoiling nucleon, directly
related to the time-of-flight t, So changing the timing gate
allows a study of possible differences in behaviour of any
structure in the yield curve to be made as a function of

L-momentum transfer.

Limitations of the Experiment.

}So far the'apparatus has been reviewed as a means
of experimentally detecting meson resonances: the hope is to
assign mass aﬁd width values to each resonance. To achieve this
end, two main problems must be overcome during the data analysis:
any structure present in the yield curve must be identified as
being due to meson production ~ rather than to some spurious
instrumental effect, or nucleon resonance formation; and it
must be possible to parametrize and remove the background under
the structure, leaving the resonance whose mass and width are
to be established.

In general, tﬁe yield curve technique is most

effective in the study of narrow resonances. Here the background
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is relatively easy to remove, so that accurate measurements
of masses and widths can follow (cf. the result of reference
lc). The subtraction of background under resonances with

large widths is, however, much more speculati%e, and must

be undertaken with a great deal of care (c¢f. the results

of references la and 1b), This problem is, of course, comron
to the analyses of many experiments in high energy physics
today, and often results in only tentative estinates of the
resonance parameters being deduced (cf. the results of elastic
phase shift analyses (4)).

The formation of nucleon resonances is another
problem of particular significance in the momentum range
discussed here, as many are known to exist, and tc have large
branching ratios to the single pion production channels (5).
Thus the formation of N* or 13 ~resonances in reactions of
the type

T~ + pos New rrmeN N G 1D

will give rise to the same final states as meson production
in reactions like, for exanple,

o +p—p+ N y p—> W cesesssacsnees(1B)
The formation of nucleon resonances can be expected to
manifest itself in the yield cur?e, since such a curve is
obtained by varying the incident plon momentum v in what is
essentially a scan over the centre-of-mass energy E* . This
can be understood by assuming é cross-section for reaction

(1A) of. the form
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A
o * — . A=l e)?
A* (E - M) g

where MS and [; are the m;ss and width of the nucleon resonance,

and E = E*(p) . As the incident momentum p is varied so that

E* tends towards the threshold energy, Ms y for reaction

(14), the value of E - Ms,tends to zero; consequently the

cross-section o rises, and there will be a corresponding rise

in the yield of recoiling nucleons. As the threshold energy is

passed, the yield will similarly fall in concert with the

now diminishing cross-section., Thus a peak will occur in the

yield curve at a momentum p = P for which E*(ps) = MS .
Assuming that the RxN final state is a system

of uncorrelated particles, the Mén.distribution at each

momentum will be structureless. It follows from equation (1.2)

that the nucleon time-of-flight spectrum will also be structure-

less: only in the generation of the yield curve will any

structure be 6bserved, and the presence of the nucleon

resonance be detectable, It is the whole time-of-flight

spectrum which moves first up and then down again (relatively

speaking), as the incident momentum is varied through the

threshoid for the formation of the nucleon resonance. Thus

the poéition of the structure in the yield curve will be

independent of the timing gate chosen for the generation of

the curve. Recalling the_discussion of section 1.3, this is

a different pattern of behéviour to that expected for meson

production; in that case, the position of the structure moves
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from one momentum to another as the timing gate is changed.
This difference in‘behaviour vrovides a basis for distinguishing
between the two types of resonance‘in a yield curve analysis:
it will be discussed in detail in chapter four. It should be
added that such a distinction is not wholly independent of

the problem of background subtraction menticned above. This

is because discernible movement of the peaks in yield curves
of different timing gates depends to a large extent on how
accurately the centre of the peaks can be established. This

in turn depends on their widths; and if these are large,
particularly on the proper subtraction of the background under
then,

In summarizing the limitations of the experiment
as a means of detecting meson resonances, two other important
qualifications must be added, The first is inherent in the
particular design of the apparatus; the second is a more
general critipism of the missing mass technique.

Firstly, at each incident momentum, the nucleon
detected in the final state has a very small momentum in the
centre-of-mass (for example nucleons with times-of-flight in
the cms gate have momenta less than 40 Mev/c). It follows
that a meson resonance, X , produced in the reaction M + p —
X + N , will only be detected if there exists sufficient T
cross-gection for its production so close to its threshold.

In an earlier experiment on the production of the q at
threshold, it was shown that the cross-section rose linearly

with the momentum of the n (6). While such a result is
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encouraging, there is no guarantee of its universality. A
cross~section dependence on higher powers of the centre-of-
mass momentum would make the detection of a meson more
difficult so close to its production threshold.

Secondly, missing mass spectroscopy is essentially
confined to a search for enhancements on a zontinuous back-
ground; with this approach, some meson staftes might not
appear due to complicated interference effects. In this
svirit, Donnachie (7) has likened the missing nass technique
to a study of total cross-section curves (like those of Fig.1l.5).
Thus, while such curves clearly show a good deal of structure,
a study of their shapes by itself would fail to reveal the
presence of the many nucleon resonances now known to exist.
Donnachie contends that, in a similar fashion, new meson
resonances might not necessarily be visible with the missing
mass technique. Nevertheless, in the continued absence of
experiments in which mesons are directly formed in the s~
channel (apaft from the exceptions given in section 1.1),
missing mass spectroscopy remains of paramount importance in

the study of the meson spectrum.

The Single Pion Production Channels.

Looking specifically at
the incident momentum range below 1070 Mev/c (i.e. below
the O threshold), Fig.l.5 shows a compilation (8) of total
cross~section measurements for the single pion production

channels W + p — TWT'p , Tfn"n, and T°n°n . A good deal
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of broad; overlapping structureris evident. Sophisﬁicated
phase shift analyses (9) of elastic scattering data have been
réquired to establish that many nucleon resonances contribute
' to these total cross-sections. The techniques of analysis
favour large widths (10); for the known resonances they are
of the order of 100 to 200 Mev/c2 (5).

Because of the broad nature of these effects,
the presence of narrow mesons should still be detectable in
this experiment. Ideally, providing there is sufficient
cross-section, they should appear as narrow enhancements 6£
the slowly=-varying background of the nucleon resonances.
Furthermore, by using the technique outlined in section 1.4,
it should be possible to distinguish effects proéuced by
narrow mesons from any produced by the recently reported
narrow nucleon resonances (10).

Whiie searching the region for narrow resonances,
an attempt has also been started to interpret at least the
qualitative features of the yield curves - narrow structure
apart - in terms of the established nucleon resonances. At
first this may seem ambitious, recalling the general criticism
of the missing ﬁass technique advanced in the preceding
section. It would appear that the criticism is even more
pertinent when applied to the stud& of a region of known
overlapping effects by this tech;ique!

On the other hand, the kinematics of the experiment
tend to favour the formation of nucleon resonances, Thus, the

particles in the final state are separating very slowly (in
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the region of the cms gate,.for example, the nucleons have
momenta of less than 40 Mev/c in the centre-of-mass). The
particles therefore stay within a typical interaction length
(h / m,C ) of each other for a relativély long period on

the strong interaction time-scale -~ a situation which
intuitively seems to suit the formation of nucleon resonances.
Moreover, because of the collection efficiéncy of the nucleon
detectors, and the selection of events with nucleons of
specific times-of-flight, the yield curve actually represents
. a particular form of differential cross-section measuremeﬂé;
In elastic scattering, it has been useful to study the'
“differential cross—section in the backward direction (e* = 1800)
because of the senéitivity of backward sqattering to phasé
shifts caused by interference between the various waves (11).
Similarly, in the 3-body final state, interference effects

are thought to_have produced interesting results'in this

experiment.
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Chapter Two

The apparatus and. data taking systenm.

Introduction,

Two completely independent sets of data were
taken with the apparatus. For the first set. the nucleon
detection system was placed approximately five metres down-
stream of the hydrogen target. For the second set, minor
modifications and additions were made to improve the overall
performance and scope of the aprnaratus. The detection
system was moved a further metre downstream. Throughout the
text, the two sets of data are referred to as the 5 and 6
mt. data respectively.

A general review of the main experimental
features and the subsequent modifications is presented-in
this chapter. The arrangement of the counters used in the
experiment, together with their relevant design dimensions,

igs shown in Fig.z.l.

The Beam and Hydrogen Target.

A high flux beam of negatively charged particles,
mainly pions, was produced by bombarding an internal Nimrod
target with the circulating proton beam. These vparticles
were extracted, and those in the desired momentum band
transported via the T -7 beam-line to a downstream focus on
a target of liquid hydrogen.

The lay-out of the beam-line is shown schematically
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FIG.
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Schematic diagram of the apparatus
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in Fig.2.2: it consisted of two separate stages, each of
which comprised a quadrupole doublet and a bending magnet,
The purvose of the bending magnets.was to provide a beam of
particles in the required momentum range, while the pair

of quadrupole doublets served to focus the beam on the
hydrogen target. To obtain a beam with a certral momentum

P0 , the magnet currents were adjusted to values which had
been determined during "beam-setting" runs prior tc the

main experiment. Estimates of these values were initially
obtained from standard Rutherford Laboratory programs (12).
Exact currents for the magnets in the second stage, and the
relation between P0 and the field in the bending magnet (M2)
were established by a form of floating-wire technique (13,14);
those for the magnets in the first stage were determined
empirically. M2 was shimmed to provide a constant field,

and to compensate for path-length inequalities (3).

During the experiment, the currents in the
magnets were'stable to 0.1% (la). The field in M2 was
monitored by an N.M.R. arrangement, the frequency of which
was reliable to 0.005% for each momentum setting. Ry repeating
the floating-wire measurements at the completion of the
experiment, it was estimated that the absolute momentum was
known to 0.14% (14). This corresponds to uncertainties in
the missing mass determination of 0.4 Mev/c2 at the ﬂ
threshold, and 0.7 Mev/ca at the threshold of the w .

Since only pibns were wanted in the incident

beam, a long, gas-filled Cerenkov counter was included in



the beam-line., It was used in veto to remove as much of the
unwanted contamination in the beam as possible. After passing
through the Cerenkov counter, the beam of pions was estimated
to contain a 2 £ 2 ¢ contamination of electrons and muons,

In the second stage, the momentum of each
particle in the accepted band was determined. This was achieved
by the installation of two sets of finger hodoscopes, the
G and H counters, at the conjugate planes of unit magnification
of the spectrometer. Fach set consisted of thin scintillation
counters mounted across the beam axis (Fig.2.3). The ratio
of the widths of the G and H fingers was matched to the
horizontal magnification of the spectrometer. Under these
conditions, and with a uniform field in M2, a particle passing
through the vertical plane at the G counters will horizontally
intersect the vertical plane at the H counters at a point
depending on its momentum. Thus, a knowledge of the horizontal
displacements of the particle as measured by the counters
H, (i =1,....,7) and 65 (3 =1,....,11) vas sufficient to
define the particular value of its momentum.

Although there were 11(7) fingers in the G(H)
hodoscope, the outer pair of each set was not incorporafed
into the logic. Several vossible combinations of HiGj defined
the same momentum -~ namely those pairs for which i + j was
the same integer. By electronically adding such combinations,
the beam was analysed into five different momentum classes,
or "channels'", for each ceﬁtral setting PO . As can be seen

from Fig.2.3% , PO corresponds to those combinations having
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FIG. 2.2
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Mainly due to the finite size of the hodoscope
fingers, the momentum of each channel had a triangular profile,
of full-width at half-height dpi , such that the momentum
bite dpi/pi was + % (3). The momentum of each channel, P

was then given by the formula

P

;1 = Py (1 =+ Egi(i - 3)) i=1,....,5.

Py
where Po is the momentum of the central channel.
Scalers monitored the number of pions in each
of the channels, while a separate scaler independently
recorded the total number in all five. This afforded a useful
hardware check on the numbers used in the normalization of
rates, The rate at which the incident pion beam was delivered
to the target varied considerably throughout the full range
of data. However, tests have confirmed that the yields for
individual final states, and in particular for the single
pion production channels, are independent of this effect (1f).
The beam-line transported the focussed beam of
pions to the centre of the target, situated 45 cm. dovmstream
of the H hodoscovre. The target consisted of slowly-boiling
liquid hydrogen; this ensured a constant density of protons
available for strong interactions., A jacket, 29.4 cm. long
by 6.5 cm. in diameter, made of 0.01" thick mylar contained

the hydrogen. Encasing this jacket was an evacuated aluminium
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cylinder with transparent melinex end-windows. The hydrogen
was supplied from a reservoir via a pipe connected to the
aluminium casing. |

Two problems arise with the use of such a target.
Firstly, recoiling protons will lose some of their energy
in ionising collisions in the hydrogen, before reaching the
detection system. This important effect is discussed in
section 4.5.2. Secondly, the other varticles of the final
state must first escape from the region of the target, in
order to be detected. If charged, they will lose energy in
the hydrogen, in the mylar, and in the aluwinium; they must
have sufficient remaining energy to trigger the decay array
if they are to be detected. However, the energy required to
trigger a counter in the decay array is some five times
greater than the energy lost in escaping from the target area.
In consequence, the energy required to trigger the array is
is a much mofe critical factor than the actual energy lost

in reaching the array: it is discussed in section 2.4.

The System for detecting the recoiling nucleons,

The experiment was to be sensitive to both proton
and neutron final states. To this end, the system used to
detect the recoiling nucleons comprised a set of six identical
neutron counters, N1-6 , and a corresponding set of charged-
particle detectors, the A counters, A1—6 . This system of
counters was placed severai metres downstream of the target.

The neutron counters were arranged symmetrically
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about the axis of the beam, forming a ring into which an
identical counter could be fitted if desired. Each counter
was made of cylindrical blocks of plastic scintillator, 30 cm.
in diameter and 30 cm. in depth; each was ontically interfaced
by a conical perspex light-guide to a photomultiplier tube.
Similar counters have a measured efficiency for neutron
detection of anproximately 25 % (15). For vnroton detection,
their efficiency was assumed to be 100 % . As the counters
were used as part of the system for timing the nucleons, they
were temperature controlled for greater stability of operating
performance,

| A1—6 were six plastic scintillation counters,
placed just upstream of the neutron counters, N1—6 . Hexagonal
in shape, they completely covered the faces of their corresnonding
neutron counters. Their purpose was to help distinguish between
neutron and proton triggers in a subsequent analysis-of the data:
a neutron would trigger only a neutron counter; a proton would
trigger both'én A counter and its corresvonding neutron counter.
To illustrate the general performance of this system, Fig.2.4
shows the yield curve of the sum of all the neutron final
states; the curves are for the yields in the cms gate, for
both the five and six metre data, The narrOW"7 and W mesons
both show as strong enhanceménts on an otherwise slowly-varying
background,

The temperature controlled box containing the

neutron counters wa s mountéd on a movable trolley, so that the

position of the counters relative to the target could be
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adjusted. Tn the experiment two sets of data were taken, with
the face of the neutron counter array at distances of 5.15
and 6.15 mt, from the centre of the target. The corresponding
angles, 8 , subtended by the counters at the centre of the

[} <]
target were 3.3 : 1.7 and 2.8 : 1.4 respectively.

The Decay Array.

The remaining products of the interaction were
detected by a cylindrically symmetric array of counters
enclosing the target (Fig.2.1). For the 6(5) mt. data, the
array was composed of 40(40) counters sensitive to both
charged particles and gamma-rays, while a further 26(23)
detected charged particles only. The particles could be
detected in any one of 20(20) different azimuthal regions
in planes perpendicular to the beamr axis, and in any oie
of 5(4) polar regions.

Nearest the target was an array of twenty plastic
scintillation.counters, kndwn as the inner charged counters,
which could detect charged particles only. The counters
formed the segments of a cylinder parallel to the beam axis,
bent and shaped at the downstream end to form vertical sectors
of an annular 1id (Fig.2.5). Each of the counters had its
ovn air light-guide coupling~it to a photomultiplier tube.

The hole left in the downstream 1id, while allowing
beam pions to pass out of the.apparatus, was essentially
designed so that recoiling nucleons could be detected without

their interacting with the decay array. Its 20 cm, diameter
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was therefore chosen so that a nucleon produced at any point
in the target could reach the extremities of the neutron
counter ring without triggering an inner charged counter,

The array was made sensitive to uncharged particles
by encasing the inner charged counters with two sets of gamma-
ray detectors (Fig.2.1). The first set, the cylindrical gamma
éounters, comprised twenty counters forming the segments of
a cylinder, each parallel to, and opposite, its corresponding
inner charged member. The second set, the 1lid gamma counters,
was composed of twenty detectors forming the sectors of an
annulus; each covered almost all of that part of the correspond-
inglinner charged counter forming the downstream 1id. The region
where overlavping was incomplete was filled by a small annular
plastic scintillation counter, the "ring" (Fig.2.1).

A1l the gamma-ray detectors were constructed of
six layers of 5 mm. thick plastic scintillator, interleaved
with six of 4 mm., thick (equivalent to 0.7 radiation lengths)
lead-plating; with a layer of lead innermost. For each counter,
the layers of scintillator were connected via their own perspex
light-guides to a single persvex button, itself coupled to
a photomultiplier tube,

Gamma-rays (from the decay of a neutral pion
for example) would be converted into electron-positron pairs
in the lead-plating, and these would in turn activate the
scintillator. Moreover, produbts of the interaction that were
charged would automatically activate the scintillator in the
usual way; so that this type of detector was 'triggered by both

t
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gamma-rays and charged particles.

In the 1id at the downstream end of the array,
where the gamma-ray detectors did not completely overlap with
the inner charged counters, the ring counter provided for the
detection of charged particles only.

To comﬁleté a coverage of almost 41 solid angle
for the detecticn of charged particles, a 1id at the upstrean
end of the cylinder was used. This was not so sovhisticated as
that at the downstream end, comprising two semiannular counters
called the "droops'", meeting in a vertical plane containing the
beam axis. The droops were simple scintillation counters so
that only charged particles could be detected in this polar
region. No coverage of this region with gamma-ray detectors
was made because the technical problems were many,

In orinciple, therefore, it was possible, over a
large solid angle in those regions where the inner charged
and gamma counters overlapved, to identify final states con-
sisting of both charged and neutral pions, Thus a charged
plon would require pulses in both an inner charged counter
and the corresponding gamma-ray detector; oﬁ the other hand,

a neutral pion would require pulses in two gamma-ray detectors
only. To detect charged pions in that area of the downstream
lid where there were no gamma-ray detectors, a spare inner
charged counter and the ring counter had to be triggered
‘together., Obviously, in the regions of the ring and droop
counters it was only possible to detect charged pioms.

Prior to the experiment, exhaustive studies of the
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detection efficiency of the decay array were undertaken, and
each counter was tested individually. In particular, it was
found that a pion required a minimum momentum of 70 Mev/c to
trigger an inner charged counter: to trigger both an inner
charged and a ganma éounter, a plon must have a momentum of at
least 135 Mev/c (13). From phase space calculations, however,
only ¥ 7 % of the charged pions produced in the ™0 channel
at an incident momentum of 1070 Mev/c (ﬁhe threshold momentum
for P production) are exvected to fail to trigger both counters.

Extensive tests on the performance of the gamma
counters were also made (16). It was established that a gamma-
ray required an energy qf only 20 Mev., to be detected by the
array: at the P threshold <1 % of the gamma-rays from the
neutral pions in the ﬂ’nop channel would be expected to fail
to trigger the gamma counters. The general performance of the
counters, and the probability of producing "double gamnmas" ~
.adjacent counters in the same polar region triggered together -
were established as functions of gamma-ray energy.

A1l these results were then used in a Monte~Carlo
simulation program (descibed in section 3.3), and checked
under experimental "running" conditions by studying the 1YY
decay. The branching ratio obtained for this decay mode was
consistent with the listed value of 38 £ 2 % (5).

The resvonse of the decay array to charged and
neutral pions in the single pion production channels is

discussed at length in chapter three.
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The modifications made to the apparatus for the 6 mt, data.

The most important modification to the decay array
was the addition of the six circular, plastic scintillation
counters, the target‘counters (Fig.2.1). These were wrapped
side by side around the length of the target. Their main purvpose
was to vrovide a more accurate estimate of the interaction
vertex - important in the case of slow recoiling protons as
already mentioned, Additionally, the target counters could be
used in the selection criteria of certain final states., For
examole, in the T M°p channel, if the charged pion was detected
in the cylinder, at least one target counter must have been
triggered; otherwise, the event was rejected from the W_ﬂop
class.

The L-counters, two charged particle detectors
semiannular in shape, were mounted vertically between the ring
and lid gamma counters. They could provide additional inform-
ation by defiﬁing an extra polar region, but in fact were not
used in this analysis.

The ring counter was divided into two semiannular
halves, to furnish a crude correlation between the ring and the
spare inner charged counters used in the definition of a charged
pion, Thus it was now demanded that for a charged vpion the
half of the ring and the spare inner charged counter that were
triggered together must belong to the same azimuthal half of
the decay array. |

Because of the increased rate of incident pions
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N,

available for the 6 mt. data, it was necessary to remove the
unfocussed "halo" of particles surrounding the pion beam., This

was done by introducing a square counter, the A adjacent

13
to, and slightly overlapving with, the droon counters (Fig.2.1).
Events in which the A13 counter was triggered were vetoed by
the hardware,

To summarize: the decay array provided an overall
s0lid angle coverage of 3.951 for charged varticle detection,
and 3%.251 for neutrals. Many different final states could be

studied simultaneously, and independently of the event (neutron

or proton) trigger.
The Event Trigger Logic.

Detailed descriptions of the electronic logic used
in the experiment can be found in references 1d and 1%: the
important features are outlined here. All the electronic
circuits used were temperature controlled for stability.

A circuit was used to define those pions in the
incident beam which were involved in strong interactions in the
hydrogen. Beam pions entered the target area via the G and H
hodoscopes (section 2.2) and the beam counter S . Those having
no strong interaction would, in general, leave the apparatus
via the two beam veto counters, A, and A

0 0l
strongly interacting pions would not exit in this way: for

. Conversely,

this type of event, an interaction signal ST3 would be formed,

where,
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ST3 = Gi.Hj.S.C. O'AOI (1 =2,10; j = 2,6)
with the Cerenkov veto included to ensure as near as possible
that the interacting particles were in fact pions. Fig.2.6
shows a simplified diagrém of the relevant circuit. Events
were rejected if two or more pulses were received from S within
30 ns., of each other (14).

The AO , A01

particle detectors made of plastic scintillator, and S , as

and S counters were all charged

part of the time-of-flight measuring system, was temperature
controlled for greater stability of performance.

As a check on the overall operation of the counters
involved in the definition of ST3 , Fig.2.7 shows the ST3 rate
plotted as a function of incident momentum over the range
discussed here. The general smoothness of the curves for both
the 5 and 6 mt. data, and their similarity in behaviour in the
overlapping momentum region, is evidence for the satisfactory
performance of this system of counters.

Generally speaking -~ the excéptional cases are
discussed below =~ when ST3 signals were formed, recoiling
nucleons were produced. The system for detecting nucleons
emitted at angles to the incident beam in the range 6 z de has
been described in section 2.3 . If, within a predetermined in-
terval, defined by the hardware, of receiving an ST3 signal,

a pulse was also received from one of the neutron counters, Ni R

an event or master trigrer was formed. The suitably digitised
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difference in time betwéen the pulses in S and N, was taken as

i
the raw time-of-flight of the recoiling nucleon.
The hardware gate was opened some 10 ns. before

particles with velocities [35 1 could reach the neutron counter
array from S . As a result, thé experiment was in danger of
being swamped by beam pions scattering through small angles iﬁ
Coulomb interactions in the hydrogen into the neutron counters.
Such pions would reach the array, with velocities P 1, to
form the "fast-peak", Similarly, gamma-rays aetected in the
array would form a peak in the time-of-flight spectrum of tﬁe
neutron channels. To avold this, a "prompt-veto" was employed:
this removed events with times-of-flight distributed a few nano-
seconds either side of the "fast-peak". However, the veto was
removed every so often, so that the peak could be randomly
sampled, thus furnishing a reference for the time-of-flight
spectrum, The position of the peak was determined to within a
Iz psecs. uncertainty . (la,lb);

| Obviously any event triggers occurring before the
"fast-peak" could not be attributed to physical processes of
interest. They were thought to be random or "casual" coincidences
between ST3 signals and stray pulses in the nucleon detectors.
Thus for an interacting beam pion producing a nucléon scattered
outside the angular range accepted by the neutron counters,
a master trigger could result from an accidental coincidence
in the nucleon detectors. Assuming this were the sole cause of
such master triggers, the random nature 6f the oprocess would

guarantee the formation of a structureless distribution of
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events at all times-of-flight. As such, the rate measured in the
reglion before the fast-peak could be extrapolated to that part of
the spectrum corresvponding to genuine.strong interactions. Thus

by subtracting the suitably normalized (for gate width) rate of
these casual events from the total rate, the yield of genuine
events in any gate was obtained. This process would be invalidated
if any part of the time-of-flight svectrum of casual events
contained structure. Possible sources of structure might jinclude:
(1) some form of scattering off the surroundings of the apnaratus
into the nucleon detectors; or (ii) some form of time-dependent
effect produced by the various veto and coincidence reguirements
demanded in the electronic logic circuitry. As these effects
cannot be monitored, it would be impossible to correct the data

of each run accordingly. But to reduce the level of casual events
and minimize the chance of such possible effects, various precautions
were made: thus, requirements were made on the selection of 'good!
proton or neutron triggers (see section 3.2.1); events with two
pulses iﬁ either sef of hodoscove counters were vetoed; and events
were rejected if two or more pulses were received from the 8
counter within 30 ns. of each other,

! The regions of the visible casual events, of the
fast-peak, and of events from genuine strong interactions are
illustrated in Fig. 2.8.

As the incident momentum is increased, more vhase
space becomes available to the final states; in consequence,
the nucleons have probabilities of increased momenta -~ or
shorter'times-of-flight. So as the momentum is increased, more

and more events from strong interactions can merge into the
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FIG. 2.8

The time-of-flight svectrum of all events having'good proton'

1200
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LOO

triggers (see section 3,2.1).
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'Proton' time-of-flight channels (arbitrary zero)

For these proton triggers, the time-of-flight svectrum
shows (from left to right): the region before the fast-veak
where the casual events can be seen; the region where the
prompt-veto was used, and the fast-peak formed; and finally,

the region of events from genuine strong interactions.

 Each time-of-flight channel is aporoximately 0.52 ns. wide.

The spectrum is taken from the 6 mt. data, at 1097 Mev/c.
There would be a similar spectrum for all eveants having
tneutron' trigeers (section 3.2.1), excevot that a very

much smaller structure forred by snurious gamma-rays (the
gamma-veak) ﬁould revlace the fast-peak in the region where

the prompt-veto was appvlied.
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fast or gamma-peaks.
In both the 5 and 6 mt. data, the casual events
in the neutron time-of-flight spectra have structureless, flat
distributions; for the n*n'n'channel,-the yield curve, obtained
from the casual events in a gate before the gamma-peak, 1s also
structgreless, and independent of inclident momentum, The casual
~ events.in the proton time-of-flight spectra show signs of |
spurlous structure - especially in the 5 mt, data, However,
the yield curve of these events for the ﬂ”nop channel is smooth,
.and negligible compared to the strengths of the enpancemeﬁts
observed in the yleld curve of genuine events, Below l'Gev/c,
the casual to genuipe events ratio 1s estimated to be less than
l3 % . This 1is to be’compared with the strength of the enhance-’
ment at 755 Mev/c (Fig.4.1l), which has an estimated signal to
‘ background ratio of approximately 3:1 . Above 1 Gev/c, the 6 mt,
data is preferred for a detalled analysis (because 1t has better
.statistics, and fewer casual eventsf'- the latter due to the
lintroduction of the Al} counter). Here the ratio of casua} to

genuine events 1s <2 % - to be coﬁpared with' an enhancement

at 1070 Mev/c having a signal to background of about 3:5 (Fig.4.2).

One additional counter, the P counter, was also
mounted in the beam, downstream of the target (Fig.2.1).

Although this small, plastic scintillation counter played no

.

“te

part in the logic of event selection, it was important at the
subsequent software ana1y81s stage., Nucleons detected by the

apparatus must leave the target and pass through P on their

2
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way to the nucleon detectors. A pulse in P would imply a v»roton
rather than a neutron eveqt. As a further test, the pulse=heirht
in P (proportional to dE/dx) was monitored, so that protons
could be distinguished from other charged varticles; because

of the many other criteria used to identify the T n°p final
state, (described in chapter three), the pulse-height test was
not needed in this analysis, A pulse in P was demanded, however,
for a proton event, while P must not be triggered for neutron

events,

Data Collection,

An "on-line" PDP-8 computer controlled the progress
of the experiment during "running" time,

Before starting a run at a given momentum, the
magnet currents and the NMR frequency were adjusted to their
appropriate values, Sample data was recorded by the computer

and analysed.to provide the distributions of events in the

counter arrays, the hodoscopes, and in the nucleon time-~of-

flight spectra. In this way it was possible to ensure that the
system was correctly set-up and operating normally. At this
stage the run details were stored on wagnetic tape, and the
computer restarted to take and store data.

When a master trigger was received from the logic,
the state of all the counters, the digitised pulse-heights in
the N and P counters, and the digitised time-of-flight were all
transferred via the electronic interface to the computer. Each

counter was assigned a particular "bit" in the computer store.
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A "1" state meant that the corresponding coﬁnter had been
triggered in the event; é'"O" state meant that it had not.

Such information was continually transferred via
a temporary disc store to the magnetic tave for vermanent
storage. As much "on-line" computation as the core-size of
the PDP-8 allowed was performed in concert with the data
collection. Thus at the end of each run, a summary of the
data was available. This ensured that nothing that might
go seriously wrong with the system would go unnoticed, by
allowing run-by-run checks on the performance of the system
to be made., Similarly, at any time during a run, the experiment
could be halted and the various distributions of events
examined on a CRT screen, to check the continuing efficient
operation of the system, |

At intervals during data ccllection, the time-of=-
flight scale was calibrated: throughqut the experiment it
was found to be stable to better than 0.15 % .

As already mentioned, two sets of data were taken,
embfacing the incident momentum region from 670 to 4000 Mev/c.
In the range discussed here, the § mt. data consists of two
overlapping series of runs (£aken at two different times), in
the ranges 673 to 993 Mev/c and 968 to 1306 Mev/c: the 6 mt.,
data is composed of a single series in the range 945 to 1306
Mev/c. The two lowest limits, 673 and 945 Mev/c for the 5 and
6 mt, data reénectively, represent the extremities of the re-
corded data: 673 Mev/c was chosen as just below the q threshold;

runs below 945 Mev/c in the 6 mt. data were not possible because
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of a Niwmrod failure, The upper limits used in this analysis
have been somewhat arbitrarily chosen «~ as the sort of area
beyond which the total cross-sections for the single pion
production channels show less signs of structure.

In the two sets, the data was mainly taken in a
"one~in-five" scan - that is the central momentum for each
run was chosen so that it was separated from the previous one
by five momentum channeis (as defined in section 2.2). Typically
there were some 50 million pions per channel in the 5 mt,

data, and some 100 million per channel in the 6 mt. data.
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Chapter Three

The Analysis of the Single Pion Production Channels.

Introduction.

This chapter is devoted to a general description
of the techniques used in analysing the data, and svecifically
to the identification and treatment of the single pion production
channels Y 1°p and M 7.

At the completion of the experiment, the raw data
tapes were decoded and analysed by "off-line" programs on the
Rutherford Laboratory's IBM-360 computer.

To ensure as much uniformity of treatment as
possible, one program - called KRUNCH - was used to analyse
all the tapes. Basically, KRUNCH read and decoded the information;
then histogrammed and stored accepted events in the form of
time-of-flight spectra, categorized according to the nucleon
type and. the class%fication of the state of the decay array.
There were ninety permitted classifications, each representing
a summary of the decay array information. So the reduction to
summarized form of raw data representing a variety of final
states'was able to proceed simultaneously. This uniformity in
the treatment of the data providéd an important element in
checking against possible spurious structufe. Thus, if any

structure was observed in the yield curve of a particular final

'state, yield curves of different final states could also be

examined -~ on an equal bhasis - - to try to discover whether

it was due to instrumental effects, or was a genuine enhancement,
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As KRUNCH was restricted to ninety classifications, each final
state of particles was allowed only a certain number of these.
The decision as to which classifications were to be interpreted
as the particular final states of interest, and the choice of
which of these should be included in KRUNCH, was made in a
preliminary analysis. This involved the use of a similar program -
called SIP - vwhich, however, could examine the data in more
depth. The criteria used to determine which classes were used
in KRUNCE for ghe single pion production channels is discussed
in sections 3.4 and 3.5.

Haviné chosen appropriate classifications with
SIP, 211 the data tapes were then analysed by KRUNCH. A series
of time-of-flight spectra, one for each of the ninety classes,
was produced. When all the data of a run was analysed, these
were transferred by KRUNCH to a data summary tape (a DST), the
whole process being repeated for. each run in the series.

In the second stage of the analysis, different
physicists studied the groups of classifications correspondiﬁg
to different final states, over momentum ranges of interest.
Programs were used to read and analyse the DST, furnishing
output of the approvriate time-of-flight spectra, yield curves,
and mass-plots. As additional invut, various timing limits
could be used, so that the behaviour of the yield curves and

mass-plots could be studied as functions of timing gate.
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The Analysis Program.
The main functions of KRUNCH, the analysis program,

are outlined in this section.

The initial selection of events.

In the first part of the program, the state of the
counters involved in the selection of master triggers was
checked, the tyve of nucleon in the final state established,
and a vreliminary selection of the data made,

After reading and decoding an event, the master
trigger was tested. All events had either "good" proton or
neutron triggers, or were rejected from further analysis, A
"good" proton trigger was one for which there were two vulses
in the corresvonding A and N counters (AiNi ,

together with a pulse in the P counter., A "good" neutron trigger

i=1,....,6),

demanded a single vulse in one of the N counters (KiNi) , and
no pulse in #. A11 other sorts of trigger were "error concitions"
and were vetoed. At the same time, the hardware used in the
selection of suitable beam pions was checked: only events with
single pulses in each of the.G and H hodoscones, with another
corresponding oulse in the appropriate momentum channel monitor,
were allowed. Furthermore, events with pulses in any of the
AO , A01 or Cerenkov counters which had survived the hardware
selection were also rejected at this stage.

It was decided that events in which either of the
droop counters had been triggered should also be vetoed. This

ensured that there was no significant asymmetry between the
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collection efficiencies for charged and neutral pions. For
example in the ﬂ’ﬂop channel, the gamma-rays from a neutral
pion travelling backwards in the laboratory would not be
detected in the region of the droop counters. By vetéing
events with charged pions in thié polar region, the bias
was removed,

Every event surviving these preliminary acceptance
tests had its raw time-of-flight adjusted for pulse-height
variations in the neutron counters (the N counters). (From
studies of T p elastic scattering, from the charge exchange
reaction W p— °n , and fron U-p-411ﬂ , it was found that

the error in a single measurement of time-of-flight was I 0.6 ns.

(standard deviation).)

The Interpretation of the Decay Array Information,

An event with an accepted master trigger surviving
the initial éelection criteria, was next allocated a six-digit
number which summarized the state of the decay array for that
event. Fach digit revresented one of six vossible vparticle
classes, and its value was the number of times that class had
occurred. The possible classes and the corresponding configurations

of the decay array were as follows:

first digit: a simple pion - the corresponding inner
charged and gamma counters had been

triggered together;

second digit: a Ti-gamma - the same as a simple pion
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but with an additional pulse in an
adjacent gamma counter;

third digit: aM~-delta ~ the same as a simple pion
but with an additional pulse in an
adjacent inner charged counter;

fourth digit: a delta - a spare inner charged counter

~ had been triggéred (without an accompanying

pulse in the ring counter);

fifth digit: a gamma - a single gamma counter had
beén triggered;

sixth digit: a cdouble-gamma - two adjacent gamma
counters in the same polar region had

been triggered together.

Thus by interrogating in turn each counter and its two neighbours,
a description of the state of the decay array in terms of the
six-digit cléssification was achieved for each event. Fach

counter which had been triggered in an event could only contribute
to one of the above six categories.

As an example, the classification 100020 represented
the detection of one simple pion (interpreted as a charged pion)
and two gamma-rays (which could be intervreted as implying the
decay of a neutral pion - see below). An exampnle of the state
of the decay array for a typical event , and its intervretation,

is given in Fig.3.1.



~56-

FIG. 3.1

Classifying the state of the decay array.

array
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The classification of the state of the decay array for this

event would be 100011 : if the event had a proton trigger,

it would be interpreted as a TI TI°p final state.

On the other hand, if the state of the array was as follows:

12 3 45 5 6 7 8
o 0 0O O1 0 O O
O 0 0 01 0 0 O
, 0 0 0 00O 0 0 O
simple
vion

the classification would be 110000

(trigger, it would be interwnreted as

a

11 12 13 14 15 16 17 183 19 20
O 0 0 01 0 0 0 0 O
O 0 0O 0O 0O 0 0 0 0 O

O 0 01 1 0 0 0 O O
T - gamna

if the event had a neutron

T T n final state.
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3.2.3 TFurther selections,

The classification of the state of the decay array
together with the type of master trigger (necutron or proton)
usually provided sufficient information for the identification
of the event as a particular final state., So, for example, a
classification 200020 with a neutron trigger would imply the
detection of the W N°n final state. In a similar spirit,
100020 with a proton trigger, and ZOOOOd wvith a neutron trigger,
could revresent W TN°p and TN n respectively.

However, since the decay array could distinguish
twenty different azimuthal regions (each of 18° pitch), it was
possible to impose certain geometric cuts on the particle
separations in the final states of the single pion production
channels (see sections 3.4 and 3.5). To this end, a further
selection process iﬁ the analysis program entailed checking the
azimuthal separations of the particles against predetermined
expectations'obtained from a Monte Carlo simulation. Failure
to meet the demands of such predictions meant that events would
not be identified as these particular final states.

At the same time it was possible to help distinguish
between certain types of interaction which would naturally have
the same signature in the decay array. Thus the interactions
Tr'+p--oIT-+f)+p , ‘}..,‘n{, andn’+p_,rr“+rr0+p,ﬂo—»’o’f
(both having the same 100020 classification, and a proton trigger)
could be partly distinguished by suitable cuts on the separation
of the gamma-rays, deduced from the Monte Carlo.

For the single pion production channels, no cuts
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were made on the polar distributions of the varticles, with

the exception that events with charged particles in the droop
counters were vetoed, as already mentioned. For the runs com-
prising the 6 mt. data, the information from the target counters
was also used in the analysis to help with the classification

of events (see section 2.4.1).

At this stage, when the classification of the event
wvas complete, the time~of-flight (corrected for the energy loss
in the hydrogen in the case of proton events in the 6 mt. data)
was histogrammed in spectra accordiﬁg to the event classification.
When all the events of a particular momentum run
had been analysed, the program transferred the ninety histograms

to the summary tavne (the DST).

The Monte-Carlo Simulation of the Detection Efficiency of the

Decay Array.

For those events detected in single pion production,
the pions are constrained in the laboratory to have almost equal
and opposite momenta in a plane perpendicular to the beam axis
(6 = 0). This can be understood by recalling that all the initial
momentum is along 6 = 0, while detected nucleons must also
travel at small angles 6 to this axis, As a result, the recoiling
nucleon can have only a small momentum comvonent in such a plane,
implying that the dinion system must have a similarly swall

net component, This property is very useful, since it infers
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that the two pions will appear in decay counters which are
separated by an azimuthal- angle of 180° - separated, that

is, By ten decay counters, The single pion production channels
are therefore relatively easy to identify (although mn°n is
more complicated than either MM n or MW T°p because of the

four gamma-rays in this final state). As a result, the two

with the clearest signaturés were studied *o gain an under-
standing of the response of the array to pions. It was found
that the array did not always respond in an entirely simple
fashion, For example, a charged pion might trigger two adjacent
inner charged counters; or two adjacent gamma counters; there
was a chance that the pion would not reach the gamma counter
array, and so on., Such possibilities were dependent on the
energy available to the pions. By studying these effects, or
"aberrations'" as they were called, over a wide range of incident
momentum, the probabilities of the various possibilities were
established., With such information, together with that on the
response of fhe array to gamme-rays (section 2.4), it was
possible to produce a program to simulate the detection efficiency
of the array.

At a given incident momentum, the program assumed
an event trigger - that is a recoiling nucleon directed
towards the neutron counters - and a known time-of-flight.
The 4-momentum of the nucleon was therefore completely specified,
and that remaining from the conservation of the L-momentum of
the initial state (essentially defined by the incident pion

momentum) was shared between the two pions according to an
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isotropic, 2-body vhase space distribution in the centre-cf-mass
of the dipion system, The fate of each pion in the laboratory
was then determined, according to its charge, using the knowm
probabilities of detecting aberrations in the decay array, and
the specification of the geometry of the detection system. So

a simulated event might have a charged pion appearing as a
M-delta in the 1lid, or as a [[-gamma in the cylinder; or a gamma-
ray from the decay of a neutral pion might appear as a double-~
gamnay and s0 on.

The output formats of this and the analysis progran,
SIP, were made almost the same, enabling a study of the data in
direct comparisén with the simulated predictions to be made.

The outputs included the rates of chosen classifications in
preselected timing gates, together with the relevant polar and
azimuthal distributions of the particles in the final state.

~When a successful comparison had been achieved,'
the simulation program was extended to the case where there were
three plons ih the final state. Here no geometric constraints
were felevant, and the signature in the decay array was not so
clear: so it was important to have predictions of in which
classifications such final states would appear, and of how
efficiently they could be detected.

In the following sections a similar comparative
study is made of the single vion production channels T n and
™ n°p ; the study serves the following purposes: |
to investigate the effects of the geometric cuts made on the

data as a meang of reducing background contamination from the



—61-

selection of events for these finzal states;

(2) to justify the final selection of classifications used in the
analysis program KRUNCH;

(3) to check the consistency of the data over the momentum range

considered here,

3.4 The T T°p Channel.

Among the many vossibilities, assuming oroton
triggers, the "pure" classification 100020 is the most obvious
candidate to comprise events from this channel. Reczlling the
definitions of section 3.,2.2 , 100020 corresponds to detecting
a simple (or charged) pion and two gamma-rays in the array.

As well as this, four aberrant classifications were used as

including events from the T TCp final state:

100010 : a simple pion and a single gamma-ray;
100001 : a simple pion and adjacent gamma-rays in the same

polar region (a double-gamma);

100011 : a simple pion, a gamma-ray and a double-gamma;

and 120 : a delta and two gamma-rays.

Following the discussion of the previous section,
three tests were made on the data. Two of the tests involved
studying data of three typical runs, those at 755, 1070 and
1306 Mev/c in the 5 mt., set. This samvple data was analysed into
classifications representing most of the possible forms the

ﬂ_ﬂop final state would assume in the decay array. In particular,
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the program SIP was used to examine both the rates and angular
distributions of events in these classifications, comparing them
with the predictions obtained from the Monte-~Carlo simulation
program described in section 3.3%. In the third test, outouts
produced by the analysis vrogram XRINCH were used. The rates

in the selected classifications were comvared with that in the
“pure" 100020 mode (as a function of incident momentum) to
investigate the overall consistency of the data,.

FBach of these tests is now discussed.

The effects of cuts on the angular distributions of the final-
state particles.

Essentially these cuts were made to remove as much
unwanted contamination of non- ﬂ_ﬂop events from the selected
signal as possible.

The Monte-Carlo simulation was used to predict the
limited range of azimuthal sevarations between the two pions
and - where relevant - the two gamma-rays expected for
events in the WT°p final state. In practice, these vredictions
varied slightly with incident momentum. To simplify the analysis,
the prqgram KRUNCH avplied the same selection criteria to the
compleée set of data (that is for the runs from 670 to 4000
Mev/c). Accordingly, comnroﬁise criteria derived from the vre-

dictions of the Monte-Carlo were adopted. This imvlied that the

background levels in the selected classifications would change

slightly over the comvlete set of data.

In the case of the 100029 mode, both the above
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cuts were relevant,
The situation is illustrated by Fig.3.2; here
the azimuthal separation between the two gamma-rays is called
¢1, and that between the two pions, ¢é. Two~dimensional plots
(and thelr corresponding projections) of the numbers of events,
N(ﬁl) and N(ﬁé), at sevarations Ql and ¢2 are piotted for
both the predicted Monte-~Carlo events and the observed data,
at 1070 Mev/c. Fach bin represents a sevaration of one decay
counter (of 18° pitch); separations of zero to ten counters
are possible. The numbers of events ;n the two-dimensional
plots are unnormalized; for the projected histograms, the
numbers predicted by the Monte-Carlo have been normalized, so
that the predicted histograms contain the same number of events
as those of the data.
Obviously, the T T° p events are clustered
at high pion-pion, and low gamma-gamma azimuthal separations;
by using suitably chosen éuts on these separations, much of
the noﬁ- T o ;ontamination can be eliminated, and the
remaining signal will contain a high percentage of T w° P
events,
| In the analysis, therefore, only those events
having 0 < (le L counters were selected for inclusion in the
100020 class; at 1070 Mev/c this cut removed some 38 % of the
total signal in this class.
In the analysis, the direction of the neutral pion
was takgn as the bisector of the two gamma-rays (as measured
by the decay array). The degree of colinearity, as measured by

the azimuthal sevaration, ¢ ,.for the two pions is thus smeared.
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FIG.

3.2
The azimuthal separations between particles in the 100020 class.
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In the analysis program events with separations of from seven
to ten counters were selected for the 100020 classification.
Fig.3.34 shows the data for the run at 1070 Mev/c after the
cut on the separation between the gamma-rays has been made.
Obviously there is evidence for a small non- n”nop element at
smaller separations, However, the shape of the distribution
suggests that a relatively small background - constant over
the plot - can reasonably be assumed. When such a background
has been removed, the comparison between the data and the
prediction for the selected evenis is quite good. This is
illustrated in Fig.3.3B, where the distributions of the other
sample data are also included. Again the same normalizing
technique is used.

The estimated effect of this second selection at
1070 Mev/c was to remove a further 11 % of the signal remaining
after the first cut.

The main conclusion from this study of the 100020
classification is that most of the non—'ﬂ_ﬂop background Wag
eliminated by the selections made on the data during analysis.
When both cuts had been made, estimated backgrounds of 1.5 b 0.5%
and 8 £ 2 % of the selected 100020 signal remained at 755 and

1070 Mev/c resvectively.

The 100010 classification merited special attention.
Here one of the gamma-rays was not detected in the array: so
only a cut on the azimuthal separation between the oion and the

single gamma-ray was relevant, In the analysis program events
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FIG. 3.3(A): The azimuthal counter separation, ¢, between the
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FIG. 3.3(B): The comnarison between the data (solid lines) and
the Monte-Carlo vredictions (broken lines) after

the cut 7 < ¢ €10 counters has been made, and

'background' removed.
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were selected for this class only if this sevaration was in the
range from seven to ten counters - corresponding to the permitted
range predicted for ﬂ"ﬂop events by the Monte-Carlo vrogram.
Unfortunately this selection was not so effective in removing
non- ﬂ_ﬂop events from this class, In Fig.3.4A, for the data

at 1070 Mev/c, the distribution of the separation shows that
the ﬂ_nop signal in bins seven to ten is imvosed on a fairly
large contamination of unwanted events. But again by assurming

a constant lev;l of background across the distribution, and
removing it, the remaining data is adequately fitted by the
Monte-Carlo prediction, as demonstrated in Fig.3.4B for the
three sets of samvle data.

So to conclude, it is clear that by including
events from the 100010 classification some non-'ﬂ"ﬂop background
contamination was inevitable - even after the apvropriate cut
on the raw data had bheen made. For example, at 755 Mev/c the
estimated backgrouqd accounted for 8 T % of the total 100010

signal: at 1070 Mev/c it had risen to 34 I,9.

Similar cuts on the distributions of events for
inclusion in the 100001, the 100011 and the 120 classifications
were used. At 1070 Mev/c the estimated contamination in the

three modes wasg 22 : L. % of their combined total signal.

Taken as a whole, the selections made on the raw
data did much to ensure that the contributions from the various

classifications contained only a relatively srall element of
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non—TT"ﬂop events. The shapes of the distributions of the
selected events were satisfactorily fitted by the Monte-Carlo
predictions. Combining the signals of the five classifications
used in the analysis program, KRUNCH, it was estimated that at
755 Mev/c sone L : 1 % of the total was due to background non-

T °p events: at 1070 Mev/c the figure was 25 = 2 9%,

Selected events from the classifications 100020,

100011 and 000120 were also used as comprising events from the
H'W o) ,Yv+gg channel., Such events had to satisfy the following
requirements: 5 {; @l{g 10 counters, where Ql is the azimuthal
separation between the two gamma-rays; and 6 \<Qf2\< 10 cdunters,
where ¢2 is the azimuthal separation between the charged pion
and the bisector of the gamma-rays. From the Monte-Carlo vorogram
it was estimated that at 1070 Mev/c some 10 % of ﬂ’ﬂop events
would "feed-through" into the selections used for the T "p

channel,

Comparative rates.

In fact many other aberrant classifications could
be expected to include events from the ﬂ"ﬂop channel: 010020
and 001020 are Jjust two possibilities. The final choice of the
four used in the analygis was made by studying the relative
rates of events in such vpossible classes. In the discussion
which follows, appropriate cuts have been apvlied to the raw
data, and the rates of the various classes were obtained from

fixed timing gates. The following classifications were examined:



=70~

1: 100020 : a simple pion and two gammas;

2: 100010 : & simple pion and a single gamma;

3: 100001 : a simple vion and a double-gamma;

L: 100011 : a simple vion, a gamma and a double-cammas;
5: 000120 : a delta and two gammas;

6: 010020 + 010001 : af-gamma and two gammas or a double-gamma;
7: 001020 + 001001 : afl-delta and two gammas or a double-gamma;
8: 000120 + 000101 : a delta and two gammas or a double-gamma.

In a first analysis no account was taken of the
background contaminations remaining in the signals even after
the relevant cuts have been made. A criterion for the inclusion
of individual classes was therefore needed, This was established
by demanding that when the classes were combined, the number
of ﬁ"ﬂop events was greater than that of the background non-
W*ﬂop contribution (here the two numbers add to give the total
observgd.rate). ThiF can be ensured if individual classifications
each contribute ?ore signal (H”ﬂop events) than background.
This was taken as equivalent to requiring that the total rate
in each classification was less than double its predicted value,
when the absolute normalization was taken from a comparison of
data with prediction for the "pure" 100020 mode.

Thus, table 3.1 shows the ratios of the observed total
rates (obtained from SIP) compared to the rate of the 100020
"class for the data at 755 and 1306 Mev/c. The vpredicted ratios
(obtained from the Monte-Carlo simulation vprogram) are also sgiven,

On the whole, there is goond agreement - although the 100010 class
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.at the higher momentum contains a good deal of background, as
in fact anticipated from the study of the distributions of the
azimuthal separations of the particles. However, no class would

need to be vetoed on the "“more background than signal®" criterion.,

TABRLE 3.1
The observed and predicted ratios of the rates in various
classifications containing ﬂ’ﬂop events to that in the 100020
mode: the rates were obtained for protons in the fixed timing

gates shovm,

Data at 755 Mev/c in a gate 12-22 ns, after the fast-peak.

Classification Ratio Data Prediction
1 100020 o o
2 100010 2:1  110.0 = 5.4 119.0 % 6.1
3 100001 3:1 17.3 f1.5  19.9 1.9
4 100011 il 1.4 1,5 18.8 1.6
5 000120 5:1 7.2 f1.0 7.2 X 1.0
6 010020 + 010001 6:1 6.2 % 0.9 6.1 ¥ o.9
7 001020 + 001001 | 7:1 4.3 % 0.7 4.6 0.8
8 000120 + 000101 8:1 8.1 I 1.0 8.9 ¥1.1

Data at 1306 Mev/c in a gate 10-22 ns. after the fast-peak.

2:1  138.0 *13.7 75.7 ¥ 3.9
3:1 23,9 %44 38.0 22,1
b1l 36.2 ¥ u.6 29.9 £1.9
5:1 9.2 % 2.3 9.2 £ 1.0
6:1 9.2 * 2.3 9.8 ¥ 1.1
7:1 8.6 2.2 4.5 % 0.7
8:1 144 to2.9 12.5%1.2
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As the analysis program was to include only five
classifications containing events from the ﬂ"ﬂop channel, the
"pure" 100020 ané the fouf aberrant classes having the largest
rates were chosen. The four were the 100010, the 100001, the
100011 and the 000120: the rate in the latter was just greater
than that of any other single class, remembering that the rates
in grouvws 6 to 8 were combinations, as seen in table 3.1,

/ In a second analysis these five classes were re-
analysed, agaiﬁ using output from the program SIP. For each of
them, the fraction of the total rate estimated to be contributed
by non- ﬂ—ﬂop events was removed, leaving the rate of events
from the ﬂ’ﬂgp channel. The background estimates were calculated
as before - that is by extravolating a constant level obtained
from the region of non- ﬂ-ﬂop events into the region where the
ﬂ_ﬂop events were expected, on the plot of the dipion azimuthal
separation (as in Fig.3.3A) or its equivalent (as in Fig.3.44).
Table 3.2 shows the results at 755 and 1306 Mev/c comvared with
the predictions of the Monte-Carlo. There is good agreementl
between the two.

In particular it should be noted that the studies
of data at 755 Mev/c have shown that the number of events from
the ﬂ’ﬂop channel which were not used by the analysis represented
some 11 = 1 9% of the detected rate, while Monte-Carlo predicted
13 ta % for this figure. Further studies revealed that another
9 I % was undetected as a result of vetoing events where the
droon counters had been triggered, compared with a orediction

of 10 b 1l % . The agreement between these numbers illustrates
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that the Monte~Carlo provided a good estimate of the overall
efficiency and performance of the decay array. As such, it may
be used with some confidence to vpredict numbers used in the

cross-section calculation at 755 Mev/c (see section 4.4.3),

TABLE 3.2

The vpredicted and observed ratios of the rates in classifications
containing ﬁ—ﬂoo events to that in the 100020 mode. The rates
were obtained for vwrotons in the fixed timing gates shown: the
observed rates have had the estimated background events removed:
the classifications are those used in the data analysis program
KRUNCH,

Data at 755 Mev/c in a gate 12-22 ns. after the fast-peak,.

Classification Ratio Data Prediction
1 100020 % %
2 100010 2:1 103 ¥ 6 119.0 I 6.1
3 100001 . 3 17t 19.9 1.7
4 100011 S| 18 £ 2 18.8 I 1.6
5 000120 5:1 7 i1 7.2 = 1.0
Data at 1306 Mev/c in a gate 10-22 ns. after the fast-veak.
2:1 78 ¥ 10 75.7 = 3.9
3:1 32 L ¢ 28.0 £ 2.1
bl 38 Lg 29.9 £ 1.9
5:1 7 L2, 9.2 ¥ 1.0

For vprotons detected in the range 0 to 30 ns, after the
fast-veak, the Monte-Carlo vnredicts that an estimated

45 ¥ 1 o or a11 T TM° decays are detectad in the decay
array at 755 Mev/c; at 1306 Mev/c the number is 48 T,

using these five classifications.
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Consistency of the data,

To perform a rough check on the consistency of the
data for the ﬂ’ﬂop channel, for both 5 and 6 mt. sets, a simple
test was used. Thus, curves of the ratios of the rates in the
aberrant classifications to that in the "pure" 100020 mode were
plotted agaiﬁst incident momentum for the sets of data in the
region considered here. The yields in the cms gate were taken
as the test rates -~ obtained directly from the outvut of the
program that analysed the data summary tape. Although the data
had of course been selected by the analysis program KRUNCH
(using the cuts discussed in section 3.4.1), there still remained
some contribution from non-'ﬂ-ﬂop events, So when comparing the
curves with their Monte-Carlo equivalents, the factor of two
limit (derived in section 3.4.2) was allowed above the predicted
values before the data would become suspect, or be considered
to include too much background.

To obtain better statistics the three smaller rates
(table'B.Z) were combined for one test, and the rate in the
100010 classification examined in another. The results (Fig.3.5)
for the 5 mt. data show that it does constitute a consistent

set., Similar results were obtained for the 6 mt. data.

The N ™n Channel,

Assuming ﬁeutron triggers, the "pure" classification
200000 - two simvle (or charged) pions - 1is the most obvious
candidate to comorise events from this channel.

Because they include events from the ﬂiﬂ-n final
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state, the three following aberrant classifications were also

used in its analysis:

200100 : two simvle pions and an extra delta;
110000 : a simple vpion and a TT-gamnma;
and 101000 : a simple pion and a MM-delta.

The analysis vnrogram had the facility of subdividing
the rates in these four classes according to the polar regions
where the particles were detected (the 1lid, cylinder, and for
the 6 mt. data, the I counter region). However, the results
presented here refer to rates integrated over the allowed polar
regions. To provide compatibility with the results from the
nﬁnop channel, events in which the droop counters had been
triggered were vetoed, The Monte-Carlo vrogram demonstrateé
that no pions should be detected in the ring counter - so the
analysis program excluded from these classifications any events
in which it had been triggered. The rate in the "pure" 200000
classification was dominant; the combined rates of the other
three classes accounted for only some 30 % of that of the
200000.

Tests on the T n data closely followed the pattern
for those on the W T°p data; runs at 673, 1097 and 13%06 Mev/c
in the 5 mt. segt were ﬁsed as the samvle,

A necessary requirement for inclusion in any of
" the four classifications was demanded of the azimuthal separation

between the two vpions. The Monte-Carlo simulation showed that
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separations of less than nine counters were not allowed for
events in the ﬂ*ﬁ-n channel, Thus the analysis program selected
only those having sevarations of nine or ten counters, Fig.3.64
shows the distribution for the raw data in the 200000 class
obtained from SIP for the run at 1097 Mev/c. Obviously there
is a small non-'n+ﬂrn element at smaller separations which the
cut used in the KRPUNCH analysis would remove. Assuming a constant
level of this background over the distribution, it was estimated
that some 5 : 1 % of the selected events was contamination,
Fig.3.6B shows the comparison between the data and the prediction
after this bhackground has been removed. TFigs.3.6C and D show
the same plots for the combined aberrant classifications; it
was estimated that about 7 14 of the events selected for
these classifications were not ﬁfﬂ-n. (The predicted histograms
shown in the figures have again been normalized to .contain the
saﬁe'numbers of events as the data vlots.)

. When a}l four classifications were added, about
5 t,l % of the total selected rate was thought to be due to
non- "M n events.

The relative rates in the three aberrant classes
were also examined, and compared with the predictions of the
"Monte-Carlo simulation. As before, background events were re-
mdved, and the resulting rates in fixed timing gates were
compared to that in the "pure" 200000 mode. The ratios thus
obtained were then checked against their Monte-Carlo equivalents.
Table 3.3 shows the results, and agreement between the two is

good,
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The azimuthal counter sevaration, ¢, in 18° bins,
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TABLE 3.3

The predicted and observed ratios of the rates in classifications
containing T ™n  events to that in the 200000 mode. The rates
were obtained for neutrons in the fixed timing gates shown: the
observed rates have had the estimated background events removed:

the classifications are those in the data analysis program KRUNCH.

Data at €673 Mev/c in a gate 10-20 ns. after the fast-neak.

Classification Ratio Data Prediction.
1 200000 % %
2 110000 ° 2:1 10 1 11.2 £ 0.8
3 101000 3:1 521 6.0 0.6
4 200100 bl 7 i1 6.4 = 0.6

Data at 1097 Mev/c in a gate 10-20 ns. after the fast-vpeak.

+ +

2:1 10 £1 11.7 £ 0.7
31 7 I 8.3 X 0.6
10 10 I 7.7 0.6

Daté at 1306 Mef/c in a gate 7-15 ns. after the fast-pecak.

2:1 12 ¥ 18.0 X 2.0
3:1 8 1 9.9 L 1.5
el g ¥1 11.0 £ 1.6

For neutrons detected in the range 0 to 30 ns. after the
fast-peak, the Monte-Carlo vpredicts that an estimated
58 Y1 94 0fa11 Mru~ decays are detected in the array

at 1306 Mev/c using these four classifications.



-80-

Finally, the data was subjected to a consistency
test: the combined yield in the cms gate for the three aberrant
classifications was compared with that for the "pure" 200000
mode, and this ratio vlotted as a function of incident momentun.
The plot for the 5 mt. data set is shown in Fig.3.7:; the figure
also shows the Monte-Carlo prediction for the curve, together
with the factor of two limit beyond which the data would either
become susvect or thought to contain too much background. The
results sugges£ that the data constitute a consistent set.
Similar results were obtained for the 6 mt, set.

The main conclusion from this study is that the
combination of classifications used by the analysis program
KRUNCH to identify events in the ﬂ*ﬂ_n channel was at the same

time efficient in rejecting background contamination from this

selection,

When KRUNCH had analysed all the raw data tapes,
and for each momentum run written the set of ninety time-of;
flight spectra on the DST, it was possible to study different
final states individually. Thus at each momentum, by adding
together the spectra of the five classificatiohs used to identify
events in the Trﬂop channel, a single spectrum composed mainly
of such events was produced. From such svectra yield curves
and mass vlots could be generated. An exactly similar vrocedure

was followed for the T'M™n channel.
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Chapter Four

Enhancements in the yield curve of the iT-TTO p final state,

Introduction.
The results are presented in the form of yield

curves for the two sgingle pion production channels T p . P
and TT+TT-'n. Fig.4.1 shows the curves obtained from the yields
in the cms gate for the 5 mt, data: to achieve better statistics,
the yields in the five momentum channels of each run have been
added together, and normalizéd to a rate of 100 million incident
éions. The error bars represent the statistical errors involved.
Positions of the currently established (5) N* and [S resonances
in this momentum range are also indicated; the notation is the
standard, 1L212J, where L is the orbital and J the total angular
momentum, and I is the isotopic spin.

The most striking features in the yield curve of
the T 17° p channel are the large enhancement at an incident
momentum of approximately 750 Mev/c, and a smaller structure
at about 1070 Mev/c. These momenta correspond to centre-of-mass
energies of approximately 1520 and 1710 Mev; respectively, the
latter equivalent to a missing mass of 765 Mev/ca. In the yield
curve of the TT'TT_ n channel there is a much less pronounced
structure (slightly displaced) corresponding to the large one
in the ]T'ITO p channel; a broad structure at a slightly
higher momentum; and no visible enhancement at 1070 Mev/c‘to
correspond to the smaller one in IT-TTO p.

Part of this momentum range was "re-scanned" with
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the neutron counters a further metre'downstream of the target,
The yields from the cms gate for the same two channels are
shown in Fig.4.2. They appear similar to those obtained from
the 5 mt. data. In Darticular, in the yield curve of the T n°
channel there is again a very clear enhancement at 1070 Mev/c,
but no evidence for a corresponding structure in the T n
channel.

To intervoret such structure in terms of either
meson resonante production or nucleon resonance formation, it
was necessary to study yield curves generated from a variety
of different timing gates. Before deécribing the results of
such studies, the programs which were used to simulate the
effects of the two types of resonance, and to predict the
differences in behaviour between them, are outlined in the

following two sections.

The Program to simulate the effects of Meson Resonance Production

.

in the Yield Curve.

Recalling the discussion of section 1.2, it was
shovn that, for a reaction of the tynme TT~ + o — X + N , the
missing mass M of the grouv of particles X could be written

M = M(p,vy,0)
where p and Dy are the momenta of the incident vion and the

recoiling nucleon resvectively, and 8 is the angle between the

two. At a fived angle 8, and vith Py = pN(t),
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M = M(p,t)

vwhere t is the time-of-flight of the recoiling nucleon.

In a counter subtending a small solid angle 551
at the target, and in a small interval of time 5t, the counting
rate of nucleons produced in such reactions can be written

dec

PR & — . 8t.89 , wvith $a = Scose . S,
dtdQl

Using a suitable Jacobian transformation, the differential

cross-section can be replaced by an invariant equivalent, so

that >
2 d-o
dR «—_——-Jost05ﬂ
dTdM
where J = b(T,M) is the relevant Jacobian,

o(t,9)

.

and T and M are the invariant L-momentum transfer and missing
mass respectively. The yield in the neutron counters of this

experiment in a timing gate ta-tl may therefore be exvressed

as the integral

t
, 2 2s
yield & "R & — . J. dt . dQ
dTdM
ooty

cesscessees(B.1)

The integration over solid angle is trivial, and can be absorbed

into the provortional sign.
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To make further progress, a particular form for
the differential cross-section must be chosen., Now if X in
the interaction represents a meson resonance of mass Mb and
width ‘l';', the simplest form will be such that:

at fixed T,

A
4 , with A (]—0./2)2,
A+ (M- Mo)

at fixed M,

do
3T = C with C

constant,

The firstvform assumes a simple Breit-Wigner resonance;

the second that the resonance is produced isotropically in the
c-system, This is not unreasonable since its momentum p* is so
small -~ for example in the cms gate p*c < 40 Mev, So on a
simple impact parameter model, assuming a typical- interaction .

radius of h/mpc, the approximation -

lﬂl%; ~ nh

n.c

’ where n is an integer,
™

is only satisfied for n = 0, corresponding to"S-wave,.isot:opic

production. \
' The differential cross-section can then take the
form:
a2o C.A
SE——— = 2 = C‘me(M) ......(4.2)
dTdaM A+ (M=M)

Remembering that M = M(p,t), _ :



Furthermore, after the necessary algebra, the Jacobian J reduces

to A
1 2.M_.p.D
J = oT 9T = - 3 N ceres(L4o3)
1 ot 2cos8 21 My <ty .M
2T Y
gt ocosh

where tK is the time-of-flight of gamma-rays and mD and My
are the masses of the proton and recoiling nucleon respectively.
So,

J = J(p,t).

The function Y(p) representing the yield curve for meson pro-
duction is therefore given by

ts
Y(p) < J BW_(0,£).0(p,t).dt  ...(4.4)
t

1

absorbing the constant C into the proportion sign.

{
(

The position of the peak in the yield curve due to
the presence of the meson resonance will therefore ocbur at the
value of incident momentum p which makes the function Y(p)

a maximum,

In chapter one it was shown that such a peak occurs

at different p in yield curves generated from the yields in
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different timing gates (simply by looking at the kinematics
curves of Fig.l.2). This can be examined more rigorously as
follows: consider the yield curve Y(D,to) produced from yields

in an infinitesimal gate $t at t,
Y(v,t) o J(p,to).me(p,to).St

For a zero~width resonance - or if J were independent of p -
the maximum value of the function Y(p,to) will occur at the
maximum of me(p,to). This is obviously satisfied at p = 18

for which

M=Mwp,t)=M , the meson mass.
o’ o 0

For a curve Y(p,tl) generated from yields in a similar gate

St at tl, the maximum will no longer occur at p = P, since,
M= M(po,tl) % Mo
However, in general, p can be re-chosen so that at p = vy
M= M(pl,tl) = MO ,
thus making Y(o,t.) its maximum - that is Y(o,,t,). In other
1 171
words, the vosition of the peaks in the yield curves for

infinitesimal gates at to and tl occur at momenta 18 and Dy

respectively; separated that is by a momentum Dy = Py ¢
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But in fact J is not independent of p - it is a
slowly-varying, well-behaved function of it - and resonances
do not have zero-widths. Moreover, for all practical purvoses
it is only possible to evaluate yields in gates of finite

widths t2 - tl

Y(D’tz_tl) o me(p,t).J(D,t).dt ------ (Llot)-)

This infers that the position of the peak in the yield curve -
and hence its movement as a function of timing gate - is not
necessarily prescribed by the kinematics curves., In fact, the
only reliable way of predicting the position of the meson -
and its movement as a function of timing gate - is to perform
integrations like those of equation (4.5) over a suitable range
of values of p suggested by the kinematics curves.

In th; program to simulate the effects of meson
resonance production in the yield curve, the integrations like
those in equation (4.5) were performed numerically. The values
of tl’tZ’Mo and r;’were used as input to the program. At each
momentum the timing interval t2 - tl was divided into an even
number of small intervgls, and the value of me(p,t).J(p,t)
evaluated at each abscissa thus produced, by using equations
(1.2),(4.2) and (4.3). The area under the curve Y(p’t2_tl) was
then calculated using Simpson's formula (17). To allow for the

uncertainty in the measurement of the nucleon time-of-flight,
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the gate limits were readjusted to t1—3dt and t2+3dt, where dt
is the timing uncertainty (t0.6 ns. ). To allow for the spread
in the beam momentum in each channel, the yield was taken to

be the sum of three integrations:
simulated yield = Y(pi) + +( Y(pi+dpi/2) + Y(pi-dpi/z) )

vhere Dy is the central momentum of channel i, and the full-
width at half-height dpi ¢f the momentum distribution in the

channel is such that dpi/ni = % 9,

From such calculations, the effect of the magnitude
of E; was found to be important only in the cms gate. This is
illustrated in Fig.4.3: here the predicted separation between
peaks due to meson production, in yield curves generated from
two different fixed gates, is plotted as a function of meson
width r:. As can b% seen the separation is independent of r:.
The figure also shows the predicted sevaration for yields iﬁ
the cms and a fixed gate: in this case the separation decreases

as r; is increased.
The Program to Simulate the Effects of Nucleon Resonance
Formation in the Yield Curve.

¥or interactions of the tyve

- - *
M +pe—sN— TN
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FIG. 4.3
The curves in the upver graph are the simulated
yield curves generated from two different timing'
gates for a meson of mass 765 Mev/cz. In the lower
graph, the displacement between the peaks in such
curves is vlotted against the meson width;

for (i)
the disvlacement between the peaks in the yield

curves from the cms and a fixed gate; and for (ii)
between peaks in yield curves from two different
' fixed gates.
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the simple model used to predict the effect of such a nucleon
resonance in the yield curve assumed that it decayed according
" to an isotropic, 3-body phase space distribution in the c-system.
The program which simulated this effect was a
slightly generalized version of that used in the studies of
the detection efficiency of the decay array (section 3.3). Now,
however, the nucleon was produced isotrovically in the c-system,
Pions from the incident beam -~ assumed to have a
triangular distribution in momentum with a full-width at half-
height of 1} % - were allowed to interact with equal orobabilities
anywhere along the length of the target., Using the conservation
of 4-momentunm, evénts in the final 3-body state were then
uniformly generated in the KEa- KE3 space of the c-system (KEi
is the kinetic energy of particle i ). Events were firstly
restricted to the rectangle defined by
KEZ =0, KEZ = KE

2max

KE 0, KE KE

. 3 = 3 T " 3max
and those generated outside the Dalitz boundary - essentially
defined by the incident pion momentum - were then discarded.
For those remaining, the particles were rotated about a
randomly chosen direction to ensure that none had a vpreferred
direction in the c-system, and finally transformed back to
the laboratory system,

The siX neutron counters were represented by a
'single annular disc: a nucleon directed towards the face of

this disc was detected irresvective of its charge. The true

time-of-flight was adjusted by adding a timing error with a
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gaussian distribution of standard deviation dt = 0.6 ns.
corresponding to the instrumental uncertainty.

The interaction of the pions with the decay
array was treated exactly as described before (section 3.3).

For events in which the nucleon was detected,
various time-of-flight spectra were vnroduced, and classified,
as in the data, according tc the state of the decay array.
These were then combined to represent the single time-~of-flight
spectra of each of the two single pion production channels,

By using the program at several incident momenta,
simulated yield curves of the 3~body.phase space oroduction
process could be obtained from such spectra. The following

definitions were used for a given incident momentum:

¢y ¢ the number of events for which the
nucleon is detected per fixed number
of incident pion attempts;
¢yt the fraction of events in ¢y for which
the pions are also detected;
CB(tZ'tl ) the fraction of events in ¢, where the

2
! nucleons have times-of-flight in the

gate ta—tl.

It follows from these definitions that

- = mbe j mb
cl'CE‘CB(tz tl) the number of events ver fixed number

of attempots for which all three decay
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products are detected and the nucleon

time-of-flight is in the gate tZ-tl.
So,
Cl'CZ'CB(tZ_tl) = the simulated yield in that gate
= PS(t2~t1).
Two further definitions were also useful:
fl(tz-tl) : the fraction of events in cq for which

the nucleons have times-of-flight in the

gate tZ-tl;
fa(ta'tl) : the fraction of events in fl for which

the two pions are also detected.

From these definitions it is obvious that the predicted yield
in gatg ta-tl is

These parameters have been studied using the results
of the Monte-Carlo program at a series of incident momenta, to
investigate the overall detection efficiency of the system to
the three-body MUN final state. Fig.4.4 shows curves of Cqs
CyeCy and PS = cl'°2‘°3 for the n“n°p channel, The curves of
¢, and CqeC, are of course indevendent of timing gate; PS has

1
been plotted for two timing gates (the cms gate and one 20 to
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26 ns. after the fast-peak have been shown as typical examples).
For all gates except the cms, PS decreases with increasing
incident momentum p; but since the limits of the cms gate were
chosen to vary with p (section 1.,4.1) the yields vredicted for
thié gate turq out to be independent of it.

To complete the picture, Fig.4.5 shows the curves

of the parameter f, for. two fixed gates at 9 to 12 and 20 to 26

2
ns. after the fast-peak. As can be seen, the detection efficiency
of the two pions (1Tﬁn° ) is independent of the incident momentum,
except in the faster gate at the lowest momenta (<« 750 Mev/c.).
Here the nucleon accounts-for most of the available energy; in
consequence the other particles are not detected with full

efficiency, since they do not always have sufficicnt energy

to trigger the counters in the decay array.

With this simple model, the predicted yield curve

Y(P,tz-tl), generated from the yields in the gate t,-t, for a

nucleon resonance of mass M, and width r;,would have the form:

¢

Y(p,t,-t;) & BW (p).PS(p,t,~t;)

with
A

2
BW_(p) « > ; Az(l_s'/-z)

*
A+ (E - Ms)

and E* = E*(p) , the centre-of-mass energy of the systen.,
Obviously if PS were independent of v (as is in
fact the case for yields in the cms gate), the vosition of the

maximum of the function Y(vo,t -tl) would occur at the value of

2
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v which makes BWS(p) its maximum. This is satisfied at p = p

for which E*(p) = E*(p Y = M the resonance mass. Now BW (p)
s s

5 3

does not depend on the choice of the timing gate t so it

27t
is clear that the momentum at which the maximum occurs in the
yield curve generated from a different timing gate would be the
sanme ( Pe )y a result anticipated in section 1.5. The dependence
of PS on the incident momentum p , however, can slightly modify
this conclusion (see section L4.L4,1).

For a process involving direct s—channel nucleon
resonance formation and associated meson resonance production,
the function representing the yield curve would include terms
like Bws(p) and BWm(p,t). The presence of the latter would be
enough to ensure that the part of the enhancement due to the
production of the meson would occur at different momenta in

yield curves generated from different timing gates; its magnitude

would be modulated by the strength of the term Bws(p).

L.4 The Analysis of the Enhancement in the TT NI°p Channel at a

Centre-of-Mass Energy of 1520 Mev.

L.Lh,1l Yield curves generated from different timing gates.
Using the Monte~Carlo simulation program a time-
of-flight spectrum was produced for the ﬂ’nop channel, at a
momentum corresponding to the centre of this enhancement (755 Mev/c).
Fig.4.6 shows the comparison between the data and the simulation
(the spectra have been normalized so as to have the same number

of events in each). Clearly there is good agreement between the
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two shapes: in particular, there is no evident structure in the
data (structure would be ;equired if the enhancement in the
yield curve was due to meson production, as discussed in section
1.2).

To study the source of this enhancement more
fully, yield curves obtained from different timing gates were

investigated; the following definitions were used:

Y(p) the yield curve of the data, generated

from the cms gate;

P3(p) the simulated yleld curve obtained from
the Monte-Carlo for yilelds in the cms
gate, assuming a 3-body phase space
distribution for the final state;

PSl(p) : the simulated yield curve generated from

a different, fixed gate.

If the 3-body final state can be described by =a
phase space distribution, and if the enhancement is due to a

nucleon resonance directly formed in the s-channel, then,

Y(p) = Bws(p).PS(p)
and Yl(p) = BWS(P).PSl(p)
so that PSl(p)
Yl(p) = Y(p)o PS(p) ............(L}.6)
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containing events from the mr° p final state

at 755 Mev/c.
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is fhe yield curve predicted for the data in the new timing
gate. For this description to be valid, when this predicted
curve is compared with that for the actual data, the two curves
should be identical in shape and magnitude.

On the other hand, if the enhancement is due to
meson production, the same will not of course be true: in this
case, the enhancement will move to a higher momentum in the
yield curve generated from the new timing gate, as already
discussed in section 4.2, So the curve of eguation (4.6), which
implies, to first order, that the position of the enhancement
is independent of the choice of timihg gate, will be inadequate
to describe such an effect,

In Fig.L4.7 the comparison is shown between the
vredicted curve of equation (4.6) aﬁd that for the actual
data, generated from yields in a fixed gate 20 to 26 ns. after
the fast-peak.

As the predicted curve provided a reasonable fit
to the'data, the téchnique was extended to several other fixed
gates - so that most of the available time-of-flight spectrum
was utilized: the required movement of the enhancement if its
source ,was meson production would then be clearly observable,

In Fig.4.8 the data is compared with predictions
of both meson and nucleon resonance models for a series of
fixed timing gates. Thus the arrows indicate where the peak in
.the yield curves should occur if a meson of mass 580 Mev/c2 is
the cause of that in the yield curve of the cms gate. (A mass

of 5%0 Mev/c2 is used since this is the value of the missing
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The fit (solid line) to the yield curve generated
from the fixed gate 20 to 26 ns. after the fast-
peak, predicted by the 'phase space model' from

the data in the cms gate.
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mass produced at the centre of the peak generated from the cms
gate). The predictions of the nucleon resonance model are also
shown: the hatched band represents the limits of the predicted
values allowing for the statistical errors in the Monte-~Carlo
yields.
Clearly,  the meson hyvpothesis does not fit the

observed data., Conversely, the predictions based on the nucleon
resonance - phase snace model furnish extremely reasonable fits -

particularly in the absence of any normalizing constants.
Mass and width of the enhancement,

It has been demonstrated above that the structure
in the W% channel at a centre-of-mass energy of 1520 Mev.
cannot be explained as an effect of meson resonance production.
However, the yields from different timing gates do behave in
a manner reasonably compatible with thelr being produced by a
final state desecribable in terms of a phase svpace model, It'is
therefore tempting to explain the enhancement on the basis of
a single nucleon resonance model (although this was tacitly
assumed in the preceding section, the result expressed by
equation (4.6) is not changed if the enhancement is due to some
combination of s-channel nucleon resonances). This model would
assume that the nucleon resonance is formed in the s-channel,
and subsequently decays according to a 3-body vhase svace
distribution involving the isotrowic production of the recoiling

nucleon, The mass and width of such a resonance are the two
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parameters to be determined.

There are reasons why such a model seems to be a
simplification of the true situation:
many partial waves are known to contribute to the total ﬂfﬂop
cross~section in this region. For example, Fig.4.9 shows the
total inelastic cross-section of five I = } waves present here;
most of these cross-sectlions are due to TINMN final states (see
section 5.1). The curves were obtained from the results of a
typical recent phase shift analysis (18). In particular, two
0of these waves are resonant in the vicinity of the enhancement
seen in the yileld curve. These are the D13(1520) and $11(1535),
although the latter decays predominantly into 7‘N final states
in its inelastic channel (5); the notation is as tefore,
L212J(mass), where L is the orbital, and J the total angular
momentum, and I is the isotopic spin;g
the transition matrix for the process 1T + N-—»Nf—a TN is
unlikely to Be entirely describable by a simple phase space
model; the D13(1520), for example, is thought to couple strongly
to AA(1236)TT final states (19).

Further discussion of these problems will be
postponed until chapter five; for the moment, the determination
of the best mass and width of the enhancement on the basis of
this simple model is pursued.

In affecting such a determination, another problem
is the lack of data below 670 Mev/c: no suitable background
subtraction from under the'peak is therefore feasible - although

this is somewhat mitigated by the strength of the signal.
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Following the analysis developed in section 4.3,
the observed yield curve, Y(p,ta-tl), generated from a gate
ta-tl’ using the nucleon resonance - phase space model can be

expressed as

Y(p,t,-t;) o BW_(p).PS(p,t,-ty)

where PS(p,tZ-tl) is the simulated 3-body phase space yield

curve, and

A

: 2
BWs(p) e , A =( r:/ 2)

A+ (B () - M)

where Ms and r: are the mass and width of the nucleon resonance,
E* is the centre~of-mass energy, and p is the incident pion
momentum,

From the Monte-Carlo simulation, PS(p) is indevendent
of p for yields in the cms gate (Fig.4.4); so that for the

yleld curve in this gate
Y(p) o BW_(p) only.

The yield curve generated from this cms gate was
therefore fitted by tabulated functions of Bws(p) for various
values of MS and r; to obtain their best values. The fitting
was performed using the program MIXFIT (20) which subjected

the curve-fitting procedure to a standard )12— test while
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automatically taking care of the normalization, The best fit
(Fig.q.lo) was obtained for values of MS = 1535 Mev/c2 and

(; = 105 Mev/ca. The quality of the fit was, however, extremely
poor (giving a confidence level < 0.1 ); so then the data
was fitted by Bws(p) plus a straight-line background. This
furnished much better fits, the best of which was obtained

for MS = 1520 Mev/cZ: although the fit was less sensitive to
variations in the value of r; , for values of Ms = 1526 Mgv/c2
and r; = 120 Mev/c2 a confidence level of 79 % was obtained

(Fig.4.11).

An estimate of the total cross-section corresponding to the

enhancement.

The numerical values and definitions used in

this section are as.follows:

P : densié& of liquid hydrogen : 0.071 g;m/cm3

N,: Avogadro's number : 6.02 . 10'*'23 mole_.l
A atomic wt. of hydrogen : 1.01

1 : length of hydrogen target : 29.4 cm.

PoN,-1/A . 1.24 . 10°% em™?

Using the phase space model, and recalling the

definitions of section 4.3,
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PS : the simulated yield of events in the T T°p channel
for which the nucleon is in the cms gate, ver
fixed number of incident vion attempts;

PS

c .C .C

1°7°2°73
y @ the total number of events in the W N°p channel

detected by the apvaratus per 108 incident vpions;
Y : the number of events in y for which the nucleon

is in the cms gate
Y = the yield observed in the cms gate per 108 vions,

So,
Yy = Cx s the fraction of all events

detected in the cms gate.

The centre-of-mass differential cross-section do / dfL is then

given by

Eg' = J . _l_. (1.24 . 102L+ )"1 cma/st.rad.
an c, AQ

where €5 is the efficiency of the array for detecting the two
pions, and [SII is the solid angle subtended by the neutron

counters in the c-system. It follows that

AQ = uyr. cy

vhere ¢, is the number of events detected by the neutron counters

1
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in the phase space simulation, per fixed number of incident

vion attempts, So the differential cross-section reduces to:

Y
ao = . (1.24 , lO24 )-1 cma/st.rad.
an lm.cl.ca.c3
¥ 2 -1 2
= < (.24 . 1077 ) cm” /st.rad.
LT.PS

This is the expression which links -the differential cross-
section to the observed yield Y in the cms gate. To obtain an
.estimate of the total cross-section, isotropy is assumed, so
that

o = 4m.do =(Y/PS) . (L.24 . 10°% )1 o

dan
At  the centre of tlHe peak at an incident momentum of 755 Mev/c,
Y = 658 I 19 from the data, and PS = 164.9 ¥ 12.8 from the
Monte-CarIo, for 100 million and 200,000 pions respectively.
A better estimate for PS can be obtained by recalling that
PS is independent of p (Fig.L4.4), so that it is reasonable
to take an average of the values from the Monte-Carlo outputs.
Then PS = 175.4 = 8.5, pver 200,000 pions. Inserting these
values in the expression for the total cross-section gives
o = 6;1 I 0.3 mbarn. Remembering from section 3.4.1 that an
estimated 4 ta % of the total observed rate is due to non-

Tr“nop events, a corrected value for the total cross-section,
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assuming isotropy, of the reaction 11~ + p-—;TTﬁnop at an

incident momentum of 755 Mev/c is obtained:

o = 5.8 : 0.3 mbarn.

Values of the total cross-section for this reaction at momenta
close to 755 Mev/c have previously been determined (directly
in bubble chamber experiments where the recoiling proton is

detected at all angles in the c-~system), These are:

q
[

4.98 t 0.54 mbarn. at 735 Mev/c (21),

5.37

1+

and o

0.25 mbarn, at 761 Mev/c (22).

Above 755 Mev/c there is obviously disagreement
between the shapes of the total cross-section (Fig.l.5) and
the yield curve (Fig.4.1) for this channel: the total cross-~
section remains fairly constant, whereas the yield curve
decreases raﬁidly.

From these observations, it is possible to draw
two conclusions, Thus at around 755 Mev/c, a phase svace model
involving the isotropic production of the proton in the
c-system provides a reasonable ectimate of the total cross-
section: at higher momenta, a non-isotropic differential
cross-section is required to explain the difference in shape
between the total cross-section and the yield curve, and in

particular, the emergence of the enhancement seen in the latter.
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Another important quantity is the ratio of the total
cross-sections for the reactions T + p — T n and T .
c(m )

R = — .
o(m m )

From the data of this exveriment the quantity dR can be extracted,

where, . + - - o
LCCIIN I PE NG 1 B | I

dR = 4,
YO m° ).fz(n+n- )

Here Y is the observed yield in the cns gate, and f, is the

2
detection efficiency of the dipion for nucleons in this gate.

A factor of 4 is included to compensate for the difference

in detection efficiency of the neutron counters for protons

(100 %) and neutrons (25 %). If the vhase space model is valid,
then at each incident momentum the value of dR should be the
same as R, Thus Fig.L4.1l2 shows the plot of dR against incident
momentum, together'with values of R obtained from an early
compilation (2%), and recent exveriments (22,24). As can be
seen, at around 755 Mev/c the values of dR are the same as those
of R: at higher momenta, dR becomes larger than R, To try to

see what this imnlies, it should be remembered that for nucleons
detected in the cms gate, the effective mass of the dipion

is almost its maximum value (this is true at each incident.
momentun). So if dR >R, it can be inferred that there might

be some mechanism which preferentially produces the T

system with high masses; or alternatively, there might be
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Plots of R and dR against incident pion momentum.
The values of R come from references (22,23,24);

those of dR come from this exveriment.
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a mechanism which prevents TT*WOP production with high divion
masses; or a combination of both these effects may be present.
Further discussion of these possibilities follows in chavter

five,

The Analysis of the Enhancement in the TI Tp Channel at a

Centre-of-Mass Energy of 1710 Mev,

The yleld curves generated from the cms gate for
both the 5 and 6 mt. data (Figs.4.1 and 4.2) show a narrow
enhancement at an incident momentum 6f approximately 1070 Mev/c
(corresponding to a centre-of-mass energy of about 1710 Mev.
and a missing mass of 765 Mev/ca). The 6 mt., data was chosen
for the detailed study of this effect, since it provided both
better statistics and mass resolution, counled with a greatly
reduced level of "casual" events (see section 2.5).

.

Evaluation of the best mass and width of the enhancement.

In analysing this effect, the enhancement was
seen to move to different momenta in the yield curves generated
from different timing gates (Fig.4.15). As a result, the
nunrerical integration vprogram (section 4.2) was used to
simulate the yield curves predicted for meson resonances of
varying masses and widths; these were then fitted to that
obtained from the data, to establish best mass and width values

of the enhancement, The yield curve from the cms gate, where
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there is the best mass resolution, was used; the statistics of the
data in this gate (Fig.4.13A) merited the use of the yields in
individual momentum channels for these evaluations.

The first vroblem was to remove the background
under the signal. This was achieved by fitting low-order
polynomials to the data voints to the left and right of the
enhancement (Fig.4.13B). Polynomials of increasing degrce
were succegsively tried, using a Least Squares fitting technique
(25), until one was found such that increasing its order did
not improve the quality of the fit significantly. Fig.4.13B
shows the data and the polynomial of degee 3 which satisfied
this condition. Subtracting this curve from the observed data
over the region of the enhancement left the signal whose mass
and width were the parameters to be determined (Fig.4.1l3C).

Tabulated functions corresponding to the vredicted
yYield curves of meson resonances with varying masses and widths
were then generated by the numerical integration program. Tach
of these was fitteé to the data using the program MIXFIT (20).
Kinematics curves were used to provide apvroximate mass and width
values about which these parameters were chosen to vary.
Fig.4.13C shows the best fit obtained in this way: this gave
a mass of 765 Mev/c2 and a width of 35 Mev/ca, with a Confidence
Level of 93 % (there were 21 degees of freedom). As an indication
of the errors involved in the fitting procedure, Fig.4.14 shows
typical curves of the Confidence Level obtained for various

values of the resonance varameters.
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after background subtraction, by a single Breit-
Wigner resonance.
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The quality of the fits to the enhancement in the
yield curve of the womw° p final state by a single

Breit~Wigner (meson) resonance; various masses, M,

and widths, F“, are tried for the resonance.
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4.5,2 The position of the enhancenment in yield curves generated

from different timing gates.

As noted above, the position of the enhancement,
in yield curves obtained from different timing gates, was
seen to move (Fig.4.15). To establish if such movements were
consistent with the v»roduction of a meson resonance of mass
765 Mev/cz, a study of these curves was made.

In fact the choice of timing gates suitable for
the generation of yield curves is limited by practical
difficulties: as a result, the observable movement of the
position of the enhancement will similarly be restricted.

| In this momentum range the time—of~flight tc’
corresponding to the centre-of-mass velocity, is fairly long
(at 1070 Mev/c it is 18 ns. after the fast-peak). Now the
recoiling vprotons lose energy in ionising collisions in the
hydrogen. of the target before being detected at the neutron
counters. For slow protons with times-of-flight t:>tC this
results in a relatively large systematic timing error in the
recorded value. Thus for a proton produced at the centre of
the target and having a recorded time-of-flight of 30 ns. after
the fast-veak, a correction of 5‘ns. would be required: for
one vroduced at the uvstream end of the target (traversing
some 30 cn, gf hydrogen), the correction would be47 né?egn
"the 5 mt. data, where no attempt was made to define the voint
of interaction, this would result in a worsening of the mass

resolution if such orotons were used for the missing mass
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4.15

(Momentum Channels)

The yield curves of the T e p final state generated from

different timing gates; the arrows indicate the predicted

positions of a meson resonance of mass 765 Mev/cz; the fixed

gates are all measured relative to the fast-peak; at the centre

of the peak @the ‘cms gate limits are 16 - 21 ns.
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determination. For the 6 mt. data, the target counters (section
2.4.1) furnished a more precise definition of the interaction
vertex, and the analysis program made a corresponding correction
to the raw time-of-flight (le). In the program the proton was
assumed to have traversed a particular length of hydrogen
depending on which of these counters had been triggered by the
charged pion in the final state. In fact these values were
specifically designed for studies of the reaction T + p— Ag + p,
Ag-a'n' + neutrals, mainly W m°m® (1b), but were also adequate
for the Wn°p final state. When the correction was made to
proton times-of-flight 30 ns. after the fast-peak, the timing
error introduced was reduced by almost an order of magnitude
compared with that for the 5 mt. data. It was thus of the same
order as the uncertainty introduced by the electronic timing
resolution, and would no longer seriously affect the mass
resolution. ‘

.For times-of-flight greater than 30 ns., the
required correction for the loss of energy in ionising collisions
in the hydrogen becomes increasingly large and non-linear, It
is consequently much less reliable. So it was decided that
times-of-flight of 30 ns. after the fast-peak represented the
limit of reliable measurement for protons.

The meson simulation program was used to predict
the momentum at which the enhancement due to a resonance of
mass 765 Mev/c2 would occur in a yield curve generated from
a gate 24 to 30 ns. after the fast-peak., It was found that it

would move only 6 momentum channels relative to its position
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in the curve generated from the cms gate. This shift in momentum
would be difficult to detect with the available statistics.

On the fast side of tc, for times-of-flight t<ftc,
the mass resolution becomes increasingly worse as IM/0t rises
rapidly (Fig.l.,3). In this region it is dominated by the term
QM/at.dt, where dt is the intrinsic electronic timing resolution
( * 0.6 ns.). For a gate 8 to 10 ns. after the fast-peak, for
instance, this leads to an uncertainty of about t 14 Mev/c2
(standard deviation) in a missing mass determination of 765
Mev/cz. This should be compared with the value of <t 3 Mev/c2
obtainable in the determination from yields in the cms gate
(section 1.4.2)., At the lower momenta in the data set, for times-
of-flight less than 8 ns. the nucleons are reaching the limit
available from L~momentum conservation,

In this analysis, a variety of gates in the range
from 8 to 30 ns. after the fast-peak was used. The numerical
integration ﬁrogram predicted the momenta at which a meson of
mass 765 Mev/b2 would be expected to occur in yield curves
generated from these gates. (A Breit-Wigner form with a width
of 35 Mev/c2 was used to obtain these predictions; following
the discussion of section 4.2, the results are independent of
the choice of width,)

Thus in Fig.4.15 the predictions are denoted by the
arrows. As can be seen, in some of the yield curves, the predicted
position of the meson does not exactly coincide with the centre
of the observed enhancemenf. So the problem remained to assign

mass values to these enhancements. To do this, hand-drawn



-124~

backgrounds were constructed by using data points to the
left and right of the observed structures, the momenta, Py
corresponding to the centres of which were then judged by
eye. Next the simulation program was used to predict the
momenta at which a series of mesons with masses = 765 Mev/c2
would occur in the same yield curves (generated from timing
gates which will be depoted by to): by interpolation, the
mass values MO = M(po,to) corfesponding to each central
momentum v, were established.

Possible systematic variations of Mo vith p* (the
c-system momentum of the nucleon) and-T (the 4-momentum
transfer) can then be investigated. Tach timing gate represents
a range of values of p* and T : formally, n* = p*(p,to) and
T = T(to), where v is the incident vion momentum. To fix
values of these parameters, those calculated at the centres
of the gates were chosen: v = p*(p,€o) and T = T(?o). Table
4.1 shows the values of D*(DO,?O) and T(fo) together with
the corresponding missing masses Mo(po,to). The same inform-
ation 1s shown gravhically in Fig.4.16. (The errors involved
were calculated as follows: for the fastest gates, where the |
mass resolution is worst, the error in the mass determination
is taken as the value of BM/at.dt, vhere dt is O.6ﬁns.; for
the other gates, the error revresents the uncertainty in the
determination of the central momentum Py - nominally taken
as two momentum channels.,) ¥rom the curves it avvears that
there is neither a systematic variation of MO with 0* nor

with T,



-125-

TABLE 4.1
The missing masses MO = M(po,to) corresponding to the centres
of the enhancements seen at momenta 1 in the yield curves
generated from a series of*timing gates to (Fie.4.15), The
corresponding parameters p (the c-system momentum) and-T (the

L-momentum transfer) are also shown.

Timing gate Missing C-systenm L-momentum
Mass momentum transfer
*
t M D -T
o} o}

ns, after the

fast-vpeak. Mev/ca. Mev/c. (Gev/c)%
cms 765 tg 28 0.3%15
8 - 10 TR 215 0.688
9 - 12 765 0 175 0.586
10 - 13 771 f% 140 0.532
. , 6
12 - 18 770 g 65 0.396

24 - 30 748 tZ 132 0.191
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In particular, if the observed enhancements are
due to the production of a meson resonance with a mass which
is independent of p*, then the plot of Mo against p* should
obviously be of the form MO = constant.

The alternative hyvothesis of nucleon resonance
formation can also be tested. It is assumed that the enhancement
seen in the yleld curve generated from the cms gate (Fie,4,2)
is due to a nucleon resonance. The enhancement occurs at an
incident momentum of p = Py = 1070 Mev/c. Following the discussion
of section 4.3, enhancements should, to first order, occur
at the same momentum in yield curves generated from the timing
gates to. At the momentum p = Pg » each timing gate to represents
a range of p* = p*(ps,to), and there will be corresponding
nissing masses M, = M(ps,to). So Fig.4.16 also shows the plot

of M(p8=1070,t0) against p* = p*(ps,t Y. Now if the nucleon

o]

resonance hypothesis is valid, M(po,to) = M(ps,to) and

P*(po,€o) = p*(ps,€o) for all the gates to'

' Inspecting Fig.4.16 it is clear that this
conditipn is only satisfied for one value of to’ whereas there
is only one value of to for which the result Mo(p*) = constant
is incopsistent. The weight of evidence therefore supports
the conélusion that the enhancement seen in the yield curve

at 1070 Mev/c is due to meson resonance production.
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Chapter Five

The Interpretation and Discussion of Results.

The Region Below 1 Gev/c,

Most of the present knowledge of the various
N (T = 1/2) and A(I = 3/2) resonances comes from sovhisticated
phase shift analyses of data obtained from TTN scattering
experiments, in which the resonances are directly formed
in the s-channel,

From the formalism develoved for such an analysis,

LIJg

the inelastic cross-section c.in of a partial wave (L2I2J)

is given by (26)

e = /K L w12 L Q- 7L§J)
where ' L = the orbital angular momentum;
J = tﬁe total angular momentum;
I = the isotopic spin;
hk = tﬁe centfe-of-mass momentum;
and 7IJJ = the elasticity parameter (26) of the partial

wave (L2I2J), derivable from the analysis.

The total inélastic cross-section o I

in of all the ‘partial

. waves with isotopic svin I, and oresent at a given momentum,

LIJ

is then just the sum of such individual contributions c.in

over values of L (L = 0 to Lmax) and J (J =L % % for TN
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scattering):

ol = (w/) . Z @ +1/2) . a-H i

cevecvecscnssa(5.1)

Below an incident pion momentum of 1 Gev/c, many experiments
have shown that the cross-sections for producing more than

two pions in the final state, and those for the associated
production of strange particles, are very small (5); the
predominant inelastic channel is to 1T N final states,
although the S11 partial wave is a notable exception, decaying
preferentially to qN states (27).

Suppose, then, that the inelastic contributions
of the five.isotopic spin 1/2 waves known to be important in
this region (see Fig.4.9 - the Sil, P11, D13, D15 and F15 waves)
are combined using equation (5.1).

To accomplish this, a particular set of solutions
of 17 as a function of incident pion momentum must be selected
from the various different an;lyses available (9). Because
the difficulties inherent in such analyses are legion, the
results are to some extent subjective (4); thus the exéct

¥

shape of a plot of d'inz against momentum will depend on
which particular set of solutions of .7 is chosen. However,

the values of the analysis by KIRSOPP (18) have been chosen
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quite arbitrarily for this calculation, since the conclusions
drawn from it, deduced below, are not particularly sensitive
to this choice.

Now the inelastic cross-section for T » scattering

is given by

- _ I = 1/? 1 I = 3/2
(M p) = (2/3) . o o + (/3 ot o)
So by inserting a factor of 2/3 into the summation of equation
(5.1) for the five partial waves of interest, the cross-section
for the reaction

_ I =1/2 . essentially
m + p — (S11 + P11 + D13 + D15 + Fl5) ——

N states
can be obtained as a function of incident momentum (where
85 9% of the S11 contribution is removed to allow for its'?IJ
decay (5) ).
a8 This c¢urve can then be directly compared with
that for the sum of the experimentally measured cross-sections
for the single pion production channels available in 1T p
scatteping:

oo (M +p —=T1°n + TWHn + T ).

in

-

. The comparison is shown in Fig.5.1, where the sum of the
exverimentally measured cross-sections is obtained by the

addition of three fits by eye to each of the cross-sectinns
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shovn in Fig.1.5; the nominal errors shown in Fig.5.1 assume
errors of = 0.5 mbarn. on each fit at each momentum., It is clear
that, for T p scattering at these incident momenta, the five
I = 1/2 partial waves largely account for the total single
rion production cross-section., It therefore seems reasonable
that any interpretation of the gross features of the yield
curves nust be in terms of these waves (at least iﬁ a first
avproximation). This résult was indeed anticipated in section
4.4.1, where it was seen that the very large enhancement
(equivalent to a total cross-section of = 6 mbarn.) observed
in the TT_ﬂop yield curve was producéd by purely s-channel

effects, and not by meson production.

Recently, partial wave analyses have been extended

to the study of the 3-body TITIN final state vroduced by
TIN scattering (22,24,28,29,30). In order to extract the
maximum amount of information from the data, specific assumptions
concerﬁing the stru;ture of the 3%-body final state must be
made, To this end, the phenomenological "isobar model" has
been developed (31). The model assumes that the most imvportant
amplitudes for single vion vroduction nrocesses are those in
which a pair of varticles (called an "isobar") interact in the
final state. Thus the total amvlitude is represented by the
coherent addition of individual amvnlitudes for reactions of
the form

m+N —+A , A=+

T+ N __’.f + N , JP =T+ T
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FIG. 5.1
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The sum of the cross-sections for the three single pion vroduction
channels in T~ p scattering (solid line); this curve is comvared
with the sum of the total inelastic cross-sections for the five
1= 1/2 partial waves, the S11 (TT’] contribution excluded), P11,

D13, D15 and F15, in M~ p scattering (broken line).
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Diagramatically,

_“ ¢ e 950850 cc0o 8000

For the production of each quasi two body system, a large
number of partial waves are included in the model (represented
by the 'bubbles' in the above diagram). Finally, Bose symmetry
is ensured for the two plons,

For T p interactions, the following "isobars"

are typically included in the total amplitude;



isobar

N1236)
o (?2)

p(765)
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- decay I Jp
mode
TN 3/2 3/2%
T 0 o*
TT 11 1 1 -

The production amvlitude would then have the form

T =

Generally,

five parameters are

™ /\) + T(oN ) + T(p N ).

necessary to describe a 3-body

final state, These are normally taken to be

ij 5

ii)

iii) M12

and M

B, the invariant mass of the system;
@ , where 6 and ¢ are the polar and
azimuthal angles which relate the
direction of the incident pion beam
to that of the normal to the plane
containing the 3 final-state particles
(in the overall c-system);
23 the invariant masses of particles
1 and 2 , and of 2 and 3 resvpectively,

which svecify the relative positions

of the 3 particles in the vlane.
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(32))

The differential cross-section (following SAYON

can then be written as

ato o ITI2
P

? 2
dMladMZBdcosedg My M

where M and MS are the initial and final nucleon svyin states,

As a svecific example, the production of the
Zy1236) isobar is considered (the D13 resonance of mass 1520

Mev/c2 is thought to couple strongly to Z&Tfstates):

Here,
L = the orbital angular momentum of the initial
state;
Ll = the orbital angular momentum of the (quasi

two body) final state;

and J = the total anzular momentun.
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Also,
i = the spin of the Z\ = 3/2:
and { = the relative orbital angular momentum
of the n‘ZN3 system = 1.

The médel assumes that the transition amplitude
can be exvressed as the product of two factors; thé first
represents the produc£ion amplitude, and the second the decay
amplitude of the ZX resonance, The transition amvlitude from
an initial svin state M to a final state MS is then finally

given by (32)

1
1 JLL ‘
2 2

J,L,1t .8

where, 1
: JLL™ -
fM M is a complex quantity (32) revresenting

5

the decomposition of the transition into

spherical harmonics;

and,
1 1 1
TJLL - AJLL (s%) .
(M23 - MA) + 1]2/2
gt
where A are complex amplitudes renresenting the relative

weights of the partial waves (L,LI,EJ), and M, and l:;Aare
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the mass and width of the ZX resonance,

1,2J)

A special case arises if only one wave q = (L,L
is dominant at a vparticular value of s, If this wave couples

strongly to the TTZX state, then,

4 E q q } 2
d'c o T . fM,MS(Mlz,MéB, 6 , & |~
M,M
5
q 2
g 2
o4 T l . § fM’Ms
M, Mg

Integrating over the solid angle gives the representation of

the density of states in the Dalitz plot:

.2 , 2 q 2
"o o 7 . f dcosB.dd
e P 2 M, Mg
dM12 sz3 M,Ms
RIA
q 2 2 2 g
“ T . F(M12 31423 ) 0‘100¢¢-ct¢o(502)
where,
T |2
F = fM . . dcose.dg
’'s
M’Ms
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To make further progress, the model must now be
related to the data from this experiment. To accomplish this,
the kinematics of the reaction 771 + N..--a.'rr1 + TTE + N3
peculiar to this experiment.are considered.

If the detected nucleon has a time-of-flight
within the cms gate, then it must be produced very close to
rest in the c-system; this is true at each incident vion
momentum, p ., If s%(p) = E*(n) is the invariant mass of the

system, the effective mass of the dipion, M,,, is known

12
uniquely:

Mp =B = my =M.y = My (say),
where My is the mass of the nucleon. In other words, as
mentioned earlier in section 1.3, the kinematic region of
the cms gate is equivalent to that at the tip of the Dalitz

plot with M 2 as ordinate,

12

Moreover, if the nucleon is produced at rest
in the c~-system, the energies E; and momenta E; of the two
pions are equal. Now as before it is assumed that the final state
is produced via the quasi two body TTZX state. So if the Z& is
constrained to decay into a stationary nucleon and a pion of

*
energy E

g » the invariant mass Még is given by

2

* *» 2
M23 = (E.n. + mN ’ BT‘ )

: 2 *
3 m."2+mN ’*"ZEnmN 109001001-00(503)
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The invariant mass s% = E* of the system is given by

. .

E = 2E

(p) .oco-oloooo-o.-ooo(soh)

So that at each incident momentum p , corresponding to a

fixed value of E*(p), equations (5.3) and (5.4) show that

there exist unique values of the invariant mass M23 = Mg (say).
Now the yield in the cms gate is directly related

to the integral over the density of states (equation 5.2) at

the tip of the Dalitz plot:

yield in 2 2 2
*

2 2
ol P32, M) . F(M M, ).dM,, .dM
cms gate 23 12 723 12 23

cms gate

limits

ooooo¢ocoooocccccoooccc(sns)

assuming that only one partial wave g is important at s,
In an exact analysis this integral would need to be evaluated,
but at present this has not been attempted. However, recalling

that over the region of integration M., = m and M,, ¥ m

12 12 23 23’
in an obvious simplification,
yield in q %' 2 2 2 2 2
, T*(s ,m23) . F(m12 )M 3 ) dMy 5 .dM23
cms gate

ceeccsessnsasenasaa(5.6)
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where,

2
1
A%s%) .

1]

Q, %
T (s ’mZB) -

g = My + 1F‘A/2

2
Aq(s%)

1]

. BW, (mas)

If the function F(m J]. dM12 dM ? 2 in equation (5.6)

12 ? 23
is a smooth, well-behaved function of the incident vion

momentum, p , then the shape of the yield curve Y(n,tcms)

generated from yields in the cms gate will be governed by
the product of the terms
Aq(é%)

. BWA (m23).

Further, if the partial wave q = (L, L1 y2J) is resonant (at a

mass E (v) = M , ‘and with a width rﬂ ), then an aporopriate
choice for its amplitude squared l Aq(s )l as a function of

incident momentum p will be

2 1

(E () -M)% + ([L/2)°

1

2% s%(p) ) o

oKk BWS(‘D)

where s%(n) = E*(D).
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So finally the form of the yield curve Y(p,tc s) is given

m
by
Yo, t ) = By (D) . BwA( mZB(p) )

vesereensesrsnaa(5.7)

(Digressing for a moment to suvvose that the
amplitude A% of the partial wave g were independent of incident
momentum, » . The yield curve nredicted by this analysis

would peak at myy = M, - that is at'the peak of BW, (my2).

23
Now from muN scattering at low energies 1t is known that this
havvens (for a nucleon at rest) when the pion has a kinetic
energy of about 200 Mev. Using equation (5.4) with E; = 340 Mev,
it is seen that such a peak would occur at a centre-of-mass
energy E* = 1620 Mev. Thus the observed peak in the T o)
yield curve, at a momentum of 755 Mev/c (corresvnonding to a
value of.E* = 1520 Mev), cannot simply be interpreted as a
kinemafic reflexion'of'[§(1236) production associated with an
extra pion,)

How equation (5.7) wofks in practice is illustrated
in Fig.5.2. Here the term BWs(p) is generated using the mass
and width parameters of the D13(1520) resonance - namely,
M, = 1520 and E1= 120 Mev/c2 (5). The curve is compared with
the observed)data, normalizing at the data point at 755 Mev/c,

rand with the oredicted yield curve Y(»,t ) assuming the

cms
interaction T~ + p —+‘n‘n°p vroceeds via 11[} states., For the

latter, the mass and width of the 13(1236) were taken from the
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Fit to the T T° p yleld curve generated from the cms
gate; by (i) a single Breit- ngner resonance, BW (p),

of mass 1520 and width 120- Mev/c ; and by (ii) the function .
Y(p,t ) = BU_(p).BWA( m23(p) )e
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)

current listings (5). Obviously including the factor BW‘S(m23
has shifted the original curve Bws(p) to higher momenta and
introduced a slight asymmetry, This is the same sort of effect
as seen in the data, although the predicted curve has 'over-
compensated' at higher momenta, Nevertheless, the fit to the
observed data provided by the curve Y(p,tcms) compares very
favourably with that for the best fit obtained for a single
Breit-Wigner resonance (Fig..4.10).

Recapitulating, it has been shown that a single,
resonant, inelastic partial wave q , decaying via a A state
into IT—ﬂop , could be expected to produce the same sort of
effect as actually observed in the yield curve. But in reality
many partial waves are expected to be present at these incident
momenta, So it seems reasonable to see if there exists evidence
from a more generalized form of the isobar model which- could
account for the general features Qf the yield curves in terms
of these wafes. In particular, the emergence of the large
enhancement ét E* = 1520 Mev (at an incident momentum of
755 Mev/c) in the proton channel (with no equivalent in the
total cross-section), and the differences in the shapes of the
yield curves of the neutron and proton channels, must be

explained,

In a full treatment of the reaction T~ + ? — TI'1%p
via TTA quasi two body states, DELER and VALLADAS (33) have
calculated the theoretical density of states in the Dalitz

plot at two incident momenta in the range discussed here. The
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calculations were done for each partial wave up to incident
orbital angular momentum of L = 3 (up to F waves). Using an
amplitude which allows for the effects of interference between

the two vossible [& states, they have related the reactions

Tl'+p-——rTT++A+
L w° +

and Tt o+ D — o o+ ZX++
L+ T+ P

by the appropriate product of I-spin Clebsch-Gordan coefficients
1

¢, and ¢, . Thus for each partial wave q = (L,L7,2J)
<Tr*rr° o | 1| " 1> = ¢ TUATT) + o, P AT TTO)
and the density of states is of the form

2

7 .dcos 6 . 4¢f

a%o o(f|<1‘r+ﬂ'°p T p>
o ceeeeesea(5.8)
! The effect of the interference between the two
channels (prf)rTo and (pnp)'n'+ is very marked at the tiv of
the Dalitz plot - that is, in just that region to which this
experiment is sensitive, at M, = m,, and M, = més. For examvle,
' for partial waves with total angular momentum J = 1/2, the

quasi two body final state is oroduced in either a P or a D

wave (L1 =1 or 2), and the /A decays with an angular distribution
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of 1 + 3cos®. Now the effective mass of the divion is such that

M,,® 0% cose (32) , so that the vrojection of the Dalitz plot

on the M122 avis is peaked at high and low masses. For the

SD1 wave (notation LL12J) the effect of the interference between
the two 'ZX —bands' on the Dalitz plot is to enhance the peaking
at high divnion masses; but for the PPl wave therreverse.is true,
and in fact the tin of the Dalitz plot is comvletely devonulated,
Other striking examvles are provided by the DS3 and DD3 waves.

For both of these the interference vnroduces a strong enhancement
at high dipion masses, where none exists without the interference.
FPor the ¥P5 wave, on the other hand, production at high dipion
masses 1s strongly suvpressed; the same is true, to a lesser
degree, for the DD5 wave.

The isotopic spin Clebsch-Gordan coefficients cq
and c, (Table 5.1) show that for the reaction TIW + p._.rfnop
and the I = 1/2 component of I~ + p — 1T NM°p , the sign of the
product CqeCs governing the interference term is the same,
althouéh, for the iatter, the magnitude is smaller, Hence the
same vattern of behaviour for the vartial waves producing the
TT-ﬂop channel could be exmected to occur. Conversely, Table 5.1
shows that for the reaction T  + p—TI'TIn the sien of cy-Cy
for the I = 1/2 comvonent is reversed; this imvlies that
destructive effects on the Dalitz v»lot will becore constructive,
and vice~versa,

Now by relating the I = 1/2 inelastic vartial
waves (LLlEJ) to the five T = 1/2 elastic vartial waves (1.212J),

imvortant in this momentum region, there is an obvious
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correspondence:

incident pion
inelastic elastic momentum
Mev/c
SD1 S$11(1535) 760
PP1 P11(1470) 660
DP3 D13(1520) 210
DD3
DDS D15(1670) 1000
FP5 F15(1690) 1030

A pattern emerges that can be tentatively used to explain the
general features of the observed yield curves (Fig.4.1l).

Thus the inelastic partial waves SD1, DP3 and DD3
all have differential cross-sections which enhance the. production
of high (TT_1T° ) masses in the momentum range discussed here.
Their amplifudes A% would be expected to resonate at centre-
of-mass energies equal to the masses of their corresvonding
elastic partial waves, the S11(1535) and the D13(1520). If
there were no other waves present, this effect would produce
structure in the ﬂ’ﬂop yield curve at incident momenta
&~ 755 Mev/c, as in fact observed. But there are other inelastic
waves present - namely the DD5 and the FPS5; and for these, the
amplitudes A% could be expected to resonate at the slightly
higher energies equal to the masses of their corresponding resonant
elastic partial waves, the D15(1670) and the F15(1690). However,

for these inelastic waves the differential cross-sections
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- TABLE 5.1

The Isotopic Spin Clebsch - Gordan Coefficients,
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suppress the production of high (YT~ 1% ) masses, So that no
corresvonding enhancement is seen in the ﬂ’ﬂop yield curve,
at momenta around 1000 Mev/cf

On the other hand, for the T h channel, the
roles are reversed. Thus, the differential cross-sections for
the vroduction of hish (T T~ ) masses are enhanced for the
DD5 and FP5 waves, but suvpressed for the SD1, DP3 and DD3
waves. So in the TWH™n yield curve the peak at around 755
Mev/c is very much less pronounced, vwhile there is a broad
structure at higher momenta which is_not present in the ‘n‘nop
yield curve.“

In a similar spirit, the ratio

dR = (de (T T )
( -0
(do (T 717 )

Nt Nt Nt

for high dipion

masses

(section 4.4.3 and Fig.4.12) 4is greater than the corresponding

ratio of the total cross-sections

\ R =0’(n+"-)

o (TT'11° )

at incident nmomenta greater than 755 Mev/c because of the
. same effect,
Of course to explain an exwerimentally observed

Dalitz plot, the sum over all the inelastic partial waves would
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have to be made. Only waves with the same J and L will interfere
in such a plot, but the DD3 and DP3 provide two such waves in
this momentum region. This effect has been ignored, as has that
" of the 0 (the T = J = 0 state, not necessarily a Breit-VWigner
resonance, but a useful way of describing the T 1T interaction
with these quantum numbers as given by 17T vhase shifts (34) ).
Several authors (22,28,35) have observed the need for such an
effect in this momentum region to account for the peaking gt
high divion masses in the T* T~ n channel. While there is still
no consensus on the exact mass and width of the ¢, widths of
thelorder of 200 Mev/c2 are favoured, to which this experinment
would be insensitive., The ¢ would not of course affect the

T ~1° p channel. The contribution of the I = 3/2 inelastic
partial waves has also been ignored. Finally, and probably of
most importance, the effect of the angular acceptance of the
neutron counters has not been included in the arguments. In a
full treatment, this would require that the iﬁtegration of
equatioh (5.8) be réstricted to that range of solid angle in
the c-system to which the neutron counters are sensitive. The
effect of introducing such a restriction is, as yet, uncertain.
However, the Monte-Carlo phase swace calculations show that the
angular acceptance of the counters is independent of incident
momentum in this region, so the integration would be restricted

to the same range at each momentum.
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The Region Above 1 Gev/c.

It is worthwhile summarizing briefly the salient
resulte for this momentum range, as derived in chapter four.

In what were essentially two quite independent
experiments using the same 'yield curve technique!, a narrow
enhancement was observed in the T T° v channel (Figs.4.1 and
4.,2); in neither was there a corresponding effect discernible
in the T T~ n channel.

The weight of evidence suppnorted the contention

that the enhancement was due to meson resonance production; its

behaviour was certainly inconsistent with its interpretation

as the formation of a nucleon resonance (Fig.4.16). The best
mass and width for the resonance when produced close to its
threshold (p* T 30 Mev/c) were found to be 765 and 35 Mev/c2
respectively.

.An understanding of this effect is still far
from clear; in the following discussion several possibilities

are examined,

The\P is the well-established member of the nonet
of vector mesons (Jp = 17) with isotovic spin 1. The negatively
charged state has a branching ratio of almost exactly 100 % to
nmn° , and could be expected to be detected in this experiment.
However, the current listings (5) show that the‘P , although
having a mass of 765 10 Mev/ca, has a width of 125 I Mev/c2

The question naturally arises, therefore, as to whether what is
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observed in this experiment is the p meson, for some reason
appearing narrow at its oroduction threshold; or alternatively,
is the enhancement due to a new, narrow meson resonance?

The p meson was first discovered in strong
interactions of the tyve 1T + p — L+ Dy p T, at incident
pion momenta (< 2 Gev/c) not very much greater than the minimum
required for its production. In some of these experiments, at
the lowest momenta, narrow structure has been observed in the
effective mass of the dipion (36,37), at masses close to that
accepted for the _p meson, The difficulty here is that, for the
"conventionalt p meson, with a mass of 765 and width 125 Mev/cz,
the effective mass of the meson would extend close to the limit
available from phase space at these momenta. It is reasonable
to suvpose that, together with the accompanying problem of
background subtraction (37), the effect of the phase svace
tecut-off!' is likely to make the S appear narrower than accevted. .
As higher incident momenta became available, the S meson was
detectéd in many eéperiments with a width of about 125 Mev/éz,
although occasionally smaller values have been reported (38).

More indirect information concerning the production
©of the p» meson close to its threshold has been furnished
recently in attempts to understand single pion production with
‘the *isobar model' (31).

Thus two recent experiments (22,28) have been
performed to investigate the reactions T~ + v -a'n'rwo v and
M*M™ n st severdl incident momenta in the range LS6 to

761 Mev/c (corresvonding to centre-of-mass energies in the
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range 1337 to 1535 Mev) - that is well below the threshold for
Jf -production, which occurs at an incident momentum of 1070
Mev/c (equivalent to 1710 Mev). Considering the nroduction of
only two isobars, the authors used a coherent addition of

amplitudes of the form

AV

™o n) + (T A7) + 7 (m~AH

for the neutron channel, and

- |
Tl ) l (AT + T(A°T%)

for the proton channel, where o is an I =J =0 object, and

A is the A(1236) T = J = 3/2 nucleon resonance.

Their fits to the observed (TITT ™) effective
mass distribution were good, and in particular were able fo
account for the peaking at high dipion masses, first observed
by KIRZ et al (35). Howevef, there was a marked discrevancy
between the data and the fit for the proton channel at incident
moment; greater than 550 Mev/c.

This suggested fhat the inclusion of a P-wave
amplitude was required in the model, The introduction of the
S meson (I =J = 1) was an obvious candidate. This would affect
the charged rather than the neutral dinion mass swectrum for
two main reasons:

(1) from purely isotopic spin arguments, if the incident TT~ p state
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is dominated by the I = 1/2 component (exvected to be valid
in this momentum region (23) ), then the ratio of the production

cross~sections is

c(p°n) 1 (T T~ n)
'R L —— o= — =
c(p D) 2 c(n o)

(for the I = 3/2 component this ratio R = 2):
again from purely isotovic svin arguments, for production of
the isobars via the I = 1/2 component, the interference effects
between the‘F T and the Z§+ and the ZS? add for the proton
channel, while for the neutron channel, the effects between

the p © and the A" and the /A~ subtract (for the I = 3/2
component, these interference effects both subtract).

In fact the Saclay Group re-analysed their results
for the proton channel including an amplitude for f)-production,
obtaining considerably better fits to the data (2214).

The main conclusion from these analyses seems to
be that the effects of thej; meson are (indirectly) apparent
at incident pion momenta well below its threshold.

Currently BRODY et al (24) are analysing data
from the same reactions, in a centre-of-mass energy range of
1400 to 2000 Mev. The authors use a total amplitude involving
the incoherent addition of four individual terms to fit the
data from the neutron channel - namely T(Joo n), WG 1WA ),
(AT ), and T(T1+TT_n ), where the latter revresents the

. . 0
vhase space amplitude. Fig.5.3 shows the fraction of\f reguired
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for their best fit to the data. As can be seen, at the threshold
for f>° production (a centre-of-mass energy of 1710 Mév, or an
incident momentum of 1070 Mev/c) a fraction compatible with

0 % is required: at 1740 Mev or 1126 Mev/c only 5.7 % 1.7 o

is needed.

The incoherent addition of similar individual
amplitudes for the proton channel failed to produce satisfactory
fits to the data.

On the basis of all these results (22,24,28), it
seems reasonable to suvpose that at incident pion momenta up
to that required to produce the Jo(765) at rest in the c-system,
the production of the f>° is suppressed relative to the ,P- ,
and the ratio R = 1/2 favoured.

Knowing the ratio of the production cross-sections,
R, it is possible to predict the number of events, Yn, expected
in the neutron channel to correspond to the number, Yp, seen
at the centre of the enhancement in the T T° p yield curve
generated from the cms gate (Fig.4.13), assuuming f) production
to be its cause,

Thus assuming R = 1/2,

v
1 Yn.f2.1+

R=-=
P n
2 Y . fz
or, n
1l 1 f
Yn = - e ™ o —z—'n . Yp
2 4 fz‘

vhere fan/fap is the ratio of the detection efficiencies for
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FIG. 5.3

30~ P(p°) % [

II I

ol ;1 1 II | l I 1 ! | 1

1600 1650 + L 1] 1760 1800 1840

Centre-of-mass energy (Mev)

i | 1 1 i
950 100 1050 1100 1150

Incident Momentum (Mev/c)

.The percentage P(ﬁo') of Jao in
the T T ™ n final state (from

BRODY et al (24) ).



the (TTTTT™ ) and (717 TI° /) systems in the decay array. A
factor of 4 is included to comvensate for the detection
efficiencies of the neutrons (25 % compared to the assumed
value of 100 % for proton detection).

From the Monte-Carlo (section 3.3) the ratio
fan/fzp = ?223/175, and from the data (Fig.4.13) Y° ¥ 50 events,
giving Yn ~ 8 events. This number of events would be extremely
difficult to detect with the present level of statistics. (0On

the other hand, if R = 2, then ¥ < 32 events, a number which

should be detectable).

Two main conclusions can be drawn from the
arguments presented so far in this section. Thus, assuming
that the enhancement in the oroton channel is due to a resonance
with I = 1, and produced such that R = 1/2, (likely for the
Ja- ), it is quite plausible that no corresponding effect is
discernible in the neuvtron channel; however, since the tail
of the})’ has been (indirectly) detected at energies well
below its threshold, the observed enhancement, if due to Jo-

production, should avpear much broader.

In view of this, some further tests have been
made, Firstly, to ensure that results available from other
channels did not provide convincing evidence that the observed
enhancement was due to instrumental effects, the yield curves
of varioisother final states were examinedf For exsmnle, the

conservation of g-varity in strong interactions vrevents a

The selectionsof classifications used for the various final

states are discussgd in works in ref. 1.
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resonance from decaying into both (TT™TT°) and (TT™TTFT 7)Y or
(T~ 1°m %), Thus Fig.5.44 shows the comvarison between the
yield curves for the T T° p and the (T~ T 1° + T T )
final states. No significant enhancement is seen in the curve
for the three pion channels, and instrumental effects seem
unlikely to be the cause of the enhancement in the ]T-Tfo D
channel, |

Secondly, to ensure that the enhancement was not
due to a resonance decaying into TT"*] , the yield curve o%
the TT-ﬂ p channel was examined. This channel has the same sig-
nature in the decay array as TT_'_TTo P , exceot for the differences
in the azimuthal cuts applied to the raw data during analysis,
as discussed in section 3.4.1. If a resonance decays into TT-T],
there should be a large enhancement in the TT-Y]p channel,
Fig.5.4.B shows the yield curve, and there is a small enhancement
at the same momentum as in the 'U-TTO p curve, But recalling
from section 3.4.1 that some 10 % of T~ mw°% events 'feed-through'j
into the classification of TT_V] during analysis, the observed
small enhancement is compatible with this effect. It is clear
that the enhancement in the TI~ 11° p yield curve is not due
to a 1T "'l resonance.

Thirdly, the TT°T° n channel was studied. From
isotovic spin arguments, an I = 1 resonance cannot decay into
two neutral vions. Fig.5.4C shows the yield curve of this
channel; the data points in the momentum channels where the
() neson is produced have been removed. (This is because

during analysis the classification 000030 (three gamma-rays



120 r f
Yields/lO8 }
Pions f
8o‘f+{' +
btd
.i.
+
" 40 ! i i
90 110 130 150
200 T ¢
+ V0t t+t
t
gty
100
0 { } 1
90 110 130 150
Lo
X b4t
=0 % }t } i+ t } 1
T
0 1 1 1
90 110 130 150
80

f *ﬂﬂ f

ittty
80 llg 150 1;0

(B)

L ¥¥

(¢)

T

Incident Momentum (Momentum Channels)

FIG. 5.4

Yield Curves generated from the cns

gate for various final states,



-159-

detected) is used since it includes events from the 1T°TT° decay,
as there is a significant probability that only three of the
four gamma-rays are detected in the decay array: since the
meson has avvroximately a 10 % branching ratio to Tﬁ)z — 3Y
it avnears in the TTOTTO n yield curVeJ But again, as can be
seen, there is no discernible enhancement in this channel.

So from such tests on the data, it seems rsasonable
to assert that the observed enhancement is a genuine resonant

effect in the IT W° v channel,

Finally, mechanisms have been sought which could
explain possible narrowing effects of the width of the f> meson,

ADAIR (39) has investigated how final state
interactions might affect the measured values of resonance
varameters such as mass and width, Such interactions are likely

to be imvortant when, if ¢ = 1,

P p:! nh
- . = = e—— for n <1
M r My

where hH / Mo is the tyvical interaction length, M is the mass,
r the width, and p* the momentum in the c-system of the
resonance. In the cms gate, p* ~ 30 Mev/c , and for a mass

and width of 765 and 125 Mev/c2 resvectively, then it follows
that n € 1. So this exveriment is sensitive to just that
kinematic region where final state interactions might be

imvortant. However, as ADAIR (39) voints out, the effect of
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this would seem to broaden the observed width of the resonance,
in direct contrast to what is actually seen here, assuming
J° production,

As yet, no satisfactory explanation has been
established to account for the observation of such a narrow
width, if the enhancement is in fact due to the production of
the S meson (although it has been claimed (though not exvlicitly
calculated) that interference effects between resonances
and coherent backgrounds can sometimes lead to the observation
of narrower widths than expected (40) ). In view of this, the
presence of a new, narrow meson resonance, although unlikely,

cannot be discounted.
Conclusions.

It is worthwhile to draw tégether the main
conclusibns from th%s work,

In the momentum region below 1 Gev/c, the behaviour
of the enhancement seen in the T~ T° p channel was able to
be adequately explained by purely !'s-channel' effects, using
a 'phase space model'; it was inconsistent with meson production.

The enhancement was fitted by (i) a single Breit-
Wigner resonance; and by (ii) a Breit-Wigner resonance and a
straight-line background: thé best fit was obtained by (ii) for
a mass of 1520 Mev/c2 , and a width of 120 Mev/cz.

It was therefore temvnting to associate this

enhancement with the well-established D13(1520) nucleon resonance,
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which has a branching ratio of about 50 % to TTTIN final states
(5).

To explain the emergence of the enhancement (which
is not seen in the total W~ T° p cross-section), a simolified
adaptation of the 'isobar model' (31) was used, assuming that the
final states were produced via intermediate TTZB states, The
)s

representing a single Breit-Wigner resonance (of mass 1520 and

enhancement was therefore fitted by the function Y(p,tcms
width 120 Mev/ca, the D13(1520) varameters) which was assumed to
decay with a 100 % branching ratio into TTZX in its inelastic
channel, Although this fit compared favourably with that for (i)
above, it was poorer than that for (il). Reasons for this might
include both the neglect of any background present, and the fact
that the D13(1520) almost certainly does not have a branching ratio
of 100 % to TrZX states in its inelastic channel. However, the
emergence of the observed enhancement could tentatively be
explained using this model, since it required the suppression
of the'production o} high divion masses in the proton channel
for the inelastic contribution of the D15(1670) and F15(1590)
partial waves (it is high dipion masses to which this particular
experiment is sensitive)., In a similar spirit, the general featurés
of the yield curves could tentatively be explained.

At this stage it has not been possible to distinguish
between the D13(1520) and the S11(1535) resonances, both of
which have enhanced inelastic cross-sections for the production
of high TI~TT° masses according to this model. The fact that the

best fit to the enhancement was obtained for a mass of 1520 Mev/c2



-162-

By

was thought to reflect the fact that the D13(1520) resonance
has a ?0 % branching ratio to T TN states, while the S11(1535)
decays predominantly to TIN final states in its inelastic
channel (27).

The interpretation of the enhancement seen in the
T~ 1% p channel in the momentum region above 1 Gev/c is still
uncertain, Although the weight of evidence supvorted the fact
that the enhancement was due to meson production, there were
inconsistencies with this interpretation. If the cause is in
fact meson production, the observed narrow width of the
enhancement needs further investigation., While an explanation
in terms of the‘P meson, for some reason appearing narrow at
its threshold, is a possibility, the presence of a new, narrow
meson, although unlikely, cannot at present be discounted,

Clearly there is a need for further data to be
taken, to determine whether the present inconsistencies are
the results of statistical variations, or whether the observed

effect is more complicated than currently believed,
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