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ABSTRACT

Analogies vetween the statistical bootstrap model
for hadrons and the familiar statistical model for nucleil
are pointed out, and used as a guide for suggesting new
statistical treatments of hadron reactions i

i) the Fermi statistical model is modernized by
including the full Hagedorn spectrumof resonan-—
ces, and brought inte correspondence with the
Bohr medel by assuring that the reacticn pro-
ceeds via an incoherent sum over direct channel
resonances ;

ii) =& definite prescription is given, predicting
which hadron reactions should exhibit Ericson
fluctuations ;3 it is shown that the pesks and
dips in ¢l =eslastic scattering between p = 1.5
and 5 GeV/c can be interpreted as Eriecson fluc-—
tuations, although further experiments are neecd-
ed to establish this interpretation definitively

iii) the rapidly falling ecross-sections found in
exotic _exchange reactions such as backward
Kp—~Krp are interpreted a& the incoherent
part of the sum over a Hagedorn &pectrum of di-
rect channel rescnances 3 especially large
Ericson fluctuations are predicted for such
cases.
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INTRODUCTION

Although statistical models for hadron physics have a history going bhack
more than 20 years 1), they are still controversial and incompletely developed.
By contrast, statistiecal models for nuclear physilcs are generally accepted as
the beat available explanation for large hodies of data, and have undergone a

rather comprehensive and sophisticated development.

In Section 2 of the presert paper, we briefly remind the reader what is
done with the statistieal approach in nuclear physics, and indicate certain
regpects in which the statistical approach to hadron physics [éspccially the
statistical bootstrap model of Hagedorn 2) ana Frautschi 3 ] is analogous.
The aim here is partly pedagogical : to put the unfamiliar hadron models in
place alongside the familiar, well-understood nuclear gtatistical models. But
the comparison also serves as a guide for suggesting new treatments of hadron

physies; Sections 3-6 are devoted to this use of the nuclear analogy.

Specifically we suggest in Section 4 that the Permi statistical model he
modernized by inecluding the full Hagedorn spectrum of resonances, and brought
into closer correspondence with the Bohr statistical model by assuming that the
reaction proceeds via an incoherent sum over direct channel resonances. This
program has been applied %o N¥ annihilation at rest by Hamer 4).

Another featurs of the statistical approach to nuclei is that level spa-
cings and partial widths fluctuate; the Bohr model only gives the behaviour
averaged over such fluctuations. In Section 3, we discuss fluctuations of level
spacings and partial widths in the separable resonance region. Unfortunately
it appears that the region of separable hadron resonances is too small to
provide an adequate statistical sample for studies of this kind. In Section 5
we review the effect of fluctuations in level spacings and partial widths at
higher energies where resonances overlap, and describe how the resulting
T"Evicgson fluctuations™ of the cross-section ars analyzed in nuclear physics 5).
The same method of snalysis is applied to hadron physics in Section 6, and
used to suggest new interpretations of a number of familiar phenomena such as
the peaks and dips in intermediate energy v scattering, and the rapidly
decreasing cross—sections for exotic exchange reactions. A definite prescription

ig given, predieting the magnitude of Ericson fluctuations in various reactiocns;

+he predictions range from large fluctuations in exotic exchange reactions to no

fluctuations in reactions such as pp scattering which lack direct channel

‘regonances.



THE AFATOGY BETWEEN YUCLEAR ANWD HADRON STATISTICAT MODELS

Statistical models for the denzity of excited nuclear levels go back
to Pethe's work €) of 193%6. Tethe put £ protons and A-F neutrons into a
box with the normal nuclear radius, and considered a free fermion gas. He
showed that for energies such that most of the fermione are still degenerate,

the density of states

E).'.'—_- ih. 1
/o( dr (1)

rises with execitation erergy E as

/.:(E) ol e.xp(v;‘!_c__;-:_?) (2)

where ¢ is a constant of ordsr 2.5 MeV. Experimentally, excited nuclear
levels show up as Tesonances. AT high excitations one deduces from nuclear
measurements that a rapid rise occurs, qualitatively consistent with Bethe's
formula (to achieve guantitative agreement with specific nuclel, especially

at low excitations, the model must be refined by adding effects of the potential

which distinguist between even and cdd nuclei, put in some shell nodel effects,

etc.).

To treat reactiong statistically, further assumptions are needed. In
the popular model of Bohr, reactions proceed via an incoherent sum over direct
channel resonances. If an average resounance decays into various final states
at a rate proportional to phase space, it follews that reactlon rates are pro-

portional to the phase space of the final =ztate.

Of course, there are many cases in nuclear paysics where statistical

ideas do not work and one uses a "direct reaction model. There is no clean—

cut rule for when direct reactions dominate, but they are more likely to be
important if the initial and fTinal states are closely related. Also when any
reaction is followed 4o sufficiently high kinetic energies, direct reactions
eventually dominate even if the Bohr model successfully deseribed the low
kinetic energy region. The nomenclature "direct™ requires & word of explana-—
tion. What the nuclear physicist calls a "direct reaction” is none other

what a hadron physicist ecalls an "exchange reaction”, pariicular examples being
identifiable as meson exchange, nucleon exchange, Pomeron exchange, and photon
exchange T)u The term "direct™ refers here to Time : the final state emerges

guickly irn a direct reaction, wheresas the particles in a Eohr reaction are
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supposed to spend a longsr time in the intermediate rescnant state. Fronm
another point of wview, the difference is that many direct channel resonances

8),7)

add coherently in a "direct reaction™ amplitude , whereas they add in-

coherently in a YBohr reaction" ampiitude.

Finally, nuclear physics provides examples where a mixed description is

most useful. For example at energies above 20 MeV, the production of wvarious
numbers of neutrons can be treated as a direct reaction which kmoecks out one
or two neutrons, leaving an excited nucleus which boils off further neutrons
with a thermodynamic distributiocn 9}_11).
It is interesting ftc note that while Bethe'!s model for the level
density depends on fewer assumpltions than the models for reactions, it cannot
be fully tested withoult recourse to reaction nodels 12)9 To be sure, at low
excitations, a direct count of levels with fuil information on the gquantum
numbers and degeneracy can be made, analogous to the Hosenfeld Tables of
hadron physics. But this 1s practiecable only uvup to a certain energy, which
ig too low to test Bethels asymptotic expression very well. Good information
ig again available even in heavy nuclel for excitaticns of about 7 MeV, just
above the single neutron threshold, where the average resonance width 1s still
legs than the average spacing, and the excellent energy resclution attalnable
with slow neutrons allows detsction of the individusl levels. At higher
energies the resonances overlap and the level density can be deduced only with
the aid of reactlon models such as the "hoiling off™ picture of neutron

enigeion, oxr Erxicson fluctuations.

Table I contains a summary of the models we have just reviewed. To

the right of each nuclear model is listed its analogue in hadron physics.

The most familiar hadron analogue is of course the non-statigtical case

of exchange reactions.

Another well-known case is the pure statistical model for hadron
reactions, popularized by Fermi 1). The two incoming particles were assumed
to coalesce in an interaction volume where thermodynamic edquilibrium at a
uniform temperature was reached, followsd by emission proportional to phase
space. This picture explains many features of W annihilation. However,
at higher kinetic snergies it falls to produce gufficlent forward pesaking
[by imposing angular momentum conservation, one does find peaking in the
model; for example in a spinless reaction £Z=(} and the peaking is due to
the fact that Logendre polynomials have a smaller envelope at 900 Tthan at OO.
But this peaking 1s forward-backward symmetric and is anyway much too small.
To fit the data, it 1s absclutely essential to introduce coherence between

different partial waves, which takes us outside the statistical picturé].
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Hagedorn noted this problem, and also noticed that it was not adsguate
to eount just the phase space for free TX, K, and N. 0One should also
inelude the effects of resonances. But how many resonances ? Hagedorn
attacked this problem and the reaction problem simultaneously, applying a

bootstrap hypothesis.

As Tar as the level density is concerned, Hagedorn's result was 2)
a. bYﬂ-
(m) ——> em. & (%)
A &
an even faster increase than in nuclear physics.
Y

As far as reactions are concerned, Hagedorn produced a two—step model 13i

The first step has a non-statistical element : the two colliding bodies lose

part of their longitudinal velocity, with the lost kinetic energy going into
internal excitation. At the conclusion of this step, there are two exzcited
states proceeding along the original line of flight, each with a definite
internal distribution of temperatures. The second step is purely statistical
each excited state 'hoils off" hadrons with distributions controlled by the
local temperaturs. We see that Hagedorn's model is an analogue of the mixed
desceription used at high energies in nuclear physics — a non-statistical eolli-
gion (which introduces the necessary distinction between longitudinal and
transverse momenta) followed by a boiling off of particles from the resulting

excited state 14)0

3)

Recently the present author has reformulated Hagedorn'ls treztment

of the level density, introducing some technical modifications that make 1t

3),15),16)

possible to pin down the level density more precisely The re-—
formzlation also makes more explicit a point that was already implicit in
Hagedorn's work : the hadron level density can be derived from just two
conditions (a statistical condition and a bootstrap condition on the consgti-
tuents), without direct veference to scattering or to the assumption that

laocal thermodynamie equilibrium is achieved in scattering.

Thus we have & gituation displaying a considerable analogy to nuclear

physics.

i) The level density of excited states is defermined on the bazgis of a
simple statistical assumption, plus one agsumption concerning the

constituentse.

ii) BSome, but not all, low enmergy reactions can be understood gtatistically.

An extra assumption concerning coherence is needed in this case.
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i1i) Some high energy reactions can be understood in terms of a more

complicated model involving both dynamical and statistieal assumptions.

iv) As in nuclear physics, the predicted (m) cannot be established
conclusively by direct count of levels [élthough the existing spectrum
is quite compatible with Hagedorn!s distribution as far as 1t goes
In fact, the detailed experimental analysis of resonances in the N
channel has already been pushed up near the energy (around ECM==2 GeV
for low J, higher for high J) where levels with the same JE are
predicted to start overlapping, making further disentangling of indivi-
dual levels prohibitively difficult. Conventional phase shift analysis
will simply miss mogt of the levels in this region. The best evidence
for the Hagedorn spectrum has been obtained from a different source -
by assuming the Hagedorn model for high energy reactions, Qnd comparing

the Boltzmann factor
exp[-VmEeptrp s /KT ],
18)

which cccurs when particles are boiled off in that model y with

experimental distributions for large transverse momenta Py s OT for

the production of heavy pairs with large mass m.

FLUCTUATIONS IN THE SEPARABLE-RESONANCE REGION

We have indicated in the previous section that useful information is
provided by nuclear levels with excitation energies of order 7 MeV, just above
the single—-neutron threshold. What is done with this information, and is there

an analcgous region for hadrons ?

The nuclear levels in this region are closely spaced in medium and
heavy nuclei. Yet they are separable, because of the small averﬁge level
width r- and the excellent energy resclution attainable with slow neutrons,
for the band of ehergies between single—neutron threshold and a few keV.above.
The large sample of resonances thus obtained supports statistical models in

several respects 12 H

i) +the level density (E) is well-determined in this band of energies.
The form of Eq. (2) is roughly verified as far as A dependence and
the prediction of a large level density are concerned, although the
precise nature of the energy dependence cannot be verified over such

a narrow band of energles.

17)315)].
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ii) the level spacings are not uniform, but have a statistical distribution
consistent with the distribution of eigenvalues of a2 matrix whose

elements are independent random variables 19).

iii) The total and partial widths also follow statistical distributions 19).

Partial widths for decay intoe a particular channel exhibit large fluec-
tuations from one resonance to the next, whereas the sum over partial
widths for decay inte N electromagnetic c¢hannels fluctuates only as

N %,

Al]l these tests of statistical theory require good data on a sizeable
sample of resonances. For the fluctuation studies ii) and iii), the sample
should ideally be from a region where the average level density and number of
open channels remain essentially constant, to ensure thai changes in these
parameters are not responsible for variations in level spacing and width.
This condition is met in nuclear physics : the average resonance width r
is much less than the MeV scale which characterizes changes in level density
[Eq. (21}, single-particle optical model lewvel spacings, etec. r_ ig s0 gmall
because the number of nuclear states at these energies is much larger than
the number of open channels (excluding the weakly coupled channels reached by
electromagnetic or weak decays). An average physical state finds itself in

communication with an open channel only a small fraction of the time.

None of these conditions applies in hadron physics. Right from the
beginning of the resonance spectrum the A(1235) and P have widths
r— R er, i.e., on the same scale which characterizes hadrons generally and
changes in the level denglity in particular [B ) n;: in Eq. (SI]. Statistiecal
studies of level spacings and partial widths should ideally employ samples from
a range of masses Amn< mw_, since only in such a range is the level density
and the number of open channels approximately constant. But at present the
Rosenfeld Tables contain at most one or two levels for a given JP, B, 8, 1,
Q 2s0c 1in each interval aAm = my - not enough for statistical studies 20).
This is no accident; asg soon ags the number of levels becomes greater than
one or two in each partial wave, the levels will overlap (because T— >m_ )
and become impessible to disentangle. The beautiful checks of statisticazr

theory performed by nuclear physicists in the separable resonance region cannot

be repeated in hadron physics.



4. MODERNIZATION OF THE TFERMI MODEL

1)

The Fermi statistical model, in its original form , did not represent

a perfect analogy to Bohr's statistical model :

i) only the phase space corresponding to free metastable particles such as
Tis, K's, and W's was counted. However, Fermi himself 1) recognized
that if additional particles were discovered, they should be inecluded.
After the discovery of the firgt few mescns and baryon resonances, the
phase space for channels involving these new particles was added 21)’22),
with salutory resulis. Our propeosal is to complete +this process by
counting the phase gpace fof 21! open channels involving any particles

in the entire Hagedorn spectrum.

ii) Fermi made no mention of intermediate direct channel resonances, which
play such an important role in Bohr's medel. However, the Fermi meodel
was meant to apply at energies of about EMN or higher, where an
appreciable number of open channels was present. According to the

ctatistical bootstrap model 2073), or the related 23)724)

ideas of
duality models, this is exactly the condition for many direct channel
resonances Lo he present (at least for non—exotic channels), Thus 1t
is natural to complete the anslogy with Bohr!'s model by writing the
amplitude as a sum over uncorrelated direct channel rescnances (for
amplitudes which are non-exotlc in the direct chanmnel and not dual to

Fomeron exchange)o

Ay immediate consequence of ii) ig that the branching ratics into
different channela are tkhe sams as for the decay of an average rssconance with
the appropriate mass and guantum numbers. These branching ratics for an
everage resonance, including the velume factor needed to compare two-body and
n—boedy channels, also appear in building up the statigtical bootstrap
spectrumn 3)9 Thus the veolume used in our modified Ferml model must bhe the

gsame as the wvolume used in determining the pararmeters of the statistical

—

>

bootstrap spectrum ! , such as the coefficient b of the exponent in Eq. (3).

The modified Fermi medel as described thus far carries one only through
the first generation Jecey of the intermediate resonant states. Most of ths
channels at this stage ireclude unstable resonances from the Hagedorn spectrum,
which will gubsequently undergo further deecay in a chain down to the meta-
gtable particles such as T, K, and N, To obtaln predictions allowing
direct comparison with data, all generations in the decay chain must be treated

by the same siatistical metheds as the first generation.
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To which resctions can the medified Fermi model apply ? It cannot give
the dominant term in elastic reactions (or in a reaction such as 1r-p—91[°n
whose amplitude can be written as a linear combination of elastic amplitudes),
for the direct chanrnel rescnance terms add coherently in this case. Iikewise
it cannot give the main term in any reaction well above threshold if that
reaction exhibits forward or backward pesks, for such peaks again imply a
coherence among contributions of different direct channel resonances which
lies outgide the purely statistical approach. In addition, we shall not
attempt to apply it at total centre-of-mass energies less than, say, 1 GeV for
B=0 channels or 1.5 GeV for B=1 channels, where the small number of

states does not fully merit statistical treatment.

There remains the possibility of application at sufficiently high ECM
to inelastic reactions near their threshold {i.e., up to the onset of forward
or backward peaks). A necessary criterion for the Bohr model to give the
dominant term in nuclear physics is that the compound nuclear lifetime must
be greater than or at least equal fo the nuclear relaxation time (i.e., the
collision time for a nucleon inside the nucleus). Otherwise the independence
of resonance decay from resonance formation can hardly be established. In
hadron physics both times are of order 10723 gec; one is just at the edge of
the region of applicability. Thus the justification of the Bohr model cannot
be as cleancut as it was for nuclei. The same difficulty, stated in the form
r’x mw y Pplagues attempts to study fluctuations in the hadronic statistical
model, by making it difficult to obtain a good statistical sample of non—
overlapplng resonances (Section 3} or to separate Ericson fluctuations from
other effects (Section 6), Nevertheless, it seems worth while to try the
model in view of the simple predictions it provides for reaction rates near
threshold (where most other popular models fail) and the fresh viewpoint it
brings to the study of fluctuations at intermediate energies. It 1s likely
that the statistical mechanism contains a large share of truth even if the
long=lived states which make it clearly distinguishable from competing effects

in nuclei are lacking for hadrons.

4t first sight the list of reactions to which the Fermi model could
apply — mainly inelastic reactions nsar threshold — may not seem especially
impressive. However, in the statistical bootstrap model most of the reactions
at any given centre—of-mass energy are only about Ekin = m7r02 above thelr
threshold. Thus the Permi model may apply to a large fraction of reactions
at each energy, even though few of these reactions happen to be well-explored

experimentally, except for NN annihilation.



- 9 -

A limitation to our approach is that only amplifudes which are non-
exotic in the direct channel and not dual to Pomeron exchange can be represented
as sume over direct channel resonamnces. One expects intuitively that the Fermi
model, if valid at all, should also apply to exotic chanmnels. Of course the
model can simply be applied without using direct channel resonances, but then
one cannot relate the "interaction volume" o the parameters of the spectrum
as we did for non-exotic channels, and the mechanism (if any) for fluctuations

would also seem to be different.

Another kind of limitatiocn on the predictive capacity of the modified
Fermi model is introduced by the fluctuations discussed in Sections 3, 5 and

6. If we consider a number of reactions at a given energy (in the overlapping

. resonance region, lei us say) the various amplitudes will differ somewhat from

the average value given by the Fermi model, due to the Ericson fluctuations at
that particular energy. When only a single energy is observed, as in NN
annihilation at rest, the fluctuations are not directly observable, but are
nonaetheless expected to be present and serve as a criterion for what accuracy
can be expected in fitting the Fermi model fto experiment. The scale of the
fluetuationa expected for decay of a resonance into s particular final state

i (such as 7T 9T ) is set by the density of states dn /A = @, in that

channel, multiplied by the natural width of the decaying resonance :

N£ = rf,‘ (4)

1
The fluctuations in an amplitude are of order Nia; the more probable the

final state the less the fluctuations.

NN annihilation at low energies is the reaction offering the most
extensive and aécurate data in a region where the modified Fermi model may
apply. Hamer 4) has applied the model in detail to the case of annihilation
at rest; the reader is referred to his paper for a fuller account of methods

of calculation and interpretation of the effects of fluctuations.

ERIGSON FLUCTUATIONS IN NUCLEAR PHYSICS

Since Ericson fluctuations are not particularly well known among high

energy physicists, we shall begin by describing what they leok like and how

- they are analyzed in nuclear physics -
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The general idea is that at energies high enocugh for resonances to
overlap, one still sees peaks and dips. These are attributed not to indivi-
duasl resonances, but toc fluctuations in the number and coupling strength of
the overlapping regonances. This is a natural suggestion in view of the fact
that fluctuations in partial width and level spacing were observed directly

in the lower energy region of separable resonances (Section 3).

The idea ig mosgt simply applied to reactions like thoge discussed in
Section 4, for which the Bohr model is walid. But it can be applied even in
the presence of "direct reactions" where the main part of the amplitude is
not given by the Bohr model, and we shall look inte this more general case

in preparation for some of the applications we have in mind for hadrons.

Congider for example an elastic reaction such as

F:q-ie —> F-+i£ . (5)

The imaginary part of the non-fiip amplitude is expected to dominate. Write

it as a sum over direct channel resonance contributions :

IMAEI =ImZ ¥ ¥, -
T n :
"E+E -iln (6)
2 N 2 =
——_.r__>_ - Yk

where NJ is the number of "overlapping resonances", i.e., the resonances in

an interval I;E}:[-. Since we have chosen an elastic amplitude, the contri-

butions of individual resonances all add up with the same sign. Nevertheless,
from cne energy interval AIEc:r- to the next there will be statistical

fluctuations in the strength of Z '(2, of relative order T/,\/'N_J., Thus A:fl
can be expressed as the sum of a dominant (mainly imaginary) coherent term and

a gmaller fluctuation term,

A’; = Ac(r) +AF . (7)

From its relative magnitude one can show that the average of AF(J) over
fluctuations is just the Bohr amplitude ("compound elastic scattering") for

this particular partial wave. Adding all partial waves, one obtains

Ae, - ACCo) +AFl9) . (8)
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Lgain the average over energy <AF(9)> is the Bohr amplitude — not dominant

in elastic scatfering, but still unavoidably present. At ©=0° where all

partial waves add coherently, 2¥/°  is expected to be of order 1/./1,
o5

with

N=%_'_N3_2r/o_ (9)

The dominant term AC(G) will exhibit the usual sharp diffraction
peak, possibly with diffraction minima at angles determined by the nuclear
radius° This structure varies only slowly as a function of energy. By
contrast AF varies rapidly, on a scale AR zr-o One lookes for these
fluctuations in interferenge with the dominant coherent term. The search is
aided by the angular dependence of AF, which is on the average weak and
symmetric about 90° because partial waves de not add coherently in AF
(recall our discussion of the Permi model in Section 2). What angular depend-
ence <AE> doeg have comes essentially from the envelope of the Legendre
polynomials which ig less at 900o Thus AF is relatively easier to see at

large angles where AG has fallen far below its peak wvalue.

A clasggic example is the rsaction
5¢ 5¢
F + Fe -—>F+ Fe (10)

26)

of 2 to 5 keV, at each of several angles between 630 and 1710. The very close

which has been studied over the range Ep:=9.3 to 9.6 MeV at intervals
spacing of points in energy is necessary to resolve the Ericson fluctuations,
which have a width comparable to the average rescnance width r— ~ % keV¥V. The
data on de~/d Ll are shown in Fig., 1. At fixed energy, the dependence on
angle 1s characteristic of a diffraction peak with minima. But at fixed angle,

the cross~section exhibite rapid Ericscon fluctuations as the energy is varied.
This example illustrates several points :

i) net every dip or peak is an Ericson fluctuation. In the example, the
two large dips in the angular distribution are identified as diffraction
minima rather than Ericson fluctuations because they persist at all

energies.

ii) 1t is in fact hard to distinguish Ericson fluctuations in the angular
dependence at a single energy. The average width A8 of a fluctua-

tion peak or dip cannot be much less than AEBQ:1BOO/£maX where
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zmax ~ pR is the largest strongly scattered partial wave. In many
eases this is not much smaller than the spacing between diffraction

dips in Aco

iii) at fixed 8 or + one sees the Brieson fluctuations more easily.
Their typical width AE is of order (is in fact a measure of) r;
in the example above an interval of =~100 r wag surveyed, allowing

many fluctuations to be seen.

As we have just seen, neither the AS nor the AE of a fluctuation
depends on the strength of AF. It is the relative height of the fiuctuations
which is sensitive to ]AF(Q)l , and thus to N= FF . Nuclear physicists have

5) o be applied at fixed & or

devised the following quantitative measure
t. One measures the differential cross—section, denoted by e=(E), at
evenly spaced intervals over a range E1 <E < E2. The average <& > is

formed over this range. Then one forms the normalized correlation funeiion

- (r(E)-<a->)L (11)

as a measure of fluctuations. Theoretically, if Ac(e) is essentially

constant over the range of energies considered, <&> can be expressed as

<oy =< | Acce) +AFceJl’> = JACca)lzK!A‘:Ce)}L)
= o€ - a'F (1)

gsince the interference term averages to zZero., In terms of these gquantities,

5)

one can show that

&
C+k: (O’F) +2.6'Fo-'c {13)
C>2-

(e F 4 o~

{note the limits ¢ =2a-F/ g—c for large d'c and C=1 for vanishing a—c).
Comparing BEqs. {11) and {13), one deduces a-F/a-C from the data. With the

. G
aid of Eg. (12), a'F and O can also be determined separately. From the

determination of c'F/a"C at ©=0" one deduces

-1
N =« o-F(o')/a-Cco') (14)
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ELf u-F/g—C is small and hard to find directly at 9:00, it suffices
to make the easier determination at large € and use the slow variation of

o with © and its symmetry about 90° +to estimate e’ at 0.

A further analysis 5)
r: The level density is given Eﬂq. (9):] by P e N/ I-. Thus Ericson flue-

tuations provide an estimate of the level density at rather high energies

of the width of the fluctuationzs also determines

where a direct count of levels is not possible.

Although our example involved elasgtic scattering, the analysis of
Egs. (11)—(14) is general and alsc applies to other types of direct reaction
guch as meson exchange, baryon exchange, etc., as well as to cases where no
coherent term is present at all (e-c==0). The analysis can be simplified if
d‘c=0 5). Note that while <@ can be greater than or equal to rF

depending on the relative strength of direct reactions, it cannot be less.

ERICSON FLUCTUATIONS IN HAPRON PHYSICS

Historically, Ericson fluctuations were searched for by Allaby et al.

who gtudied

F*F’_’l“f’ (15}

at 16.9 GeV/c at centre-of-mass angles 670 to 900. Their result was negative
the differential cross-section was very smooth. Another relevant experiment
was that of Akerlof et al, 28), who studied reaction (15) at fixed QCM==9OO,
varying E in small steps. Once again, no evidence for fluctuations was
found : the cross-section fell in a very smooth exponential fazhion, with
ocecasional changes in slope which appear to be systematic features extending
to other angles as well 28)° These negative results discouraged further

searches for BEricson fluctuations in hadron paysics.

On the other hand, the motivation given in Seection 5 for Ericson

fluctuations is very general and should apply also 1o hadrons. But not

27)

necessarily to all hadron reactions; if the pp channel lacks resonances, no

fluctuations need occcur there ! So the early searches may simply have had the

bad luck to loeok in the wrong place.

It is important then to continue the search for Ericgon fluctuations,

because

H
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i} in principle if one belicves in a statistical modei at all, it rwmst
be possible to find fluctuations. Ericson 5 hag stressed that flue-
tuations oceur in a nuge range of phenomena from radic-emigsion by
galaxies to nuclear reactions; why should hadron rezctions be

different 7

ii) the study of fluctuations could provide a practical tool giving
information on (E) at energies where resonances overlap and &
direct count 6f level densities cannot ke made. This appreach would
supplement the only exisling method - Hzgedorn's interpretation of

the gnd heavy pair distributions in terms of the boiling off

Py
of hadrons.

Thus motivated, we proceed to look for fluctuations in channels waexre
resonances exist. We shall borrow the whole mathematical spparatus of the
ruclear analysis, always remembering that it will work much more badly for
hadrons because whereas r‘ was very small on the scale on which the

nuclear

nuclear level density varies (m 1 Mev), [_hadron 2 Hw‘ ig the same as the

gcale on which the hadron level density varies.

As a practical matter, one has the choice of studying reactions such as
backward ¥ p—K p where A% iy emeln (here we 2xpect large Tluctuations but
the data is usually rather poor), or reactions such as Tp—=Tn where AC
is large (smaller fluctuations, but better data). We shall begin with the casc

of large Ac.

b1 AF in interference with large cohereat terms

The best studied reaction with abundant direct charnel resornances is

T+p 2T+ p . (18)

The coherent term [AO]2 is dominant, at lezast near the forward and backward
directions, and is therefore easy %o estimate from the experimental cross-

gection.

To cbtain a erude theoretical estimate of AF we need to know tac

25)

number of overlapping resonances

N(’M—) pa I—(w») f(w\.) . (17)



For r we take

r(W\-) = M1T ) (18)

which while not exact is certainly of the right order of magnitude. For the

m dependence of /9 we take

/kT,
fo{m)=_9... e.h-. ° (19)

77 .
M’-

15)-16 )

This is the Hagedorn form [Bg. (3)] with a=-3 and with an extra
1

m 2

O .
which occurs 27’ because while fp 0% irvolves & sum over all I,
only thet fraction of intermediate states with JZ==JZ(initial) contributes

to *he ?mplitude. For tae numerical parameters in (19) we take Hagedorn's
2

relue
kT =160 MeV (20)
and
e = wmil* (21)
m
3

- which is roughly consistent with the numerical studies of Hamer and Frautschi

If the elastic amplitude were made up entirely of direct channel reso-

-

naness, one would estimate

| AFte9) 2= I AC % (22}
VN

in which casge

éf:F(o') =L g’-_g_"CCO‘) x> (23)
At N dt

30) 31}

wita x2 of order 1. However, according to Freund and Harari , only

a fraction

y = ot (E) - ot (00)
ot (E) (24}

15)
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of the forward amplitude couples to direct channel resonances. So the ampli-
tude AF must be multiplied by this small fraction and, in what follows, we
shall usge xzzzyg. Hote that ¥ 1= essentially zero (flat o‘tOt) for
exotic channelg such as pp and K+p, leading to the expectation that no

fluctuations ocecur in pp—pp and K+p—>K+p.

There is accurate elastic =N data of the typs we reguire (E varied
over a considerable range in small, equally spaced steps at fixed 6 or
momentum transfer) only at _OO and 180°. 4t 0° the data are in the form of
total cross—section measurements; for the purposes of our analysis we oxpress
these data as ImA(0°) by means of the optical theorem and square to form an

effective der/dt :

‘J;’."("‘)“E ,Im A(a')lz:- (o'+°+(E))L ) (25)
At & 1

We uge only the data for E > 2 GeV; our analysis in terms of resonances

cM
overlapping in each aF gtate cannot be applied at energies much lower than

thig. The data 32)-36)

Figs. 2-4.

for 7 p—T p and - p— Tp are displayed in

Also displayed is doﬁg/dt, calculated at 0° by means of Egs. (17)-
(24):> We recall that d.eﬁydt takeg the game value at 180° as O, and
we give it the same value for 1T+p and TT p elastic scattering 3?)0 Thus

daﬁydt is the same for all cases in Pigs. 2-4.

The peaks and dips in the data of Figs., 2-4 are traditionally interprcted
in terms of individual {high J)} resonances interfering with a smooth back-
ground., We are proposing a somewhat different interpretation in terms of
numercusg overlapping resonances (quite possibly including the ones usually
suggested) with fluctuating level density and coupling strength. To show
whether the peaks and dips are commonly due to fluctuations in more than one
JP gtate, 85 required by our interpretation, conparable data at angles other
than 0% and 180° will be needed. Lacking such information, the hest we
can do in the present paper is to show that our interpretation is ccnsistent

with the existing data.

It is immediately clear from Figs., 2~4 that our interpretation is quali-
tatively consistent with the data. Through interference terms, the fluctuations
2dar'F/dt, and of

i)
de /dt. The experimental fluctuations are indeed of

in de/dt  are gxpacted to be of order ‘IO% when de~/dt=10
order 1% when de/dt=10"
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this order of magnitudes they are greater for the smaller cross-sectlons and

die away more slowly for dq‘fﬁ%ﬁ)/dtﬁds_2'5 than for "d6& (0°)/dt" ~ constant.

Te cite a further example, 0$Ot appeared smooth above lab. momentum p=3 GeV/c

(as expected from the 1O4dCTF/dt curve in Figs. 2 and 3) when measured with 1%

statistical accuracy 38), but exhibited additional small peaks in rtOt(']r+p)
at p=3.77 GeV/c and 6jot(17_p) at p=3.24 GeV¥/c when meagured with

39).

0.1% statistical accuracy This example illustrates an important point :

even though fluctuationg are especially small in ‘rtOt

, 1t is & good place
to look for them because it can be measured far more accurately than any

differential cross—-section.

Te show that ocur interpretation is quantitatively consistent with the
data, we study the correlation function. We need a slight generalization of
Eqs. {113-{13) to the case where the non-fluctusting part of the cross-section

varies strongl{ with E. The appropriate generalization taken from nuclear
is

40}-42
C = [=tE)- fsce>)"> | (26)
&xF G'SYEE)

5 .
whers o (E) ig a smooth curve drawn through the data. The curve is subject-

rhysics

ive, but constrained to have the same average as e‘(E). In practice we
always use a simple monotonically decreasing form for a‘S(E). The resulting
values of Cexp for elastic T p and 1f+p gscattering, backward and

forward, are displayed in Table IT.

Also displayed in Table II are theoretical values for the correlation
function. These are computed using the appropriate generalizations of Egs, (12}
and (13),

c'SCE):- c-c(E-)+ o*FfE) (27)

and

C = (O‘F(E))z-i— 2 o (E) - C(E)

(28)
*h (a‘F(E)-l- ~C(E))*
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Ag input we take the theoretical estimate of q-F(E) given by Egs, (17)-(24)

and the experimentaliy determined g-S(E).

The agreement in Table II betwsen th the computed and Cexp is
quite good; certainly as good as could be expected in the availabie ENCTEY
range 43). The important result here is not the agreement in over—all magnitude,

which could easily be adjusted by varying the imperfectly known parameters a,
TO and r_ . Rather it is the agreement with the non-adjustable featureg of
c - that ¢ is less for larger de/dt, and decreases rapidly with

th th
energy - which establishes the congistency of our interpretation.

The average width r- can also be estimated from the data, either by a
correlation function method 5), or by the number of maxima per energy interval 51
or crudely from the width of an averagc fluctuation. The results are not
congistent encugh to yieid a definite wvalue for r- sy but agree on placing it

in the range r- < 175 MeV.

To distinguish our interpretation from ons in termg of individual
resonances, comparable data are needed at intermediate angles. 4in irdividual
regonance interfering with a smooth background gives a definite angular depend-
ence, whereas in the fluctuation plcturse the peaks and dips in the energy
dependence at intermediate angles are not simply correlated to those at o
and 180°%. With regard t0 repeating the fluctuaticn analysis at intermediate

angles, the following practical points are worth noting :

i) data at fized t or U =are praferabic to data &t fixed 8 Teczuse

AC varies much less rapidly at fizxed 1t or u.

ii) to analyze the data, one needs the dependence of 4 e (8)/dt on 9, waich
is related to the J dependence of the level density. The J depend-
ence Lr the statistical bhootstrap model is not known unigquely at

44), but we can obtain a crude estimate of dc‘F(Q)/dt by

present
assuming the fluctuation amplitude ig ths same for all ¢ < RpcM and
zero for £ > RpC‘ where R is the interaction redius. Weglecting
spin, we write 45
Gﬂ_o—F(a) Zj PL(CQ:G) OLO'F[ )
et T
AL
> 1 i

deo




For examp-e with the choics Emax= pCM/EOO WeV/ec evaluated at labora-

. . ; —_— ; :
tory momentum 5 GeV¥/c, we find the curve de /dt shown “n Fig. 5.
b
/

46

Comparing this curve with the exverimental points s We ncte that

Tlaciuavions should be espseially large at intermediate angles where
_ : . <t minignn 47)
tle cxperimental de/dt has its winimum .

Anotner possible interpretation of the dats is that the peaks and dips
are the reszult ol exciting “"giant resonarces™ — rcsonances which have wave
Tunctionsz closely related to the ground statc wave funcilon, and are therefore
connected tc thne ground state by sspecially large matrix elemsnts. In nucslear

Lysics riant rcsonances are readily distinguizhed by several criteria
Py s £ ¥ ¥

i) they kave vthe full singlie-particle width ol order 1 FeV, instead of

the much narrower width characteristic of most nuclear levels (Section 3).

ii) when studied with good resolution they break up into meny narrow peaks;
this is interpreted as a sharing of the methemstical state which has

the large metrix element amcngst many physical states.

Neither of thege eriteria would ve likely to apply to giant hadron resonances,
since normal hadron resonances already have a width of order mwr 48). Thus
giant hadron resonaxces wouid look much like other resonances, except for g
specially large branching ratio into the ground state, and one might interpret
the peaks and dips 1n TH seattering in terms of giant resonances, This
interpretation can again be distinguished from the statistical picture by its
sirple predictior for the angular distribution {even If the N"aiant state™ is
ghared among severzl physical resonances, they will all have the sane JP and
tkus fhe sarme angular dependence}g Another test is provided by the branching
ratic into the grournd stste; here too the angular dependence comesg in since

irterpretatior ol the brerching ratico is sensitive to J.

Liet us close this subsection by reviewing to what extent we have accom~

plished ocur original goals

a) One goal wss to use Brieson fluctuations ag 2 practical tool for deter—
minicg f)(E}o It turns out that this toci is not very precise, even
if *thc altsrnative interpreiations of the data can be eliminated. The
underlying difficuity is that not more than one fluctuation oceurs in an
energy interval cover which P (E:l changes by 2 (iae., r Ad kTO, the
sane condition whick made it difficult to study statistical flustuatioss
iln 1he separable resonance region). A scecond problem is that the predicted
:ieEYdt Tallg so fast +nai the fluctustions can be follewad onlwv throush

a relatively narrow snergy range [for exanple, we estimate that ithe search
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of Allaby et al. 27)

16.9 GeV/¢e would have found no fluetuations even if the pp channel had

the same drF/dt as the Tp chkannel L:lo

in pp escattering at the relatively high momentum

b) The other objective, of establishing that Ericson fluctuations oceur where
required by the statistical model, has been partially attained. We have
given a precise criterion for where they should be, and in the best avai-
lable cage the data are roughly congistent with our picture. There are
competing interpretations of that data, but further tests are possible.

6.2 AF in the abgence of coherent terms

We now turn to reactions with small AC. Less data are availlable for
such reactions but they are nevertheless important because of the prospect of
especially large fluctuations when <dg~/dt> is near its minimum possible

value 4 rF/dt.

To Tind exampleg of small AC, we look at resctiocns where only exotic

exchanges are prescnt, such as
K™ p—> K™+ P (z0)
and

F+P—-‘-)‘F+P {%1)

at small u. Here Ac congists of Regge cut contributions plus possible

exotic Regge pole exchanges, both of which may be quite small. Indeed,

-10 -bﬁ)

deo/du typically falls like s (or, as we shall suggest below, e

in sucn cases.

49)

For the particular case K p—X p at u=0, Michael has estimated

that tae Regge cut contribution is less than the experimental de-/du at

laboratory momenta less than &= 5 GeV/c. Above 5 GeV¥/c, the Regge cut term,

falling only as 5—3 compared to the more rapid decrease of the lower energy

cross—zection, is expected to dominate. The existing data 50)-52) and

Michael!s estimate Tor the cut contributicn are shown in Fig. 6.

Michael's interest was in finding the Regge cut term above 5 geV/c.
Our main interest is in the region bzlow 5 GeV/c where this form of eoherent

term is relatively very smali. Of course the data may still be dominated by
—1
[ACIQ ~ 8 0 corresponding +o an exotic Regge pole exchange with of &~ -4.

; b3
But it is aiso possible that the dominant term is |a¥|% ~ &%, i.e.,
"oompound elagtic =cattering" (tne incokrerent part of the sum over direct

channel resanances) with a Hagedorn spectrum.
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Thig possibility can be tested in several ways :

one can predict dePF(1800)/dt in the same manner as for v
scattering, and compare it with the data. To carry out the prediction,
we uge the statistical model estimate of Hamer and Frautschi 15) that

the level density is about the same for strange baryons as for nucleons,

/0 (w) o~ () . (52)
B= 1 S=—l) Q=0 5’.—..;} S =0, Qz=e

The expected fluctuation level is somewhat different because the part
of the total crogs—section coupled to direct channel resoconances
[cﬁet(E)- Q?Otfw Y] and the kinematic relation between laboratory
momentum and ECM change from wp to K p scattering. Calcula—

ting these well-defined effects, we estimate that
,;J;g_'F(K’p-b I('P)= 12 al_._o'Ftvr“P—w"p) (33)
dt d+t |

at each value of © and laboratory momentum. This estimate, as shown

in Fig. 6, is quite close to the data.

At & given energy, the angular dependence of tirjkG)/dt [és gstimated
from Egs. (29) and (33I} can be compared with the data to find the range
of u over which da'F/dt ig important. For example at 5 GeV/c

(Fig. 7), da—F(G)/dt is a large part of the experimental cross—

52) from u=0 to u=-3 GeVo. At p < 2.5 GeV/e 50) the near
ecquality of de-'/dt with the data holds only at 180°; away from

section

o . . .
180 the experimental cross-section generally increases whereas

quF/dt decreases.

The crucial test would be to measure de-(1800)/dt with good accuracy
at small intervals over a broad range of energies, as iIn the backward
R ¢ measurements of Kormanyos et al. 32), and look for fluctuations.
Large fluctuations are expected in our theory since dc'F/dt ig so
close to de=/dt. It must be admitted that no fluctuations are visible
in the present data below 2.5 GeV/c, but closely spaced measurements

over = broader range of momenta are needed to settle the guestion 43}.
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Similar comments should apply to a number of other exotiec reactions

such as backward pp —pp and backward pp—KK. It would also be interesting
to study in this spirit the low sgnergy behaviour of certain non-exotic react-
ions such ag Pp— N W and forward pp—ZK which behave like de=/dt ~ &~ 10
below a certain s, after which de=/dt takes on the weaker = dependerce
characteristiec of Reggeized baryon exchange 53). Jote that if rapid variation
of der/dt over a range of low s in these reactions indicates the dominance
of ]AF’Q, this tends to justify Hamer's use of purely statistical analyais
for NN annihilation at threshold, and suggests the extent of the energy range

over whick such an analysis would continue to give a good description.

6.3 Overview

Our general picture of reactions possessing direct channel resonances

is ¢
. . . £ - .
i} isolated peaks at low centre-of-mass energies (single resonance region);
ii) fluctuations at intermediate energies (overlapping resonance region);

iii) smooth energy dependence of de=/dt at kigh energies (overlapping
resohances so numerous that fluctuationg are small). For channels

with & high threshold, region i) will of course be absent.

Qualitatively this picture is quite conventional. What we have added
is a definite guantitative criterion for the onset of regicn ii) in a partial
wave amplitude (resonances with the same B,3,8,J4.c. start to overlap in the
Hagedorn spectrum) and a definite guantitative criteriom for the dying away

of fluctuations.

These criteria depend on a specific model for the level density - that
of Hagedorn. Is it possible that our general ideas about fluctuations are
correct but nafure has chosen a different, more slowly growing level dengity 7
The partial answer we can give at present iz that the reactions we have
analyzed in detail, Trip and backward K p elastic scattering, cannoct be
understood in terms of fluctuations on a smaller number of overlapping reso-
nances N. If alternative explanations apply (e.g., giant rescnances in 7rip
scattering, exotic exchange in Kup-ﬂpK_) then d.cjydt iz even lower and

¥ is even greater than our estimate.
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FIGURE CAPTIONS

Figure 1 de/dfh for p+56Fe—'p+56Fe measured in steps of 2-5 keV

around 9.4 MeV Ecaken from Ref. 26E| .

Figure 2 : Comparison of data on T p— T p at 180° and 0° with
the theoretical crosg—-section drF/dt at which fluctuations
would reach 100%. The experimental values for de={180°)/dt
are from Ref. 32), "dr(Oo)/dt“ iz calculated from data of
Refs. 73) and 34) with the aid of Eqe (25), and de /dt is
calculated from Bgs. (17)—(24) of the text.

Figure 3 = Comparizon of data on 'rr+p—' 1'r+p at u=0 and 0° with
de-'F(OO)/dto The experimental values for de-{u=0)/dt are
from Refs. 35) and 36), and "dr(OO)/dt“ is calculated from
data of Refs. 33%) and 34) with the aid of Eg. (25).

Figure 4 1 ¥ elastic scattering : comparison of '"dr(OO)/dt" for
I=1 exchange and I=0 Regge exchange Ezalculated from data
of Refs. 33) and 34)] with de='/dt.

Figure 5 = Comparison of the differential cross—-sections for wpo TP
and oo m'p at 5 GeV/c [Ref. 45]] with de(e)/at
Eeatimated according to Eqs. (29)]0

Figure 6 @ Comparison of data on K p—K p at 180° with dcr'F/d't., The
data are from Refs. 49) (p < 2.44 GeV/e); 50) (3.55 GeV/c);
and 51) (5.0 Gev/c). de-/dt is calculated from Eq. (33) of
the text.

Figure 7 : Comparison of the differential cross-sections for K p—K p and
Koo x*p at 5 GeV/c [Ref. 511 with de (8)/dt [estimated
according to Egq. (331].,
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