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DIFFRACTIVE DISSOCIATION OF HADRONS*
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Diffractive dissociation of pions, kaons and nucleons is reviewed, and the data are
compared with elastic scattering. Similarities in the final states are stressed, and the important
role of off-mass-shell z-hadron scattering in diffractive dissociation is emphasized. Several
new experimental techniques employed in the study of diffractive processes are discussed.

1. Introduction

During the past decade we have had the pleasure of accumulating considerable
experimental information about the strong interactions. First there was the pioneering
work of the bubble chambers which allowed one to establish the spectrum of the excited
hadronic states. Then, having the knowledge of the richness of the hadronic spectrum,
many clever and difficult experiments were performed which were directed at studying
the dependence of the strong interactions on energy, momentum transfer, and internal
and external quantum numbers. These experiments continue and each year we have more
detailed information about specific interactions. In addition to the study of specific channels
(exclusive reactions) there has always been experimental work on the study of the momen-
tum and energy dependence of the secondaries emitted when two hadrons collide. In fact,
some of the earliest experimental work of this type was performed by the Cracow and
Warsaw groups. More recently such experimental studies have become extremely popular,
and in the past three years an enormous amount of data on these so-called inclusive
reactions has beceme available.

From these data certain trends are becoming apparent. For example, the data on
exclusive reactions have shown certain common features such as:

(i) the peripheral nature of the strong interactions

(ii) the decrease of production cross-sections with energy according to 1/p®, where n
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is related to the quantum numbers exchanged in the r-channel, and p i1s the momentum
of the incident particle in the laboratory.

(iii) Elastic and total cross-sections are approximately energy independent.

These and other common features have led to the belief that the singularities in the
t-channel (u-channel) determine the behaviour of the observed cross-sections in the
s-channel for small 7 (1). The usual description these days is in terms of the exchange of
Regge trajectories in the ¢ or u-channel.

The Regge model has had some difficulty in coping with total and elastic cross-sections
in that the Pomeranchuk trajectory which is used for describing constant cross-section
processes appezars to have a smaller slope than the other empirically determined trajectories
such as those of the o and 4. In addition, it has not been possible to associate resonant
states with the Pomeranchuk trajectory.

It is curious that these difficulties are associated with elastic cross-sections which
seem to be geometrical in nature; i.e., we believe that we can understand such processes
in terms of our usual notions of diffraction by an absorbing target. Such a wave mechanical
(geometrical) description of elastic scattering can bz extended easily to particle production.
This was first proposed by Feinberg and Pomeranchuk in 1953, applied by Glauber to
deuterium stripping and discussed by Good and Walker in 1960 with regard to hadronic
processes and recently refined by Bialas. Czyz and Kotanski [1]. The basic ideas are
similar to the !Ks) regencration from a {K;> beam which results from the differential
absorption of K and K in nuclear matter.

The basic notions of diffractive dissociation have never been precisely defined but
rather they have been developed by analogy to our intuitive geometrical ideas of diffractive
elastic scattering. The explanation of diffractive scattering in terms of f-channel exchanges
leads to the concept of vacuum exchange or in the Regge language the exchange of the
Pomeranchuk trajectory, and this latter quantity also is not well defined.

Such a situation presents a challenge to the author since he is proposing to discuss
the status of the existing experimental information on diffractive dlssoc1at10n and finds
that it is difficult to define unambiguously such a process.

The plan which will be followed is first to remind the reader of some of the salient
features of elastic scattering and then to look at some inelastic reactions initiated by incident
n, K, p, and their antiparticles and see to what extent there exist processes which are similar
to elastic scattering. Data from both nucleon and nuclear targets will be discussed.

2. Elastic scattering

Elastic and total cross-sections are among the best studied strong interactions, and,
as is well known, the two processes are related by the optical theorem which states that
the total cross-section is proportional to the imaginary part of the forward scattering
amplitude.

The general picture which has emerged is that elastic scattering is a diffractive process,
by which we mean that the angular distribution behaves as though the target were an
absorbing disk which removes part of the wave front. The result is the usual diffraction
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pattern which is well known from classical optics. This geometrical interpretation is support-
ed by the fact that the integrated elastic cross-section is practically energy independent.
Total cross-sections also seem to be energy independent. There is also the additional
point that s-channel helicity seems to be conserved in elastic scattering processes [2].

Such a geometrical process which does not allow for the change of internal quantum
numbers (C, G, T, Y, B, 6 = P(—1)’) seems almost impossible to reconcile with the usual
ideas of particle exchange in the crossed channel. In order to use the f-channel language
one has been lead to the notion of the exchange of a Pomeron which carries the quantum
numbers of the vaccum (Y = B=T = 0; G, C and ¢ even).

The simple geometrical interpretation of no exchange of quantum numbers is somewhat
clouded by the experimental observation that polarization is non zero in elastic scattering
processes. Polarization requires some non Pomeron process which can interfere with the
Pomeron amplitude. Another phenomenon which demonstrates that there must be some
quantum number exchange contributing is the so-called cross over effect. This results
when differential cross-sections for particles and antiparticles are compared. The effect,
which is shown for Kp elastic scattering in Figure 1, is that the antiparticle (K-) cross-sec-
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Fig. 1. Cross over effect in Kp elastic scattering at 10 GeV/c (Ref. [3D

tion is larger than the particle (Kt) cross-section at t = 0 but falls more rapidly with
increasing ¢. At [t{~ 0.15 (GeV/c)* the two cross-sections become equal; for |7[ > 0.15
the particle cross-section exceeds the antiparticle cross-section.

To summarize, the salient features of elastic scattering are:

(i) Sharp forward peaking of do/dr which reflects the size of the target.

(ii) The integrated cross-section is approximately constant.

(iii) s-channel helicity is conserved.

(iv) Existence of the cross over effect.

(v) Existence of polarization.

(vi) The internal quantum numbers of the scattered particles do not change.

With these points in mind some inelastic reactions will be examined to see to what
extent reactions which are similar to the elastic scattering can be found. The data which
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are available consist of dissociation reactions involving 7, K, and N (both particle and
antiparticle). If internal quantum numbers are conserved one would expect dissociation
into the following final states:

() # - 3r, 51, ...7
(ii) K -~ Krnn, Knnz, ...7
(iii) N > N=n, Nrr, ...?

where the final states may or may not be established resonances.

Before beginning to look at the data there will be a discussion of the experimental
techniques which are used for the study of diffractive dissociation, and a brief review
of some kinematic notions.

3. Experimental techniques

Experiments on diffractive dissociation have employed most of the experimental
techniques which are available. Both nucleon and nuclear targets have been used. Some
of the first experiments were done with emulsions, which, because of their excellent
spatial resolution, allow one to study in detail the production vertex, and, hence, detect
very slow protons (boil-off protons). This technique is excellent for rejecting interactions
in which the nucleus breaks-up. However, emulsion experiments are usually low statistics
experiments, with few kinematic constraints, and even though recently there has been
some very interesting work at Serpukhov using emulsions, [4] this technique will not be con-
sidered further. Most of the existing experiments have been done with bubble chambers,
Heavy liquid bubble chambers, hydrogen, neon-hydrogen mixtures, and deuterium-filled
chambers have been used to study coherent production of unstable particles. Electro-
nic techniques using optical and wire chambers have most recently been used, and these
have resulted in high statistics experiments.

Several new ideas are being examined. One involves using a solid state detector as
a target and then as a detector of the recoiling nucleus. Another is to use a bubble chamber
which is triggered by information obtained from wire chamber spectrometers. A third
is to use a streamer chamber in which the gas of the chamber (helium) is used as the target
and then the streamer chamber becomes a detector of the recoiling helium nucleus. These
new techniques are discussed in some detail in Section 8.

3.1. Kinematics

This paper shall be concerned with the reaction X+4A4" - Y-+ (see Figure 2), where
A represents the target. A requirement for diffractive dissociation is that the momentum
transfer to the target be small relative to the incident momentum. If this condition is
satisfied, it is simple to show that the minimum three momentum transfer required for
energy conservation is given by

. M2-M3

~ — 3.1
dr 27 3.1
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Fig. 2. Two body process

where the subscript L indicates that the minimum momentum transfer is along the beam
(i.e., longitudinal). This can bz demonstrated easily by considering the four-momentum
transfer

t = (Py—P)? = My +M;—2E4E, +2P4Py cos 0, (3.2)
where 0 is the laboratory angle between particle Y and the beam. Hence, for cos 6 = 1
tmin = —(Ex—Ep)? +(Px—Py)* = (9)%; (3.3)

a new variable can be defined

t' = [t —|Hmin = 2PxPy(1—cos 0) 3.4

which for small 6 gives
’ PX
1 > PyPy0* = I (a0)°, (3.5)
Y
where g is the momentum which is transverse to the beam. Many of the results which
have been published on nuclear targets make the approximations
t, = q;" itgmin = qlz. (36)

Such approximations become less reliable at incident momenta where Py/Py > 1.
Longitudinal rapidity is another quantity which can be useful in discussing diffractive
dissociation. It is defined by the following relation
P} = [(P})* +mi]¥sinh y, 3.7

where the subscripts L and T'refer to longitudinal and transverse components of momentum.
in general

P% = my(cosh yy, 0, 0, sinh yy) 3.8)
P, =m,(coshy,,0,0,sinhy ,) 3.9
Py = my (cosh ¥, q}f , q,,, , sinh y) (3.10)

y My
my = (mj+lq®)?, ¢ =P} (3.11)

Px - P = mym_-cosh (y -~ yy) (3.12)
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P% - P4y = mymy cosh (y = yy) .13

Ply+ Py = m_,my cosh (y - —y). (3.14)
A good approximation for equal mass particles is
2E

Vy—yx~In (—i> (3.15)
my

which gives the rapidity gap between target and projectile. For a 30 GeV/c proton one
has approximately 4 units of rapidity separating the target and projectile.

Diffractive dissociation can be defined in terms of processes for which there exist
large gaps in the rapidity distribution of the final state particles. Intuitively, large gaps
in rapidity mean that the two processes shown in Figure 3 do not communicate any infor-
mation. In a multiperipheral model this means Pomeron coupling.
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y

Fig. 3. Longitudinal rapidity plot illustrating the large gaps expected in diffractive processes

For single diffractive dissociation we expect only one cluster of particles in y-space.
If we take dissociation of particle X we expect in such a case y; —yyx =~ 0 while y, —y  ~
~ yy—¥ 4 as aresult the spread of y, must be much smaller than yy—y ,(y; is defined
in Figure 3).

3.2. Nuclear targets

An experimental technique which has been very useful in the study of diffractive
dissociation has been to use nuclear targets. In these experiments one looks for inter-
actions in which energetic particles dissociate and the nucleus recoils in its ground state.
These are called coherent processes.

In order to mathematically describe such interactions one must sum amplitudes
from interactions on each nucleon in the nucieus. The reader can easily verify that the result
is a suppression of spin and isotopic spin couplings and enhancement of scalar couplings {5].
In the Regge model this implies selecting reactions which are eventually dominated by
Pomeron exchange. Note, however, that it is possible to have a coherent process in which
internal quantum numbers are exchanged. This involves all of the isoscalar, non-spin
couplings which one can make in the s~channel. An example is w (¢) exchange. Note
that n and 5’ exchange are suppressed because they require spin flip at the nucleon anti-
nucleon vertex.

A consequence of selecting scalar couplings and small four momentum transfer is
that for coherent processes involving = and K (in general J* = 0-) incident particles, the
dissociated system will be in a spin parity state such that P = (—1)’*! [5]. No such rule
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holds for dissociating Fermions; however, Morrison has conjectured that all diffractive
dissociation reactions obey the 1ule 4P = (—1)*' [6]. This conjecture has not been
experimentally verified for nucleon dissociation — the only reaction for which it is not
a trivial consequence of angular momentum conservation.

In coheren: processes the momentum transfer distributions are limited by the dimension
of the nucleus. The general result is that the width of the diffraction pattern is inver-
sely proportional to the radius of the nucleus. For a light nucleus this results in
t' < 0.03 (GeV/c)?. A more precise statement is that such processes give momentum trans-
fer distributions which are governed by the nuclear form factor, which is simply the Fourier
transform of the nuclear matter distribution. It is well known that rescattering corrections
and absorption of the incident particle complicate this simple picture. It is just this compli-
cation which allows for the interesting possibility of being able to obtain unstable particie
nucleon cross-sections from these coherent interactions on nuclei. Note that the limitation
to small ¢' means that data from nuclear targets can give little or no information on the
question of helicity conservation.

An experimental disadvantage in using nuclear targets is that the fast particles in the
laboratory must be measured precisely, since the momentum of the recoiling nucleus is
practically impossible to measure. A typical recoil momentum of a light nucleus is less
than 150 MeV/c (less than 50 MeV/c for a Pb nucleus). Such low momenta particles which
have large Z have ranges of a few microns. The results is that measurements by the usual
experimental techniques are extremely difficult.

The best way to avoid such difficulties is to use targets which are also detectors. Solid
state detectors and streamer chambers filled with He gas give the possibility of making
measurements on the recoil nucleus. These techniques will be discussed in Section 8.

In the experiments where the nuclear recoil is not directly observed, it is not possible
to unambiguously separate the coherent and incoherent events. The typical momentum
transfer distribution which is observed is sketched in Figure 4. The usual procedure for

10°

Coherent region
0% \K v

10 /,-\/n@’f region

—t'

d6/dt’

Fig. 4. Typical momentum transfer dependence when the target is a nucleus. Dotted line shows behaviour
of incoherent cross-section as ¢+’ — 0

obtaining cross-sections is to assume two analytic functions and fit them to the ¢’ distribu-
tion. From the Pauli principle we would expect that do/dt for the incoherent events would
go to zero at ¢ = 0; However, rescattering (or absorption) allows for some incoherent
production at ¢ = 0. The error in normalization introduced by this uncertainly is usually
small since the ratio of coherent to incoherent events is usually one to two orders of
magnitude.
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3.3. Nucleon targets

Nucleon targets have been used extensively in the study of diffractive dissociation.
Because the nucleon can be given considerable momentum it is possible to study the
dissociation of the incident particle by performing missing mass experiments in which
the momentum and angle of the recoiling nucleon are determined in a spectrometer. It is
also possible to study the dissociation of the target nucleon into particles which have
relatively low momenta in the laboratory, with small momentum transfer to the incident
particle. In this case two types of experiments are possible: (/) A missing mass experiment
in which the angle and momentum of the recoiling incident particle are measured in a single
arm spectrometer. (if) The measurement of the fast and slow particles in the laboratory. This
requires that the apparatus cover a large solid angle and be capable of making measurements
over a large range of momenta.

The missing mass experiments take all interactions and look for structure in the
missing mass spectrum; as a result, only cross-sections and momentum transfer distri-
butions are obtained. In addition, these experiments often have difficulties in absolute
normalization. They also have a lower limit in z. For projectile dissociation this results
from protons stopping in the target or target walls. For target dissociation it is a result
of requiring that the projectile be scattered out of the beam.

In general the separation of diffractive dissociation from the usual production processes
is complicated when the target is a nucleon. Reccently, several bubble chamber groups
have been using the techniques of longitudinal phase space analysis {7], and this seems to
give relatively “‘clean” samples of single diffractive dissociation. These results will be dis-
cussed below. As the energy of the incident particle increases (particularly at NAL energies)
the difficulty in separating such processes will decrease.

4. Pion dissociation

Experiments have been performed up to 16 GeV/¢ incident pion momentum in bubble
chambers and mote recently with the CERN spectrometer facility. To date the pion has
not been observed to dissociate into more than five pions. This limitation on multi-
plicity may result from the large mass of the high multiplicity pion states, i.e., the form
factor of the target suppresses the reaction because the minimum momentum transfer is
too large.

4.1. Nuclear targets (x —» 3m)

A number of experiments have been performed. The earliest experiments, at several
energies, were performed with heavy liquid bubble chambers. Recently there has been
a high statistics counter experiment.

The ¢’ distribution for neutral and charged final states from the experiments of Allard
et al. {8} and Daugeras et.al. [9] are given in Figures 5a, b. A more recent experiment
at Dubna [10] using a 5 GeV/c n~ beam in a bubble chamber filled with Propane gives
the ¢’ distribution obtained in Figure S5c. A recent high statistics counter experiment
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Fig. 5. Typical ¢’ distribution obtained for three pion production in heavy liguid bubble chambers: a) Chamber

filled with C,FsCl (Ref. [8, 9]); b) Pb target inserted in HLBC for 15 GeV/c run (Ref. [8]); ¢) Chamber
filled with Propane (Ref. [10])

at CERN [I11] using 15 GeV/c pions! has given the results shown in Figure 6. In each
of the above experiments one observes a ¢’ distribution with a forward peak which corre-
sponds to the form factor of the nuclear target. The resolution of the bubble chamber is
clearly not as good as that of the CERN spectrometer, but in each case when one corrects
the ¢’ distribution for instrumental resolution one obtains an exponential distribution for
do|dt’ with a slope parameter which agrees with the particular nuclear radius involved in the

! See the presentation of Dr Beusch, Acta Phys. Polon., B3, 679 (1972).
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process. Therefore, one concludes that he is observing a coherent process in which the
nucleus recoils intact. The large ¢’ tail has a slope of approximately 8 GeV/c)=2, which
is typical of interactions on a single nucleon. These large ¢’ events presumably are pro-
duction processes in which nuclear break-up occurs.

107 |
Be c Lo
102 b
2 "o +i4»
70' ., N++ “
e o +
’H++++ X *+++++ f ++ H'H"{' 'f'
i+ 4
7 1 L l +| 1 | t+++l 1 J++4L—
3
10 Si t T Cu
\Jr\l “
~ 20
§ 10 - ‘4 *ay
@ “ *, +
g “u« +++ ' + *“,
Q 10 e iy g
g ot +. +
= . Tt t+
:5 7 | | P SN I 1 1 T,
3
o | !
Ag ' Ta i Pb
10° i
+ "’
102E"
. o s :
Hyd . ¥
+ * +
+ +. y
10 T, " i A HY
P | T
T+
1 1 i L 1 +’1‘H1 1 ! L .
0 01 0 o1 0 o1 0.2
1t (GeVrie P

Fig. 6. ¢’ distribution for a range of nuclei (Ref. [11])

The three pion mass distribution obtained by these experiments is shown in Figure 7.
In each case the sample of coherent nuclear interactions has been enhanced by choosing
only events with small ¢’. It must be noted that although the threshold for three pions
is 0.42 GeV, the coherent production from nuclei gives a three pion mass spectrum which
begins at approximately 0.9 GeV, peaks at 1.1 GeV, and falls to one-half its peak value
at approximately 1.3 GeV. This enhancement is usually called the A,. The two body mass
distributions which are given in Figures 8a, b, ¢ show that the 4, consists mainly of .
A study of the angular distributions for the bubble chamber data in the region
0.9 < m(3m) < 1.2 GeV indicates that the gn system is predominantly 1+ s-wave. The
CERN experimenters are currently performing their angular analysis and Dr Beusch will
discuss their conclusions,
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Fig. 7.a) 7w-2n° effective mass distribution for coherent events (Ref. [9]); b) =+ 2n- effective mass distribu-
tion for coherent events (Ref. [8]); ¢) M(rt+2n~) effective mass distribution for coherent events from several
targets (Ref. [11])
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In addition to the peak at the gr threshold there is also a suggestion that there is

a peak at the f°n threshold as is seen in the dashed histogram in Figure 7. This enhance-
ment, which peaks near 1.6 GeV, is called the A4;.

A recent bubble chamber experiment on deuterium, by Paler er al. [12], where the

deuterium is identified by range, momentum, and kinematic fitting in the bubble chamber,
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gives similar results. The mass spectra obtained by these experimenters is plotted in Fig-
ures 9a, b. This experiment does not have the problem of subtracting an incoherent
background since the deuterium can be identified. The use of deuterium gives angle and
momentum resolution for the energetic particles which is considerably better than that which
|
mr
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Fig. 9. For the reaction std — dn*a*n~. (a) The (3m)* effective mass distribution. The shaded histogram
corresponds to the foxn* effective mass distribution with f° defined as 1.16 < M(z*m~) < 1.32 GeV.
The dashed histogram is the result of subtracting the shaded from the unshaded histogram. (b) The 7t~
effective mass distribution for the two combinations from the reaction wtd — datz-a— (Ref. [12])

Events /0.04

can be achieved with the heavy liquids. Notice that in this case there is also a peak at the
f°r threshold.

The most interesting point of this experiment is that in addition to the pr threshold
enhancement there is a very clear fOr threshold effect. A fit to the Dalitz plot by an incoherent
sum of o° and f° symmetrized Breit-Wigner functions and an uncorrelated 37 contribution
leads these authors to determine the following limits for the A5 peak: > 85% f°n, < 189,
o°n*t and <59 uncorrelated n+a*n—. They find gn states which do not contribute to the
peak at 1.6 GeV to be present over the entire mass range.

A spin parity analysis of the 43 mass region leads to the conclusion that J ,f} is in the
series 27, 3*, ... with 1* excluded. 4 2+ assignment cannot be ruled out by the angular
distributions.

The high energy optical model developed by Glauber has been applied by Bemporad
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et al. to determine the forward A4, N scattering amplitude. The result is that o,y & 0.y
over the whole mass range [11, 13]. If the oz system were a non-interacting system one
would expect o4,y = 1.7 0,5 [14] and the small cross-section was taken on evidence
against a non-interacting system. However, Van Hove has pointed out that in diffractive
dissociation of hadrons on nuclei the dissociated system can oscillate between many
internal states, which makes the nucleus appear more transparent [19]. This effect is
discussed in the lectures of Professor Gottfried.

4.2. Nuclear targets (n — 5n)

Typical ¢’ distributions for the dissociation of a pion into five pions are given in Fig-
ures Sa and 10. Also in this case, the ¢’ distributions are determined by the size of the
target. Note that the forward coherent peak is not as pronounced as it is in the dissociation
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Fig. 10. ¢’ distribution from Ta target for 1.5 < Ms, < 1.9 GeV (Ref. [I1])

into three pions. This is understood in terms of the five pion mass spectra of Figure 11,
obtained by the bubble chamber experiments. The mass spectrum peaks at 1.9 GeV, which,
at 15GeV/c incident momentum, requires a minimum momentum transfer to the target of
approximately 130 MeV/c. Hence, the nuclear form factor clearly limits the diffractive
dissociation of a pion into five pions.

The five pion mass spectrum obtained by the CERN group and the detection efficiency
of their apparatus is shown in Figure 12. Note that the mass spectrum peaks at approximately
1.7 GeV. This shift to lower mass values could be the result of the nuclear form factor,
which has a more pronounced effect for the heavier nuclei. In addition, the geometrical
efficiency of the apparatus begins to fall off in the region of the peak.

The salient features of the 5z dissociation is that the mass spectrum peaks far from
the five pion threshold. It, in fact, peaks near the pon threshold.

At present there does not exist any additional information on this five pion system.
Attempts to look for resonant states in the two and three pion submasses have not been
conclusive. One must realize that ina 37~ 2n* system there are six possible ntn~ pairs and
n-n-nt triplets and thiee possible min*n triplets. One is faced with some of the problems
encountered in analysing pp interactions.
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4.3. Nucleon targets

Many experiments have been performed which have studied the reaction nfp —
— nfntn™ p. We shall only discuss briefly some recent experiments at incident momenta
greater than 10 GeV/e.

In Figure 13a, b the combined m*za~7n~ mass spectrum obtained by the Harvard
group [16] from experiments at 13 and 20 GeV/c is shown. The interesting point is that
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Fig. 13. The atn-n~ effective mass distribution from the reaction #p — 27'p at 13 and 20 GeV/c
(Ref. [16]). a) all events; b) 1.15 < m(pat) < 1.35 GeV and 0.05 < {,,] < 0.25 (GeV/c)?

these data also show a threshold effect at 1.1 GeV (4,) as well as an f°n threshold effect at
~1.65 GeV (A43). The low mass region is broader than that observed in the nuclear target
experiments. This is due to 4, production, which because it is a 2+ state is suppressed at
small ¢ on nuclear targets. A Dalitz plot analysis leads these authors to conclude that
there is a 37 as well as an f%z contribution to the 4;. There is also pn in the A4; region
which is the tail of the A, and 4,. They claim some evidence for an additional enhance-
ment at ~1.8 GeV, which requires confirmation by other experiments.

An experiment of the Durham-Genova-Hamburg-Milano-Saclay Collaboration at
11.7 GeV/c [17] has given similar 1esults as one can see from the mass spectrum shown
in Figure 14. Again, the threshold effect of the 4, is combined with the 4,, and a clear 4,
is observed. A very detailed spin parity analysis by this group using a three-particle partial
wave analysis leads to the conclusion that the f°x threshold enhancement is an s-wave J P=
= 2-. They also find that the pr states have predominantly J* = 1+(L = 0) over the whole
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mass range. There is no significant ex in the 2~ partial wave. They do, however, observe
structure in the J* = 0~ en state. These authors point out that the J* = 0-en matrix
element resembles a phase space distribution on the Dalitz plot. The chief result of this
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Fig. 14. The 27~ effective mass distribution from the reaction n*tp — 2x*a7p at 11.7 GeV/e (Ref., [17])

work is that the 4; enhancement is mainly an L = 0 f°z threshold effect, similar in nature
to the A; which has been found.in most experiments to be mainly a pn (L = 0) threshold
effect.

A recent SLAC experiment by Ballam ef al. [18] has studied the reactions n¥p —
- n*n*nTp at 16 GeV/c. The longitudinal phase space plot [7]is used for separating the
events into subsets corresponding to various reaction mechanisms. Events which are candi-
dates for diffractive dissociation of the pion have all three pions moving forward in the
CMS. The momentum transfer to the target proton for these events is given in Figure 15,
and there seems to be an excess of events in the region ¢’ <0.08 (GeV/c)2. It is interesting
to note that the three pion effective mass spectrum (Figure 16) for ¢/ <0.08 is almost identical
to that obtained in diffractive dissociation experiments from nuclei, i.e. an amorphous
blob, whereas the region ¢’ > 0.08 seems to show some structure (note, this is not a high
statistics experiment). Neglecting the ten-event spike at 1.08 GeV, there is nevertheless
a spike at 1.3 GeV which was not present in the events for ¢' < 0.08. The decay angular
distributions also differ in the two t’ regions.

It is interesting to note that the use of nuclear targets automatically restricts one to
the region ¢’ < 0.1 (GeV/c)?, and the similarity between nuclear production and single
nucieon production at small ¢ may be more than fortuitous. In order to illustrate this
point the compilation of the three pion mass spectra obtained from coherent production
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Fig. 15. ¢’ distributions for events in the diffractive dissociation region of the Van Hove plot (Ref. [18])
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Fig. 16. Three pion effective mass distributions (Ref. [18]). a) ¢’ < 0.08 (GeV/c)?; b) ¢’ > 0.08 (GeV/c)?

on Be, Cu, Al, Si, Ti, Ag, Ta and Pb by the CERN experiment has been plotted with the
SLAC ¢’ < 0.08 (GeV/c)?> mass spectrum in Figure 172, Clearly, the mass spectra are

compatible.

2 This required binning the high statistics data of Bemporad er al. [11] in 40 MeV bins, which
was done from the published curves. The author appologizes to the experimenters for any errors which he

may have introduced.
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The Hlinois group [20] has compiled most of the available n—p data in which A7
production is observed. This data covers the range from 5 to 25 GeV/c in pion momenta.
The J? = 1+ contribution in the A, region (1.0—1.2 GeV) was extracted by a partial

T T T T T T T
60k ~-SLAC 783 events(Ref [18),
*CERN 22679 events
(Rer [117)
50+ 7
~ 4or i
73
3
3
I 30+ 7
~
Q2
<
QL
W 20t 7
0 7
.
{ -

Mass (3T) - GeV

Fig. 17. Comparison of three pion effective mass spectra. — Hydrogen results of Ref. [16] at 16 GeV/c.
® Compilation of coherent production on Be, C, Al, §i, Ti, Ag, Ta, Pb of Ref. {I1]at 15.1 GeV/c

(coherent production data scaled to hydrogen data at peak of distribution)

wave analysis. The production cross-section for the 1+ on state decreases with incident
momentum as Py g’. The 04, density matrix element was determined in both the s- and
t-channel helicity frames; the results, which are summarized in Table I, favor t-channel
helicity conservation. Similar conclusions were reached by the ABBCCHLYV collaboration
[21], who have also reported a cross over effect in 4; production [22].

A7 density matrix elements (Ref. [20))

TABLE I

t-channel helicity frame s-channel helicity frame
Az‘sznin AZ“Afnin

0.0—-0.1 0.1-0.2 0.2—0.4 0.0—-0.1 0.1-0.2 0.2—-0.4

(GeVje)? (GeV/c)? (GeV/c)? (GeV/c)? (GeV/e)®2 | (GeV/e)?
goo Low-energy? | 0.94+0.02 | 0.93+0.05 | 0.87+0.07 | 0.89+0.02 | 0.74+0.03 | 0.41 +0.06
Qoo High-energy®  0.96+0.05| 0.95+0.12 | 0.98+0.20 | 0.94+0.05 | 0.77:+0.08 | 0.46+0.13
Regio Low-energy [-0.08+0.01 i-0.13+0.02 |-0.09+0.03 | 0.16+0.01 | 0.28+0.02 | 0.31+0.04
Reojo | High-energy -0.10+0.02 [-0.13 +0.04 |-0.06+0.07 ; 0.15+0.02 | 0.28+0.05 | 0.35-++0.08

4 Low cnergy is the sum of the 5-. 7-, and 7.5-GeV/c data.
b High cnergy is the sum of the 11-, 13-, 20-, and 25-GeV/c data.
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44. Summary

Pions have been observed to dissociate into both three and five pions. In each case
the target seems to play no role. The three pion effective mass distributions strongly
suggest the dominance of or and f°n threshold effects. The gn system seems to be dominated
by the J* = 17 (L = 0) partial wave. Some 10 to 209, D-wave is not excluded. The data
favor a J* = 2- (L = 0) state for the fOz system. It is still not clear whether the A4, and
A; regions contain resonances. For the A, this confusion has existed for almost 10
years!

The data favor f-channel helicity conservation for the A4,. The similarity between the
mass spectra obtained from coherent nuclear interactions and single nucleon production
at small 7 suggests that nuclear targets are particularly useful for studying diffractive
dissociation at small ¢.

The production mechanism for the 4, is probably not entirely diffractive dissociation,

since the J¥ = 1+ cross-section seems to be falling with energy and a cross over effect
is observed.

5. K-dissociation

The K has been observed to dissociate into a Knn system which is similar to the three
pion system obtained in pion dissociation, and there is an indication of dissociation into
the Knam system.

5.1. Experimental difficulties

Experiments performed to date on the K—z+n~ final states have not been able to un-
ambiguously identify the K~. The experimenters have relied on various Monte Carlo
studies in order to determine the best way to choose which of the two negative particles
is the K—. The details of how the K~ selection is made and how the biases introduced by
the selection criteria are removed from the data is beyond the scope of this paper. It is
a very difficult problem, and each experimental group has a slightly different procedure.
It is likely that the different procedures could account for some of the differences in the
K*n and Kp distributions which have been published.

5.2. Further complications

From general quark model considerations a J¥ = 1+ state can be formed from a 3P,
or 1P, gq state. The former has C = +1 (4, nonet) while the latter has C = —1 (B nonet).
The Krr system can have contributions from both J* = 1+ and J* = 1~ (G-parity spares
the 3n system from this additional complication). The result is that one must consider
the possibility of two states K, and K which can mix to give physical states Q4 and O,
and the physical states may interfere [23]. If there is no interference, then only Q, will
be produced in reactions in which C = +1 exchanges are the only ones possible. In this
case nuclear targets which enhance isoscalar, non-spin-flip couplings are probably not
sufficient, since @ exchange is allowed.
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5.3. Nuclear targets

Experimental results are available from heavy liquid bubbie chambers using K-
beams at 5, 10 and 12.7 GeV/c. The BNL-U. C. Berk.-Milan-Saclay-Orsay collabora-
tion [24] has studied the reactions

K- = Knta ¥ (5.1)
KA - K n®A" (5.2
K& - K-n%2°A (5.3)

Because these experiments are performed in heavy liquids the y rays from the z°
decays aie observed and measured. In addition all events in reaction (5.2) have an observed
K° decay which is measured.
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Fig. 18. ¢’ distribution for K27 production. Curves are the result of fitting to two exponentials (Ref. [24))

In Figure 18 the ¢’ distributions obtained for the above reactions are shown. In each
case one observes the sharp forward peak in ¢’ which is compatible with a coherent inter-
action with the nucleus in question. In Figure 19 the ¢’ distributions for production from
neon, deuterium and hydrogen are compared, and the effect of the target size is clear.

The Knn mass distribution found by these experimenters is given in Figure 20, where
they compare with results on hydrogen and deuterium. They find an enhancement in the
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thesis, Ref. [24])
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region of 1.0 to 1.5 GeV, which is usually called the Q region. These mass spectra are
better represented by a Gaussian distribution than by a Breit-Wigner distribution. The
mean value of the distribution is at approximately 1.3 GeV. The L enhancement which
is observed in experiments on hydrogen targets is suppressed by the nuclear form factor
at these energies. The effect of the nuclear form factor in the L region is shown in Figure 21.

In reactions (5.1) and (5.2) both K*n and Kp final states are possible and both are
observed. The various fractions are given in Table 1. tan « gives the ratio of decay ampli-

{a) fc)
13 GeV/c sok- 10 GeV/c
100+ 1
25+ B
50+ 1
I 1 ﬂ‘
1 15 2. ! 15 2.
mass K mmt(GeV)
T T
. (b) ﬂﬂm (d)
50k 12.7 GeV/e 0k ; 5GeVic B
25F 5r h
). 1 n {
A 1.5 2 1 1.5 2.

Fig. 21. K-tz effective mass spectra. a, ¢, d) spectra obtained in X-Ne interactions; b) spectrum obtained
from K-p interactions. The curve in a) is the result of multiplying the curve in b) by the nuclear form factor
(from Fournier’s thesis, Ref. [24])

TABLE 1I

Decay parameters of the Q. tan « is the ratio of decay amplitudes into Ko and K*n and ¢ the relative
phase (Ref. [24])

Percent ' Percent Percent Percent
Channel a(rad) @(rad) Background X+ 0 Intg Ko
K-n°n° 0 (fixed) — (48+12)% 1 (52+12)% — —
10+12.7 GeV/c
K%t-n® 0.39+0.06 | 3.50+0.40 (Ii“:)% (70+5)% | (16+4)% | (13+£3)%
12.7 0.63+£0.05| 3.00+£020: (B+5% |®6GL1+x4% | RI1+4% [ {(10£4)%
K-ntm~ {10.0 0.61+£0.08 | 2.50+030 | (O£7)% | (62+5)% | (19+4% | (10£4)%
5.5 0.2940.15 | 3.05+£0.80 | (14+10)% | (76+10)% | (Gx®% 5+8)%
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tudes into Kp and K*n in the Q region. There is roughly a five standard deviation difference
in o between channel (5.2) and channel (5.1). A study of the decay angles of the Kgqo
gives J¥ = 1+ (L = 0) for the Q region.

The Kn°n® shows a much larger background than the other two channels, which

the experimenters claim may be the result of spurious y’s which are incorrectly assigned
to a n® vertex.

250
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10 1.2 14 16 1.8
MK m*a™) Gev

Fig. 22. K*=*n~ effective mass spectrum. K+d — K*wt-d (Ref. [25]); K*p — Ktn*ap (Ref. [26])

By using the results of Q production on nuclei and applying the Glauber model
these experimenters have found ogylogy = 1.

Experiments on deuterium have given results which are similar to the above. The
reaction

K*d = Ktnin-d (5.4)

has been studied by Firestone et al., [25] and they obtain the mass spectrum shown in
Figure 22; the dashed cutve is a compilation of K*p data in the momentum range 7.3 to
12.7 GeV/c; the two distributions are remarkably similar. The suppression of Kj4;0
production (a 27 state) on deuterium accounts for the differences near 1.4 GeV. A good
fit to the deuterium mass spectrum is obtained with two Breit-Wigner forms. The para-
meters are M, = 1.23GeV and My = 1.37GeV with width I', ~ 190 MeV and
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~ 240 MeV. Similar parameters have been obtained for the hydrogen data [26]. A study

of the decay angular distributions gives J* = 1* (L = 0) with mainly Kg9, 7 decay for
the Q region.

5.4. Nucleon targets

Reactions (5.1) and (5.2) have also been studied in hydrogen bubble chambers. The
presence of a K is infered from a kinematic fit. These esperiments give results which are
similar to those discussed above. Namely, the Knn mass spectrum is found to be dominated
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0 —x""N -é&
10 15 2.0
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Fig. 23. The Kar effective mass spectra with no cuts. Shaded events are estimates of K*(1420)

by a peak at 1.3 GeV (the Q) with a second peak at ~1.8 GeV (the L). The experiments
give results which favor the assignments J§ = 1+ and J{ = 2~ with the Q decaying into
s-wave Kgoom and Ko while the L contains significant s-wave Kj4;07.

The reactions K+p - Ktrtnp and K*p — K°z%xntp have been studied at 12 GeV/c
by group A at LBL [27]. The Krn mass spectra show the characteristic Q and an indication
of an L. There are differences in the spectra obtained for the two charge states (Fig. 23).
The K°n%n+ events have two peaks, onc at 1.26 GeV with I' ~ 120 MeV and one at 1.42 GeV
with I' ~ 80 M¢V of which over half can be attributed to the K*(1420). The K+ntr~
mass spectrum has a different shape (no dip at 1.36 GeV). The authors suggest that this
difference may be due to the presence of a T = 0, s-wave nn state in the Knn system. The
1.26 GeV region is produced more peripherally than the 1.42 GeV region (see Table III).
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The observed Q is mainly K*(890)z with some pK. The presence of several J¥ statcs is
found, but the 1T (L = 0) dominant. This high statistics experiment (35 events/ub)
illustrates the complexity of the Knm system.

An interesting result has been obtained by a SLAC group in the study of the reaction

Klp - Kdmtn—p

in the SLAC 40 inch hydrogen bubble chamber [28]. The momenta of the K} covered
the range from 4 to 12 GeV/c. In this final state both Q and Q production can be studied
by selecting 0.86 < M (K2n*) < 0.92 GeV and 0.86 < M (K2 n7) < 0.92 GeV, respectively.
The authors exclude events in the K*(890) overlap and require M(pr*) > 1.34 GeV. The
differential cross-sections for Q and Q production given in Figure 24 show the characteristic
cross over effect observed in Kp elastic scattering. The experimentally determined cross

TABLE 111
Fits of eP'»r to t,, spectra of Kan (Ref. [27])

B in GeV-? (confidence level)
M(Knr) region (GeV) —

pKinmtd

P K On O+t

@ 1ltol2
I 1.2 to 1.27
a1y 1.27 to 1.36

9.5+0.4(5.2x 10-1)
9.0+0.3(3.6 x 10-3)
7.6+0.3(9.7x 10-2)

8.3+0.6(8.1x 10-1)
7.9+0.5(1.6x 10-2)
6.9+0.5(2.6x 10-1)

(V) 1.36 to 1.46
entire Q

6.5+0.2(1.2x 104
7.940.1(1.8 x 10-9)

6.1+0.5(5.7x 10-1)
6.9 +£0.5(7.7 x 10-2)2

# Fits are to f,, from 0.0 to 0.4 GeV? in 0.05-GeV? bins.
® Fits are to tp, from 0.0 to 0.4 GeV?2 in 0.1-GeV? bins.
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Fig. 24. Differential cross-section for Q° and Q° production (Ref. [28])
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Fig. 25. Effective mass distribution for events in which three particles move forward (a—d) and backward
(e—h) in the CMS (Ref. [29))

Ko—(Kn'n)p |Kp—=(Knn%p |Kp—(Kn'n/r |[Kp—s(m*nnf
]00 VE') LA e I |—;2_ T 'b) T 1_;_{,- lC‘)‘ AL B e -a)v T .
3 A=79 +03GeV A=71:03 GeV A=3.9.‘-0.469V_2 A=3~530.469V-2 EE
07k P P M S 3
3 E
F + - :
2
L S S Tt —+= —— 3
o~ o _’}A:
> ognd
g 10 EE 1 4 - ' ~ -g
~ o T I T 3
g 70‘4 TN Ll L1y l_; Lol TR T W B IS I N
N Kp—=HK (pm'n™) |(Kp—K’(pr'n®) (Kp—K(nm'n"} |Kp— n(Amrn%
*: [ f 1 1 1 Ty T L 1 1 L LR i1 1 11 ’ T 7 T 1 . ¥ 7 ¥ 1 ' LI I I I
T 10° el -7 -2 g 2% -2 3
Ig A A=45£03GeV A=46:03GeV A=52:04GeV A=23204 GeV §
~907! L P M M S N
) E i
E -+ E
N + —+ .
; —+ + s E
i
]0_4 i PRSI SRS VN U S S WY Lttt g opgg FE I B S N L log g ]
0 7 0 7

0 l

¢ (Gevrc) 2

0

2

Fig. 26. ¢’ distributions for events in which three particles move forward (a—d) and backward (e—h)
in the CMS. Curves are fits to the form e~4" in the interval 0 < ¢’ < 0.6 (GeV/c)? (Ref. [29])



748

over point is at ¢’ = 0.13+0.03 (GeV/c)* and the slopes of the forward peaks are By =
= 5.940.5(GeV/c)? and Bz = 9.7+0.7 (GeV/c)~2. The authors point out that in the
momentum interval 5— 10 GeV/c the elastic K*p and K-p differential cross-sections have
slopes B = 5.5 and 7.5 (GeV/c)? respectively.

Diffractive dissociation in K-p interactions has been studied by the Aachen-Berlin-
~CERN-London-Vienna collaboration using longitudinal phase space techniques to
separate various production mechanisms [29). The effective mass distributions for the
three particle states which go forward in the CMS and their corresponding da/dt’ distri-
butions are given in Figures 25, 26. Clearly, the reactions for which vacuum quantum
number exchange is possible (Figures 254, b) dominate the four body final states. Both
the Q and L enhancement are visible. The K°ntn— states (Figure 25c¢) which involve
charge exchange are dominated by K*(1420) production — no Q or L signal is observed.

The doldt’ distributions fitted to exp (4¢) give forward slopes which are compatible
with values obtained in K-p elastic scattering. It is amusing to note that for ¢ = 0.6 GeV?
there is a break in the ¢ distribution. A similar result has been observed in Figure 18 for
production from nuclei, where the change in slope results from the substructure of the
nucleus, i.e., interactions in which nucleons are excited into the continuum.

There is general agreement that s-channel helicity is not conserved in @ production;
however, it is not clear that r-channel helicity is conserved [30].

5.5. Summary

The dissociation reaction K —» Knn has been studied for both charged and neutral
final states. The Knn effective mass spectra are dominated by a K*(890)x and oK threshold
effect (the QO-enhancement) and a K*(1420)n threshold effect (the L-enhancement). This
latter effect is not as well studied as the corresponding A in pion dissociation. The Q-region
is mainly s-wave K*(890)x which gives Jé = I+, There arc indications that the L results
in part from s-wave K*(1420)r which gives J{ = 2-.

The Q region is complicated, since there may be two objects with different C-parity,
contributions from the Knr decay of the K*(1420), and ¢K and K contributions. The
experimental difficulty in unambiguously identifying the K limits the ability of present
experiments to resolve some of the above problems.

The observation of a very strong cross over effect indicates that the @ production
mechanism has a large non-diffractive contribution.

The mass spectra obtained from dissociation on nuclear targets agrees well with the
hydrogen results if the nuclear form factor is taken into account.

All experiments agree that Q production does not conserve s-channel helicity; the
evidence for r-channel helicity conservation is not conclusive, It may be that Q production
conserves neither s-nor f-channel helicity.

6. Nucleon dissociation

The dissociation of nucleons into two and three bodies has been observed. In this
case the nucleon which dissociates can be either at rest (the target) or moving in the labora-
tory (the incident particle).
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6.1. Nuclear targets
A recent experiment at the Brookhaven AGS has studied the reaction
n+N ->nap+ N
using several nuclei as targets [31]. The momentum of the neutron beam covered the
range 10 to 30 GeV/c. The experimental arrangement is shown in Figure 27. The resolution

of the spectrometer gave + 1.2 mr. in the pair opening angle and Ap/p~ 1.5% at 15 GeV/c.

Since the momentum transfer in such processes is small, the momentum of the incident
A
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Fig. 27. Experimental arrangement of Longo er al. (Ref. [31])
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neutron can be calculated from the measured momentum of the n— and p. As a result,
the diffractive dissociation process # - np can be used as a technique for determining
the momentum spectrum of a neutron beam.

The momentum transfer distributions are given in Figure 28; the sharp forward peak
which is compatible with the nuclear radius verifies that a coherent process is observed.
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Fig. 29. Effective mass of pzt— system. The dashed line in (a) gives the experimental efficiency which has not
been unfolded (Ref. [31])

The pr— effective mass distributions, Figure 29, show no indication of any resonance
structure. One might expect that the well-known 7T = 1/2 baryon resonances near 1.5
and 1.7 GeV would be present. The minimum momentum transfer “cut-off” does not
explain the absence of resonance structure.

Typical angular distributions obtained by these authors are given in Figure 30. Because
the geometrical acceptance data exist only for cos 8, > —0.04; the angular distributions
have been corrected for detection efficiency. The experimenters conclude that coherent
production gives prn~ states with J 2> 3/2; however, they cannot exclude the possibility
of a mixed state which is 80% J* = 1/2+ and 209 J® =.3/2*

Nucleon dissociation into three bodies has not been studied extensively on nuclear
targets. There is an old, low-statistics experiment studying the reaction p+Ne — prin—-+Ne
[33] which gives an enhancement in the prta— mass spectrum near 1.4 GeV and an indica-
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tion that the cross-section of the patn~ system on nucleons is compatible with 40 mb
(i.e., the nucleon-nucleon cross-section).

6.2. Nucleon targets

The reactions

p-+p — p-+missing mass 6.1)
n+p — n-+missing mass 6.2)

have been studied by a BNL Carnegie-Mellon collaboration [34,35]). In (6.1) a recoil spectro-
meter was used. Data were taken at incident proton momenta of 6.2, 9.9, 15.1, 20.0 and
29.7 GeV/c and over a t-range of 0.01—0.5(GeV/c)?. In (6.2) a single arm spectrometer
was used to measure the momentum and angle of the pion. Data were taken at 8 and
16 GeV/c incident momenta and over a ¢ range of 0.05—1.5(GeV/c)2. Typical missing
mass distributions obtained in these experiments is given in Figure 31. The well known
A(1236) and the T = 1/2 isobars at 1410, 1500, 1690 and 2190 MeV are observed. Typical ¢
distributions are given in Figure 32. It should be noted that there is some evidence in
both reactions for shrinking of the forward diffraction peak, which would bz consistent
with the usual Regge model interpretation. Also, in reaction (6.2) there is a suggestion
that do/dt may be going to zero in the forward direction for all isobars except the N*(1400).

In the region where it is applicable the do/dr distributions have been fit to e”. The
results at 15 GeV/c are summarized in Table IV, where the results of a fit of the integrated
cross-section to a form p;Jy is also presented.

A preliminary publication of the results from reaction (6.1) indicated that the integrated
cross-sections of the T = 1/2 isobars were nearly energy independent [36]; however,
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the final paper gives the results quoted in Table IV. The normalization in such missing
mass experiments is always difficult. In this instance the measured elastic cross-section
does not extrapolate well to the optical point and must be scaled. The shape of the elastic
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Fig. 32. do/dt for various N*’s in the reactionzi-p —-N* at 8(O) and 16 (OJ) GeV/c. Curves of the A4(1236)
are from the pp data of Ref. [35]. In all other cases the straight line portion at small ¢ is obtained by a fit
to exp (bt) (see Table 1V), while the rest of the curve is sketched

TABLE 1V
Values of b and » from fits to dojdt ~ exp (bt) and oy« ~ pLAB
1236 1410 1500 1690 2190 Elastic
bpp 2101 16+3 47+3 4.7+0.2 5+0.6 9+0.2
brp 10+2 16+1.3 5.1+0.15 4.6+0.1 3.7+£0.6 8§+0.2
Hpp 0.63+0.32 0.50+0.30 0.56 £0.06 0.34+0.06 0.17+0.84 02+0.5
Nap 1.1+0.5 0.08 +0.22 0.26+0.16 0.22+0.08 — 0.19+0.02

a Determined at 10 GeV/e for 4(1236) and 15 GeV/c for the N*’s,
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do/dr distribution which is assumed will effect the normalization; hence, the cross-sections
at 30 GeV/c in Ref. [35] may be underestimated [37].
The process p — pntn~ has been studied in a number of experiments which give

results which are in general agreement. The ABBCHLYV collaboration has studied the
reactions [38],

ntp = at(pntn) at 16 GeVie 6.3)
np - a(prtn) at 16 GeV/c (6.4)
K-p —» K~(prtn~) at 10 GeV/c (6.5)
ntp = at(pntn~) at 8 GeV/c (6.6)

The combined effective mass of the prn system is given in Figure 33. It is clear from these
data that the A" plays a rather important role in these reactions. The authors report

5007 7
1710 Combined distribution
16 Gevre nt
. 16 GeV/c
400 From: 10 Gev/e K~
[ 7460 8 Gevse m* b
l i o total sample
@ in 4" mass band
>~ 300+
O
=
<
Jred
P
= 200+
<
Ly
100+
0

’“
15 2.0 25 30
M(pn*ar}-GeV

Fig. 33. The combined effective mass distribution of the patn— system for the reactions 6.3 to 6.7. Shaded
histogram are events in the A** band. (Ref. [38])

that the best fit to the data is with Breit-Wigner forms at 1.47 GeV and 1.7 GeV with
widths of 60+20 and 57X 15 MeV, respectively. These enhancements are not observed
in charge exchange reactions. This can be seen in Figures 25 (e-h).

The dependence of the production cross-sections on incident laboratory momentum
is given in Figure 34. These expzrimenters claim that the 1470 and 1700 cross-sections can
be described by 0 = C P, with n >~ 0.2:+0.1. The do/dt’ distributions give forward
slopes of ~15(GeV/c)? and 6 (GeV/c)~? for the 1.47 and 1.7 GeV regions, respectively.
The N*(1700) seems to contain substantial N*(1470)z contribution, but it is not possi-
ble to make a clean separation.

Another interesting result is obtained from some of the same data (but a different
combination of laboratories) by isolating the 7= 1/2 and T = 3/2 contributions to
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ntp — naN reactions [39). They then combine this with a Van Hove phase space analysis.
The results are presented in Figure 35. Here we see that in the region of the Van Hove
plot where the (Nr)*™ system goes ‘“‘backwards™ in the CMS the T = 1/2-cross-section is
practically energy independent. It is also the only region where vacuum quantum number
exchange is possible. At 16 GeV/c this region corresponds to approximately 709 of the
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total T = 1/2 contribution. The T = 3/2 contribution falls like Pz with n > 1 in all
regions of the Van Hove plot.

The reaction pp — pprntn— has been studied at several energies. In Figures 36a, b typical
prntn~ mass spectra obtained at 16 and 19 GeV/c are given [40, 41]. Enhancements in the
region of 1.4 and 1.7 GeV are observed. Once again the important role of the 4+ in the
low prn effective masses is evident.

In the 19 GeV/c data the da/dt distribution for m(prnin—) < 1.5 GeV has a slope of
13 to 15 (GeV/c)2; the slope decreases with increasing mass to approximately 6 (GeV/c)2

{a) 1 M{ po*) 5634 combinations

M(pm*mr) & selected,
160t LI5<M(pT*)<130
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% 100/ |
o
E 80}
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M{(pmtmT)GeV

Fig. 36. Effective mass of prnts~ system from the reaction pp — pprtn—. a) 16 GeV/e (Ref. [40]); b) 19 GeV/c
(Ref. {41])

at m(prtn~) ~ 1.7 GeV. There is also evidence that the 1.45 GeV enhancement is not
a pure angular momentum state, and its production is neither s- nor ¢-channel helicity
conserving. The 1.7 GeV region is consistent with J = 3/2 or 5/2 and 7-channel helicity
conservation.

In the 16 GeV/c experiment #-channel helicity is conserved in the production of
m(pntn~) > 1.6 GeV, while for m(prtn~) < 1.6 GeV neither s- nor f-channel helicity is
conserved. The spin parity analysis of the prntn— system gives J 2 3/2 over the whole mass
region and Jz 5/2 contributions for masses greater than 1.8 GeV.

The SLAC 16 GeV/c nt and n— data [18] has been analysed for nucleon dissociation
in the reactions (6.3), (6.4) and n~p — n—(n*n). Events corresponding to reactions (6.3) and
(6.4) were chosen by requiring that the two pions and the proton go backwards in the CMS.
The effective mass spectra for high and low ¢’ is shown in Figure 37. Although there
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are only a few events there seems to be a trend; namely, the structure observed in the
1.7 GeV region is present only for large ¢’ values in both nnt and prtn— final states. Within
the statistical significance of this data, the low ¢’ mass spectra have no structure. Note that
a similar results was obtained in pion dissociation.

Combined m*p and 7p
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70 | 1£/1<008Gewe )2 1 15008 Gever |
6ol 318 events 590events |
50 —ope | 1700 —opE]
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Fig. 37. Effective mass spectra of dissociated baryon obtained by the SLAC group at 16 GeVic.
(Ref. [18]) a) pain—,t’ < 0.08 (GeV/c)?; b) pata~,t” > 0.08 (GeV/c)?; ¢) nn*, t’ < 0.08 (GeV/c)?;
d) nat, 1" > 0.08 (GeV/c)?

6.3. Summary

Missing mass experiments give evidence for production of T = 1/2 N* resonances,
which do not seem to be presentinn — pn—and p — pnn~ reactions at ¢’ 5 0.08 (GeV/c)2.
These experiments also suggest that the do/dr’distributions for N* production may
“fall-off” at small #’; this might explain the absence of structure at small ¢’

The pntr— mass spectra are dominated by 4++(1236)n~ threshold enhancements. The
lower masses are mainly J = 3/2, while masses around 1.7 GeV have J = 5/2 states present.

The results obtained with nuclear targets agree with the small ¢’ results of the SLAC
experiment; the nuclear form factor clearly limits one to small .

All experiments agree that s-channel helicity is not conserved. There is some indica-
tion particularly for the higher mass pnw states that t-channel helicity is conserved.
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7. Discussion

The data which have been discussed have certain similarities which are independent
of the incident particle.

7.1. Comparison with elastic scattering

The similarities and differences between elastic scattering and the diffractive dissocia-
tion processes which have been discussed above are summarized in Table V. One can
say with certainty that s-channel helicity is not conserved in these diffractive disso-
ciation processes. The cross over effect seems to be a common feature. The low mass =«

TABLE V
Similarities between elastic scattering and diffractive dissociation?
doldt Helicity conservation
Cro§s- Cross over
Fwd. Peak slope -section s t
Elastic Yes ~ const. Yes Yes
737 Yes ~E (~ PLAS) A No NR
- 5z Yes ~E — — — —
K — Knn Yes ~ E NR Q No NR
0.5
N N* No < E (~ Prap ) — No NR
— Nn Yes >E NR — No NR
- Nrzx Yes >E NR — No NR
2 () indicates that result is uncertain; NR = not resolved at this time; E = elastic; — = no in-

formation.

and K systems have a momentum transfer dependence which is very much like elastic scat-
tering, but the nucleon does not seem to fit in this pattern. The dependence of cross-section
on incident momentum is not well enough established to allow for a comparison.

It is clear that more experimental work is necessary. In particular: (i) The dependence
of the production cross-section on incident momentum is not well known. (if) The conser-
vation or non-conservation of the #-channel helicity should be established. (iii) Nucleon
dissociation must be studied for 1’ — 0. (iv) A verification of observed cross over effects
in @ and A4, production and a study of this phenomena in nucleon dissociation is needed.
(v) More data on © — 5% is needed.

7.2. General characteristics of three body diffractive processes

The dissociation of a hadron into three bodies has the property that the final state
always consists of a pion and a resonance which decays into the incident particle and
pion. This is shown symbolically in Eq. (7.1), where A" represents the target and X the
incident particle,

X+N - Y+H
S X*4m (7.1
Ly X4n.
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Such diffractive processes have the further properties:
(1) The observed My mass distribution peaks near My.+M,.
(2) The momentum transfer to the nucleon is similar to that observed for Xp elastic

scattering,
dojdt’ ~ e*"

where A depends on the target. (Note that nucleon dissociation has a greater slope than
that found for pp elastic).

(3) For the case where X and X* are bosons, the X* system has been found to be
predominantly in an s-state. This means that the diffractively produced bosons
have unnatural parity P = (—1)"*".

(4) The cross-section is independent of eneigy.

(5) For the above data, the resonance X* is in each case the lowest lying resonance
which decays into the incident particle and the pion.

All of these points are summarized in Figure 38 and Table VI.

TABLE VI
Characteristics of three body diffractive processes
! 1 !
M(‘) ! M(z) I 1 P
X l x* JE, Y | Name | Y I'Name; JE JTP
| s (Jx) (GoV) i al ' (GV) * a ! . I¥s Oyn
- t
1 (e,f% 1-,24 0.95-1.2 ‘ Ay 1.5 -1.8 As ‘ 1+ 2 ~ 25 mb
K | (Ko Klo)| (17,29 1.1-1.4 19} | 1.65-195 | L | 1v 27 ~ 20 mb
P | Ay (3724 1.3-1.6 g ? - ! -7 - ~ 40 mb
mx’i(M-W

»
t——xeqr

Myt +77

mykem(?)
RN
e \\‘

My

Fig. 38. Ilustration of the importance of threshold effects in the dissociation of a hadron into three bodies

The observation that the three body diffractive dissociation mass spectrum looks as
though it is the result of successive threshold effects which occur when the dissociating
particle and a pion can resonate, suggests strongly that nX scattering is playing an important
role. The five pion mass spectrum which gives an enhancement at the gon threshold sup-
ports this point of view. One might expect that the diffractive dissociation into higher
multiplicities would give a series of threshold effects such as those sketched in Figure 39.
A model which allows one to calculate such processes is the Drell-Hiida-Deck model.
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Fig. 39. Possible mass spectra for the various multiplicities into which a pion can dissociate if the disso-
ciation mechanism involves gg...wand f°f°... @ thresholds. The solid curves indicate observed enhancements

7.3. Drell-Hiida-Deck model

In this model the X threshold enhancement results from an off-mass-shell X7 inter-
action and = elastic scattering from the non-dissociating hadron (see Figure 40a). Because
elastic scattering is strongly peaked in the forward direction and the pion propagator

d6/aMimbI(GeVic))

\\ Pid -
N/CKN
(a)
0.30 T T T
0.20
o
(4] I I
10 15 20
M(pw) GeV
(b)

Fig. 40. a) Diffractive dissociation diagram; b) Comparison of gz invariant mass distributions calculated
from the diagram of Figure 40a — ~ — Deck calculation (Ref. [42]), ——~ Reggeised calculation of Berger

(Ref. [43])
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does not allow the X* to have much transverse momentum, the resulting X*n mass
spectrum peaks near threshold. The o mass spectra obtained by Deck [42] using an OPE
calculation and Berger [43] using a Reggeised pion propagator are shown in Figure 40b.
A similar Reggeised calculation for the pon system gives the results shown in Figure 41b
[44]. Note the agreement with data of Paler ez a/. The K*r mass spectra obtained from
coherent production on nuclei is also reproduced by this double peripheral calcuiation
(see Figure 42). Such calculations also reproduce the angular distributions of the 4, — on
and @ — K*(890)n decays.

The cross over effect observed in Q production is difficult to explain as a Deck effect.
A © propagator would give results in which the Q would have a greater slope than the Q.
Interchanging the roles of the K*(890) and the = in the calculation would give the correct
cross over effect, but the mass spectrum one obtains is considerably broader than the
experimentally observed Q.

There are difficulties in applying this calculation to pp interactions [45]. The large
slope of the doidr distribution which is observed experimentally is not reproduced.

While many details are still uncertain, it seems probable that X off-mass-shell scat-
tering plays an important role in diffractive dissociation. The Drell-Hiida-Deck model is
a way of calculating the contribution of nX scattering. It is almost certain that other
proéesses are contributing to the observed phenomena.

8. New experimental techniques

In this section several new techniques which are being used to study diffractive dis-
sociation are discussed.

8.1. “Triggered” bubble chambers

Because the bubble chamber is a 4n detector it is ideally suited for studying the dissc-
ciation of target nucleons.

In order to enhance the diffractive dissociation signal a Caltech-LBL collaboration
{46] developed a triggering scheme where the mass recoiling against the fast forward
particle is used to make a decision of whether or not to take a picture.

The experiment was carried out in a 14 GeV/c n~ beam using the SLAC 40 inch HBC;
a total of 4 x 10° pictures were taken, which corresponds to approaimately 7 x 10° expan-
sions of the bubble chamber. Approximately 25% of the pictures contain good events;
i. e., events which can be used to study nucleon dissociation.

The apparatus, which consists of a single arm spectrometer downstream of the bubble
chamber, is shown in Figure 43. Also shown are some typical parameters which are calcul-
ated on line. A momentum measurement in the spectrometer of the 14 GeV/c beam gives
+75 MeV/e. By using the spectrometer information, the experimenters claim that a track
can be located inside the bubble chamber to +1 mm. The calculated t-acceptance and
missing mass acceptance of the spectrometer are given in Figures 44 and 45.

The Caltech-LBL group has proposed to do this experiment at 50 GeV/c at NAL
using the Argonne 30 inch HBC [46].
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8.2. Use of solid state detectors

The use of solid state detectors for the study of coherent production processes was
first proposed by Lander et al. [47], who showed that it was possible to use a Si solid state
detector as a target for elastic scattering of protons and to measure the recoiling nuclear
momentum in the detector with sufficient accuracy to correlate it with the scattering angle.
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Fig. 46. Arrangement of Si SSD target in the anticoincidence counter of the CERN experiment of Ref. [11]

Later work showed that one could obtain fast signals of sufficient accuracy to allow
triggering of optical spark chambers [48]. Bellini and co-workers at Milan have used a Si
solid state detector target during the course of the CERN coherent production experi-
ment (see Figure 46) [49]. The momentum transfer distribution which is obtained using
the solid state detector is given in Figure 47. The main advantage of the solid state detector
in such an experiment is to remove those incoherent events in which the nucleon recoils with
insufficient momentum to be observed. There is indication that the background is substan-
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tion for |Esiyi—EGrina| < 0.05 MeV and the recoil in only one detector

tially decreased when one combines the SSD information with that obtained by a kine-
matic fit which makes use of the momentum measurements of the fast tracks. The complete
analysis of this experiment should be available soon.

8.3. The use of helium nuclet

Several proposals have becn made for the use of helium nuclei. Helium has the ad-
vantage of being a relatively simple nucleus (J = 0, 7' = 0) for which all of its excited
states are particle unstable. This gives one a better experimental handle in insuring that
the nucleus is left in its ground state. It also makes simpler the determination of which
state has been excited.

Experiments using helium nuclei have been propused by Hertz and co-workers at
CERN [50]. A diagram of their apparatus is shown in Figure 48. This involves strictly elec-
tronic techniques-wire chambers and plastic scintillators. The difficulty in using such appa-
ratus is that in coherent processes the recoil momentum of the helium is usually less than
300 MeV/c. For example, a 250 MeV/c (350 MeV/c) He has a range of approximately
50 p (100 p) in mylar. In addition, if one wishes to study the coherent production of high
mass states, he is obliged to measure 1ecoiling helium nuclei which have a substantial g,
component; that is, a rather large component of momentum in the beam direction.

The use of a Helium streamer chamber as a target-detector, first proposed by the
Seattle-Orsay collaboration, avoids most of the above difficulties [51]. The Seattle-Orsay
experiment is apptoved to run in the M, beam of the meson laboratory at NAL. In this
experiment, the streamer chamber gas is helium, which is also the target. Using an external
trigger on the fast particles, the trajectory of the recoiling helium in a magnetic field is
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Diagrammatic section through helium recoil spectrometer

He target is surrounded by cylindrical spark chambers
and scintillators covering at most about 300° azimuth.
Only 126° coverage is used in present elastic-scattering

experiment, scintillators on circumference to
final beamdefinir measure energy and t.o.f of recoil o
scintillators o pu]

exit window
[ccndpbdgdd | —» to counter/spark chamber system to

beam & high-pressure He targe SC.”'_'E'_S; measure direction (and momentum,
(8GeV/iecm PIrC® if magnet is used)of outgoing particle(s)
at present) — cylindrical spark chambers
entrance with digital read~out
window

vacuum enclosure
filled with helium-
alcohol mixture at

45 Torr F__50cm

Pressures in helium target: 2 kg/cm? abs. with 3.5 M mylar walls (E, > 4.6 MeV)
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Fig. 48. Section of CERN Helium recoil spectrometer (Ref. [50})

photographed. For recoil tracks which are sufficiently long, the rate at which energy is
lost allows one to separate *He from “He. In those cases where the helium stops in the
chamber, the mass separation becomes quite good because both range and momentum
are measured. It is also possible to have opening angle and momentum measurements of
the fast pions, since these are also observed in the streamer chamber. Such a technique

0

——

S
He
He X
Fig. 49. X+He — He + anything, where X represents a hadron

seems to have considerable promise at high energy accelerators for the study of diffractive
dissociation from He nuclei. These points are discussed in more detail below.

The first phase of the Seattle-Orsay experiment will concentrate on the inclusive
diffractive dissociation reaction

n~-+He -» He-|-anything 8.1)

Because He is identified in the final state, this experiment allows only vacuum quantum
number exchange in the 7-channel. The reaction is sketched in Figure 49. The mass s’ of
the multipion system which recoils against the nucleus, and the four momentum transfer



766

to the target can be determined from the longitudinal (g.) and transverse (gy) components
of the He momentum, which is measured in the streamer chamber. Hence, the experiment
measures do/dt ds’ which is a quantity of considerable theoretical interest [52].

The effectiveness of a streamer chamber in such experiment is best demonstrated by
a plot of g, vs gr (Figure 50); (s”)""* and the efficiency of separating *He from *He are also
given in Fig. 50 (s’ is determined fiom g, by Eq. (3.1)). The important experimental point
is that the high mass states have recoils which are at small angles relative to the beam.

PIN= 100 GeV 200GeV 400 GeV

4000'3 02N\aN\ 0 T T
0.4 4o 7
L]
30 le 14
—n
-15§
45°
~ e 47 10 duy
N 4 4133
[ —19 e
b Q
< .16 42
< 60 “
o - 18 4n 8
P b3
15 47 10
-9
44 96 48
15 47
43 44 46
12 43 3%
of ag\lle 3¢ J2 3%
200 300

(;T (MeV/C)
Efficiency for detection and identification of “He
(10< x < 80 cm)

Fig. 50. Typical efficiency for detection and identification of “He, calculated for a volume of the chamber
10 < x < 80 cm along beam

Recall that g is restricted by the nuclear form factor; hence, large ¢, is correlated with
small g;. From Figure 50 it is obvious that the He streamer chamber is ideally suited for
such measurements. A wire chamber detector would have difficulty in the forward direction
(the reaction products all go forward).

In addition to measuring the momenta of the recoiling nuclei the momenta of the
charged secondaries will be measured. However, the low magnetic field (12 KG) and
short distances (~ 50 cm) over which measurements can be made will limit the accuracy
of these measurements. A conservative estimate gives AP/P = 30%, at 10 GeV/c; however,
this may be improved by using additional information from the trigger hodoscope, which
is used to count the number of charged secondaries in each interaction.

For 1 mb of cross-section this experiment is expected to yield 10* events at each of
two energies (typically 75 and 150 GeV/c). This estimate includes trigger efficiency and
4He identification efficiency.
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At each energy the elastic differential cross-section will be measured. This measure-
ment is important since it will be useful in the normalization; it will also be important in
separating the contribution of the helium vertex in reaction (8.1).

A summary of the relevant parameters of the experiment is given in Table VII.

TABLE VII
Typical parameters for NAL experiment 86A
Streamer Chamber 100 % 50 % 30 cm
Magnetic Field 12 x 10° Gauss over chamber volume
No of Pictures 10°¢ (divided between two energies)
Incident energy Typically 75 and 150 GeV
Error in missing mass (4m) 50 MeV for m = 3 GeV

100 MeV for m = 2 GeV
200 MeV for m = 1 GeV
AP[P fast tracks in chamber < 309% at 10 GeV/c
Evt./mb cross-section?® ~ 10% at each energy

2 Includes trigger efficiency and “He identification.

I would like to thank Dr E. Obryk for having o1genized a very interesting and produc-
five school. 1 also wish to thank the participants for many fruitful discussions. Finally,
[ wish to express my gratitude to Mrs E. Warchatowska, the secretary of the school, for
her help. I would also like to thank Linda Shell for her help with the final typing.
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