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REGGE RESIDUA, FORM FACTORS, AND COMPOSITE PARTICLES

R, C. Arnold and S. Fenster,

High Energy Physics Division
Argonne National Laboratory
Argonne, Illinois 60439

INTRODUCTION
1.1 The Van Hove formula
It was observed by Van Hovei) in 1966 that for small l t| , the
relation
st~ Logon® (1)
S = o

for proton-proton scattering is apparently very well satisfied experi-
mentally. He gave a derivation based on a quark model, wherein both
the strong and electromagnetic interaction amplitudes of the quarks
were assumed to be slowly varying with t compared to the variation of
the structure factors. This picture is quite analogous to the deuteron's
properties. We will refer to (1) as the Van Hove formula, to empha-
size the small mbmentum transfer spirit in which it will be regarded
in this work. 2) |

In Figure 1 we present the right and left sides of relation (1),

3)

using data for proton-proton scattering at 20 GeV/c, ~/ and the proton

magnetic form factor G 4) The agreement is very impressive for a

Ml
strong interaction dynamics result.

1.2 Regge pole residua and form factors

We wish to explore the significance of a relation such as (1)
(generalized to other hadrons, as well as nucleons) in the context of
the analysis of singularities in the angular momentum plane of high

energy scattering amplitudes. In particular suppose that a Pomeranchuk



(2]

Regge pole, with a(0) = 1, is responsible for the high energy asympto-
tic behavior at small |t| of elastic scattering amplitudes. Then if the
Van Hove formula is to be satisfied, this pole must fxave the following
two properties:

(a) a(t) remains very close to 1 for the range of t under consider-
ation (i.e., the pole must be fixed, or nearly so);

(b) The pole residue B(t) must have factor.s proportional to the
electromagnetic form factors of the hadrons to which the
pole couples, e.g., BiZ(t) ac GEl(t) GEz(t)’

Property (a) is necessary if do /dt is to become asymptotically a

function of t only for the range of.t under consideration (e.g., | tl <
.50 GeVZ); property (b) then yields the relation (1) since

do 2a(t)-2
—_— - S
dt

S = 00

[B®)] % .

A natural question to ask is this; do all the other Regge poles
(e.g., P, w, AZ’ . « +) have residua given in such a way by the elec-
tromagnetic form factors? We will consider a model wherein this can
be answered; we will also be able to discuss corrections to the Van Hove
formula, and whether all corrections die out for large enough energy.
We also show in the model that relations such as (1) hold even if t}}ere
are singularities near a = 1 other than poles which dominate the asymp-
totic quark-quark scattering behavior.

1.3 Outline of model

We consider the known low-mass hadrons to be composed of
three quarks (baryons) or quark and antiquark (mesons). To simplify

5)

the discussion”’ we will later take a meson mass around Mww .80GeV

and baryon mass around Mzm 1.2 GeV; this will permit us to intro-
M

duce quarks of mass M slightly above __® (e.g., .42 GeV) and ulti-

mately consider a moderately weak-binding limit. 6) 'wae_ver, the

initial discussion is independent of these details.
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The Regge poles, and other singularities in the £ plane, will be
introduced as singularities in the QQ - QQ t channel.

The QQ, QQ scattering amplitudes at high energies and Q form
factors are to be input quantities from which we derive the hadron
properties using an approach which is essentially the impulse approxi-
mation generalized to the complex angular momentum plane. In prac-
tice, the QQ Regge pole reduced residua are taken as constants over the
t region of interest (|t | < .50 GeVZ), and the trajectories taken as
straight lines passing through known resonances in the J plane. The
formulation of the model relies on analyticity and unitarity rather than
nonrelativistic ideas.

Assuming the t channel in hadron-hadron scattering is dominated
by QQ states, corresponding to the picture of hadrons with a quark
structure, a coupled channel N/D formulation for amplitudes in the
t-channel at complex angular momentum is constructed, continued
when necessary to binding energies for which anomalous thresholds
appear. We will find that near each singularity £ g in the 1 plane where
the QQ or QQ scattering amplitude A1 1(1 ,t) has an infinity, the (had-

ron)j-(hadron)k scattering amplitude A, can be factored into 3 terms:

jk
T
Ajk(l ,t) = [ Dij(l s t)] A“(I , t)Dik(I & t) (2)

for £ near {4 g where the D, . contain the structure parameters of

hadron j, (The transpose not;tion refers only to spin indices, when
present.) This generalizes the Van Hove formula, which is obtained
from singularities with £ =1, as Dij(i’ t) is closely related to the
electromagnetic form factor of hadron j, the two coinciding when the

quark form factors are constants.

. TRIPLE FACTORIZATION AT SINGULARITIES

Consider the elastic scattering of hadron j on hadron k, in a sys-
tem composed of hadrons and quarks. We define a suitably normalized

scattering amplitude Ajk(l ,t), whose relation to differential cross-
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sections will be specified later, to be obtained from an N/D formalism

(with proper threshold and analytic properties built in) as:

ALt =N, oR e, (3)
where D has only a right hand (unitarity) cut in t and )N has only left
hand or anomalous cuts. Let channel 1 be Qa, and let pj(I , t) be the
phase space for channel j with appropriate threshold factors. We fol-
low to a great extent the approach of Blankenbecler, Cook and Goldber-

ger, 7

who treated Regge poles in a coupled channel formalism includ-
ing composite particles. The unitarity condition, keeping many
coupled two-body channels, imposes the relation

0

1 dt!
B0 =33 [ e oo e, ) )

where p is the diagonal matrix of phase space factors; 4M2 is the
lowest normal threshold, (The lower limit will be extended to the
anomalous threshold when the continuation is performed to obtain weak
binding. )

The input quantities for this formalism can be taken as,‘E(l , t),
the left hand or '"dynamical" contributions to the amplitude, represent-
ing a generalization of the Born approximation for processes such as
j+ ? - k + k in the t channel. The N function satisfies a linear integral
equation whose kernel and inhomogeneous term are determined by B,
The hadron structure information is contained in the B1j's in a way
well-known from deuteron theory. 8) These functions arise from the

partial wave projection of the following graphs:

Q
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These contain the wave function of hadron Hj as a composite of quark
Q with state Zj. In the meson case we take Z to be Q, whence for

mesons

I (u) ,
J
where u is the square of the invariant momentum transfer between Q
and Mj.
The vertex functions I"J.(u) now are essentially the wave function
[ of Mj as a bound state of Qﬁ] in momentum space divided by a factor
representing the bound state pole. 8)
In accordance with the idea that hadron reactions at high energy
are mediated by Q interactions, we postulate Bjk
k = 1 (absence of '"direct'" hadron-hadron potentials). However, B11 is

= 0 unless either j or

assumed arbitrarily strong. Now we make the following observations:
(4) If the vertex Fj refers to bound state wave functions which

vanish rapidly enough at small distances, B, . will drop off rapidly with

1j
increasing t.

B) Since the hadron masses are assumed appreciably larger than

the quark mass M, 4M2 is the lowest normal threshold. [ In the weak
binding configuration the anomalous threshold will be t0< 4M2. ] Thus
the thresholds tk(k > 1) which define the support of p K will be high,
and presumably in a region of t where Bij is small,

(C) We assume the singularities in B, , are at high mass (short

11
range QQ forces).

As a consequence of (A), (B) and (C), we can (for j, k # 1)

approximate N j by B, .; and further, Dj and (Djk-i) for j, k # 1 will

1 15’
have magnitudes much less than D

1

15 so we can ignore the former two

classes of terms in computing D'i. We obtain an upper-triangular
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form for D, with only the top row and diagonal elements nonzero, and
all terms but D1 ¢ on the diagonal are unity. This yields a determinant
equal to the determinant of the (1, 1) channel only, i.e., quark-antiquark
dynamics determine the pole positions (zeros of det D). ‘The form of

D-1 is the same as the form of D, with (D'i)11 = (D“)'i, and (D-1)1j=
-1

-(Dyg) Dy

The meson-meson scattering amplitude, computed using these

expressions, can be written in the form:

Ak = ’(N1j)TD1k+ (Dij)TAlile (5)
where the transpose notation refers only to possible spin indices in the
channels specified by the explicit subscript notation. [ In obtaining this
expression it is necessary to use the proof of Bjorken and Nauenberg9)
that a symmetric input B (as we assume) necessarily yields a symmet-
ric. ] At any singularity of the quark-antiquark scattering amplitude
.A“, e.g., poles (or branch points yielding an infinity) in the £ plane,
the second term dominates yielding equation (2).

For later reference, the amplitude for t channel annihilation of
mesons into quark and antiquark is given by:

AiijijiAilDij (6)

The second term in (5), which gives the contributions for QQ

scattering singularities, is generated by diagrams of the following

form:
Mk Mj
Mk = M,
J
Note that these diagrams are exactly those given by Van Hove“ in his

derivation. N
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The first term in (5) can be shown to be generated by the box
diagrams (since the imaginary part of this term is N+p N, which is the
imaginary part of the box):

M
My =Y

Mk MJ
A similar explanation can be attached to the two terms in (6); the sec-
ond involves QQ scattering, while the first is just the Born term.

For our particular case involving QQ states with spinvl/Z
quarks, it can be shown that the first term in (5) contributes an asymp-
totic term in the meson-meson s channel scattering amplitude of order
s"1 compared to the Pomeranchuk singularity, and can always be ig-
nored asymptotically.

The expression (2) now exhibits a form of relativistic impulse

approximation, since D, . is calculated directly from the wave functions

1j
of the hadrons through Fj.

. FORM FACTORS

Let Gj be the jth hadron form factor (set of Zsj + 1 form factors,
if hadron j has spin Sj)' Then using coupled channel unitarity, writing

G as a column matrix with elements Gj’

ImG(t) = AT(1,t)p (1, t)G(t) | (7)

We assume only QQ states aominate the absorptive parts in the
t channel for all processes, as in scattering. In addition, unsubtracted
dispersion relations é.re assumed for the form factors. Using the
expressions (6) for the relevant amplitudes in (7), and noting that
ImD = -p N, we can obtain

T
Gj(t) = [Dlj(l,t)] G, (t) (8)
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exhibiting the factorization of the jth hadron form factor into products
of quark form factor [ presumably dominated by vector meson poles,
where det D(i,t) = 0] and structure factor Dij(i’ t).

Now (8) together with (2) imply the Van Hove formula if G1 and
the residua of A11 are constant; but a correction is obtained to the VH
formula in general which depends on the relative t dependence of the
strong and electromagnetic properties of the quark. This faithfully
reflects the physical assumptions implicit in the simple derivations
given originally. 1 The empirical data on high energy scattering shown
in Figure 1, together with the form factor data, suggeét that this cor-
rection must be unimportant in fact.

The relation (8) has another consequence. If the normalization
appropriate to charge. conseryation is chosen, then GiE(o) = Gj(O) =1
(here, E denotes the quark electric form factor).

Taking j to be a meson, the condition Dlj(l, 0) = 1 implied by
these relations can be interpreted as imposing a condition on the mag-
nitude of the wave function normalizations, or I'" functions. It can be
shown that in the extreme weak binding limit this condition is identical

0)

to that of the zero-range model of Freund and Predazzi, ! and thus
our model contains theirs as a special case.

The condition that Dik(l, 0) is a universal constant for all had-
rons guarantees the retention of universality and symmetry properties
as in a nonrelativistic bound-state quark model, but (strictly speaking)
only for singularities near £ = 1 such as the Pomeranchuk singularity.

Now our theory of Regge residua in general can be stated as
follows: Let the vertex function I"j (related to wave functions of hadron
j) be parametrized with any number of parameters; e.g., a sum of
poles (cf. Gourdin et al., Ref. 8), leading to a sum of Legendre func-
tions for.Blj. These parameters can be determined (in principle) by
accurate enough measurements of the electromagnetic form factor

Dlj(i, t). Then the expression for B, . exhibits explicitly the dependence

1j
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on £, from which we obtain D, .(£ ,t) at the position of Regge poles (or

’ 1j
cuts) in QQ scattering amplitudes A“(l ,t). The meson-meson residua
then are obtained from equation (2).

We will explore the consequences in detail of a zero-range

approximation for I' which contains only one parameter: the binding

energy of the QQ pair constituting the meson.

. STRUCTURE FACTORS AND CONTINUATIONS

4,1 D functions (structure factors) for meson residua

The reaction MM =QQ for spinless mesons and spin 1/2 quarks
can be described with two invariant amplitudes, A and B, as in 77 -
NN. The latter reaction has been discussed extensively by Frazer and

|

Fulco“) and by Singh; 2) starting with the normal-threshold (tight
binding) case we can carry over their kinematics directly to MM - QQ.
If A is the absolute value of the sum of quark and antiquark helicities
(A =0or1), Bi/}»are the appropriate parital wave projections (with
threshold factors extracted), and assuming A = 0 [ as we have only a
positive parity spin 1/2 pole as in 7T - NN] , from ref. (12) one
obtains:

0 -4 .

B,.(£,t)= (pq)” [duzQ,(Z)disc_B(u,t)

1j . f3 u ’
. (9)
B! (£,t) = -1-(pq)-1 f du[Q (2)-Q, ,(Z)]disc_B(u,t)
10 2 : , £ +1 1 -1 T u ’

and
2 2
Z(u)= (u+p +q)/2pq;

2.1/2

p=(t/a-pd)2 ) q= (/e -MH2.

Now if the zero-range approximation for the wave function is used
(T" constant), the discontinuity is concentrated only at u = MZ and we

obtain 0 2 1

(10)

J
Bl (0,0 =T2pa) ' [Q,  (2)-Q, (z)]/2
S AL 1 +1'%07 T =1-1'%0



[10]

where Zo _ (MZ . pz . qz)/zpq .

In the general case we can parametrize I‘2 by a sum of poles, 8)
and the resulting B's will be sums of terms of the form (10). The
continuation in angular momentum (in the normal threshold case) is
now simple, since the Q functions are analytic in £ and damp out at
infinity sufficiently rapidly to insure uniqueness via Carlson's theorem.

For practical applications, instead of using a multi-pole form
for I" which naturally damps out at high t we will use a zero-range
approximation as given in (10), and after the D functions are expressed
in terms of these B's, the masses continued to the weak binding region
and the dominant anomalous threshold contribution exhibited, the t

3)

region above the normal threshold will be dropped. t The explicit
form of the elements of the channel 1 phase space matrix, chosen to
take into account the normal threshold behavior of the partial waves in
the t channel and the analytic properties at t = 0 of the helicity ampli-

tudes, are:

24 +1
+ _2[q(t)]
24 +1
- [t 2[ q(t)]
Pyl )= {— Nt

4M

Finally, the result of the above continuation (keeping only the anomalous

region) is:

+ 2 2 am° dt'q’ 2
Dj(l,t)=I‘J_- T 't[ mzo(t')%[zo(t'ﬂ (q'/p")
0
2 (11)

4
s w2 1 dt'q’ , ,
Py,e=Ty- 5 t{ ety o1l - Py 412401}

x (q'/p')t (¢'/4M2y |

where Z
t, = ”2 am? - p?).
M

[ The notation (+) has been introduced instead of A= (0,1). ]
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For M = . 425 GeV and p = .80 GeV, t_ = .29 GeV; this gives

roughly the same binding energy as Freund an(c)i Predazziio) obtain to
fit the coupling constants. With this set of masses we obtain (assum-
ing a constant quark form factor) a satisfactory fit to the pion form
factor Fﬂ (t), as shown in Figure 2, taking F“IT from the VH formula and
high energy 7 p scattering data. (Also shown in Fig. 2 is the empirical
proton form factor GMp’ which drops off somewhat more rapidly, illus-
trating a probable difference in structure between proton and pion. )

With the same masses, putting { = a, (t) >~ .5+ 1.0t, we find
D+(1 ,t) from (11) to be comparatively flat for l ti < .50 GeVz, and D~
remains small compared to D+. These D's, for P exchange (e.g., in
charge exchange reactions), are shown in Figure 3. (The relative
normalization between Figs. 2 and 3 is significant, but not the absolute
normalization. ) If the binding energy is much smaller, one obtains
similar behavior for the form factors and the residua. This is illus-
trated in Figure 4, where the value M = .41 GeV is used and the p*
calculated both for £ =1 and £ = ap(t) (arbitrary absolute normaliza-
tion).

The qualitative behavior of these functions can be seen from the

expressions (11), For very smallt_, the integrands are sharply peaked

o,
-1/2
at the lower limit from the (t!) / factor. At the lower limit, however,
Z0 = 1 and there is no variation of the PI factor as £ changes. Near

t' = 0 the factor (q'/p')l becomes (M/p )1 , which changes by only 40%
when £ varies over the range 0<{ <0.5 [ as ap(t) does for Ift| <.50],
and is significant only for precise symmetry considerations. The D's
therefore differ only slightly for £ = ap(t) compared to £ = 1. At the
same time, we find ID-I << I D+| since the integrand of D  vanishes
at the lower limit. As the binding energy is increased, the contribution
of higher t' becomes more important; the £ dependence becomes sig-
nificant, and D+ does not dominate so much over D .

It may be noted that expressions (10), inserted in the D integrals
before continuation, are just the lowest order (QQ intermediate states)
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expressions for the vertex functions of a spin £ elementary meson
coupling to spinless mesons, with constant vertices in the triangle
diagram.

4.2 Effect of quark properties on meson residua

In order to compute the Regge residua in meson-meson scat-
tering, given the D functions, we must assume some properties of the

channel 1 (QQ) scattering amplitudes A If we assume slowly vary-

11’
ing reduced residua in channel 1, which have similar spin-amplitude

ratios for each pole, we can relate the A, , residua to the electro-

11
magnetic properties of the quarks, e.g., magnetic moments. In this

case we can write, near each pole under consideration,

1/2 1/2

T“(l,t)s Py A“(I,t) Py =(31(t)/[£ - a(t)] (12)
A A Cami v
where a(t) is the.pole trajectory in the £ plane, and ‘[31 is essentially
4

constant. (We neglect signature here.)
Since residua factorize in helicity indices, we can express
as:
B, as

A

2
Yy YiYp

»
—
[

2
If we examine the unitarity equation (7) for the quark e. m.

form factors, near the lowest vector meson pole (assuming it dominates

the quark form factor), we find that

G, _(0) Y2
G40 v

This relation connects the magnetic moment to charge ratio of
the quark with the residue 61 appearing in hadron residua, through (2)
M.
- and (12), leaving only an overall normalization factor independent of

s or t.

If the quark is pure Dirac particle, i.e. with no anomalous

magnetic moment, then G_(O)/G+(0) = 1, We find then the contribution
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from terms involving D™ in meson-meson scattering are quantitatively
- +
unimportant because | D | <L | D I for moderately weak (~ 50 MeV)

binding; e.g., for p exchange

v

‘ + +
[Bp (1:)]jk = D, [mp (t), t] X Dk[ap (t),t ].

In particular, from Figure 3, this means the (p TT) vertex
should be slowly varying with t compared to typical electromagnetic:
form factors. If we assume a similar situation holds for the nucleon
vertex, then we find agreement with phenomenological analysis14) of
T p - Tron, wherein constant residua give a good fit for | t| < .50 GeVZ.

We remark again that the same model leads to a Pomeranchon
residue which (on the contrary) drops off sharply like the electromag-
netic form factor (cf. Fig. 2), as suggested by the Van Hove formula,
(1).

At this point it is appropriate to record the connection between

differential s-channel meson-meson cross-sections and A__,. If

22
do 1 2
(-E?Z—D = -S- I Fl , then
22 f
a; T 1 + exp(-iTa)
F (s/sy) [D"(a,t)B, Dla, t)](2a + 1) ‘: —a (13)
S =
for each pole, where we have restored the signature factor; B is the
15 —

scale factor ) appropriate for QQ scattering, presumably in the

2

neighborhood of 2M .

4.3 Baryon vertices

Since the baryons are assumed conventionally to have a three-
quark structure, the formulation of the vertex functions and their
relation to wave functions is not such a well-known procedure as with
the mesons. Consequently, we cannot rely on previous work and we
will only treat the baryons in a simplified way, which is similar to the

mesons.
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Guided by SU(6) baryon wave function symmetry with all quarks
in relative S-waves, we s’uppose that when a baryon emits a (virtual)

16)

quark the remaining part (QQ state) A has 1+ or 0+ quantum numbers
only, and the (AaB)coupling has the simplest possible, i.e., non-
derivative form. Then the kinematics for BB — QQ resemble those in
NN -YY with scalar and axial vector exchange with non-derivative
coupling. This case can now be treated with the formalism of Chan, 7
who considered exchange of Regge and elementary poles in NN - YY.
In a zero-range approximation for the (AQB) vertex, we obtain
a pole structure (similar to the meson case) for Chan's invariant ampli-

tudes F1 and F4, yielding with normal thresholds

3
[Py Bislyy=C Q0 2,(1)]

J

[P B3l yp = C 4251 2,10
where ZA(t) = (MZ + q2 + nz)/(an); C1 and C4 are residua;
and Le 1313] L 1313] 21 = °
where (in all the above) channel 3 refers to N—1<I, n2 =t/4 - M; where
MB is the baryon mass, and the seconii)set of subs¢ripts refers to
helicity indices as defined by GGMW.
Finally, inserting these in the expressions for [ D13] ik and

analytically continuing in baryon mass (and/or A mass) to describe

weak binding, keeping only the anomalous region, we obtain:

[Dy3lyy = CyDotst)

[Dy3]5, = C4Dost)
and

[D3]12—[D13]21 0

where

Dolt, 1) = f ﬁ_— SOEAER

The lower limit ta is that value of t which makes ZA = +1.



[15]

Since both spin terms have the same t-dependence in this approx-
imation we see immediately that both the electric and magnetic form
factors of the nucleon have the same t-dependence, in agreement with

expefiment. Furthermore, the qualitative properties ( £ and t depen-
+

12
discussed, leads to satisfactory agreement with 7 “p charge exchange

dence) of theseABi3 are similar to those of D, , which, as previously
data, as well as yielding the Van Hove formula for TN scattering.

The residua C1 and C, can, in principle, be fixed from electro-

4
magnetic properties of nucleons. However, we see that such a proce-
dure would lead to a ratio of helicity-flip to helicity non-flip which is
independent of the trajectory; this is undesirable, since the ratio as

9) than that of the static

. . - 0 . 1
determined in T p = T n is much larger
nucleon properties, i.e., magnetic moment. This means that our
simple baryon model is not quite adequate to describe the details of

the accepted phenomenological residue fits.

CONCLUDING DISCUSSION

The central point of our model has been the generalized impulse
approximation formula (2). This equation follows from one-channel
dominance for exchange processes and one of the following assump-
tions: (a) spin 1/2 constituents and asymptotically high energies, or:
(b) dominance of singularities above £ = 0 in the £ plane (usually
relevant at high energies) in the scattering of constituents. Such a
formula is already enough to obtain the Van Hove relation (1) when
diffraction singularities (near £ = 1) dominate, and constituents' form
factors and scattering amplitudes vary weakly with t.

To draw further conclusions concerning moving Regge poles one
needs additional dynamical assumptions. In particular, if moderately
weak binding is assumed such that the anomalous region (t0<t' < 4M2)
is most important in'the D functions (equivalently, in the form factors),
our general formulation allows a connection to be made between form

factors and residua, represented by equations (8) and (13).
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This assumption is not necessary if one is willing to parametrize
with sufficient freedom the input Born terms. Thus, using the general
form (9), one can use (2) together with (8) in the normal case, a.‘nd avoid
the assumption of anomalous thresholds (weak binding) altogether. How-
ever, in such a case it would be difficult to justify the one-channel
approximation.

When we specialize to the weak-binding case we find consistency
between: (a) Diffraction (Pomeranchuk) residua falling with t (like"
electromagnetic form factors) in agreement with asymptotic Tp elastic
scattering data; (b) Residua for p exchange varying slowly with t, as
indicated by ™ "p charge-exchange data; (c) Absolute value of strong-
interaction coupling constants, as computed by Freund and Predazzi, 10)
all with a binding energy of around 50 MeV.

Finally, we find that it is not possible to use a simple ZRA.and
extrapolate from t = 0 to the vector meson poles, as one wbuld like to

do in pole models. A more detailed model for the I''s is neéessary.
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Figure 1.

Comparison of Differential Cross Section for p-p elastic scattering
as a function of t at 20 GeV/c with prediction of Van Hove relation
(Eq. 1), using magnetic Sachs form factor of proton as representa-
tive electromagnetic form factor. Data sources are given in
references 2 and 3. The straight line is to guide the eye only.
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Figure 2,

Results of calculation for structure factors DT of mesons, using zero-
range approximation with M = 425 MeV and g = 800 MeV, evaluated at
!l =1. For comparison, the pion electromagnetic form factors F

and F'rr- are shown as deduced from small-angle high-energy 1T:tp scat-
tering using the Van Hove formula. Data sources are given in refer-
ence 3. Also shown (dotted line) is proton form factor.
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Calculated residue structure factors DT for the p trajectory,
ap (t)=.5+1.0 t(GeV ), with same masses as in Figure 2.
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Figure 4.

Structure factors D:t for M = 410 MeV and p = 800 MeV, both with
L =1and £ = ap(t).
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ABSTRACT

Special attention 1s given to the Reggeized helicity
amplitudes used to describe vector meson production. Sets
of amplitudes are presented which describe all trajectories
with natural parity and all trajectories with unnatural
parity whose G-parity restricts the NN channel spin to be
zero (e.g. Reggeized T exchange). These amplitudes have
the proper kinematic singularity structure and satisfy
certain threshold constraint conditions. Using these
amplitudes a comparison of Regge pole theory is made to
experiment for p production at 4.0 GeV/c and 8.0 GeV/c.

A short discussion is given concerning the information on
the number and types of Regge exchanges that can be obtained
from experiments using polarized targets. Predictions are
made of the effect of polarized targets on the decay

angular distribution of the p meson.

*Research supported in part by the Office of Naval Research and

in part by the Atomic Energy Commission.
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I INTRODUCTION

Recently there has been a great deal of theoretical
work done in the area of Regge pole theory. The advance-
ment of the basic theory to particles with non-zero spins
has enabled one to write helicity amplitudes in a way
which permits the angular momentum to be continued to
give Regge polesl’g. Detailed expressions for the

kinematic singularities of the residue functions and

threstold constraint relations between amplitudes have been
d3’4’5.

3

derive As the previous paper presented by J. D.

Jackson” has shown, these singularities and constraint
relations can easily be interpreted in terms of angular
momentum coupling rules. The threshold constraint condi-
tions for amplitudes remove the undesirable, apparent
kinematic singularities that appear in expressions for
cross sections and helicity density matrices if no con-
straints are imposed. It has been found also that the
remaining functions that parameterize the amplitudes can
be 1ldentified with form factors and that for values of
momentum transfer corresponding to the exchange of a
physical particle the form factors are given by products

I
of coupling constants .
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This paper 1s primarily interested in comparing Regge
pole theory to experiment for p production in 7N scattering.
Though experiments have not been done with polarized targets
we discuss the information about the types and numbers of
Regge pole trajectoriles contributing to a reaction that
can be obtained from such experiments and describe some
experimental effects on the decay distribution of the p
meson at 8.0 Gev/c that would result from using polarized
targets. Definitions of various symbols used in the calcu-

lations can be found 1n the appendix.

II ASSUMPTIONS AND EXPRESSIONS USED IN CALCULATION

Though the calculation is made for p production the
material in this section can be applied as well to w
production., The following sets of Reggeized helicity
amplitudes where obtained by assuming that the trajectories
couple to sense-sense channels and after inserting the
proper kinematic‘singularities demanding that the un-
normalized helicity density matrix of the vector meson
be free of apparent kinematic singularities in the physical
region of the s-channela. The resulting amplitudes can be
shown to describe all trajectories with natural parity and
for all trajectories with unnatural parity whose G-parity
restricts the NN channel spin to be zero (e.g. Reggeized T

and B mesonﬁﬁ.
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For natural parity exchange the indepengent amplitudes are:

1]
-1

B 2 ]“’NT s-u, %t .

Erom = 55 [a,0 + b, (t/4m-1) e Go)  ein 6,0/t
1 a-1 2
t+ ; .
= ¢clJ 2 T ,s-u Q
o4 = S &, t (licos et,zso G 3T (1a)
1 a-1 2

tv _ od 2, T' ,s-u a

£10-+ =5 a4 ¢t (1-cos et’Zso (250) 2at,
For unnatural parity exchange, the independent amplitudes "

are:

LT Smuy o )
f10|| =S a_ \zs )(ZSO) 2/5 a' sin et

| 1 . (1)
- a_

- _ o] 22 a2y xt 2 s-u

f001| S (aa_(bhnv mp )/Zmv + baT') e ot (230) cos Gt
o %"

where b_ = b.a + bo(l-a),

1
a, and b+ are analytic functions and sd is a signature factor given

by

el‘rr(J-oz)_1
sin T(j-Q)

= T (ctnm () 2+ i)

3 1
sd = L&

2 2

where j is the spin of any physical particle on the trajectory being
considered, and Q' is taken to be the value of the derivative of
a(t) at the lowest physical state of the trajectory. Q' is

included so that near t=mE2, Sj ~ (m;:,'-’t)-1 where oy is the mass of

the physical particle. Though there are no subscripts on j, @, or
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a' in general they will be different each trajectory con-
tributing to the reaction. The other amplitudes can be
obtained by using

_ A=
=-¢n"" fed;ab (2)

f-c-d;ab

Using Eq. (1) and (2) the cross section for physical
values of s and t can be easily calculated for the s-channel
reaction PN — VN. By construction the cross section and the
helicity density matrix for physlical s and t will nﬁt con-
tain any inverse powers of (t-4 mﬁ)l/?,(t-(mvt mp)2)1/2 or t.
Such terms are in general present in the cross sections and
helicity density matrix elements calculated from the ex-
pressions presently found in the literature.5’6’7 In the
latter two references it 1s suggested that the reduced
residue functions can be taken to be the corresponding
functions in the Born amplitudes. If this is done, can-
cellation of the coefficients of singular threshold factors
will not take place, since the factors of a for each ampli-
tude will differ in the physical region from their value
at t=m§. The latter two references also retain the function
(a+1/2)! 1in their expressions, which, according to the

8 should not be

arguments of Gell-Mann et al? and Wang
present. For sufficiently large s and for a trajectory with
a reasonable slope, it is possible for the poles of (a+l/2)!

‘to be in the physical region.
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As pointed out by Jackson9

the use of polarized
targets can be a very useful tool in studying particle
reactions. For example, by studying the effects of the
polarization of the target nucleon on the decay distri-
bution of the vector meson in the s-channel reaction
PN — VN, information can be obtained about the contribu-
tion from various single particle exchanges in the t- or
u-channels. Consequently 1t is useful to- compare the
effects predicted by the Regge pole model for a polarized
target to experiment.

To describe the decay distribution of the vector
meson we need to define in addition to the canonical
density matrix, which can be written in the physical region

of the s-channel as

c t t*
P, =N g; £ Y _ )
- mm ' moiTA m'o;hA (3)
the matrix pém by

~ 3 3 t t* ()
R Im[N _E dyp (%) A () £ _ g5 ]
AA! mo;7\7\ m 0;7\7\

where N 1s such that i p;m =1, Xy, is the crossing angle
for particle b given En the appendix and the t-channel
amplitudes, fﬁo{?%’ describing the reaction NN — VP are
listed in Eg. (1). Since all amplitudes for a given Regge

trajectory have the same phase, pém, will be identically

zero 1f only one trajectory is present.
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C . . .
In terms of Prm and pém, the decay distribution for
the vector meson can be written as

L2
Wl(Ot,B) = W‘i(a,ﬁ) - %’ﬂ_ P sin (D[(p]"_l-p_'.ll)mn a sin2p

(5)
+ ﬁ(piovp('n)sinZO: sinB]

. 2 . 2
+ %'rr P cos m{Zp(‘)o cosza + Zpil sin'Q - (pi_1+p:11)sm o cos2p

- ﬁ(pio+p61) sin2 cosp ]

where wi(a,ﬁ) and the decay angles, d and P are defined in
the paper by Gottfried and Jacksonmand w 1s the angle
between the normal to the production plane and the target
polarization'?'which i1s assumed for simplicity to be per-
pendicular to the incident beam.9

If one averages over the Treiman Yang angle, B, the

angular distribution is given by

2
1 i _3[.e ,3cos Q-1 ' 2 . 2 6
e j: Wl(Ot,B)dB— m[poo(——mz )+P cosa)(poo cos a+pi151n Ot)] . ( )

Since all amplitudes for natural parity exchanges in the
reaction NN — VP are zero for kv = 0, péo will be zero
unless there is interference between two trajectories with
unnatural parity. This means that if only one unnatural
parity exchange is present the contribution to the decay
distribution averaged over B will be(3/4w)P cosw pil sin2a.

This provides a simple experimental way to determine if
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more than one trajectory of unnatural parity contributes
to the reaction.

If one averages the decay angular distribution over

cos O, the distribution in the Treiman Yang angle, B, is

1
%IIW(G,B)d(cosa) = %ﬂ_r[l-Zpi_lCQSZﬁ - 2Psin w(p]'yl-p_'ll)sinZB
i (7)
+ 2 P cosw(p(')o + Zpil - (pi-l + p_:ll)c052f3]
=L

am_ﬁ.+2 P cosw(péo + 2pi1) -2 P sinw(pi_l - plll)sin25

- 2(9‘]:._1 + P t::oscn(p}"_1 + p_:ll))cOSZB] .

If the polarization of the target is in the production

plane, w=7/2, this expression reduces to

1 ' ' . c
Zvv[l - 2P(p1_1 - p_ll)sn.nZB - Zp]__1 cos23] (

Co
~—

- 21.7.;[1 - 2A cos2(p - q>)]

where
2
2 ‘ 2 2
A" =ppq tEp - plpp)
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and

. -1 ' '
@ =itan [P(pl-l - p_ll)/PE_l] .

This shows that the decay angular distribution fbr
P = +1 and -1 will have the same shape but since ¢ changes
sign they Will be shifted‘by 2¢ from each other.

To reduce the numbers of parameters in the calcula-’ 
tion we assumed that all trajectories could be described
by

=3+ a(t ~‘m§)
where j and mp are the spin and mass of the lower physical
state of the trajectory. We assumed a' = 1.‘0(:BeV/c:)'2 for
all trajectories, since the effects of using different
values of a' were noﬁ important enough to warrant thé use
of separate values., For conveniénce we set |

| 80 = NmNmNmpmv .
By setting a = and comparihévthe amplitddés giVén by
Eq. (1) to the known Born amplitudes? the functions
at s b+, bl and bo can be identified with coupling con-
stants. In the calculation we assume them to be constants
and identify them with kﬁownrcoﬁpiing conStants whenever
possible. This assumpftion 1s equivalent to assuming the

vertex form factors are constants.
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III p-Production at !.0 and 8.0 GeV/c

For the s-channel reaction 7rP —>ptP the important
t-channel exchanges should be the two Regge trajectories
passing through the m and o mesons. For the natural

parity exchange we took

j=1, mE =m ., OLC:) = 1.0 (BeV/c)’2

and
_ ' T
a4 = zso(fwmp/mw)(GNNw + GNNw)A/E
T
by = 28, (£, /m) Gy N2
While it is known that fiwo/ﬂﬁvvlo.B, the values of
& and Gu
NNw NNw are not very well known. We took
a /4r = 38,
b+/4W = 50,

which corresponds to
v 2 _
GNNm/4" = 11.6

T \4
G G = -
e O = 4 2
For the unnatural parity exchange, since we only consider

~
the 7 trajectory we took j = 0, mp =m_, al = 1.0(GeV/c)™"

45,

n

a_l4r
and

bp = 2 Gmmrgwwymw
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where

2
GNNW /4T

14.5

and

ngp2/4" 2.5 .

Figures 1 and 2 show the cross section and density matrix
elements as a function of t for incident m mementum of 4,2
and 8.0 GeV/c respectively. The data for both pt and p~
at 8.0 GeV/c are shown in Figure 2. There are no known
effects in the Regge pole model which can explain the dif-
ferences in differential cross sections for p+ and p~
production. There is a possible uncertainty of about 40%
in the values of the p+ data.

The calculated curves indicate that the vector con-
tribution is more important at 8 GeV/c than at 4.2 GeV/c.
This is essentlally due to the fact that the trajectory
of the w meson is higher than that of the 7 and conse-
quently the energy dependence of the amplitudes, sa, will

favor o exchange for large values of s.

In the forward direction, where coset = -1, the only
non-vanishing natural parity exchange amplitude varies as
T'(l-coset)s t whereas the unnatural parity

2)1/2 a't+av(0)

exchange amplitude f00+ s

+ varies as (t-4m

coset. Consequently the m exchange contribution will be

greatest for t near its minimum physical value. Since the
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. . . -1
value of tmin for inelastic reactions decreases as s for

large s, the relative contribution of the m exchange will
aW(O)-aw(O)+l/2
fall off as s

in the forward direction.
Consequently the values of pSO should be closer to unity
for t near tmin than for larger t. This effect can be
seen 1in the data where pgo decreages rapidly from uvnity
as -t increases from tmin'
Though the exchange of the m trajectory is necessary
for non-zero values of pgo, it 1s not necessary to have
vector exchange to obtain a value of pgo different from
unity. The amplitude f§6++ is not zero for Reggelzed T
exchange and permits pgo to deviate from unity. Since
f§6++ is proportional to avsinet, The predicted values of
Ipiol,lpi_ll and pil should all be zero in the forward
direction and increase as |t| increases. One way to
determine the presence of natural exchanges is to look

at the sign of pi_l. By using the parity properties of

C + |
amplitudes one obtains p;_, = N & f;o*ﬁx' fElO-ix*
10; ;
AR
AN fiet+ _ g2 t- 2 R
= N;i (-1) [ Llogxxl - 'f-lo;ikl ] where flqwx and

fga%x are t-channel amplitudes for natural and unnatural

parity exchanges respectively given by Eq. (1), the sign of
Pq_1 is negative 1f only unnatural parity trajectories with
G-parity such that A=A (e.g. Reggeized m and B mesons) are

present. Consequently the experimental data implies the
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presence of at least one trajectory with natural parity
or one with unnatural parity and G-parity for which the
NN channel 'spin is unity.

Another check on the presence of moré‘than one tra-
Jectory could be provided by polarization experiments to
measure pém,. The calculated values of pém,were found to
be slowly varying functlions of t. The average values for
p-production at 8.0 GeV/c were found to be:

6= [Tun % Ln
. -.08 .11 ~ 0

This implles that the significant contribution to the
decay distribution resulting from a polarized target will
be from the term proportional to sinw. Thus the effect
will be greatest if the polarization of the target is in
the production plané. Pigure 5 shows the effect on
the decay distribution averaged over cosad as given in
Eq. (8) for polarization, P, equal to +1 and -1. The
curves have been calculated for pg_l =,25 which is consis-

tent with -t> .05 (GeV/c)g. The values of A and ¢ are .30

and 16° respectively.

IV _CONCLUSIONS

The basic assumptionsmade for the calculation were:
1) the trajectories couple to sense-sense channels; 2) the
amplitudes contain kinematic singularlties and should
satisfy threshold kinematic constraints; 3) the functions,

that parameterized the solutions of the constraint equa-



-14~ [37]

tions, could be taken to be constants and identified when possible with
products of coupling constants; 4) the amplitudes satisfied constraints
at t=0 by evasion and thus nobconspiring trajectories were needed;

5) the trajectory, a, for any Regge exchange could be taken to be a
straight line of slope 1.0 (Gev/c)_2 passing through the lowest physical
state; 6) for p production it was further assumed that only m and
trajectories were important. With these assumptions reasonable fits
were obtained to the data for p production at 4.2 Gev/c and 8.0 Gev/c.
Since the experimental value of "go was non-zero, it was concluded that
n exchange was necessary. Similarly from the sign of p i-l it was con-
cluded that Reggeized m exchange was not sufficient and that an w exchange
must be included. It was observed that p;o would be zero unless at
least two trajectories of unnatural parity contributed. With the para-
meters used in fitting the data the values of phm' were calculated and
the experimental consequences were discussed. It was pointed out that
there were no known effects in the Regge pole theory that could explain
a difference in differential cross sections for p+'and p- productions.
It was noted that even though f10++ for Reggeized m exchange vanished at
0=0 and in the forward direction, that in general, for non-forward scat-
tering it would yield non-zero values of pio, pi_l and pil' This is
particularly important since the value of pio is identically zero for

natural parity exchanges such as w exchange.
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NOTE

During the conference at which this paper was presented,
D.R.O. Morrison reported that the cross sections have been
recalculated and now show a peak instead of dip at small t.
Whereas the previous data, being less than the theoretical
\curves, implied conspiracy was not present, the newer results
imply that either conspiracy or other effects such as ab-

sorption are present.
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APPENDIX

S

f helicity amplitude describing the t-channel

cdsab
reaction ab-cd which when crossed to the s channel is
db=ca (e.g. t-channel reaction NN-pm and s-channel
reaction 7Ne-pN). The subscribes are the helicities of

the respective particles.

e
w

Y the reduced resgidue function which the analytic
part of the residue function after the kinematic singu-

larities have been factored off.

A = a-b

pho= c=d

ﬂi, s. the intrinsic parity and spin of the ith particl
my mass of nucleon

My mass of pseudo-scalar meson (ec.g. )

m; mass of vector meson (e.z. p)

4

S scaling factor with dimensions of energy squared,

[39]
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= (¢t (ma+mb) Y(t (ma mb) Y = (¢t 4mN)t
12 _ 20, _ 2y _ _ 2 _ _ 2
717 = (o= (mgbm, ) (5= (myomg)®) = (6= (mam )®) (= (my-m )®)
casGt, sinet trigometric functions of th t-channel

scattering angle given by

t(s-w)+(nZ - m2)(m - m3)
case,C = 7.7

siné, = 2[t¢(s,t)]l/2/thf

where
¢ = stu - s(mamb + mcmd) - t(mamC + mbmd)
1 1 1 1
-u(mamd + mbmc) + 2mambmcmd(ﬁl—a— + a‘g + }—n-;' + E-O:')

and

s+ t+u= ng.

sin y, = 2my [0(s,6)1%2/s,, 7

, > 2 >
where Si, = (s-(mb+md) )(s-(mb-md) )
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Figure 1. Differential cross section and density matrix elements for

P -production at 4.2 GeV/c. The data are those of reference 12.
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Figure 2. Differential cross section and density matrix elements for
p -production at 8.0 GeV/c. The data for the p  production are those

of reference 12. The data for the p+ production are those of reference

13.
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ON THE GROUP THEORETICAL APPROACH TO THE CONSPIRACY PROBLEM FOR

ARBITRARY MASSES

G. Cosenza
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INTRODUCTION

In the phenomenological analysis of the high energy scattering
amplitudes in terms of Regge poles, the following problem has recently
assumed a primary importance: given a set of two particle reactions,
to find all the sets of Regge trajectories such that their total contri-
bution satisfies, above a certain energy, all the conditions required by
analyticity and Lorentz invariance 1),2 . We assume that all the Regge
trajectories have factorized residues and well-defined quantum numbers.

This problem is very difficult for the following two reasons :

a) it is not possible to treat the various reactions separately

because they are connected by the factorization property of the

residues;

b) it is not possible to treat the various trajectories separately
because it often happens that the sum of their contributions
satisfies the analyticity conditions, but the contributions of
the single trajectories are singular. This is the phenomenon

called "conspiracy™.

*)

Present address : International Centre for Theoretical Physics,
Trieste, Italy.
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Here, we shall consider only the problems which arise in a
small interval around +tt=0. A partial solution of these problems
can be found by means of the expansion of the amplitude in terms of
the matrix elements of the irreducible representations of the ILorentz
group 0(3,1) 3) or of the group 0(4) 4)’5). This formalism takes
automatically into account the factorization condition and some kine—

matic constraints. However, it has two strong limitations :

i) in its original form, it can be applied only to equal mass

scattering (EE case), i.e., if we consider the reaction

(3 (&> U)+(2), (1)

where

Q = P't‘P;:Pq‘PZ,
E= @, A= (PN'PZ)Zy

we have to assume

(2)

M1=M3 ,7MZ=M4 ; (3)

ii) only amplitudes at exactly t=0 can be treated. Therefore,
if a Regge pole residue vanishes at +t=0, - one cannot deter—
mine, by means of this method, the power of t that it

contains.

Various modifications to the formalism have been proposed in

4),6),7)

formalism which, in some respects, is similar to a formalism proposed

by Domokos and Tindle 8). The main difference is that we treat ex-

order to avoid these limitations Here we shall summarize a

plicitly the analytiec properties of the amplitude, while these authors
emphasize the algebraic aspects of the problem. Moreover, we discuss
the connection, due to factorization, between equal mass and unequal
mass reactions. A more complete and detailed description of the method

9)

will be given elsewhere .
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AN AMPLITUDE FREE OF KINEMATIC SINGULARITIES

We start from the usual M function 10) continued to complex

values of the four momenta, which satisfies the following covariance

condition

L Do @) N @O (@)

/
mimymym, M3 M3

()

./\mmi.(a.f) Mm’, my 'y o'y (L(“) P4 , L(a) Pz ’ <4)
L () P ,'U“)P«memm P+, PPy, P.)

where a 1is an element of the complex Lorentz group Kc, L(a) is

the corresponding 4x4 matrix and the matrices m;,(a) are analy-

~o

tic representations of the group Ac.

Then, for every value of t, we choose a four-vector Qt with

PA
Qe = €, (5)

and four elements bit of A° with the properties

L Uht) P: - L(Ir;e) on = Qt )
L (bat) Pe- L (426) P = Qe

where

the property

(6)

P‘io=(M/€;O/010)’ (7)

Then we define the following subgroups of the complex Lorentz

group

H§ = V\! &ﬁﬁc, LWQRQ&} , (8)
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Ke' = b RS L) PS = L (bye) P2
L(’B’!'(rzc) 3 < L({r;t) P;o§ )

K(B)c ~ o e
e = e B, Lihba)Po =L (ha) P/, (10)
L( uu)P,%Lu,ze)P”;l

H® is called the complex little group and the groups K

(9)

(A)e

and
{B)C are called the right and left complex covariance group, respec-

tively.

Now we define the function

T:”’i'mz’maﬁm (L]) E: /\” [’&1’4&)-4‘]

Ao () A (u;t)"]/\‘jjq,m;(x;‘l;)'
'M'M%'m'z’m'mi,( “r“)Pf: (£2) P,
LOh&s) P, L (44l P7) .

From Eq. (6) and four-momentum conservation, we have that 11€H§.

(11)

From this definition and from condition (4), we see that this T

function has to satisfy the following two covariance conditions

t (1) ~q g~
.];M44w24n 3M, '& 4() =”g;;;§A/A\AM44"; LKW: Jk 4414&) ’
A (12)

('(;1'& ’&3*) .I-I_VVD,,’VVIIM;W ) & & ch
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Tmﬁw;w;m ‘kfn) :, /\’mz'mz ( ‘21" k ’{"Zi’) ’

(13)

./\(::hmlqur /kﬂz,e) T o, m! ””;’W'q ul) k € K(bB)c ‘

It is clear that if the elements bit are analytic functions of
t, the T function contains only the singularities already contained
in the M function. It can also be shown 9) that if the T function
satisfies the covariance conditions (12), (13), it is possible to in-
vert Eq. (1T) and to reconstruct the M function. If the elements
bit are analytic, the M function contains only the singularities
already present in the T function. This means that the T function
is free of kinematic singularities and of kinematic constraints, besides

the covariance conditions.

THE LORENTZ POLE CONTRIBUTIONS

1),12)

tude is equivalent to the expansion of the above defined T function in

It has been shown ! s, that the Regge expansion of the ampli-
terms of the irreducible representations of the real little group Ht'

In order to take easily into account the analyticity conditions, it seems
natural to choose the elements b. analytic at least in a neighbourhood

it

of t=0., It follows from Eqg. (6) that also Q must be analytic.

t
However, the usual choice

Qb = (\/E,O'(),O) , €20,
2= (0,00, 178) | £CO.

has not this property, and we have to use another choice, for instance,

(14)

Qt“("‘*;, 0,0, ’f‘“' ) (15)
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where p 1is an arbitrary positive constant. It follows that the
group H% depends oontinuously on t and it can be shown that when
t—-0, the structure of this group changes. This phenomenon is known
as Mcontraction". Also the real little groups Ht are subject to
contraction and the problem is now to expand a function in terms of
the representations of a group which depends on t and changes its

structure at t=0, without introducing unwanted singularities.

A trick which permits to avoid this difficulty is to consider
a function defined on the whole complex Lorentz group XC, which
coincides with the above defined T function when the argument be-
longs to the complex little group H%. Then we expand this function
in terms of the irreducible representations of the real Lorentz group
i:=0(3,1). It can be shown 9) that the matrix elements of these re-
presentations can be continued analytically in the complex Lorentz
group and that their singularities correspond to finite values of the
energy, which are not relevant for our investigation. Then we may

3)

proceed as in the equal mass case and define "Lorentz pole contri-

butions™ to the extended T function.

We have said that these Lorentz pole contributions are analytic
above a certain energy, but we have also to require that they satisfy
the covariance conditions (12) and (13). If none of the equalities (3)
is ratisfied (UU case), it is possible to choose the elements b,
in such a way that :

a) they are analytic in a neighbourhood of t=0 and they are

real if t is real;

b) the covariance groups

K(A)c and KéB)c do not depend on t.

t
In this case we can extend the T function in such a way that the

covariance conditions hold in general, for heie. Then it is easy to
write the 0(3,1) expansion in such a way that the covariance condi-

tions are automatically satisfied.

If one or both the equalities (3) hold, (cases EU, UE, EE),

it is not possible anymore to choose the elements bit with the pro-

perties a) and b). This is due to the fact that in this ease the
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point t=0 coincides with a "pseudo-threshold” 1)’2). In particular,
if the elements bit are analytic at t=0, one or both covariance
groups depend on t and change their structure at t=0. As a conse-
quence, it is very difficult to write the 0(3,1) expansion taking
automatically into account the covariance conditions. We overcome

this difficulty assuming that the extended T function satisfies ex-
tended covariance conditions, where the element k belongs to a sub-
group of KC, which does not depend on t and contains all the groups
K§A)c [br KéB)c] corresponding to the values of t Dbelonging to a
neighbourhood of t=0. It can be shown that in the cases UE and EU
this assumption does not imply unphysical restrictions on the scatter-
ing amplitude. In the EE case, this assumption is too strong and
this is the origin of some defects of the formalism, that we shall dis-

cuss in the following.

In conclusion, we have been able to build "Lorentz pole contri-
butions", which satisfy all the requirements of analyticity and Lorentz

invariance, in a neighbourhood of +t=0.

THE DECOMPOSITION INTO REGGE POLES

The above defined Lorentz pole contributions can be decumposed
into a family of Regge pole contributions, using the same technique
introduced in Ref. 3) for equal mass forward scattering. The details
of this procedure are rather complicated and will be discussed else-

where E s here we give only a summary of the results.

The Lorentz poles, as in the case treated in Ref. 3), are des-
cribed by :
a) a complex parameter A (t), similar to the complex angular

momentums;

b) a quantum number M, which is integral non-negative if the sum
of the spins of the particles (1) and (3) is integral and is

positive half-integral in the other case;
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c) a quantum number T which can assume two values and is called

the Lorentz signature;

a) if M=0, there is another quantum number § = %1, called

the Lorentz natural parity.

The Regge trajectories generated by a Lorentz pole are parallel

and displaced by integral numbers, that is, we have

A £) = AE)-m-1, m=0,4,2,... (16)

Their signatures 1711 are given by

Tw =T (-1)" . (17)

If M=0, there is only one trajectory for every value of n and all
the trajectories have the same natural parity 6 . Ifit is M Y o,
for every value of n there are two superposed trajectories with the
same signhature but with opposite natural parity. This is the phenomenon

called "parity doubling”.

The fact that the trajectories are superposed or displaced by
integers also for +#0, has to be considered as a defect of our
solution, which is not sufficiently general. We hope that, using more
refined techniques, it is possible to modify the families described
above in such a way that the kinematic constraints are still satisfied,

but the trajectories are not anymore superposed or parallel.

If the Lorentz pole residues are factorized, the Regge pole

residues have the factorized form

(A) mo (BYM O (18)
A 6 Paa, (€,
where the subscripts )\ ; are the t channel helicities and & is

the natural parity of the Regge pole. The behaviour of the Regge residues
at t=0 for M, ;éMB is given by

Fm)mf tg_[-MtHHIM-MrA;l]] (19)

A4A} (t‘ v )
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and for M1==M3 it is given by

M+m +Aq-A3
@[ﬂ\”\? ,(\/# -(-1) .4 ’
)‘4)\” =0 or if MY AtAs (20)

( o .
P':);; n @wrtant A the other @o0) -

The symbol ji represents the spin of the particle (i). Similar
formulae hold for the functions ﬁ ()]\Sgn)\o;(t) We see that if two
masses are equal, some residues vanish 1dentlcally in %, also if

this is not required by Regge pole theory. In particular, if M1=:M3,
‘a Lorentz pole with M ) j1+j3 cannot give any contribution even at

t £#0. We consider this as another defect of our solution, which should

disappear in a more general formalism,

Another interesting property of the generalized Lorentz pole
contributions is the high energy behaviour of the s channel helicity
amplitudes in the forward direction (93::0). The result is the same

for all the values of the masses, that is

A

A1=[M- 1A )\3”
)(ZAﬂ\z)L&M(O'%:O) S)\ rAs1AamAq

(21)

In conclusion, we have built families of Regge trajectories,
with well-defined gquantum numbers and factorized residues, whose contri-
bution to an arbitrary number of reactions, with arbitrary masses and
spins, satisfies all the constraints of analyticity and Lorentz invari-
ance in a neighbourhood of ©t=0. This is a solution of the problem
stated at the beginning of the Introduction. It is not the most general
one, but we believe that it represents a useful step towards the general

solution of this problem.
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INTRODUCTION

We will describe the method of phase contours and its application
to some problems in the study of strong interactions. Phase contours
are curves along which the phase of a scattering amplitude is constant.
They are sections of complex surfaces in the space of the invariants
s, t and u. We will give a brief discussion of the following topics:

(i) Properties of phase contours.
(ii) Phase contours for pion-nucleon scattering.
(iii) Phase contours in a Regge model for pion-nucleon scattering.
(iv) Resonance poles, and zeros, in a crossing symmetric model.
(v) Fixed angle scattering at high energy.
A more detailed discussion of these topics will be given in forth-

coming papersl)’e)’B).

This work was supported by the U. S. Atomic Energy Commission.
*%
At the Cavendish Laboratory, Cambridge, England, after 1lst

January 1968,

.Th To read the paper.
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2.

FROPERTIES OF PHASE CONTOURS

We limit our discussion to the scattering of spinless bosons of
mass m, except when considering pion-nucleon scattering.l) The phase

B(s,t) of a scattering amplitude F(s,t) is defined by

B(s,t) = 1Imllog {F(s,t)} 1. _ (2.1)

It is also necessary to define the phase at an initial point (so,to).
When the amplitude has zeros or polés, the phase depends on the route
chosen from the initial point to the point (s,t), so we must always
specify the route taken.

A phase contour is defined by

¢(‘s,t) = C, | | , (2.2)
where C 1s a real constant. It is useful to study their properties
both for real s and %, and for complex s and fixed +t. These
properties include:

a) Phase contours, for different values of C, do not meet each
other, except at zeros or poles of the scattering amplitude, and at
certain other singularities.

b) The phase change clockwise round a zero is -2x, and round a
pole is 2x.

c¢) For fixed t and complex s, the phase is an harmonic function,
and the phase contours are orthogonal to the modulus contours.

d) The asymptotic phase in a Regge model for a symmetric amplitude,

for t < hm?, assuming a non-zero residue is given by
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B(s,t) ~ =1 -Fa(t)], (2.3)

as s - +m® along s + i0 (above the real branch cut). In complex

directions, as lsl -+ ©

#(lsle®® ) ~ 1 - %a(t)] + a0 . (2.4)

The simple relation of the phase to the power sa(t) should be noted.

e) Phase contours contain information about the oscillations of
Im F(s,t) as s moves along the real axis. These oscillations,
together with information about poles and zeros, can be used to set
bounds on the high energy behavior of F.

f) From the optical theorem, we have
. 2
Im F(s,0) > 0, for s > hm™. (2.5)

We define the phase ¢(s,t) at an initial point along +t = 0, namely

along s + i0 (above the branch cut),

g) The phase contours
¢(S,t) = 0, or mwm, (2.7)
cannot enter the region
2 2 |
0 £ t < unf, s > m. (2.8)

For a symmetric amplitude, they also cannot enter the region,

0 € u < W, s > lrt. (2.9)
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Except when considering low and medium energy pion-nucleon phase
contours, we work with a Regge model in which there is dominance by a
single, continuously rising, Regge trajectory, as s = o for fixed 1,
and there is symmetry between all three channels, s, t and u.

The method of phase contours can equally well be applied to other models,

or it can be used to generalize existing models.

PHASE CONTOURS FOR PION-NUCLEON SCATTERING AMPLITUDES
We have used the results of the phase shift analysis of pion-
nucleon scattering to obtain phase contours for invariant amplitudes

in the energy range

0 < T < 1.4 gev, (3.1)

where TJT denotes the pion kinetic energy. The amplitudes that we
have studied,l) are the symmetric and antisymmetric combinations of

x'p and = p, namely,

A!("‘), B(+), At(-)’ B(-) . (3.2)

We have used the 1966 phase shifts of Lovelace”) in the range (3.1),
and some preliminary results of Johnson5) in the range 0 < Tﬂ < 1.6 GeV.
Our purpose is to show that phase contours provide:

(a) A useful visual aid for comparing different phase shift solutions
and for indicating regions where the resulting scattering amplitudes
are complicated. In these regions one might conclude that the con-

tinuation of the phase shift solutions is doubtful and more experiments
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are desirable.

(b) They determine the location of real zeros of the amplitudes
from the crossover points of phase contours and indicate complex zeros.

(c) They may help to give an indication of how to match high energy
models for scattering, onto low energy models. For this purpose we
have obtained phase contours for the extrapolated Regge model described
in Section L.

 (+)

Phase contours for A derived from the Lovelace (1966)
phase shiftsh) are shown in Fig. 1. There are several points of
special interest.

(1) The phase, in an energy range from 0.2 to 1.2 GeV at angles

from 0° to 900, lies in the range

o

90° < @(s,t) < 150°. (3.3)

Above 1.2 GeV, there is a wider range of phases which suggests the
onset of high energy effects, possibly of Regge type.
(ii) There are two real zeros indicated by the crossing of phase

contours. There are probably also some nearby complex zeros indicated
by the bunching of phase contours, especially along a scattering
angle of about 120°.

The corresponding modulus contours are shown in Fig. 2. This
shows the minims in the modulus near the crossover points of the phase
contours, and also in regions where there was a bunching of phase contours

in Fig. 1.
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The phase contqurs for A'(+), based on the Johnson phase shifts,5)
are shown in Fig. 3. They resemble those of Fig. 1 in their general
features. However the zero at 1.27 GeV in Fig. 1 has disappeared. It
appears to be replaced by a complex zero near the physical region, which
would be one of a pair of complex zeros.

A1l the other amplitudes indicate considerable complexity around
T = 0.85 GeV, which is just below the 1688 resonance. As an example
the phase contours for B(+) are shown in Fig. k. Rapid phase

changes like those near 0.85 GeV indicate rapid changes in polarization.

They also suggest that more experimental information would be wvaluable.

PHASE CONTOURS IN A REGGE MODEL FOR PION-NUCLEON SCATTERING

We have calculated the phase contours for the pion-nucleon
amplitudes (3.2) using extrapolation from a Regge model for high energy
1)

scattering. Our extrapolation is not meant to be realistic at this

stage, but it is hoped that it gives some orientation on what might
be attributed to Regge effects from the few poles that dominate near-
forward and near-backward scattering at high energies. We have done
this simply by adding the Regge solutions based on P, P' and p,
exchange in the < channel,6) and N, N*, exchange in the u
channel.7) We have also assumed that the trajectories fall linearly
as t decreases (or u)k

The results are illustrated in Fig. 5 for the invafiant
art),

amplitude It is interesting to find that real zeros arise

from the interference of different Regge terms. The contours in
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0< (-t) <1 (Gev)2 illustrate the behavior of the phase near the
dip and peak of the differential cross section near the forward
direction, which is attributed to the zero in the residue of the Regge
term from p exchange. The shape of the contours at large angles

is characteristic of our Regge model with rising Regge trajectories.

RESONANCE POLES AND ZEROS IN A CROSSING SYMMETRIC MODEL

Phase contours provide a method for studying part of the
consistency problem in strong interactions, and may help téwards
formulating approximations in which the bootstrap problem is meaningful.
However at this stage we do not introduce unitarity, but consider only
the consistency that is required by crossing symmetry for a given
high energy behavior, taking into account the associated resonance
poles (Regge poles).

We consider a symmetric scattering amplitude for equal mass

2)

spinless bosons. Our aim is to construct a model, or a class of
models, that satisfies the crossing conditions and has given high

energy behavior. The latter is based on Regge terms of the type,

b(t) so‘(t) explin{l - %a(t)}]

(5.1)
sin[% na(t)] T(a) '

where Re{a(t)} is a rising function of t.
We assume that there are no real poles on the physical sheet,

and we neglect the local distortions of phase contours that are



[62] -8-

introduced at low energies in the physical regions. This leads to the
Regge dominance model for phase contours in the physical regions that
is illustrated for the s channel in Fig. 6.

The phases in regions of crossed branch cuts are obtained from
(5.1). 1In these regions it is important to specify whether the real
values of s, t and wu, 1lie above or below their respective branch
cuts, on the physical sheet. The formula (5.1) applies along s + iO,
and a(t) is real for % < bn®. TFor t > llme, Ima >0 for t + i0
(t above the cut), and ITm o <0 for t - i0 (below the cut but still
on the physical sheet).

The form of the solution depends on how many real zeros of the
scattering amplitude lie on the boundary of the physical sheet. The
location of the first of these zeros (the one nearest the symmetry
point (hm2/3, hm2/3, 4m2/3 ), is directly related to the scattering
léngth. There is an infinite sequence of other zeros, but not all of
them need be on the physical sheet. They are associated with interference
between resonance poles, or between a resonance pole and a background
term.

One of our solutions for the phase contours is illustrated in
Fig. 7. This solution corresponds to an infinite sequence of zeros
on the physical sheet (s + i0, t - 10, u - i0). A complex section
is given in Fig. 8, with t real and t > hm?. This shows how these
zeros are associated with phase contours and resonance poles in the

complex s plane including part of the unphysical sheet.
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FIXED ANGLE SCATTERING AT HIGH ENERGY
3)

We have considered

the problem of fixed angle scattering at
high energy within the general framework of the crossing symmetric
amplitude described in Section 5. The method of phase contours is used
to discuss the relation between high energy behavior at fixed momehtum
transfer and at fixed angle. The former is given by our assumption
of dominance by Regge poles with rising trajectories in each channel.
As an example we will consider the phase contours shown in Fig. 7.
These correspond to the limit appropriate for fixed angle scattering
with Im s > 0. We reduce the scattering amplitude to a Herglotz
function by factoring out zeros and oscillations. In this example
there are no zeros of F in Im s > 0O, and no zeros of Im F along
real s < O,

With certain simplifying assumptions we can write,

H(s, cos ©
F(S,. cos e) = Iﬂ(—sf—cos—é—} ; (6.1)

where H is a Herglotz function and R 1is an entire function in the
variable s. The order p(8) of the entire function is related to

the phase by means of Jensen's theorem, which gives
B(s, cos 8) ~ C sp(e) . (6.2)

Using Polya's inequality, one can obtain bounds on the scattering

amplitude in the upper half s plane,
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exp[ -A Sp(@)] < |F(s, cos )| < exp[-A(cos np - e)sp(e)].
(6.3)
If we generalize (6.1) to allow a sequence of zeros in Im s > O
for fixed cos ©, we obtain

E(s, cos ©) H(s, cos 0) (6.4)

F(s, cos 6) R(s, cos ) ?
’ 4

where E 1is an entire function of order q(©). Then, if q > p, we

obtain the bounds for large lsl,

eXP[B(cos as - e)sq] < F(s, cos 8) < exp[Bs?], (6.5)
except near the zeros of E. This gives
s 1
q(e) 2 5 for all o, (6.6)
No such condition is required if p(8) > q(6) for all .

We are indebted for hospitality and for helpful discussions to
Professor G. F. Chew at the lLawrence Radiation Ilaboratory, Berkeley,

and to Dr. L. Van Hove at CERN, Geneva.
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Fig. 6. Phase contours in the s channel for a Regge model. Broken

lines correspond to half integer multiples of x.
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Fig. 7. Phase contours for a crossingvsymmetric amplitude in the limit
(s + 130, t -'i0, u - i0). The apparent lack of symmetry is
due to the existence of complex zeros, some of which are
indicated by the dotted lines., The black circles indicate

real zeros.
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that correspond to the real section shown in Fig. 7. Poles

are denoted by crosses and zeros by circles.



[7n]

ON SOME CONSEQUENCES OF ANALYTICITY AND UNITARITY

A.A.Logunov
Institute of High Energy Physics, Serpukhov, USSR

Nguyen van Hieu
Joint Institute for Nuclear Research, Dubna, USSR

Abstract

In this paper we present the results concerning the
asymptotic behavicur of the cross sections of elastic &and
inelastic processes. Some of these results were obtained
together with M.A.Mestvirishvili and Nguyen ngoc Thuan.
For the sake of simplicity we assume all particles to

be spinless.
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1. Upper bounds for the cross—sections of binary processes

First we consider some process of elastic scattering

a+ b — a+ b (1)

We assume the amplitude of this process f’(ﬁ, t) to be
analytical in %= cos 6 ’ 0 being the scattering angle
in the centre of mass system, inside the Mandelstam

ellipse tc with foci at +1 and with the major semi-axis
c~ 4+ —j— ; Y70, at s —>oo . For a number of processes
such analytic properties were proved on the basis of the

fundamental postulates of the local quantum field theory l.

Let us expand F(A,i-) in partial waves
s S P
F(4z)= $r ——T-:— ZZ”(z{CH) aj&(A) . (2) . (1

As is well known, from the analyticity in % and from the
polynomial boundedness at s— o0 it follows that OLX/(A)

decreases exponentially when /{7/ increases

Ja, W] ¢ R@[erVezs] 2
where R(A) is a polynomial in 4 . Let L be that value
of 4 at which the r.h.s. of the relation (2) equals 1,
and Lzo be the smallest integer number still greater than

|, . Now we rewrite the sum in (1) as follows

nho 4
Fs2)= XEE—Z_/(-Z€+4)Q,(A) f}b(i)‘f gﬂﬂ_ Z (24¢1). (3D
(e £ (TR

0/6(,4) E( (—2—)
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By using the inequality (2) we can prove that a finite
integer number n can always be chosen to make the second term
in the r.h.s. of (3) decrease faster than any power of 4

at 4 —> 0.

We remember that if we substitute for qboﬂin the first

sum their upper unitarity bound

|2, () <« 4 (4)
then, in virtue, of the relation
nly, ~ wut V5o (5)
we obtain the Froissart bounds
\Fh0)] & wwt s A8 | (6)
PXOALY

| Flawt)| ¢ wmot = = = eson. (7)
Vsao
It is possible to improve these results using in the
first sum of (3) the Schwartz inequality instead of the
substitution lak(gl—a 4 . Then we have

wh,
Fenl ~| 2 @) a () B,
A=o

2
£

(8)

wLo 2 * 2
¢ ) @[ ). L (240 | @, (0| -
L=0

‘Y-:o
46,
‘We denote by s and Ogf the differential and the total
cross-sections of the process (I). We obtain, as a consequence

of the relation (8), the inequalities 3
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46 ¢ \ ¢ wwt ,6'&4/5 St ) (9)
4 ws &
0z0o
4654 Vz n s (10)
' < cwt - 6;2 |
A@S& 9_#0,7( «AVV)‘é'

We consider now any binary process

a + A — e+ oA / (11)
' m
and we decompose its amplitude l (4, f) in partial waves

T(s2) = 8z —‘ETZ— % (224 A) jz (4) ££ (%) . (11)

This always can be done in the interval -4 £ 2 £ 1
The contribution from the partial a,mplltude 4 (A) in the
imaginary part lmq,(a)equals \’ef (é)l

2 (12)
T o, () = | a, ) + | £,(8)] +

Since all the terms in the r.h.s. of (12) are positive, we

l{)rb(“), 4 l‘ IW\ CL@(,&) £ \/ 'qﬂ(y, ‘. (13

We conclude thus on the basis of relations (2) and (13) that

can write

also /er (4) decreases exponentially when 4 increases and

L : 467, A
for the differential and total cross sections —2=
ws o

we get the same inequalities as for the elastic processes

and 61(

T e

¢ et abaE (14)
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AG:‘V\LY { wot V—I"&'DJ G L -

Xosé | g Lox A & (15)

-~

IJf the differential cross sectlions are considered at fixed

t instead of ws® then we have

i%z & wu,t' fmzé 6;[' ) if;:.(; < anujl? _’e:_?J; 6;,@ ) (16)
A 'L':o M t«‘#o VF(:T
amn
\ 467, bns
46_:,\(2 £ W't_ (M-l/“ 6:;,,4) ) 'b'! £ wpt 6-:""0( ‘
at gl AV ey, Vil

The relations (16), in particular, shows that the width of the

diffraction peak for elastic and inelastic processes

) A Gl (18)
Ba= ey, 0 Do 5, |
tzo tzo

can not decrease at A p faster than }GL{S . This result
for elastic processes was obtained earlier in a paper of Bessis

who ured a different method 4.

2. Upper bounds for the cross—sections of inelastic processes

of multiple production

Now we are intended to show that the results obtained before

are true also for the processes of multiple production of the

type

a+ b — o+ %} ) (II1)



[79]

where B} denotes asystem of hadrons. We denote the angle
w u )
between a'and ¢ particles momenta in the centre of mass system
C
by 6. The amplitude of the process III Té (»4,°°'5") )
will be presented in the form of a function of 4, #=cws@
and other independent variables, which always can be chosen
in sucn a way that the integration domains in these, variables
T4 (42— )
are independent of the angle 0 . The amplitude 4.
can always be decomposed in the Legendre polynomials
' = ¥
T (a2, ) = b~ Z_ (2947 (s,.) B (). (10)
: £=0
The contribution from the process III)to the imaginary part

of the partial amplitude of the process (I) is equal to

j Z/a () #S@r)}fg Fatbe™ per 27”",) (20)
L—’:Ar( ( (j (4]

2¢. (.z ) ”e

where r’m ) Tv( and T/e are the momenta of the correspon-
ding particles, 7»,; are the momenta of the particles of the
system BJ’ and ¢ ¢, are the time components. of fv,, and 7-/4; .
The differential cross section of the process(III)at a given

0, integrated over all other variables, reads

Ae:,?f}

S (ur) () B (W)f (wst) C}}("}(zn

& wsd T" )e L
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where , .
. . 3 4& ¢ * ‘
708 ' H W4 }"—’QFC dpe /é ..o (22)
CJUL'( )- ﬁ;t ?g\hﬁ O ’7@“ 2t éﬁ(é’ ) ,e’(é %

Due to the Schwartz inequality we can write

c 2 C <
‘ ng,(;&)) ¢ 22 (») Zi/ (1) < [ﬂz(*‘)// 42,0)/ ‘

As a consequence of this inequality we have, on the basis of

(23)

[
the relation (2), the exponential decrease of Qg;’ in £

!
and £ . By means of the arguments used above it is easy -

to derive inequality of the type (14) and (15) for JG?MX

5 ‘ dews &
(see 7 ) ) .
0‘6-:.“{2 2 Jt
— ¢ gt o s GO (24)
Xeost <)
'0:0 :
I (25)
G- ¥ 25
imed ) 4
’/—l S Wot’ V_A/{en ' 6?0\4
dwsé 4w, & 4
ﬂ%gﬂ }‘
. : dG o
Performing summation on the cross sections ne

A eos b
over all the possible system %% we obtain the expression for

« ?)

the total cross section for the production of a particles <

at a given angle © }c
. A6 5,2
467, 4 ) -
=y dw §
AwsS b

Similar relations can be established also for these quantities
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A

,z' [
¢ ot 4bB O

2
Aw b o=, (26)
16,8 Uz bns < (27)
—_— ¢ ""'M’b N 6';0( .
dast | 4o, 4 &

Similar1y1n (18) we infroduce the notion of the width of the

diffraction peak for the inelastic processes
<

yt 4 6::%4 A c 4 6\'1'”"0 ] (28)
inl = - e T
46—.\;‘1 Aw)b’ f=o ) ww(/lw&/a:o

Then, due to the relations (24) and (26), it follows that
these widths can not decrease faster than 1/( +
' n A

3. The exponential increase of the imaginary part of the

amplitude of the elastic scattering at real 2Z > ,i

We have in the foregoing sections established a
number of relations assuming polynomial boundedness of the
elastic scattering amplitude F(X,t) for all finite Z
inside the ellipse EEC . Using the unitarity conditionwe can
replace this assumption by a weaker one, the polynomial boun-
dedness of Ivnlfr(qi). If, at least, one of these inequalities
is not fulfilled, it could mean that either L, I (42)
is not analytical in % or it increases faster than any
polynomial in this ellipse. We denote by fV(A) the maximum of
the modulus of Lw F(A,l) for any % inside E . It can easely

C
be proved that Im, F(A,%) reaches this maximum at #=¢ &
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T F(A,O) = /V(A) . (29)

—

Agaln we assume Im F(A,z) to be analytical in tc_ + Then,
even in the case when only one of the established inequalities
is broken this would mean that N()) at 4 - o increases
faster then any polynomial, We show now that the study of the
behaviour of the corresponding quantities ( the cross-section
or the width of the diffraction peak) enables us to guess the
character of the increase of this function.

Indeed, by means of calculations used above we can,

instead of the inequality (6), for example, derive relation

Fa4) & wmt 4 Ao N(s) (30)

where N(,«Q is determined by (29). This gives

P 172 i S
N('A) 7 exl’ [““St L%"__'- ] ~v Mr [Coubt —j— —J—i{ff
s 4o

which is a generalization of the inequality

W) > ey [ omt S )’

Y2
obtained by Martin in a different way 2. The following formulae

73
1 S

can be derived analogously

,N(,9 y p [unst A‘j—‘;‘ 4621

A ws 6

G.f o,'l(

1 46

2 (.ons't ce
VN(:‘)>/ xf[ A6, deos & IG;OJ

(33)

p
)
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4nd AG:,C
N 4) > exX [wnst » :l
( ) 4 r \’z 6:2 dest 0#‘/7 ) (34)
Yo
A 46 (35)
N(ﬁ) 7/ &x,, [(ﬂus‘t s —-———a\wse— . J )
[ PR B (Y 7z
wm-t o tne
NG 7 e | o e l,,.. |, o9

,N(A>>/ exr

s 1

_t 1 0\ G:‘nte [ /2}
wns —_—

- 868 dwsb |y,

To } (37)

. ‘:V\ 46:1&
)‘J(A) p Lxr tons t Aen —————i/
[I 6. dwa &
‘we ¢ #ou ) (38

where E;“h( means either the cross section of a binary
inelastic process, or the cross section of an inelastic .

process of multipole production.

4. Lower bound for the cross sections of inelastic processes

In this section we estiblish some lower bounds for the

cross sections of inelastic processes of the type (III).
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We write the differential cross section in the form

'S ,;
L SO S (+ WO (39)
A os ¢ 7\/‘[;
where

40)

. (z’
o) [¥lpeper 70 0 | T )

We denote byl;nF{waV§he contribution to the imaginary part
of the amplitude of thgccorresponding elastic process (1).

Then we can write

l,,w F(,A, s G)/J‘c: T[‘J‘,(Qrb ,H,Jc(/‘, usﬂi) s Oy/

(41)

where
: }

3 y he'|
7 = P pen ) 22 17

TFJIC(A, uJoi/..-) TJL (A/ wy?z/_j*:

(42)

QL and QL denote here the angles between the momenta of
initial and final particles "a" and that of the intermediate

particles "c¢", The total cross section is

5‘0 A(.dlc (43)
5! ;J L
dwst 47’[I |
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We remind that Martin has proved the amalyticity in =
of the imaginary part of the amplitude of the elastic scatte-—

ring F(J, i—) inside the Mandelstam ellipse 1

« By the arguments
similar to those in the preceeding section, it can be shown
that LM F(A,%){. is also an analytical funetion in this
domain. The stutiy of the analytic properties of the Feynman
diagrams shows, however, that the contribution from some
simplest diagrams of the perturbation theory to the amplitude
F(A,v‘:) satisfies a dispersion relation
in %z for the values of 4 in the physical domain
of the s-=channel, This was the motivation for the assumption
that F(A,%) is analytic in the complex z plane with the
cuts and poles on the real axis, It is quite natural to
assume that Iw. F(A,-z){‘ for the values of 4 in the physical
domain of the A4 — channel is also an analytic function
in % in the complex plane with singularitites on}tl;e real
axls, Let us assume that IM F(Aﬁ)/_is polynomially bounded,

r

i.e, an nyo exists, such that

v

Iw. :F(J,-z){‘ / £ wwt S , s = A
! |

for all Z from any fihite domain, Then a certain relation

between the behaviour of thlis function at Z =1 and theilr

behaviour at 55 » in the interval-%1 < 2 { 1 can be esStablished.
<

¢
Let us assume that the total cross section G, does not

decrease faster than some power of Z‘ at 4 > 0

/IMF(A’i)GL/ > -—w—j"t:—: , b 2



(86]

where M 1is some positive constant ( see relation (43) ).Then

the following lower bound can be written ¢
_.c,(é) V& b s
L F(”’/ww) L7 nst & ) 4= o, (44)
]C c(ﬁ)yo/ 4 wst 4.

We show now that the inequality (44) will be broken
at n—b9,< 6 < -?,90 if the ‘following inequality holds for all
® in the interval n-6 ¢ 6¢ 6, for some 6 satisfying L > 6 >0 :
h

_8(0) V5 s (45)

3 %
[Gﬁ' (A, us#)]< wnst € S > ov

P) )
£(6) yo
Hence we conclude that there exists a certain interval of
angles in which we havye
3 VIO
A6 e : , 42 o (46)

dws 6- 3
To this end we comsider the function 117, (A/ cos8y  cos by,

>, o

Comparing the expression (42) of this function with the
C .
expression (40) of 63 @mso) and using the Schwartz inequality

we get

ye 1 1- 72
176, )] < [6 Gwt) TG0 |
Thus

To F(A/ “‘9),3‘& ) < N§JQF° [GQ‘EA, wsﬁ) 69‘&(/4,@10,)\]%.
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Now, assuming (45) it is easy to derive on the basis of the
last relation an inequality reciprocal to (44). We have thus
proved the lower bound (46).

. We have introduced the notion of the total cross section

46;
if—%fwith the production of a particle "c" at a given angle
wS

6. It is possible to write a similar ineguality also for this

quantity
016‘¢1 _14(6—)[;&45
T > wwt £ , 52 *, (a7)
A o
4()>°

for the values of 6 in a certain interval.

) We point out that our assumption that the cross sections
3 “
G-Emcﬂ and 6“”{(

of 1/s can be also proved experimentally. In the framework

do not decrease faster than a certain power

of the Regge theory such a behaviour of the cross sections

for zero angles is valid for the majority of processes.,

5. Asymptotic equality of the cross sections of crossing

processes of multipole production

We consider now the inelastic crossing processes

)
at b — a, + ay ¥ - +a,\+/€

y (13,)

) ~N o~ ~
’3\,’+L—»>a+az+f'-+qw+/€. (Ivz,)



(88]

We denote the momenta of particles "b" and "b"’ in (IV,_) and
those of particles "b," and "b" in (IYz ) by p and p’)the
momenta of particles "a" and "a ( or those of their
antiparticles by q and q; . We put k. = %‘1}

We can chose

= (1”'\)&) = (T’T’)L , (48)

V\/::— &1‘ o _ (1’ &iu) res e,z;i; 1:(t+t’)
‘ ﬁ'.‘“(’t"t"r/)

4.,1, )
Let 'T' (A,b/ w, ) t,;)E;) be the amplitudes of the processes

as suitable independent invariant variables.

under consideration. These amplitudes for fixed values of the
2

variables ‘t,’C;, W, /ZJ )generally speaking, do not satisfy the

dispersion relation in 4 . At 4 - o0 , however, they tend
m 2 2

to certain asymptotic amplitudes |°° (A, t, W, y; _l’]‘, f.)

analytic in s in the complex plane with cuts on the real

3

axis “. The crossing-symmetry relation holds for these

asymptotic amplitudes
“‘T':L & Wt T/t w’t o (49)
) (u, / o v, Z:) = P (,5, / t'/ o‘/ Z) 49

‘t' 1 2 2 2
where A+ u +t = M, + ’mé—{—'m,—;» . -
6

From this relation, we can prove 7

|_'.,4,z

that for non-oscillating

amplitudes at 4> we have the asymptotic equality

of the differential cross sectionsof the processes (IY) and (IY)
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2
for the finite values of the variables ‘t, VV;I ‘L'J, 2.’ .

Let us consider the processes (IY) and (IY) at

fixed values of t ana W,_z . The physical domains of the
rariables W;z, t%»2 and ‘t,;, Z‘.’ ¢« >» 4. depend on s,t and Wz.
However, these domains remain finite at 45 «# . It means that
at very high energies the domains of integration over the
variables W;"/ ¢y 2 and 17:/ z;/ ¢ 4 are practically
independent of s and the values of these variables are finite
Both sides of the asymptotic equality for the differential cross
sections of the processes (IY) and (IY,) can therefore be

2 .
integrated over all possible values of W, ;" y 2
and 15;’ ?;) v 4 .« As a result we have
2Ny 267
.4 2 (50)
- 2‘ ~J .z’ )
2tW; 2tow
where 6, and 6, are the cross sections of the
2
processes (IYL) and (IYQI). for fixed values of W
the number of possible systems 4 .+« ----- ~ a, is finite.

We can therefore perform a summation in both sides of the

relation (50) over all possible channels., 4s a result we obtain

] 2 ~ /
,aq,G,(\q*t_,_.._.*/ﬁ)N /D((Q*'&'a""""'il(ﬂ)
2taw? 2t w /

S>> 0 .
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The dots in the brackets denote the particle systems

with the effective mass VVL « We note that for the determi-
nation of the cross—sections appearing in the relation (41) it is
sufficient to measure the momentum of one of the particles

( particle "b" or particle w g ) since this allows the
definition of t and “ﬂ% ( the mixing mass method). Because of
the C-invariance the cross section of the process (IY) is

equal to that of the process

So we have besides the relation (51) another equation

/

‘BLG’(q-tﬁ 2 - - A+ /éf) o ®z€(4+’e%~'-- + 4) . (52)

2 2
2t W, CLRCAA

Concluding this sections we present some concrete relations

( see also ref, & )

Ve(nhp 5+ ) VE(Cip s -+ )
i ] S~ { vi

At aw? 2t dw,?
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ral' t +..~.. v = =
G"('ttf!z,—a T + )’\) ’36(7!+F—97c+-----)
2t Iw

2tawd g

'32'@(7["'4.1'\,_,7 K‘: ) ’)‘26‘<K‘+TL - -,[.,._..‘)

~J

at W ot 5W.’” g

QLG"(/!ti—./!y-e "tu+)r\/ 526—(}:+/’» -~ TV +—»--)

>t ’}W,'l Rt 2w g

olpip o o) | Vo (fapo t )

2
ot W, Pt wt
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HADRONS

Hans A. Kastrup

Sektion Physik
Universitdt Miinchen
Miinchen, Germany

1.

INTRODUCTION

Hadron eollisions with very large momentum transfers
( =t,-u» niuoleon) are generally considered to be of
principal importance for two main reasons:
1.1. They are supposed to give information about the short-
range properties of the various types of interactions, in

contrast to reactions with small momentum transfers which
test the long-range properties of the different forces.
1.2, Since unitary symmetries like SIZ!'3 or SU3 @SU3 ete.
assume mass differences or even masses themselves to be
negligible, there is a general belief that large momentum
transfer collisions should provide an appropriate testing
ground for unitary symmetries.

It is the purpose of the following remarks to give
a short critical analysis of these two basic assumptions
in the framework of a specifie picture which implies a
number of interesting experimental predictions.

THE MATN ASSUMPTIONS

2.,1. We consider energies (say Bigp> 10 GeV) where many
collision channels are open so that a single channel,
in particular the elastic one, is in general dominated
by what is going on in all the other channels. This
essential property is expressed by the unitarity of

the S-matrix. It means that not only the elastic but
also the inelastic collisions can give important in-
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formation concerning our two basic interests in large
momentum transfer reactions mentioned above.

2.2+ In large momentum transfer reactions at very high
energies there is a considerable rearrangement of the
long~-range parts of the hadronic fields (we neglect the
electromagnetic field in the following) of the incoming
primary particles (we always mean the c.m. system if not
stated otherwise). This strong rearrangement is very
probably accompanied by the emission of secondaries. Qur
second assumption then is that the main bulk of secondaries
is a consequence of the rearrangement of the long-range
parts of the hadronic fields.1) This hypothesis is
supported by the observationz) that most (about 80 %)

of the secondaries are pions. However, we do not know
how many of these pions are decay products of resonances
(e.g. vector mesons) which were produced in the first
place.

E.W. Anderson et al. foundS) the 7r+-and 77- -spectra

in inelastic proton-proton collisions at 30 GeV to be
almost the same for large pion c.m. scattering angles.
This is an indication that the resonance contributions
are relatively small, but the indication is inconclusive
in so far as we do not know whether these pion spectra
are associated with large or small momentum transfers of
the primary protons. An experiment which determines the
identity of secondaries in multi-particle final states
as a function of the momentum transfer of the primary
hadrons is very desirable!

The main conclusion to be drawn from the second
assumption is that we will not get much information
about the short-range properties of the hadronic fields
if we are not able to subtract the dominant long-range
effects. This was first pointed out by Wu and Yang4).

2.3. In order to separate the long-range properties
from the short-range ones we make the further assumption
that all secondaries are "soft",i.e. their 4-momentum is
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negligible. This hypothesis is supported by cosmic ray
experiments™‘, where the secondary pions seem to be soft
in the c.m. system and where the existence of the
"leading" particles which carry about 60 to 70 % of the
initial energy seems to be well established.

However, one has to face the problem that most of
the inelastic cosmic ray events very likely are not
associated with large momentum transfers of the primary
particles. This follows clearly from the proton spectra
measured by E.W. Anderson et al.3). These experiments
show that large momentum transfers of the primary pro-
tons are strongly suppressed and that the cross sections
decrease with increasing momenta of the cutgoing protons
for a fixed initial energy and for fixed large scattering
angles.

There are at least two ways of bypassing these
difficulties for our "softness"-assumption:

a) The large momentum transfer nucleon-nucleon collisions

do not seem to be sensitive towards losses of longitudinal
momentum of the primary particles, because the cross

sections depend predominantly on the transverse momentum3)5).
For this reason it would already be enough for our

approach if the collisions are quasielastic with respect

to the transverse momentum of the primary particles alone6).
This suggestion is supported by the results of L.G. Ratner
et al. who observed7 that the transverse momenta of the
secondary pions spectra in inelastic proton-proton collisions
at 12,5 GeV initial laboratory energy have a Gaussian
distribution centered around p = 0.

The same does not seem to apply to the c.m. longi-
tudinal momenta Py, of the pions,7) but the maximum of the
B, -spectrum is around 0.5 GeV/c and the spectrum drops
approximately exponentially with increasing g'3l
b) The second way out consists in dropping the "soft-

ness"-assumption for the phase space factor of the
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secondaries but keeping it for the amplitude. Much of
the structure of the inelastic spectra which conflicts
with the softness—assumption seems to be accounted for

by phase space oorrectionss)'1o).

In the following we shall adopt the soft meson
approximation in the senge of a), because it has simple
but important consequences which can be tested by
experiments. A comparison of its predictions with -
available data is quite encouraging. Since the details
of this comparison have been discussed recently11), we

shall emphasize the predictions for future experiments.

Neglecting momentum- spin- and unitary spin recoil,
the cross section for the quasielastic scattering of the
two primary hadrons accompanied by the emission of n
soft mesons of the same type is given by1

do "Vl ) = FE,6) w, (£,8), (1)

where E is the c¢c. m. energy and 6 # O, # the c. m.
scattering angle of the primary hadrons. The "potential"
cross section & (E, ©) is supposed to describe the short
range interaction of the primary hadrons, independent of
the long range properties of the hadronie fields which
are supposed to account for the soft meson emission and
which are characterized by the statistical Poisson factor

25, = exp [—5(5,6)_7[9'2'(5,9)_7”/42/,

where i (E, ©6) is the average number of soft mesons as
a function of E and 6.

The factorization of Eq. (1) into two factors is
one of its most characteristic features which allows for
a theoretical and experimental separation of long-and
short-range effects.

We make the following hypothesis about the short-range
interactions:
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2.4. We assume the short-range interactions of the "bare"
hadrons - i. e. without their long-range meson cloud -

te be pointlike (no hard core, negligible rest masses

and dimensionless coupling constants!) for large momentum

transfers (s, -t, -u » u2 . From this it follows

nucleon)
that

& (£,6)= £ Al6), (2)

because E is the only quantity left which can provide us
with a dimension of length. In other words, we assume
the short-range interactions of the nucleons to become
invariant under dilatations at very high energies and
large momentum transfers.1

SOME EXPERIMENTAL PREDICTIONS

As T already mentioned before, a comparison of the
model with available data of large angle elastic and in-
elastic nucleon-nucleon scattering is quite encouraging.
In the following I want to make some remarks about pre-
dictions for futube experiments.

3.1. Since the model assumes the inelastic reactions to
be quasielastic, one should see whether there is

a well-defined relation between the momenta'ﬁ{ andf?é of
the two outgoing primary particles in inelastic reactions.
The best one can hope for is that these momenta are
opposite equal in the ¢. m. system, even for large
multiplicities. If this does not prove to be the case -
which is likely - the model would still work (for the
reasons given above) if only the transverse momenta (or
some corresponding components of the momenta) of the
outgoing primary particles are approximately opposite.

3.2. A very important new quantity associated with the
model is the differential multiplicity B (E,'f{,'fé).
According to the model this quantity should be a function
of the energy and the scattering angle of the primary
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nucleons, and this function should be approximately equal
to the exponent appearing in the exponential of the
empirical fits for elastic and inelastic large-angle
scattering (s. Bg. (1))!

A measurement of n (E, 3{,'35) is very desirable!

3.3. The recently discovered discontinuity12) 13) of the
constant a in the exponent of Orear's fit implies a dis-
continuity of dE/dEL(or dan/d (Ezsin ©), depending on the
variable one uses) in our picture. This means that there

is a discontinuity in the rate of increase of n. Exactly
this happens when new channels become available as

supposed by Allaby et al.13). An experimental investigation
of the inelastic channels in p-p collisions around 8-12 GeV
lab. energies for © between 60° and 90° would be very
interesting.

3¢4. In order to test whether the pions obey Poisson
statistics one should analyse the r. m. s. fluctuations
which are 51/2 for a Poisson distribution.

3.5. Summing Eq. (1) over n gives
(o2t [ Q)E,6) = E~XAL6). (3)

This is a definite prediction for the asymptotic energy
dependence of the differential total cross section out-
side the diffraction peak in an energy region where all
rest masses are negligible. The prediction (3) may be
valid independent of the soft meson assumption, because
all the special features of this hypothesis have dropped
out after the summation.

The available experimental data in order to test
Eq. (3) are scarce. E.W. Anderson et al. measured the
quantity d%0-/dfQdp for 6 = 29° and p» 1 GeV/c at lab.
energies of 10 and 30 GeV. A graphical numerical inte-
gration by hand of the corresponding céurves in Fig. 1.
of Ref.8) gives the values
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oL

tet - = [e— 0% 0.
o2t (10GeV)/an cillci;JC{F>A$‘3 0 S mbjor

and

ATt (30GeV)/dL= 2.2F 0.4 mb/or.

The errors are estimates.

From Eq. (3) we get the ratio 3:1 instead of 3:2.2.
Although the data indeed indicate a slow decrease of
clo t”/d_Q with increasing energy, a serious
comparison of the data with Eq. (3) cannot be claimed

for the following reasons:

a) At 10 GeV lab. energies we definitely cannot neglect
rest masses of baryons in the c¢. m. system, but this has
been assumed in Eq. (3).

b) The quantities c{%%/bﬂﬂ.oép have been measured only
for p)y 1 GeV/c, although the maxima of the curves lie
at this lower limit.

c) The angle © = 29° is rather small and leads to small
momentum transfers, at least at 10 GeV.

The importance of Eq. (3) consists in its providing
the possibility of probing the short-range properties
of the interactions directly without dominating side
effects which occur for large momentum transfer elastic
scattering.

It is obvious that experiments which measure o~ %%/
in many collisions are very desirable!

3.6. Because of the assumption that &/®%/AQ and not
cicfelosé/klil becomes mass independent for high
energies and large momentum transfers, the differential
total cross section seems to be the appropriate candidate
for testing unitary symmetries6 . In a soft meson model
which neglects unitary spin recoil, too, the dominating
factor exp[- 7 (£,8)] of the two-body reactions becomes



[100] -8 =

a unitary spin invariants). This implies a universal
behaviour of large energy, large momentum transfer 2-body
cross sections for all members of a unitary spin multi-
plet.

Again, the different unitary spin channels could
be seen better by looking at the differential total cross
sections. Details of this approach to the application of
unitary symmetries to large momentum transfer collisions
have been discussed in Ref.G).

One last word concerning the drastical assumption of
neglecting the unitary spin recoil associated with the
meson emission: This approximation is probably quite bad
for the emission of a single meson, but it might become
better for high multiplicities, when statistical effects
play a major role and when the recoil effects of a single
emission may be averaged out.

I am indebted to Dr. G. Mack for many stimulating
discussions. ‘
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MULTIPARTICLE PRODUCTION IN A SOFT PARTICLE EMISSION MODEL.

A.Giovannini and E.Predazzi,
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Torino, Italy .

In this paper,the main results obtained in the frame-
work of a multi-soft-particle emission model 1)based on
group-theoretical arguments are reviewed and extended . The
limitations of the model are shortly discussedtogether with
its possible generalizations currently under investigation.

The basic idea which is used in the approach of Ref. 1
is that in the scattering of high energy particles, in the
limit when the masses and momenta of the emitted particles
can be neglected,an arbitrary number of soft particles can
be produced provided the total charge of the system be an
invariant . It is assumed that only one kind of soft scalar
particles exist ( in the two possible states of charge + and
- ) with creation and destruction operators a:, a1(charge
+ ) and a; ’ 2, (charge - ). These operators obey the usual

commutation rules of theée boson calculus

(- [as » 23] = 6.,
[ai y @y ]

[af Iy a-'.- ] = O
1 J
and, using previous results y 1t has been shown that the

I

2,3)

imposition of charge invariance is sufficient to select the
set of states which characterize the production of soft par-

ticles . By defining

(2) .}k1,k2;Q,N>5'= )k1,k2>@/Q,N>
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where ’k1,k2>>is the state describing the "elastic" transi-
tion (about which nothing can be said within the present for-
malism), and Q,N represent respectively the charge and number
D that the
requirement that Q be invariant,singlesout among all possible

states, the set IQ,N:>which forms the basis of the unitary

of soft particles produced , one easily proves

irreducible representation of the discrete positive series of
SU(1,1) . The charge Q is given in terms of the Casimir ope-~

rator of SU(1,1) as

(3) Q= 2)~ 1 H=%,1, ...
whereas the number of particles is given in terms of the ma-

gnetic component m by

(4) N=2m - 1 m=) D +1y «..
As a consequence of the range of variation of)(and m,we
find the following possible number of soft particles created

(5) Nfin—Nin= 2 1] 4 9 oo 0 0

corresponding to the obvious fact that whenever a soft parti-

cle of charge + ( -~ ) is created,another soft particle of

charge - ( + ) must also be created to compensate its charge.
In terms of the creation operators previously introduced,

we have the following explicit expression for the states Q,N

(6) [er) = [( T8y (B (1)) <a;><N"Q’/IZC>
where )O>' is the vacuum of soft particles .

Due to the particularly simple mathematical situatbn
encountered here,one can also explicitely calculate the ma-
trix elements for the transition from a given initial state

to any permissible final state.This is so because of the

explicit knowledge of the matrix elements of SU(1,1) as fun-
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4)

transition matrix elements becomes particularly simple if we

ctions of the generalized Euler angles . The form of these

further assume that
(7) (k,0) =ity ky | 7]k, 6>

which is still an operator in the Q,N space (and whose va-
cuum expectation value in this space describes the elastic
5) of SU(1,1) . In
this case , there exists a mapping of the form

(8) T(k,8) —> Tg(x)

scattering),transforms like an element

where Tg({) is the unitary irreducible representatio D+}(of

an element g of SU(1,1) . In so doing , an "a priori" unde-
termined function XKk,e) is introduced .
An immediate consequence of the model is that all pro-

duction processes of soft particles can be expressed in terms

of the elastic amplitude and,in the case Nin=Q=O,Nfin=N,we
have
‘ -iN N
(9) N)1(k,0)] P=<o[1(k,0) [0) a2 ?2-;—1) /2,
(=124 €1)
(N=O’2"-)

Eq.(9) is the clue to correlate different processes
and can be exploited to phenomenologically determine Y(k,e).

In Ref. 1 arguments have been given to support the
conclusion that

(kyg) —— 1
X k-0

Y (k,8) — o0
k=00

From Egs.(9,10b) it then follows

<N ) 7(x,0) | 0>

: N
o %inoo <°'T(k,9)lo>l"‘ exp ‘(W)-—>o.

(10)
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The above result is very reasonable in that it shows
that inelastic processes are depressed compared to the ela-
stic one . The knowledge of the rate at which inelastic pro-
cesses are depressed,would in principle be useful to fix
Y (k,8). In Ref.1 this problem has been considered in the
simplifiéd case in which the angular dependence is supposed
factorizable in the high energy limit and integrated over in
order to calculate the multeplicity of soft particles produ=

ced . The result in the general case is given by

00 00
(12) Fn,giy) = 2 = nRl (¥)/ & P ¥
n=1 n=0
where
(13) n = (N'-N)/2 n=0,1,2,...
and Pg,N(X) are the emission probabilities for a transition

(Q,N)—> (Q,N') which turn out to be given in general by
PI?T'N(X) =(Sinh7 COShg )"‘(N+1) (tanhg )N'+1
F'(1+——9N';) ’-0(1+N'-|2-g) 1

e+ B2y roq B8 P2+ 550

(14)

2 N-Q N+Q | N'-N .2
2F1 ( > > ;1 + > sinh ; )

where,without any restriction we have assumed N' N and
sinhzg =3 (Y-1)
cosh2§ =3 (Y+ 1) .

In the case N=Q=0 , Eq.(12) gives

(15) Ry) = y(x) -1
which implies that

k—=>00
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We can now show that under the same hypothesis of fac-
torizability , the use of the optical theorem enables us to
conjecture that the maximum growth of Y(k) with k is of a
logarithmic nature and that this is consistent with a Regge
like behavior for the elastic scattering amplitude at high

energies . We define

acy 2
(17) (5% el _/<o | T(x,0) | o>] .
The optical theorem

| 6 _ AN
(18) tot = T Im f(k,0)

together with

2 00 2
(19) 6. . = 1117- > 5 aR J¢n 1 2(x,0) | 0]
n=0

and using Eq.(9) (in which we set N=2n) becomes

t 2

(20) Im(O)T(k,O),O>=Zl{: g>dt)<olm(k,e)10>) (y (eB)+1)
%

where t=-2k2(1-cos ©) . We now assume that in the high

energy limit

(21) L0 )T(,0)] 0D —~— (ia+3) e

k-0
-0
where
lim A = constant
(22> k=200
lim B =0
ko0
and
(23) lim X(k,g) = X(k) .
k- 00

Notice that Eq.(22a) is the statement that total cross sec-
tions become asymptotically constant whereas Eq.(22b) takes

account the predominantly imaginary character of elastic
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scattering amplitudes at high energies . With the above as-

sumptions , Eq.(20) gives

2 2 0
A = 22 (w0 + 1) f , at &2t
k — 00 V;: -4k
or
2 _2
X A+ B ¥ (k) + 1

Egs. (24) and (22) can be reconciled only if

. A ‘
(25) limb = —== (y(k) + 1 )
k- 00 8\/; x
which implies that the slope b in Eq.(21) must increse like

‘x{k) with energy . On the other hand the only permissible
rate of growth for the stope of the forward elastic ampli-
tude is, on phenomenological grounds , the one predicted by

the Regge pole theory6)

which gives a logarithmic variation
of b with energy and since we already know from Eq.(15) that
)((k) must grow with energy , we finally conclude that a Reg-
ge-like behavior for the elastic amplitude is the only high
energy behavior compatible with the present model and that

(26) lim y(k) = 1n(k/ko) (k = const.).
k-> 00
It is amusing to note that if Eq.(26) holds , the law

of multiple production (15) in the present model is the same
as predicted by the multiperipheral model of Amati et al.7).
Having thus quickly summarized the main lines of the
present approach together with some of the results , a few
comments are now in order .
The major limitations of the model are :
i) The soft nature of the emitted particles ;
ii)The limited number of species of particles allowed in

the game.
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As far as point ii) is concerned,we are trying to gene-
ralize the above considerations to include more kinds of
different particles. The only problem,in this context,appears
to be of mathematical nature,namely,the matrix elements of
SU(n,1) are presently not available,at our knowledge , as

functions of the generalized Euler angles . Point i) ,on the
other hand,seems 1, reglly be the crucial assumption which

allows us the complete analytical solution of the problem at
hand and we are therefore inclined to believe that the soft
nature limitation will not be easily removed. Work is presen-
tly in progress to extend the model (along the line in ii))
as well as to investigate in detail its implications on the
various quantities that can be calculated in its present form.
To conclude,we wish to emphasize that the present appr-
oach represents an attempt to apply group-theoretical methods
to investigate elementary particle physics in a rather diffe-
rent spirit than it is usually done.lt differs from the
various SU(n) models in that it attempts a direct classifi-
cation of amplitudes rather than of particles.It differs on
the other hand from the various expansions in partial waves
or & la Tollers) in that instead of using invariance proper-
ties specific of a given amplitude,we try to enforce general
conservation laws and this allows us to conneect among them-
selves several processes.Finally,we should like to mention
that non-compact groups have been applied recently to the
exploration of the dynamics of strongly interacting systems

9,10,11)

in a number of other interesting ways and their use

in this context is certainly worth further investigation .
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ON TOTAL CROSS-SECTIONS IN THE MUILTI REGGE MODEL

: L *) . K%
Jd. Finkelstein and K. Kajantie

CERN
Geneva, Switzerland

In this note we report some results on integrated cross-sections

in the multi Regge model (MRM) l)_6). Details and proofs will be
presented elsewhere 7).
1. The matrix element for the process pa+pb~e Pp+eeetD, is

given, in the MRM in our parametrization, by

[M,[ = »QQﬁ'e“(“f*“f'/ﬂ [OLTEN (1)

where g 1is a product of coupling constants, the ai's are diffrac-

tive parameters, the (Xi's and °(£'S are the intercepts and slopes
. . 2 2

of trajectories exchanged, and S;= (pi+pi+l) ’ ti_ (pa—pl-...—pi) .

This matrix element is valid in the region of the phase space where

the si's are large and the ti's small. The condition that the

ti's be small implies that sl.....sn_lgz f&n_Qs where /x is a

new parameter. Using the variables introduced by Bali, Chew and

Pignotti 4), we can write, taking qj;:q, o o'y a;=a,

'=
1

*)

**)

NATO Postdoctoral Fellow.

On leave from the Departiment of Nuclear Physics, University of
Helsinki, Finland.
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Q0 o QT
Ly (9) by -;:;ljdx,---alx,,_, 'fc(t,"“,t,,.. J\"’Wz"' ‘th-n 8 (xl*m*x'\" b (” {#:; ) /M') /2
) (2)

o

=ABTE)TT, ()

)

where A and B are parameters, X, = ln(si/so),

QO
<o) l ) ( _d sw”")
L (i) j““*“r‘:rr R (3)
A .
2. From Eq. (2) one finds the following lower bound for Cfn(s) :
n-x
2012 1 -
oz Ageft i (B, g, ]
T a % l+.‘::.(,,}{ q (n-2) a So

Letting n and ln(s/so) go to infinity together but staying always
within the limits of validity of the model, this lower bound is
sufficient to show that, if = 1, the contribution of the MRM to
the total cross-section, i.e., to O:JS) summed over all appropriate
n, increases like some power of s as s—> & . This means that
repeated Pomeranchuk exchange will, for sufficiently large s, violate
unitarity. On the other hand, if « < 1, then for sufficiently
small values of B, this trouble does not arise. A possible ex-
planation for this is that the effects of the cuts must be included
together with the Pomeranchuk trajectory, while they can be neg-
lected for trajectories with o < 1. ‘



[112]

3. Although the integrals In cannot be done in closed form, a

very good approximation to them can be obtained by using the methods
8 . ‘
of Ref. . One finds

()= —== |

[p0es)] i @en(z-5)

(5)

where /’3 = ﬁ (c/n) is the unique solution of

)gfdu_?;'si - n | (6)

) I+ W cC+n

Eq. (5) becomes correct for large n; however, even for n =3 it

is correct to within a few per cent.

4. From Egs. (5) and>(6), one- can see that .In as.a function of
n has a maximum at about n = (d'/a) 1n(s/so). Physically, the
reason is as follows : the average value of the subenergies is
roughly <ln(si/soi>ﬁt' lh(s/so)/n. Hence,'for fixed large s and
small n +the subenergies are large and In small since the peaks

in ti are shrunk. As n 1increases, shrinkage becomes less impor-
tant, but eventually one runs out of phase space. The maximum value
of In occurs at the boundary between the shrinkage and phase space
regions; since the peak in %, is given by exp [Ka+ A'ln(si/so))té]

this boundary is roughly at n 2 («'/a) 1n(s/so).

5. The simplest cases to which these results could be applied are
those for which, as n increases, one just adds more vertices of the

type already present. An example of this is K p-—> (n® )Y, where



Y
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is a A or a 2:0 or a Zf+, constrained to emerge from the

proton vertex; +then in the limit of exchange degeneracy only the

*
X

trajectory can be exchanged. Some other examples are

¥p — k'y(am), pp—> (n¥r), pp — ¥Yi(umw), and Kp — (np°)Y.
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EXPERIMENTAL EVIDENCE FOR MULTIPERIPHERALISM

)
Department of Physics
University of Wisconsin

MADISON, Wisconsin
U. S‘A.

*
G. Zweig

We would like to present preliminary experimental evidence for
the existence of multiperipheral processes 1). The reaction to be
considered is T +p = T + 7 + T +p at incident T  momentum of
25 GeV/c. The data was obtained at the 80" BNL chamber by the University
of Wisconsin., The analysis to be presented was performed by William

Robertson and the author.

Although there are four particles in the final state, we will
try to pick a class of event which may be analyzed as if there were only
three. That is, we select events where the invariant mass of the wr

and the slow T (slow in the laboratory) is small :

(Y 2 Sy < 2 6V

We then consider the 7T+7f; system as a single object or cluster
called X and look for the existence of the multiperipheral production

process

m X b
/
:E: :?* o l b \\

m b

a’k

*)

Sloan Foundation Fellow, on leave of absence from Caltech,
Pasadena, California, U.S.A.
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where a and b represent possible exchanges. Note that at fixed
incident TT  energy, the reaction depends on four variables; the
momentum transfers to the T and Py tTT and tp; and the in-

variant masses STTX and SXp’

The most characteristic feature to be expected of this sum of

multiperipheral diagrams is a strong peaking at simultaneously small

values of the two momentum transfers. To isolate this effect, we

remove the resonance background by selecting events which satisfy
Spy? RGN S U 6N S rH GV
TX ) xp 7 mp &

i.,e., we work in the triangular region of the Dalitz plot as shown in
Fig. 1

SxP

sy

Fig. 1

We further require that the 'IT+ contained in X and the fast TT ~
do not form a or f and that the Tr+ and p do not form a
£5(1238). FPinally, since we demand identification of the proton by
ionization in the bubble chamber, we consider only events with

£ < 0.8 GeV2,

The events which remain are now exhibited on a tTr—t scatter—
plot (Fig.Z)zl In spite of the fact that phase space inhibits the
appearance of events in the corner of this plot, a strong peaking
(~ 70 events) is observed there. To our knowledge, this is the first
time that simultaneous peaking in two momentum transfers has been
observed, a result which indicates the existence of multiperipheral

processes,

In order to investigate the form of the amplitude in the multi-
peripheral region, we have divided the number of events in each square

of the twr_tp plot by phase space and projected the result on the
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tn and tp axes. The generated curves are shown in Figs. 3 and 4
and indicate that the multiperipheral amplitude may be crudely repre-

sented in the form etp/*'P+t“'/rﬂ' where ﬁrp and Ty have

values characteristic of ordinary two-body peripheral processes.

We are now in the process of analyzing the complete funectional

dependence of the multiperipheral events on the tp, t and

w? Swx

S variables.
Xp
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2) The numbers shown in Fig. 2 indicate the number of events

observed in the corresponding region of the 1Hr—tp plot.
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TWO-BODY FINAL STATES PRODUCED IN
K+-PROTON INTERACTIONS AT 10 GeV/c

Birmingham-Glasgow-Oxford Collaboration.

1. INTRODUCTION

The two-body reactions

K+p-0 pK* * la
K o+ pk* T(1420) 1b
K+p-b’K°N*++ | : le
and K p-» KEN¥ . 14

have been studied at an incident momentum of 10 GeV/C using 200, 000
pictures from the CERN 2-metre hydrogen bubble chamber exposed to a
radio-frequency separated beam, (Here K* refers to the K* (890) and N*H'
to the N'TT (1238)). Previpus work on reactions la, lc and 1d at 3. 0, 3.5

1)

for these reactions fall sharply with increasing beam momentum and

and 5 GeV/ ¢ incident x* momenta ~° has shown that the total cross-sections

provided some evidence that the differential cross sections shrink as

*

the energy increases. The K" and N* decay correlations pbserved

are consistent with those expected for vector meson exchange in 12 and

2)

for these reactions to 10 GeV/c and also gives results for reaction 1b

lc and for pseudoscalar exchange in 1d. This note extends the results

at this beam momentum.

2. SELECTION OF EVENTS

The quasi-two-body final states la, 1b and lc were

selected from events fitting the hypothesis

+
Kp-» K°1r+p (278 events) em———— 2.
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The Dalitz plot for this channel is shown in Figure 1 and the
distributions in M (Ko'rr+) and M(-n-+p) in Figure 2. These distributions
show that the two-body final states pK* and KOI\}‘-H- occur with negligible
background and represent respectively (40:’. 5)% and (ZOt 4)% of channel
2. In addition the KTt effective mass plot shows a clear K*(1420)1
signal, again with a very low background, amounting to (18 t»4)% of

the total number of events.

Reaction 1d was studied using events fitting

K+p -» Koﬂ'-'-p'n'o (1189 events) 3.

Evidence for the presence of this reaction is given in Figure 3 which
shows a triangle plot of M(K ") versus M(1r+p) for the channel.

There are well-defined K © and 1\?++ bands with an excess of 22 ' 10
events in the overlap region above the number expected by comparison
with adjacent areas of the bands. The analysis of this channel is
complicated by the presence of enhancements in effective mass
distributions other than those contributing to the I?ON*H- final states
(e.g. in M(K®r"), M(r'7°), M(r°p) and M(XK°r°n")). .In view of this
complexity and the small number of genuine K*ON*++ events it has

not been possible to do anything more than quote a cross-section for

this reaction.

3. Cross-sections

Preliminary values of the cross-sections for the

two-body reactions considered are given in Table 1 together with the

| . 2
t The fitted mass is (1424 t 10) MeV/cz and the width is (110 - 30) MeV/c .
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overall channel cross sections. These cross-sections were determined both

by a T count and by normalising the

Table 1 - Reaction Cross-sections the total number of events found
: Py i i f the film t
Final State P in a po:tlon of the film to a
Ko'rr+p 215 + 40 ub) total Ii p cross-section of 3)
(17.3 - 0.1) mb at 10 GeV/ (.
(la.) pleﬂ- 85} 20 The tainties quoted in
(1b) pK*I-(14ZO) 39 : 15 uncertain q
(1c) KON®H 43 - 15 Table 3 include estimates for
o+ o + possible systematic effects in
K m pr 860 - 160 . .
the selection of events and in
(1d) g¥on¥t 16T 9
the normalisation. The variation

K*‘?‘KOTT*’; K*—QK%T°

is shown in Figure 4 where In.g is plotted versus In.p for each of the

of the cross-sections with energy

reactions in question. In each case the straight line shown was obtained

from a least squares fit to the data of the expression

(5’=Kp-n 4,

4)

is a constant. The rea.ctmns K p-opK and K p—* KON’ " give good fits,

previously used by Morrison, ’ where p is the beam momentum and K
but the cross sections for K p—* ®*° N‘H. are widely scattered about the
straight line. The values of n obtained are given in Table 2. For
reactions la and lcn = 1. 9-— 2 and n=2, 3 - 0.3, respectively, in
disagreement with the value n = 1 expected from simple Regge-pole

) models based
Table 2 Values of n in @ = Kp n

5)

on @-exchange ’ and on@ and

Final State n A, exchange for reaction lcé.’)

(12) p*™ | 1.9%0.2

(1) k”ON"T | 2.3t 0.3
(1) KON | 1.6% 0.2

+
For 1d, nis 1.6 - 0.2 indicating

a very much steeper fall off with

increasing energy than found

for the analogous reaction 1r+p-b QON*++, where n & 0.5?) The only
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2)

published result for reaction lb at lower energies is at 3.5 GeV/¢
but the value found is uncertain because of interference between

KO N ana p ' (1420) final states.

4, t distributions

Figure 5 shows the distributions of In de /d 1t} versus -t, the
four-momentum transfer squared, for la, 1b and lc with fitted lines
of the form

bt
defd 1tl = Ae 5,

where A and b are constants. In reaction la the point at the smallest
jtlvalue has not been used in the fit. The low value observed here
cannot be due to experimental biases since recoil protons with lab
momenta as low as 0.1 GeV/c, corresponding to -t = 0. Ol(GeV/Cf
can be detected with certainty for the two prong plus V° events
studied. The values of b obtained from the fits are given in Table 3

1).

for the -t interwvals specified together with the results from

Table 3 Values of b for do/it] = There is no evidence
Reaction Momentum -t 1nter,va.1' b . .
T T for shrinkage in
(12)K" p-p 3.0 0.05-1.00 | 3.6° 0.4 + +
3.5 " 3.2¢0.3 K p»p'" but the
5.0 n 4.2:!_ 1.1 differential cross-
10.0 0.10-1.00 |} 3.7-0.5 .
(1b)K+p+pK"‘iﬁo) 10.0 0-1.00 '1.5:{0.4 section does
(1c)K p 3.0 0.05-1.00 3.2_'—_0 .6 appear to shrink
3.5 " 3,5:0.5 _ ,
+ for the reaction
5.0 " 4.1_|-_0.7 o*++
10.0 n 4.651.1 | kTp-ak®N

dof d)t| for K*(1420)
production is considerably less forward peaked than for either of the

other reactions, havingb = 1.5 t 0.4. At 3.5 GeV/c a value of 2.-88-'-.33
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5.
is quoted but the situation here is complicated by the interference
already mentioned, and at 5 GeV/ . a study based on the Knr decay
of the K¥ (1420) gives b = 4.5 T 1.6%) for 0.02 <~ £<0.6 (GeV/ ).

There is clearly no systematic trend.

A characteristic of all three reactions listed in Table 3

is that the differential cross-section is less sharply peaked forward
than in the corresponding 11-+p re‘actions*at 8 GeV/c This effect occurs
also at lower energies and probably arises because some exchanges
allowed in K+p interactions are forbidden by G-parity conservation

. + ‘ 9) . + ot ++

in the w p case. Thews '’ has noted this for K p=$» K and has
obtained good fits to the lower energy data using @ and A2 exchange

| ++
in this reaction but g exchange only in 'rr+p+1r°N* .

5. Decay Angular Distributions

The Gottfreid- Jackson angles *°) for the KX ¥ in la and the
1\?++ in lc are shown in Figure 6 and values for the density matrix
elements are given in Table 4.

Table 4 I?-'- and l\?"H' Density Matrix Elements

Reaction Qo | €1-1 Re @O0 | €33 |Ref-1|Ref31

-

(12)K pwpk®  [0.01F.07/0.39% .05}-0.03% . 03]
(1c)KT pONTF 0.30%.08p.2% . o7p.ar¥. 07

The decays were fitted by the method of maximum likelihood to

distributions W (cos@, ¢) of the form given in reference 10. The curves shown

»+

t (i.e. 1i'+ p-=¢'p cf 1a, 1r+p-+pA2+ cf 1b and 1f+p-o1r°N + cf 1c).
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in Figure 6 correspond to the density matrix elements shown in
Table 4.

In reaction la the K* alignment is similar to that found
at lower momenta and agrees with production via vector meson
exchange. For reaction lc, K+p"’K°N* ++, the density matrix
elements again have similar values to those at lower energies,
and are consistent with production via vector meson exchange
and M1 coupling at the baryon vertexu? - No spin analysis has been
performed for theK*(MZO) because of the small number of

events.
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Figure Captions

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

1 The Dalitz plot for K+p—0K°p1r+, M (xp) va M2(r'K®).
2 D1str1but1ons in(a) M ('rr K °) and (b) M(1r p) for the

reaction K p—-=K 1r+p

The scatter plot of M(‘l’l’ p) versus M('tr K®) for events

fitting K p-oK 1r 1r p-

Ln o versus Lin.p, where ¢ is the croséwsection at an
incident K+ beam momentum p,(a) for the reaction

K+p - pK*+, (b) for K+p —~KON** ang (c) for'K+p-o KE°
N KK, KK

Ln dofdjtversus -t where t is the square of the four-momentum
transfer from the target proton to the recoil proton (a) for
K+p'—o ple and (b) for K p-opK (1420) (c) shows Lnd&/)ﬂ
versus -t for K p—» K N‘H' where in this case ¢ is the

four momentum transfer squared between target proton and
recoil I\ftH'.

Decay angular distributions for the K¥ produced in the
reaction K+p - plt", (a) W (cos®) and (b) W(¢ ) as defined

by Gottfried and Jackson'?), and for the N*** in the reaction
K+p - KON (¢) W(cos ® ) and ()W (g). The curves |
shown are drawn for the density matrix elements given in

Table 4.
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QUASI TWO BODY REACTIONS IN 1r+d INTERACTIONS AT 5,1 GeV/c

Orsay (I. P.N. 1) Bari, Bologne, Florence collaboration
presented by J. LABERRIGUE I.P.N. 1

INTRODUCTION :

Analysing 1'r+d interactions at 5,1 GeV/c in 400.000 pictu-
res of the 81 cm Saclay deuterium bubble chamber exposed at CERN PS,

we obtained results concerning reactions :

T|'+d -> P_P + neutrals (1)
+ + -
md pp T (2)
+ + -
md PP T m° (3)

Experimental conditions and details on analysis of these reactions were
already reported in previous papers [1] The spectator proton and the
faster proton have momenta less than .28 GeV/c and 1.3 GeV/c respec-

tively.

Here we present results concerning quasi two body

List of Authors

M. Barrier, J. Laberrigue-Frolow, D. Mettel, J. Quinquard, M. Sené,
Institut de Physique Nucléaire - Orsay-Paris.
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A, Forino, R. Gessarolli, L.. Lendinara, G. Quareni, A. Quarences
Vignudelli. Istituto di Fisica dell'Universita di Bolognia. I.N.F.N.
Sezione di Bologna. /
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reactions :
+
la . Tn — pf°
L'>.n,o.n,o
+
Z(a Tn_-o>p§f
+
b m™Tn —>pf°
+ o
C Tn 5 p§g
+
3(a Tn_apym
+
b Thn —>pw
+ (<]
c Tn _5p A2
+
d T =P (M7 s

3t
Associated N ° gt and N p° Dbeing present in reaction 3, we exclude
for analysis of reaction 3(a,b,c, and d) peripheral isobars (events with

2 2
Mpn ¢1.3 GeV and A 0.3 GeV .
pr £ (pn) £

C€ROSS SECTIONS

. . +
Fig.1 shows the invariant m m mass spectrum. The best
fit obtained adding to a statistical background three Breit-Wigner's for
g g g
P'f'and g. resonances (positions}widths and intensities being all free

parameters) give the results reported Table 1.

Positions(GeV) | Widths (GeV) |Percentage barns
f»°_>n+n' .775 + .002 |.168 + .006 43 02 596 + 95.
Joom 1.261 +.004 |.216 +. 013 33,49 421 + 76.
QT 1.683 +.013 |.189 + .049 6, 03 76 + 11
background 13, 06 158.

TABLE 1.

A. Cartacci, M.G. DAGLIANA, G. Di Caporiacco, G. Parrini. Istituto
di Fisica dell'Universita di Firenze. I.N.F.N. Sottosezione di Firenze.

-2 -
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The rather small background, specially in the low mass region is parti-

cularly interesting for the analysis of Pf° and pf° two body reactions.

Joo ,» £°, and g° production cross sections values obtained in our experi-
ment : (596 + 95)ub, (421 + 76)ub and (76 + 11)ub respectively are
quite compatible with values obtained at other energies (2) At 4 GeV/c
Ci) cross sections for m —> o@ and nf° are (0.75 + 0.13) mbarns
and (0.42 + 0,06 mb) respectively, and these obtained for reactions
2(a,b,c)in a 1'r+d experiment at 6 GeV/c (4) are (400 + 13) pb,

(180 + 13)ub and (56 + 14)pb.

Fig.2 shows the tripion mass spectrum ; m, and w are produced above

°

a negdigible background. Analysis of pm  structures Cl) indicate,. A2

and (fﬂ)1640 productions (see ref. lc). |
The best fit obtained for the low mass region gives for

M_and w _position, width i:he values :
{

Moev ~ Width
T - » —
q[_ﬁr n o’ 537,6 +25 28,4149
Wt e 781,9 41,1 33,9 418

To avoid biases due to cuts in protons momenta in our experiment we
evaluate all cross sections by normalizing the cross section
+ . t -, . -
o(md -ppm), with m>m m n°, to the cross section from reaction
s

T p —>mn at the same energy (5)¢ (56 \‘L>

+
THn = ° 4 - = 128 £ 3
Then Tn 2P Wl Fo-le t ubarns

Analysis of pr structure is rather difficult due to the intrinsec pro-
perties of the AE and to the important background. The best fit obtained
eliminating (y and m_ productionlwith a 209 confidence level is given

table 2.
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TABLE 2
Positions Widths Percens -
; pbarns
gev | gev tages

As 1.3 11 £ 0.006 0.096 + 0.016|16,7 + 27 | 147 £ 30
znd()o mpeak [1.636 +0.020 0.112+0.060| 6 +2 53 + 20
Background - - 58 °/, + 10 | 515 + 50
Deck effect - - 19 Y, +2 | 168 + 25

DIFFERENTIAL CROSS SECTIONS. SLOPES

AZ distributions for events corresponding to f°, f°, g°
production (fig. 3) show clearly a forward peak suggesting a peripheral
contribution.

However, it has to be noticed that for A2 > . 3GeV2, while
f° and g° vanish, a clear peak is still present in the dipion mass
spectrum at the same mass and with the same width than the f‘ . The
corresponding cos © distribution, ( © = first angle defined by Jackson)

does not exhibit the well known forward - backward assymetry
(F-B
F+B

0.35 + 0,04) observed for events with AZ < .3 GeVZ.

The three Az distributions for ¢° f° and g° production

2
are well fitted (fig.4) for low A values by exponential lows ﬁ v eat,.

with « sumarized in table 3.
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Mass band. GeV AZ GeV2 Slope
j°,>n+n' 675 ¢Mnm <. 875 | .06 <A < .28 9.63 + 0.59
foomin 1.16 <Mnm<1.36 | .04<A% < .28 | 8.75 + 0.48
g°.__>'rr+n'- | 1.58<Mnm<l.78 0.16<A2< . 56 5.57 + 0.56

TABLE 3

For f°__.m°mw° observed in reaction la, the value of the slope is
8.8+ 1.7 Values of the slopes for ¢° and f° are compatible with
these obtained at other energies in rr-p interactions (:2,3]. For w
production fig.5(a) the fit gives a value of 3,08 + 07 GeV-z. There is
a back of events in the region of Az =0,6 CreV2 but the statistic in-

volved does not allow to speak of a minimum.

For AE and (5> "){640 production the analysis of the dif-
ferential cross section is much more complicated due to the important
background;more over it depens of the cut made to eliminate the compe-
titive isobar production. Values obtained with the cuts described above

are summarized table 4.

TABLE 4.
| > 2
Mass band GeV A GeV Slope
- 2
won e | L 74<M + - 484 |. 12 ¢A <54 | 3.08 + 0.7
™ me N -
o 2
Az,s}:m .l.ZZ(M"+ﬂ-"°<1.4Z .04 ¢ A <. 4 2.83 + 0.8
o 2
(gm) 1640 1.550<M"+"-"°<1.750v0.12 <A'¢gl.0 3.3 + 0.8

Value obtained for the slope of Nja production «= 11,3 + 3 GeV_z'.'s

in good agreement with values obtained at 4 GeV/c and 8 GeV/c.

-5 -
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Spin density matrix elements

They were calculated for f° and f° production. The high
statistic obtained for )o" production allowed us to calculate the spin

density matrix elements relative to the amplitude

W(8,Y¥) = 411 [(r)oo F11 )(cos 9 - ) V2 ReJJlO sin2 b cos Y -
- P _p sin Bcos 2¢) + an (-2V2 Reg sin© cosy + 2Rep =~ cos B)

as a function of Az. The results summarized table 5 are rather compa-
tible with theoretical values predicted by the S-P model, the deviation
of Foo - f11 from the theoretical pred1ct1on reproduces the streng depo-

2
larization observed for the f at A s .3 GeV

v int _ ‘
AZ Gev® _ P
Foo Qll v Reeoo : N - &V

2 L. 05 0,56 + 0,04 0,29 + 0,02 526
0582 ¢ 1 0,55 + 0,03 0,25 + 0,01 415
.1<A2< .25 0,54 + 0,04 0,21 +- 0,02 463

A 25 0,09 + 0,07 0,03 + 0,03 274
a’y. 3 0,05 + 0,08 -0,009+ 0,03 217

TABLE 5

For fo production, the calculated values ofthe spin density matrix

+
elements for a JP = 2 state for AZ e. 3 GeV2 are the following.

Foo =1,02 + .15
P11 =.20 + .07

J:»22=-.21-|;.07
\6
P, -+ Re, =.02+.02
1,71 3 fo
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£y =, =-.0L % .02

R Re, +f€‘Re,, = .10 + .01)

64 21 10
foo and fll values are not incompatible with theoretical values. The
negative value of By reflects the absence of the bump in cos €= 0

region,which is certainly not due to an experimental bias.

The decay angular distribution of g° resonance is strongly
peaked forward. It does not reflect a pure resonant wave. Furthermore
'I;:_';—g does not show any anomalous behaviour
in the g mass region. There is no significative structures in the coef-

the assymetry parameter

ficients a;, 2 of the Legendre polynomial coefficients calcu-

PREEEI a0
lated with the momenta method. So it is impossible here to determine

.e.\-k values for g° resonance.

CONCLUSION

.I.
In conclusion results obtained in m d interactions at
5,1 GeV/c show that the quasi two body process is dominant. pp°,
Pf°, pg° ., PW > pAz , p(fn)i’640 reactions are rather well repres;zlted
by theoretical predictions in t chanel. The presence of depolarized;fgr
2
t values higher. 3 GeV beyand diffraction peak is evident and has to

be understood.
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FIGURE CAPTION

+ -
Fig.1 Invariant m m mass spectrum

+ -
Fig.2 a) Invariant m ™ m™° mass spectrum

b) Analysis of this spectrum in (J)rr) structure

2, + - +
Fig.3 A7(m m ) distributions for m ,,pjf, pf°, pg°® reaction
Fig. 4 AZ(TF+TT-) distributions for ¢°, {° and g°
for small A' region. Straight lines are fitted results.
Fig. 5 2 4 distributions i tion [nd )
ig. A (ntn o) istributions in reaction [m d —-p pm m ™
a) for T'n >p W (.74 ¢ M + - ., <. 84 GeV)
Tw
+ (]
b) for m n >p A2 (1.22<Mﬂ+ﬂ-ﬂ° < 1.42 GeV).
. 2 . . + +_-
Fig. 6 A distribution in reaction T d,.>psp1'r L

for 1'r+n<_>p (p ) (1.550 ¢ Mn+1-r-n° ¢ 1750 GeV).

1640
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INTRODUCTION

. . +
An analysis of double resonance production by 5 GeV/c m mesons
on protons has been presented at the Heidelberg Conference (1). The
analysis was based on a sample of approximately 6000 events of the type:
+ + + -
TPp>TWDpT W (1)
and approximately 6500 events of the type:
+ + -
Tp > n+pn o (2)

For both the reactions:

+ x++ o
and
+ x++ o
TP > N3/2,3/0 ()

we presented results for do/d|t| and the (single-vertex) density

matrix elements as a function of |t].
Comparisons with the absorption model predictions were made.
For the N¥p-channel a satisfactory over-all agreement with the predictions
of the one-pion-exchange absorption (OPEA-)model was found. Our N*u-
results however, differed appreciable from the predictions of the absorption
model with p-meson exchange.
For both channels we looked for a possible correlation between
the polar angles of the vector meson- and the isobar-decay (Gp(w) and GN*)
using the method originally employed by G. Goldhaber et al. at 3.65 GeV/c.
Ref. (2). For the N*p—channel the existence of such a correlation was
established; its magnitude was found to be in rough agreement with the

expectations from the OPEA-model. For the N*u-channel no statistically

significant correlation of the above type could be detected.
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The present paper deals with preliminary results of a further

and more detailed analysis of the reactions (3) and (4).

II.

IIT.

IV.

Five topics will be (briefly) discussed:

The differential cross-section as a function of |t - t

| (]t
min
being the minimum value of |t| allowed by the masses at both

min

vertices).

The constraints implied on the single-vertex density matrix-elements

by the positivity of spin density matrix (in function of |t|).

Preliminary results of an attempt to evaluate the effect of back-

ground on the spin-density matrix-elements.

The results of an evaluation of the average value of all joint-decay
density matrix-elements (including those expressing correlations
between the two vertices) and a study of the variation of these

elements as a function of |t - t_.
min

A test of the relations between the spin-density matrix elements
obtained by the quark-model and the so-called additivity assumption
(Bialas & Zalewski).

We refer to the Heidelberg-paper for all notations and conventions

used in this paper and not explicitely redefined here (1).
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I. DIFFERENTIAL CROSS-SECTIONS do/dlt - tmin

The differential cross-section for reactions (3) and (4) as a
function of |t - tminl is shown in figs. 1 and 2 (4).

For the N*p-channel the "round-off" of the do/d|t|-distribu-
tion at small Itl-values has completely disappeared and the
do/d|t - tminl-curve remains a pure exponential in [t - tminl up to the
lowest transfer allowed. For the N*w-chamnel we observe a plateau
extending from zero to about 0.2 (GeV/c)2?; above 0.2 (GeV/c)? the
do/dl|t - tﬁinl-distribution shows a smooth exponential decrease.

In table I we compare the slopes of the do/d|t|- and
do/d|t -'tminl—distributions for both the N*p and N*w-channel.

ITI. POSITIVITY CONDITIONS ON THE SPIN-DENSITY MATRIX-ELEMENTS,

P. Minnaert has stressed that the (single-vertex) spin-density
matrix-elements must satisfy certain conditions due to the fact that
this (hermitian) matrix has positive eigenvalues and unit trace (°).

For a spin 1 particle, and for any frame of reference which
has the quantization axis in the (2-body) production plane (i.e. the

Jackson reference-frame), these conditions are:

00

lo1"1| < 1—'5‘1— (5)

IRe 070 < 2\ 091 = % 2575 ) (6)

For a spin 3/2 particle we find:

o —

(Re oy )2 + (Re 05,02 + (pgy = P2 < 77 (8)

Fig. 3 shows a plot for the N*p-channel of p1’ and
Re p10 (Re P3 _4 and Re 031) in function of pOO (p33). The projection of
-
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the positivity domain on the 2 dimensional space of the parameters
considered, is shown by dashed lines. Positivity requires the points to
lie inside this domain. The points with error-flags correspond to the
values obtained for the 3 different regions of momentum transfer
considered. (See fig. 4 - Ref. (!)). The black dots correspond to the
values of the density matrix elements averaged over a |t|-interval from
0-0.3 (GeV/c)2.

Fig. 4 shows a similar plot for the N*w-channel. In this case
L different |t| regions were considered (See fig. 8 - Ref. (!)) and the
black dots now correspond to averages over a |t| range from 0-0.6
(Gev/c)2.

The conclusion is that for both the N*p and N*w channel, the
density matrix elements at each vertex are in excellent agreement with

the positivity requirements.

III. BACKGROUND EFFECTS.

We have tried to obtain a feeling for the importance of the
background-effects on the (single-vertex) density-matrix-elements by
the following very simple-minded procedure:

a) evaluation of the density-matrix-element expressions for
events lying resp. above, below, to the left and to the right of the
double resonance mass-region considered (6);

b) averaging of the values obtained under a) (pBG);

c¢) estimation of the number of background events in the

Bg) 3
d) calculation of a corrected density-element value p by

double resonance region by 2 dimensional interpolation (N

means of the expression:

_P "N -ppg T (9)
c N - NBG

where N is the total number of events in the double resonance region and
p the uncorrected density-matrix-element.
The results are shown in table II. No significant effects

are observed. In view of the uncertainties connected with the procedure
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sketched above (especially in the case of N*p—production) we prefer to
look upon the results of table II as an indication that no dramatic
background effects are distorting our data and we will continue to use

the uncorrected values in our analysis.

IV. JOINT SPIN-DENSITY MATRIX-ELEMENTS.

The general joint-decay angular distribution for a spin 1 and
spin 3/2 resonance in terms of the orthogonal functions of the two polar
and two azimuthal (Jackson) angles and the joint-decay matrix-elements

involved,was given by Pilkuhn and Svensson (7) to be of the form:

) = 1 + W (Q.) +w (a, ,.) + w (Q ) (10)

wia,, 25, 18 otz

3/2

where the index 1 stands for the vector-meson and the index 3/2 for the
X
N”.

Inspection shows that 1 + W1(Q1) and 1 + W2(Q ) are the

3/2
expressions used in the separate spin-density matrix-analyses of the

(@,) is a linear expression of the densit
144 Y

elements labeled 1 to 3 in table III. Similarly W2(Q

corresponding vertices. W
. 1
3/2) is a linear
expression of the left-hand side quantities labeled 4 to 6 in table III.
Without any physical angular correlation between the two ver-
tices the overall distribution would read:
) + W () w(e,,,) (11)

w'(91, Q.,.) =1+ w1(91) + W (Q

3/2 2'73/2 3/2

This implies that the presence of correlations between the two vertices
will manifest itself by the non-vanishing of:
) (12)

W' o= w3(n1 2) - W, (Q ) W, (@

3/ 3/2

The expression W" can be written as a linear sum of the quantities
labeled 7 to 19 in table III (7).

For the case of N*p we have introduced two additional angular
terms in the expansion of Pilkuhn & Svensson in order to parameterize the

observed po-decay asymmetry in terms of an S-wave background
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interference (8). The corresponding elements are labeled 20 énd'21.

In table III we present our experimental‘results (derived by
means of the so-called method of moments) for the quantities defined in
terms of the joint-decay matrix-elements as shown’on the L.H.S. The
results represent averages over |t - tmin' between 0 and 0.2 (GeV/c)?
for N¥p and between 0 and 0.6 (GeV/c)2 for N*w (*).

From table III we conclude that there exist three significant
correlation terms in the N¥p-channel, labeled {7}, {12} and {18}, and
three in the N*w-channel, labeled {12}, {16} and {18} resﬁ. (significant
here means more than 2 standard deviations away from zero). The following
is a 1list of the angular functions which have the above correlation-.
terms as a co-factor in the Pilkuhn & Svensson-expansion:

*)

N _ 2 _ 2
{7} (1 3cos Op(w))(1 3cos ON

{12} » sin20p(w) * sin2@p* cos(¢o(w) + ¢N*) |
(13)

> g1 i n2
{16} s1n20p(w) sin“0_x cos(¢p(w) + 2¢N*)_

N

{18} -~ sinzep(w) sinzeN* cos(2¢p(m) + 2¢N*)
The correlation implied by the non-vanishing of {7} for N*p is nothing
but the Gp, ON* correlation first noted by Goldhaber et al. at 3.65
GeV/ce (2) and already reported iq>our previous paper (L.

From the remaining correlations especially the coefficient
{12} in the case of N*p, and coefficient {18} in the case of N*m_are
very significant. The genuineness of these correlations has been checked
directly by plotting appropiate projections of the W—distributions.

In figs. 5 and 6 we show the |t - tminl dependencé.of‘the most
significant correlation terms.

Donohue has pointed out that, for simple kinematical reasoﬁs,

only the Op(w) - 0_% correlation term and those depending on the

N

(*) Differences with the results obtained when averaging in ternis of |t| are as required negligible. The
reader can see this for himself by comparing the first six density elements of table III with those
presented in the Heidelberg paper (') and repeated in table II.
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azimuthal angles ¢1 and ¢2 through the sum (¢1 + ¢2) can have non-
vanishing values in the forward direction (10). From the Pilkuhn-
Svensson expansion () one can see that only the expressions labeled
{7}, {12} and {18} contain terms satisfying this requirement. It is
reassuring (and to some extend an internal-consistency check on our data
and our analysis procedure) that the expressions {7}, {12} and {18}
correspond exactly to correlation coefficients which we found to be sig-
nificant. The fourth one, i.e. {16}, actually the least significant one,
is furthermore compatible with becoming zero in the forward direction
(see fig. 6). We also stress that our strongest correlation elements,

10 O’_1) in the case of N*p, and N*w and Re(p;::l) in the

-p
31 31
case of N*w, obey, within the error-limits, the forward-direction kine-

i.e. Re(p

matic limits given by Donohue (10):

-1
IRe(p;? - og; )| < %000033 (1k)
IRe(o =1 < VAT - 6% — 2o (15)
b}

V. BIALAS & ZALEWSKI QUARK-MODEL PREDICTIONS.

From the quark-model and using only the so-called additivity
assumption Bialas & Zalewski derived a set of predictions for the joint-
decay density matrix-elements in double resonance production shown in
table IV (3). In table V we have compared our results of section IV with
these predictions. For both the N*p and the N*w channel, the agreement
is'very satisfactory.

The first Bialas-Zalewski prediction is a relation between
single-vertex density matrix-elements. From relation (2) to (6) the
L.H.S. contains but correlation terms, the R.H.S. but single-vertex
elements. It is trivial to note that each time a single-vertex R.H.S.
term (or any combination of R.H.S. terms) has a value significantly
different from zero (at a certain momentum transfer), the relations (2)
to (6) imply that a certain sum of correlation-elements should also
differ significantly from zero (at the same momentum transfer). A par-

ticularly interesting example, in which the sum of correlation-terms
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can be reduced to a single one, is obtained by looking, for collinear
production (i.e. for |t - tminl > 0), at the relation derived by adding
the Bialas-Zalewski relations (3) and (L4). From the Donohue-argument
mentioned above, we know that in this situation, all but one of the

L.H.S. coefficients vanish and that therefore, at |t - tm. | =0,

in
we should have the equality:

W3Re(p1*T1) = 1 + 2 ) (16)

P31 pﬂ) + L/V3Re(

P33~ °3,-1
In fig. 7 we show the dependence on |t - tminl of both sides
of Eq.(16) for the reaction n+p + N*w. The hatched boundary represents
the upper limit imposed on the L.H.S. by the second Donohue Eq.(15).
The agreement required by Eq.(16) is indeed present. The significance
of the test illustrated in fig. 7 resides in the fact that we are
looking at a prediction of the quark-model, which is clearly satis-
fied, and which requires a correlation-element to be equal to a com-—
bination of single-vertex quantities (used as "input"), in a situation

where this equality does not seem to be imposed by kinematics.



[159]

Table I: Comparison of do/d|t| and do/d|t - tminl—Slopes.

Reaction n+p > N%p 1o > M
do/d|t|-Slopes (GeV/c)™2 (11.8 £ 0.5) (3.4 * 0.3)
do/d|t - t_. |-Slopes (GeV/c)™2 (15.5 * 1.0) (3.9 * 0.3)
|t|-band (GeV/c)2 0.05 + 0.35 0.1 > 0.8
t - tmin]-band (Gev/c)? 0.0 > 0.25 0.2 > 0.6

Remark: The mass-bands used are:

1.14 - 1.30 GeV for the N ¥
.66 - .86 GeV for the p

.Th = .82 GeV for the w
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. . . + . .
Table II: Density-Matrix-Elements in m p-collisions at 5 GeV/c corrected

for background as described in section III.

+ +
TP > N*p T p > N
| Reaction Before After |[Before After
Correct. Correct JCorrect. Correct

Vector Meson (p° or w°)

00 0.781 * 0.024 | 0.791 | 0.388 + 0.039 | 0.L40L
Re o0 —0.087 * 0.016 | -0.090 [-0.126 * 0.021 | -0.135
ols] ~0.058 * 0.015 | -0.069 | 0.07T ¢ 0.031 | 0.085

x
Baryon (N '7)

P33 0.127 t 0.018 0.129 | 0.210 * 0.028 | 0.215

Re P39 -0.059 + 0.018 | -0.070 |-0.042 *+ 0.028 | -0.035

Re P31 ~0.016 * 0.016 | -0.019 | 0.004% * 0.026 | -0.003
g

0.30 0.60

N
N

2
|t|-range (GeV/c)




. . . . + P
Table III: Joint Density Matrix Elements of Resonances in n p collisions

at 5 GeV/c.
N*p N’b
Reaction lt=t_. | < .2 Gev2 | |[t=t_. | < .6 Gev2
min min
{13 o°° 0.79 * 0.02 0.39 * 0.0b
{2} Re(p10) -0.06 * 0.02 -0.13 * 0.02
{3} 91"1 -0.05 * 0.02 0.07 * 0.03
) oy, 0.13 + 0.02 0.23 ¢ 0.03
{5} Re(p31) -0.05 * 0.02 -0.05 * 0.03
{6} Relp; _,) -0.02 * 0.02 0.01 * 0.03
N E] .
— — 11 00 + +
{1} (o33 = pqq) =20 =0 )ogz - 0qy) 0.19 * 0.08 0.10 * 0.1k
{8} Re(plg) - 2(pg5 - 011)Re(910) 0.01 * 0.0k 0.02 £ 0.05
1 —1 1,"1 +
{9}y o7 - 2(p33 = 0qq)p -0.00 * 0.0k -0.05 * 0.07
(10} Re(p3,) - 20" - pOO)Re(p31) 0.07 * 0.0k 0.04 * 0.07
(11} Re(py _,) - 211 - pOO)Re(p3 ) 0.00 * 0.0k 0.07 * 0.07
t 2 el
112} Re(.0 = 09271y _ 2Re(p '©)Re(p..) ~0.14 * 0.03 ~0.09 * 0.0k
31 7 P31 31
{13} Re(pg: - pg:’o) - 2Re(p10)Re(p31) -0.02 * 0.03 0.03 * 0.03
{14} Re(p)2™") = 0" 'Re(p,,) -0.01 * 0.01 0.03 * 0.03
31 31
{15} Re(o;:’1) - 91’-1Re(p31) -0.01 * 0.01 0.00 * 0.03
{16} Re(5.° . = 0271y _ 2Re(p)Re(p. .) ~0.0k + 0.02 0.10 * 0.03
3,-1 7 P3,-1 3,-1
(171 Re(o2" . = 57129 = 2Re(0O)Re(p. ) -0.03 * 0.02 ~0.02 * 0.03
3,-1 " °3,29 3,-1
{18} Re(p.™ 1) = 01> "Re(p.. ) 0.03 * 0.01 0.14 * 0.02
3,-1 3,-1 2.03 = 0.01 Q.1% * 0.02
{19} Re(o= 2!y = 01 Re(o.. ) —0.02 ¢ 0.01 -0.02 * 0.03
3,-1 3,-1
{20} 0% 0.215¢ 0.02
{21} o '€ -0.029¢ 0.01
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K'p INTERACTIONS AT 13 GEV/C™

J.C. Berlinghieri, M.S. Farber, T. Ferbel, B.E. Forman, A.C. Melissinos,
P.F. Slattery, * T. Yamanouchi and H. Yuta

University of Rochester
Rochester, New York **

We present a comparison of the characteristics of several relatively
uncomplicated final states which we are studying in our 12.73 GeV/c K+p
1
experiment. ) Table I enumerates the reactions of interest.

Table I Reaction Cross Sections

Final State Cross Section (ub)
1. pk**(890) 57 £ 9
L. o+ ‘
2. KON*(1236)** 50 9
3. K'x*A 12 £ 3
L. pp A 6+ 2
5. n K" (890)" 75 + 25
L Kon*
6. b Q" Lo + 8ot2)
K n*n” 230 £ 60
K°n"n® 210 * 50
7. k*s* 250 * 70(b)
> pn'n”

(a) We refer to the enhancement at low (Knn)* mass as Q.

(b) We refer to the enhancement at low (pnn)* mass as B.

* Research supported by the United States Atomic Energy Commission
* A.E.C. Post Doctoral Fellow
++ Authors hold guest appointments at Brookhaven National Laboratory
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The quasi two-body reactions (1) and (2), which have been studied

3)

extensively at lower energies, come from the Kopn+ final state. The Dalitz

R . . . * ++ 3 +
plot for these events is in Fig. 1, and it shows prominent N (1236) , K" (890)
and K*(1420)" signals. Figure 2 gives the momentum transfer spectra, and the

y.»

resonance decay angular distributions for reactions (1) and (2 The curves

5) Although the experi-

in Fig. 2 (a) are predictions of the absorption model.
mental momentum-transfer dependence is sharper than the model predicts it to

be, the total cross section and the angular distributions predicted are never-
theless in excellent agreement with the data. In Fig. 2 (b) we show, for the
decay of N*(1236), the predictions of the Stodolskthakﬁrai ( p-photon analogy)

model. This model does not agree as well with the data, and this is more

clearly evident in the comparison of the density matrix elements we give in

Table II.
Table II  Density Matrix Elements(2)
Reaction (1) fo, O P, -1 Re f, 0
Data 0.00 * 0.08 0.42 * 0.08 -0.06 * 0.04
Donochue 0.07 0.L3 -0.03

R .

eaction (2) P3, 3 Re P3, -1 Re e3, 1
Data 0.23 £ 0.08 0.12 * 0.09 0.08 %+ 0.08
M-1 Model 0.38 0.22 0.0

(a) Calculated using method of moments. The K* band used is 8LO to 960 MeV,

*
the N band used is 1120 to 1360 MeV. The momentum transfer region

considered is 4* < 0.7 GeV=2.
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Dalitz plots for the three-body reactions (3), (L) and (5) listed in
Table I are given in Figs. 3, L and 5. The existence of two identical particles
in both reactions (3) and (L) requires the Dalitz plots to be symmetric about
the 45° line. However, in these reactions one of the two identical particles
is usually produced forward (F) in the center of mass while the other one is
emitted into the backward (B) hemisphere. We have therefore "unfolded™ these
Dalitz plots by labeling the identical particles as F or B depending on
which of the two is produced more forward in the center of mass. For the
events in reaction (L) the two protons were always found to go into opposite
hemispheres. In reaction (3), on the other hand, approximately 30% of the time
both of the X mesons go forward.é)

All three Dalitz plots show very similar enhancements in the low mass
regions. The obserééd peaking at threshold in the n+n, A.K+, and pK systems
could simply be due to resonance formation.7)

Production angular distributions of particles from reactions (3), (L)
and (5) are shown in Fig. 6. The proton and n* angular distributions are
symmetric and are peaked forward-backward in the center of mass system. The
K™ in the K'k*A state has a strong fofward peak but only a small backward
enhancement. The A and the neutron are emitted strongly peaked in the direction
of the incident proton, while the A follows the direction of the incident K+.

Of the 13 A two proceed in the backward direction.s)

We have examined the Treiman-Yang azimuthal distributions (not shown) for

) , . + " + *
the systems: K A, p.h, nF+K , nB*n and for the K° decay. Although the

statistics are poor the data for KB+A’ pFK’ nF+K*+ and for K* decay are consis-

tent with isotropy (all at xz probabilities higher than 0.15) while the results

9)

for the mn_.'n system show considerable anisotropy in ¢TY'

B
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The last two reactions we shall discuss involve the production of Knn
and pnn systems with low effective mass. These reactions have their analogs
in np and pp interactions.lo) Lately there has been much interest in the
characteristics of the Knn (1300) mass region; we will not try here to resolve
the problem of how many resonances (if any) exist at ~ 1300 MeV. We will assume
that we can refer to the entire low mass enhancement as one unique object QF
(our data are consistent with this assumption). Similarly, for the (pnn)*
system we will refer to the entire enhancement observed at low mass as B*.

Figure 7(a) shows the sum of the two (Kmn)® invariant mass spectra from
the four-body states K*n*n™p (o = 950 * 100 ub) and K°n™n® (o = 565 * 70 ub).
The distributions are highly consistent with each other and we have therefore
added them to increase statistical accuracy. In the same graph, appearing
cross-hatched, is the K°n*n* mass spectrum from the final state K°nn*n*
(o = 130 * LO ub). |

Figure 7(b) shows an effect similar to the Q; this is the large accumu-
lation of events at low pn*n~ mass. Note that in analogy to the KOn*n* mass
distribution the pn*n® effective mass spectrum (shown cross-hatched) does not
give this type of enhancement. In what follows we consider the Q mass region

between 1.1 and 1.4 GeV,ll)

and the B* (pnn)+ mass region between 1.3 and 2.2 GeV.
From the graphs in Fig. 7 it is clear that the background problem in the Q* data
will not be as severe as in the B* events.

The next two figures show the momentum transfer distributions for the Q*
and B samples. We have superimposed on the data the shape of the elastic K+p
scattering cross section, and normalized it to the total number of events.
The Q" spectrum falls off strongly in the forward direction while the BY does

12)

not show as strong a drop-off at A® = 0. At small values of A (5 0.1 GeV?)
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both distributions (but particularly the Q+) have slopes in I considerably

steeper than that of the elastic K+p distribution.

The Q* decays mainly into nK*(890) and into Kp, the B* goes into nN*(1236).
13)

In Fig. 10 we show some of the decay properties of these low mass enhancements.

We see that the Treiman-Yang azimuthal angular dependences in the decay of the
Q = nK* (B = nN*) and the K* — nK (N* —> np) appear consistent with isotropy.
Also in contrast to the nK*n channel the distributions in the Jackson angle of
the K¥ —> nK and N* —> nip decays indicate essentially'complete alignment along
the beam axis.lh)
As noted in Table I the total Q production cross section in the K° and
in the K* reactions is about the same as the cross section for the B enhance-
ment (~ 250 ub). These processes thus account for a substantial part of the

15)

production cross section.
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The film is from 80,000 exposures of the 80-inch BNL liquid hydrogen
chamber to the radio-frequency separated beam at the AGS. For informa-
tion on the beam see H.W.J. Foelsche et al, Rev. Sci. Inst. 38, 879
(1967). For previous work on this experiment see J.C. Berlinghieri et
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Conference on Resonant Particles (to be published).

The cross sections which appear in the table have been corrected for
neutral decays of the strange particles; also, cross sections for
resonance production have been corrected for the Breit-Wigner tails of
these resonances.
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Comparing our results from reactions (3) and (L) to those at lower
energiesvwe find that at 13 GeV these events show more peripheral

behavior in their angular distributions; also the invariant mass spectra
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pierre et al, Nuovo Cimento LBA, 589 (1967) for comparisons with lower
energy data.
There also appears to be some broad enhancement in the n*k* and in the
K*k* low mass regions.
These A are slow in the laboratory, their ionizations were checked and
found to agree with the expected ionization predictions.
It is also interesting that the K*+(890) appears to be produced not
aligned with respect to the beam direction, the decay distribution in
the Jackson angle is isotropic in cos 6.
For a discussion of the A, characteristics see G. Goldhaber and S. Gold-
haber UCRL-167LL, March 1966 (Berkely Report). Also see P. Slattery
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sion with K¥(1420). The events in the K¥(1L20) region, as well as in
the L-meson region exhibit momentum-transfer characteristics very similar
to those of the Q events. We wish to point out that we do not expect to
see much K*(1h20) in these data due to its small production cross section
(o =25 % 8 pb in the K°n*p channel).
To avoid the problems of kinematic limits due to the spread in the ef-

fective masses of the Q and B we have examined the production angles in
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the center of mass, the distributions in these variables give the same
results as the A® spectra.

For the Q study we have restricted ourselves to the K*n*n~ events. Here
the K*(890) signal from the Q decay is much larger than the o° signal,
further, there is only one K* possible. The Kon*n® Q events have a
large amount of p+ in the decay and in addition two K* decay modes are
possible. The interference effects can be very insidious and we have
therefore chosen only the K+n+n"events for this study.

The small asymmetries observed in the B" data could be due to either the
background events or to chosing the wrong N* [we have ignored the possi-
bility of B® -> N¥(1236)%n*]. It is interesting however that the asym-
metry in the 1\1*(1238)""+ Jackson angle is the same as that observed in
"off-shell® n+p scattering analyses. See, for example, T. Ferbel et al,
Phys Rev 138 B, 1528 (1965), and last paper in Reference 10.

An enhancement similar to the B" in the n*p = n*n*n~p reaction at 7 GeV/c
is observed by the Rochester-Yale Collaboration, the estimated cross
section for this B' analog is 370 * 80 ub. We have also estimated the
equivalent B cross section from the state ppn*n~ in 6.6 GeV/c pp data
of E. Gellert et al, and in the 28.5 GeV/c pp data of P.L. Connolly et

al (Ref. 10), we find the cross sections for the B region in these data

is approximately L50 ub. The B cross sections thus do not appear to be

strong functions of the energy or of the nature of the interacting particles.

Q production is also known to have a weak energy dependence (see second
paper in Ref. 1). For a discussion of non-resonant diffractive processes
see M. Ross and Y.Y. Yam, Phys Rev Letters 19, 5L6 (1967). Also with

regard to p = K* and K+ —> fp diffractive dissociation (which may be

pertinent to our data) see M.L. Good and W.D. Walker, Phys Rev 120, 1857 (1960).
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FURTHER RESULTS ON 77 p—> K°Y® IN THE FORWARD DIRECTION
AT 6, 8 AND 11.2 GEV/C,

E. BERTOLUCCI, I. MANNELLI, G, PIERAZZINI, A. SCRIBANO,

Fo'SERG;AyPIETR¥, M.L. VINCELLI - Istituto di Fisica dell!
Universitda di Pisa and I.N.F.N., Sezione di Pisa, Italy

and

C. CAVERZASIO, J.P. GUILLAUD', L. HOLLOWAY, M. YVERT -
Institut du Radium, Orsay, France

ABSTRACT

A spark chamber experiment to measure the n"p - K°Y°
associated production at high energy has been recently com-
pleted at the CERN PS. Data has been taken at 6,8,10, 11.2
GeV/c for the incident =~ momentum. We present here further
results (Ref.l) at 6, 8 and 11,2 GeV/c based on ~1100, 1300
and 3000 events (about 60%, 65% and 90% of the available
statistics) respectively selected for the differential cross
sections.

The sum of the n"p > K°A? and »7p » K°z° differen -
tial cross sections is strongly peaked in the forward direc
tion and can be well fitted, for |tmin[s[t|so.hv(GeV/c)z,by
an exponential shape e2% with a=8.0:0.5 at 6, a=7.7*0.5 at
8 and a=7.8:0.lL (GeV/c)~2 at 11.2 GeV/c. The integral over
the interval |tminlslt|51.01 (GeV/c)? gives U0.5%¢6 ub at 6,
25.%:4 ub at 8 and 18+3 ub at 11.2 GeV/c, including syste-
matic errors.

A comparison is made with previous bubble and spark
chamber results and Regge Poles fits.

* CERN Fellow.
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1.- EXPERIMENTAL APPARATUS.

The experimental apparatus is shown schematical-
ly in Fig.l. The =~ beam, tipically 10° particles per burst,
is focused on the 1.5 cm diameter, 10 cm long liquid hydro-
gen target(l), which is concentric with a cylindrical spark
chamber containing both thin Al and Pb plates. The beam is
defined electronically by four scintillation and two Ceren-
kov counters. Two hodoscopes, with 7x2 and 7x7 elements re-
spectively, determine the incident =~ position with a *.2
cm uncertainty at the target and *.5 cm at the last spark
chamber.

A picture is taken each time an incident =~ fails
to give a pulse in the anticoincidence counter surrounding
the target while at the same time a pulse is detected in the
counter placed in front of the second spark chamber.

The hodoscope information is then BCD coded and
displayed on the same film where the 90° stereo images(z)of
the spark chambers are recorded. While the two thin Al foil
S.C. are designed to detect the charged tracks with a mini-
mum of multiple scattering, the last spark chamber(about 15
rad.lenghts of Pb) allows also the detection of forward emit
ted y-rays. We have found that in about 1 out of 10 pictures
a single V type event is present, while in the majority of
the others there is at least one y-ray.

2.~ ANALYSIS AND SELECTION OF EVENTS.

The V type events selected by the scanners are
measured on digitized tables. The coordinates of the sparks
are reconstructed in true space with an accuracy of t.06 cm.
A plane is fitted through them and straight lines are fitted
through the sparks which belong to the same track. The inter
section of the best fit plane with the incident =»~, as defi-
ned by the two hodoscopes, is taken as the interaction point;
the intersection of the two best fit lines as the neutral
strange particle decay vertex. The line joining the interac-
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tion with the decay vertex is assumed to coincide with the
direction of emission of the strange particle. We then cal
culate the partial angle 6, formed by this direction and
the nearest of the two charged prongs, and the total angle
6 between them. On the assumption that the observed event
is indeed a Kg -~ w7n~ decay, the K° momentum is evaluated
(Fig.2) together with the invariant mass of the associated
recoil and the other kinematical quantities of interest.

Events are selected on the basis of coplanarity,
collinearity, opening angle, recoil mass, position of decay
and interactions points.

The effect of the cuts introduced by the accep-
tance criteria have been extensively studied by comparing
the experimental distributions with the Montecarlo simula-
ted ones for various hypothesis about the production pro-
cesses. We have been able to fit satisfactorily every si-
gnificant experimental distribution and this gives us con-
fidence on the calculated efficiencies.

Fig.3a shows the reconstructed recoil mass di-
stribution at 6 GeV/c for events, within the fiducial vo-
lume, which satisfy the coplanarity and collinearity re -
quirements.

In Fig.3b the analogus, Montecarlo generated di
stributions for A°+Z°, v*(1385) and ¥*(1519) are shown, nor
malized to the values which produce the best fit linear com
bination to the experimental data (dotted line in Fig.3a).
It is possible to make a cut which selects events, produced
in association with a A° or £° recoil, with about equal ef-
ficiencies, while only a émall fraction of the events with
an isobar as recoil enter in the cut.

The resolution in recoil mass, while it is inde-
pendent of the momentum transfer and mass values, is however
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a function of the incident momentum and of the spark cham-
bers arrangement. For our running conditions we estimate
half widths at half heights of 90, 140 and 200 MeV respec-
tively at 6, 8, and 11.2 GeV/c. This fact, coupled with the
rather copious production of all neutral final state iso -
bars in our energy range,has made necessary a detailed stu
dy of the accuracy of the 'elastic' selection criteria and
of the effects of contamination from isobar events on diffe
rential cross sections.

At each energy we have evaluated the contamina -
tion within various cuts in recoil mass and opening angle,
by fitting the experimental mass distribution with a series
of isobars contributions, as briefly mentioned above(S). We
have then subtracted from the momentum transfer distribu -
tion of the accepted events the weighted experimental |t|di
stribution of the events in the recoil mass region from

which the contamination is produced.

For each case the differential cross section (see
ch.3) has been deduced and by comparing the shapes and abso
lute values obtained at the same incident momentum for dif-
ferent cuts we have reached the conclusion that the uncer -
tainty due to the method of analysis is smaller than the sta

tistical one.

The empty target contribution (typically 9% of the
full target rate) has been subtracted bih by bin from the va
rious distributions.

Fig.l shows the resolution in the momentum transfer
t for various t values at 6 and 11.2 GeV/c.

3.~ NORMALIZATION,

The incoming flux has been monitored throughout
the experiment. Contamination from e~ (0.4-0.2)% and u~(2-
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1)% has been measured and subtracted at the different ener-
gies. Corrections have been made for é-rays ((4*1)%. A s-ray
produced by the incoming particle before the occurrence of a
m"p »K°Y° interaction can reach the anticoincidence counter
and veto the event), strong interactions of the incoming and .
outgoing particles (about 2.5%), scanning (98%) and measuring
(about 95%) efficiencies. For the ratio Kg ~ m*r=/K° we have
used the value 0.33.

The effects connected with the lifetime (for which
we used the Rosenfeld values) of the A° (supposed to decay as
m"p in 67% of the cases) and Kg have been incorporated in the
Montecarlo program, which also take into account multiple scat
tering, measuring errors and the limitation of the fiducial vo
lume.

The overall systematic uncertainty has been estima-

+

ted to be = 15%.

4 .- RESULTS.

In Tab.I we list the results for differential and
integrated cross sections. In Fig.5, where the differential
cross sections are shown, we have also indicated the Monte-
carlo calculated relative detection efficiency as a function
of t. Its variation (essentially independent of the incident
momentum) is caused by the changing fraction of A »n p decays
which, with a probability depending on the A production angle
and momentum, trigger the anticoincidence. The values plotted
are corrected for it and the errors indicated are statistical
only (Phey include the statistical error for empty target and
contamination subtraction).

For |t| smaller than 0.40 (GeV/c)? the differen-
tial cross section 6an be well fitted by an exponential eal
with a=8.0:0.5 (x2=1L) at 6, a=7.7%0.5 (x%=6) at 8 and
a=7.8:0.4 (GeV/c)™2(x%2=6) at 11.2 GeV/c.
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Crennel et al.(Ref.2) in a bubble chamber experi-
ment at 6 GeV/c with U448 events obtained the value a=7.8:.5
(GeV/c)~? and a n~p - K°Y° total cross section of U414 ub.

Ehrlich et al.(Ref.3) with 101 events at 7.91 GeV/
¢ obtained a=9.7 (GeV/c)~? and a total cross section of a-
bout 32 ub. No other statistically significant data exist
above this energy.

Recently Hoang et al.(Ref.l4) have reported a spark
chamber study of n p - K°Y° in the forward and backward di-
rection at U GeV/c. They find a=8.57:.38 (GeV/c)~? for |t]
less than 0.4 (GeV/c)?2.

A systematic bubble chamber study of two body stran
ge particles production from n~ between 1.9 and 4.2 GeV/c is
reported by Dahl et al.(Ref.5). Some of the features found at
our energies, as the magnitude of the slope and the change of
slope at about |t|= 0.4 (GeV/c)? are already present in this
range of energy.

We have calculated the total cross section by inte
grating between |t| =|t, . | and [t[=1.01 (GeV/c)?. The values
obtained are 40.5%*6 ub at 6, 25.3%4 ub at 8 and 18¢3 ub at
11.2 GeV/c. In Fig.6 they are shown together with previous
bubble chamber results. It appears that the trend already pre
sent in the 2 to U4 GeV/c region is not in contrast with the
new results at higher energy. A good fit to the energy depen-
dence can be obtained with the simple power law E'Sﬁ#where E
is the CM total energy.

Recently a double Regge Pole exchange model, with
exact SU3 symmetry, has been proposed by Ph.Salin(Ref.8) and
K.V.L.Sarma and D.D.Reeder (Ref.9) and applied in particular
to the description of the associated production reactions.
It consists in a rather straightforward extension to these
strangeness-exchange processes of the model (Ref.10) success
fully used for the n"p and XK p charge-exchange and for the
m"p - nn production.



[196] -
A comparison of our results, with the calcula -
tion of the differential cross section based on the para -
metrization obtained at lower energies by Sarma and Reeder,
shows qualitative agreement. A more detailed study of pos-
sible fits within this framework is presently being carried
on.

5.- TEST MEASUREMENT OF X p > K°n.

During most of the running time we have trigge-
red the spark chambers also on neutral final state K in-
teractions. During a short period at 8 GeV/c we have taken
data only on K . Using this sample ( 65% of the available
statistics at 8 GeV/c) we have applied our method of analy
sis to K'p » K°n events.

The main difference is the flatness of the effi
ciency vs. t, since in this case there is not any more the
partial suppression of events, which is caused by A decays
within the anticoincidence counter.

We obtain with 169 events an integrated cross
section of 80 ¥ 16 ub for 0 < |t] < 0.9 (GeV/c)?. This va-
lue and the shape of the differential cross section (Fig.T7)
are in good agreement with the interpolation of the data of
Astbury et al.(Ref.Il)at 7.1 and 9.5 GeV/c.
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(1)

(2)
(3)

10.
11.

FOOTNQOTES

This special, He cooled, liquid H, target, designed by
P.Roubeau and built at Saclay, has such geometry that
it is possible to surround it with a 2.9 cm diameter
anticoincidence counter, to place the last beam defi -
ning counter at only 2 cm before the liquid H, and to
insert the whole target-counters assembly in the cen-
ter of the cylindrical spark chamber, without signifi-
cantly obstructing its view.

No stereo is provided for the cylindrical spark chamber.
For the cuts considered, the contamination ranged bet-

ween 3 and 12% at 6 GeV/c and between 15 and 30% at 8
and 11.2 GeV/c.
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TABLE I

6 GeV/e 8 GeV/c 11.2 GeV/e

oT=ho.5t6 ub 0T=25.3ih ub 0T=18i3 ub
|t | At do/dt do/dt do/dt

(GeV/c)? : ubeGeV-ec?

.02 .02 289 t 36 165 t 22 125 t 15
.0k " 27h t 32 150 t 19 99 t 12
.06 " 156 22 109 t 16 93 t 11
.08 " 177 t 2L 106 t 15 70 t 9.5
.10 " 131 * 20 65 + 12 56 t 8.5
.12 " 131 t 19 8L t 13 LY t T.5
L1h " 97 t 17 63 + 11 52 t 7.5
16 " 10k £ 1T 56 t 11 Lo t 6.5
.18 " 6L t 1k Ly t 10 4o t 6
.20 " 52 13 Lo.5 * 9.5 27 t 5.5
.23 .0k 57 t 8,5 32.5 % 6 2h.,8 * 3.3
.27 " 38 t 7.5 20.8 * 5 17 t 3
.32 .06 18.5 + L.,5 16.3 * 3.7 9.6 * 1.9
.38 " 21.8 * L.,2 12.8 * 3.1 7.5 ¢+ 1.7
R " 17.6 = 3.7 T.T * 2.5 bL,9 + 1.5
.50 " 5.4 = 2.7 L.s * 1.9 b9 =+ 1.3
.58 .10 9.1 * 1.9 6.6 * 1.k 2.9 £ 0.6
.68 " .5 t 1,5 5.8 * 1.8 1.6 + 0.6
.87 .28 .5 * 0.8 3.6 * 0.5 1.9 ¢+ 0.3
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FIGURE CAPTTIONS

Fig. 1 - Experimental apparatus.# # 2,3',3,4 are the beam de
fining counters; hod 1 and hod 2 the two hodoscopes,
which determine the position of ghe incident 7 ; % 5
is the anticoincidence counter surrounding the H_ 131
quid target. The cylindrical spark chamber, not*Sso
far used for the analysis, is meant to deétect y-rays
produced at large angles, as in I° or Y ° decays, in
addition to the charged decay products of the A. Two
threshold gas Cerenkov counters, used for 7~ and K~
selection, are not shown. SCl and SC2 are thin Al-foil
spark chambers which detect the charged decay of the
strange particles, while the Saclay spark chamber de
tects also the forward y—rays.:#6, in front of SC2,
is a coincidence counter.

The figure shows also the triggering logic.

Fig. 2 - K° » n*n~ kinematics at high energy. As it can be se
en from the figure a measurement of the total angle
0 and partial angle B is sufficient to determine the
K°® momentum. For about 85% of the available phase spa
ce the lines of constant 6 and ® are almost perpendi
cular to each other and, since lines of constant 6
are nearly parallel to lines of constant K° momentum,
a good precision can be achieved even when 6 (as it
happens in our experiment) is rather poorly known in
respect to 6.

Fig. 3a- Experimental distribution of the reconstructed recoil
mass at 6 GeV/c (see text).

Fig. 3b- Montecarlo distribution of the recoil mass for A°+3z©°,
v*(1385), Y*(1519).

Fig. 4 - Momentum transfer resolution at 6 and 11.2 GeV/c, for
various t values.

Fig. 5 - Differential cross section do/dt for n~p - K°Y° at 6,
8, 11.2 GeV/c and relative detection efficiency.
The curves superimposed on the experimental points re
present the direct prediction, according to a calcula
tion we performed, which follows from the Sarma and
Reeder fit (Ref.9) to the associated production at lo
wer energies.

Fig. 6 = Plot of the experimentally available values for
Utot(ﬂ—p + K°Y°), at incident =~ momenta above 2 GeV/c.

Fig. 7 - Differential cross section dt/dt for K p » K°n at 8
GeV/ce.
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THE STUDY OF 28.6 GeV/c p-p INTERACTIONS WITH

6 CHARGED PARTICLES IN THE FINAL STATES

P.L. Connolly, I.R. Kenyon, T.W. Morris and A.M. Thorndikef

Brookhaven National Laboratory, Upton, New York.
tNow on leave at CERN, Geneva, Switzerland.

1. INTRODUCTION

This paper describes results obtained so far in a
continuing study of high multiplicity high energy pp inter-
actions using pictures of the 80-inch Brookhaven National
Laboratory Cryogenic Bubble Chamber filled with liquid
hydrogen and exposed to a 28.6 GeV/c proton beam. Hand
measurements on 29,500 pictures have yielded 5230 well re-
constructed events having beam momenta within 2 standard
deviations of the mean. We will be concerned’here mainly with
6 prong events having 4 constraint fits. One constraint fits
are in general found to be unreliable, but we will describe
one technigque which allows us to extract a more reliable |

subsample.

2. ANALYSIS

The measurement of these events has been simplified

1]

appreciably by introducing a track matching procedure[ into
the geometricvreconstruction program TVGP. This now allows
measurers to measure tracks in any order in each view. For
kinematic fitting, the program QKIN, a derivative of SQUAW,
was used. All events with fits of .1% probability or better

have been reexamined at 10x magnification for consistency with



-2- [209]

track densities. This eliminated some 30% of unique 1 con-
straint fits, many with low xa. Less than 5% of the unique
4c fits were rejected, however. The effective beam momentum
profile was obtained from a large sample of beam tracks

(in 4 prong events) measured with the Brookhaven National
Laboratory Flying-Spot DigitizerEz]. This gave 28.6 GeV/c
‘for the mean momentum with a spread of +.3 GeV/c. A best
input value for the beam momentum in each event was obtained
by adding the measured value and the standard value suitably
weighted. For the 4-constraint fits, we find the (missing
mass)® is centered at -0.005 (GeV)® with a spread of .005
(Gev/c)?®; the x® and stretch distributions show no gross
aberrations; it appears, however, that our angle errors are
overestimated due to the floors on the errors being set too
large (.1° in azimuth and .2° in dip). After kinematic
fitting and ionization checks, there are 230 events with 4-
constraint fits with probability 1% or better. Of these,
about 15% are ambiguous between more than one 4-constraint fit.
(This represents a partial cross-section of .36+.02 mb.) 1In
the following, we present results based mainly on these 4-

constraint fits.

3. ISOBAR PRODUCTION

(3]

As we reported earlier > the most noticeable feature
is the dominance of A(1236) production. Figures 1 and 2 show
the effective mass distributions for the (pr*) and (pm~)
systems for 4-momentum transfer (,tl) cuts of 1.0 and 2.0
(Gev/c)®. The (prt) plot shows almost pure A(1236) production
whereas the (pm~) plot gives evidence of more background and
an enhancement near 1.6 GeV/c which persists with tighter t

cuts. This latter bump we tentatively associate with the

neutral N*% (1570)[4]. We estimate that about one third of
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all protons (counting both the beam and target protons) give
rise to a A(1236). The ratio of A+tt to AC production is
between 3:1 and 4:1. The t distribution of the A(1236) with
respect to the initial state proton is shown in Figure 3.
When compared with data from the study of pp»pN* reactions at

L5]

This feature may reflect the fact that the A(1236) isobars are

low momentum transfer , this slope is relatively small.

not the direct products of proton excitation. As an example,
we show the effective mass plot for the (prtmr—) system with
1tl < 2.0 (GeV/c)?® in Figure 4. When combinations not con-
taining a A(1236) are excluded, we get the broken outline
histogram. There is considerable enhancement in the low mass
region from 1440 to 1760 GeV. This result is not inconsistent
with the known large decay rates of the N*%(lSZS), N*%(1670)
and N*%(1688) into Nmmr. For N*%(lSZS), it is also known that
the preferred Nmr final state is Am. No clear evidence has
been seen for any boson resonance production; in the effective
mass plot for (w+m=), there is a shoulder around 650-800 MeV

but this has not been explored in detail.

4. PRINCIPAL AXIS ANALYSIS

(el

This technique was introduced by Brandt et al to
attempt to assign all outgoing particles in high energy
collisions to two "intermediate bodies". In our case, this
involves looking in turn at all combinations of final state
particles into two groups, each group containing one proton;
then we select the combination that gives the largest c.m.
momentum to these groups. The groups so selected then corres-
pond to the "intermediate bodies" of Brandt et al. Unlike
Brandt et al, we fihd a marked forward-backward asymmetry in

the m-meson angular distribution in the rest frame of the

"intermediate bodies" with respect to the direction of motion
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of the "intermediate body". This is shown by the full line
histogram in Figdre 5, where we have plotted the cosine of

the angle (6**) the pion makes with the direction of the
"intermediate body". A simple explanation of this effect is
that backward emitted pions will tend to be assigned to the
wrong "intermediate body". We have therefore investigated a
somewhat different approach where we make the "intermediate
bodies" by selecting the grouping that minimizes ytlto the
incident nucleons. The resulting cosf** distribution is also
shown in Figure 5 - it is much more symmetric. In Figure 6,

we show the effective mass distributions of these "intermediate
bodies" and in Figure 7 theirl'fl distribution. We plot t’ (ie t-tMIN)

rather than t, since for the intermediate bodies tM is frequently very large.

IN
Looking at Figure 6, we see a strong A(1236) signal and

evidence for an enhancement in the 1.5 tO 1.8 GeV region. The
semilogarithmic plot of the distribution is approximated

rather well by a single line fit with exponent -5.8.

5. 1-CONSTRAINT FITS

It has been shown by Kernan et a1[7] that 2-prong p-p

interactions at 23 GeV/c yield many spurious l-constraint fits
and that only the class of fits with a fast neutron are
reliable. In the high multiplicity events, there is also a
background of spurious l-constraint fits; this can most easily
be seen by looking at the c.m. distributions of the nucleon
momenté. These should be symmetric about zero but it is

found that for l-constraint fits there is a large excess of
backward nucleons even if a tight X® cut is imposed. It is
possible to remove a good proportion of one type of spurious
fits in the following way: In Figures 8 and 9, we show the

angular correlation of the final state nucleons in the c.m.
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frame for 4-constraint fits and l-constraint fits (with a x°
cut of .2), respectively. The effect of the excess of slow
nucleons in the l-constraint case is to add a tail onto the
sharp peak near a cosez\;N of -1. By cutting at some value,
say -.8, in cos9§N, we can eliminate this tail and not
appreciably cut into the more reliable peak. We are continu-

ing to investigate this problem.

One very clean feature revealed by the l-constraint
fits is the presence of w production in the reaction pp>2p

27t27m=m°. The effective mass plot is shown in Figure 10.
’ *

pp ‘
is markedly reduced but the w peak is virtually unaffected.

Excluding events which have cos§ > 04 we find the background

6. DISCUSSION AND CONCLUSIONS

8]

In a recent paper, Morrison[ has developed the
idea that the Iéo exchange mechanism ("Pomeron" exchange)
tends to dominate reactions at high energies. The most impor-
tant of these, after elastic scattering, is likely to be

o]

diffraction dissociation in which one or both protons are
excited into other I=f states. It is interesting to see how
far these ideas can be applied to high multiplicity final
states. We restrict consideration to the reaction pp>pp
2727, The very copious A(1236) production would in this
view arise from the dissociation p+A++W' or p>A°1T or from
decay of heavier isobars excited in the dissociation process.
The ratio of around 3:1 for A**: AC production is certainly
consistent with the simpler process. We have also found that
part (~20%) of the A production can come from N*% decays.

The dominance of diffraction dissociation of the interaction
should also lead to a sharp ltl distribution. Our procedure

described above for selecting "intermediate bodies" might be
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expected to pick out the diffraction dissociation products.
This will not always be the case because if we have our
isobars produced which decay via a A(1236), then sometimes
the A(1236) can have a lower [t! value than the parent

isobar and it will be selected as the "intermediate body".
Such behaviour is apparent in Figure 6. The magnitude of the
slope of the ltﬂ distribution in Figure 7, although deliber-
ately sharpened is somewhat surprising for high multiplicity
events. If we remove all the I#f "intermediate bodies" from
the plot, we find the exponent is reduced to about 3.2. These
slopes are comparable to those seen in 2 body reactions like

PP*PN*%(ISZO)[SJ at small lt

3

In summary, (at this preliminary stage of the analy-
sis), we can say that the reaction pp>pp27t2m~ shows several
simple features which are quite consistent with dominance of
the reaction by diffraction dissociation of the protons. This
dominance is obviously not established by these features,

however.
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FIGURE CAPTIONS

1.

10.

Effective mass plot for (prt) with ltl < 2.0 (GeV/c)?
(dotted line) and |t| < 1.0 (GeV/c)® (full line) in

the final state pprtrt mm1-.

Effective mass plot for (pmr—) with ltl < 2.0 (Gev/c)?
dotted line) and |t| < 1.0 (Gev/c)® (full line) in the

final state pprtrtTTT.

t to A(1236) in all ppv+w+w'v’ final states.

Effective mass plot for (pw*w;) with ltl < 2.0 (Gev/c)®
in the final state pprimtT™7r~. All events (full line);

events with prt or pr~ in A(1236) band (dotted line).

Angular distribution of the pions in the rest frame of the
"intermediate body" chosen by principal axis technique.
Full line represents the P-choice and the dotted line

the t-choice.

Effective mass plot for "intermediate bodies" in the
reaction pp+ppv+v+w'v‘ (116 cases have a proton as one

"intermediate body").

t/ to the "intermediate bodies" for the final state
pprtrtr-m-.

Angular correlation of the final state protons in the

reaction pp>pprirtr=T".

Angular correlation of final state nucleons in the reactions

"pprpprtrtror—mO" and "pprpartrtrtr-r=" for a X® cut of 0.2.

Effective mass plot of (wT7~7°) in the interaction
pprpprtrtr=r-m0. All events with xas 2 (broken line) and
events with the protons in opposite hemispheres in the

c.m. system ( full line).
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SIX PRONG 7 p INTERACTIONS AT 11 GeV/c INCOMING MOMENTUM

P, Daronian, A, Daudin, B. Gandois, C. Kochowski, L. Mosca,

Departement de Physique des Particules Elémentaires,
CEN-Saclay, France.

Here we give some preliminary results on a partial
sample of about L0O0OO six-prong events produced by negative
pions of 11 GeV/c on protons in hydrogen bubble chambers
(1.5 m BNHBC and 2 m CERN HBC).

1. CROS55 SECTIONS

The cross sections of the different reactions studied

are given in Table I.

TABLE I
Reactions Cross sections (mb)
(1) «°p » pﬂ-n-n-n+w+ 0.29 * 0.03
(2) =7°p ~» pﬂ-ﬂ-ﬂ-ﬂ+ﬂ n° 0.71 + 0,07
(3) w-p > nﬂ-ﬂ-ﬂ-ﬂ+ﬂ+ﬂ+ 0.30 +# 0.03
(k) =77p ~» pﬁ-n-n-n+n+mn°

(m 2 2) 2.20 + 0,25

(5) =7 p -~ nr T o n mn

(m > 1)

A1l 6-prongs
«> + 0.30
(without strange particles) 3.5 2 3
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These cross sections are compared in Fig. 1 with those

1)

obtained at others energies™ .

In the fitted reactions (1), (2) and (3) the percentage
of ambiguous events is less than 15 %. However in 50 % of the
NO FIT events one cannot discriminate between reaction (4) and
(5)« Indeed, Fig. 2 shows that the pr?ton has a laboratory

momentum often bigger than 1.5 GeV/c2 and therefore cannot be
identified by ionisation. The figure also shows that the strong
peripherism observed at low multiplicities, is reduced but still

present in reactions with 5 or 6 secondary pions.

RESONANCE PRODUCTION

2.1 Reaction = p » pm = nTnTnt (286 events)

In reaction (1) a strong production of n**

(o 2 > 0 = 0,12 mb) and p° (4O % > o = 0.12 mb) is observed
(Fig. 3a and b). The mutual interference of these resonances
is not important, but their associated production is clear
(Fig. 3d), so that the cross section of the reaction

T p > N*++§?n-n‘ can be estimated (o = 0.06 mb). We can
conclude thate2l % of the pions produced in reaction (1)

come from these two resonances.

In Fig. 3c the (p°n ) mass distribution shows two
separated enhancements in the AZ and A; reglons
respectively.

The existence of a strong backward peaking in cose*(p)
distribution (Fig. bc) suggests the possibility of separating
the events of reaction (1) in two samples : a "peripheral" one

corresponding to a cut, of cos 6° (p) < =0.8 and a
+)

"statistical" one corresponding to cos 6%(p) > =0.8

Fig., 5 (a, b, ¢, d) shows that the most important resonances

+) These cuts were found to be practically equivalent to the
2
. 2
cuts : A P/p s 1.3 (Gev/e)“.



[228]

-3 -

observed (N*** ana 0°) are essentially present only in the
"peripheral" sample., The behaviour of the background is
rather different in (pn+) and (n+w-) mass distributions.
The cut : cos 6% (p) < -0.8 , drastically reduces the

*++
background under the W

(see Fig. 5a) ©but not under
the p° (Fig. 5b). However the background under the p°
-
is considerably diminished by the cut, cos ¥ (n 7 ) > 0.85,

which also .improves the evidence for the f° wmeson (Fig. &),

There is some indication of quasi-three body reactions,
- + - - %44 - -
such as 7 p -+ NY p%m or mp >N A_m  , but the
1/2 2
corresponding cross sections seem to be weak., Search for
quasi-two body reactions has not been successfull, so their
eventual existence should not correspond to an important

cross section.

2.2 Reactions (2) and (3)

The general features of these reactions are analogous
to those of reaction (1), but less pronounced. In (pn') ,
(pn™) , (pn°) , (nn¥) , (nn~) systems, isobar production is

evident, generally enhanced in a '

'peripheral" sample of events.
Meson resonances (pf , and w ) are also observed but their
study is made difficult mainly by the presence of a large
number of combinaztions per event., Nevertheless w production
(Fig., 7) is very clear (o = 0,12 mb) and the corresponding
background is reduced by the cut , cos 6% (n'n 7°) > 0.85
(Fig., 7) shaded histogram). One may note, in particular, the
existence of the associated production = p - R S

(0 = 0,05 mb)o

INVESTIGATION ON SOME ASPECTS OF THE COLLISION MECHANISM

The strongly peripheral character of very high energy
interactions has been known for some time : after their
collision the incident particles keep their initial directed

momentum almost unaltered, their transverse momentum being in
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consequence small., In = p interactions, the proton is
essentially emitted backward in c.m.s. while one of the
secondary =m  is projected energetically forward, contrary

to the other =* emitted rather isotropically.

On the other hand, high multiplicity interactions are
sometimes considered as due mainly to central collisions
which should be compatible with the statistical model.
Tests based on angular correlations between outcoming
particles ‘have been used to verify the validity of this

model., The results of our experiment follow.

3.1 Asymmetry parameter of the proton

Fig., 4(a,b,c,d) shows the proton angular distribution

cose; , for various multiplicities in the 11 GeV/c = p inter-

actions 2) . The asymmetry parameter As =(%E%— has been
evaluated (F = number of forward events, and B = number of

backward events), Fig. 8 compares our results with those
obtained at 5.5 and 16 GeV/cl). At our energy "periphéfél“
events dominate when less than 6 secondary pions are
produced, and with more than T secondary pions, "statistical"
events are more important. Thus it seems that the 8=-prong
events study is more indicated to test the statistical model,

the 1l0-prong cross section being very weak (~ 50 ub)

3.2 Correlation between longitudinal and transverse momenta

From a Peyrou plot, the mean transverse momentum <P_>

"7
for various Pﬁ' bands has been determined. Fig., 9(a,b,c)
Lo +
shows the variation of <P_> versus PX for the P s T

T L
and m  in reaction (1). The results are comparable with those

obtained with 10 GeV/c 3) . But a difference between
Fig. 9b and 9c is observed. The <P_> variation seems less

T
symmetrical for the =~ that for the m@ .
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The Table II gives <PT> for all events of the reaction
(1), and also for the 'statistical sample (cose; >-0.8). The
results of the 10 and 16 GeV/c m  experiments are reported

for comparison

TABLE II

Average transverse momenta of secondary particles (MeV/c)

<PT> <PT>

All events if cose; > =0,.,8

Reaction Particle

10 GeV/c L420+20
P 11 " Lh60+32 6L40+66
16 " L66+18

10 GeV/c 31lL+1l

n-p > p3n—2r+ n+ 11 " 33hi;6 368:31
16 " 3ki+lo
10 GeV/c 365+11
{11 " 376+15 k10+26
6 " 387+10
P 11 GeV/c L480+20
+ 'ﬂ'+ " n 351110
mTp > p3n 2m w° :
1T- " " 3821 9

me | " " 37h#18




-6 - [231]

3.3 The angular correlations between pions

Several studies on anti-protons annihilations and

L)

the distributions of the c.m. angles between pairs of pions

recently on n+p interactions at 8 GeV/c have shown that

depend on whether the pions have like or unlike charges :

Y:: < y+- s Y being the ratio of the number of pairs

with the opening angle larger than 90° to that with the

opening angle smaller than 90°,

Table III gives our values of y for reactions (1),
(2), (3) and for the statistical sample in reaction (1) as

well as y values versus the difference lAPl between the

k)

momenta of the pion pairs .

The y'' is found smaller than vy

for reaction (1) in agreement with the 16 CeV/c =«

resultsl). The 5.5 GeV/e = experimentS)

the contrary that y ~ < y'' . This effect could be

has shown on

attributed to the "leading =" that plays a more irportant

role when the incident energy increases,

CUNCLUSIONS

The most characteristic experimental features that
follow from the study are

a) The strong proton backward and the strong =  forward
collimations in c.m,s. observed at low multiplicities is still

important with 5 or 6 secondary pions. (Fig. 4).
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TABLE III

np > p 21 3n

0 (AP 0.2
GeV/e

0.2, APc0.44
GeV/e

0.44{ AP 0.16.
GeV/e

o016 <APc 4.6
GeV/e

Total

1.0k+0.29
0.88+0.16
1.13+0.1L

0.78+0.23
1.16+0.15

1.09+0.L4L
1.64+0.33
1.3040.19

2.7 #1.37
1.94+0,k1
1.4k+0.23

1.06+0.18
1.3540.13
1.22+0.08

™

P > p 27

- + -

y cos

37

¥ > -0.8
D

0.93+0.56
0.95+0.31
1.40+40.32

1.10+0.k49
1.40+0.,L47
1,11+0.24

1.00+0.63
2.14+0.68
1.48+0.3L

1.73+1.15
2.54+0.88
1.38+0.33

1.1240,31
1.63+0.23
1.32+0,15

T p —*

+
P 27 37w

,"O

1.43+0.22
1.10+0.10
1.05+0.12
1.15+0.11
1.25+0.08

1.,38+0.25
1.35+0,1k
0.95+0.12
i.lhio.le
1.18+0.08

1.48+0.33
1,36+0.16
1.18+0.18
1.12+0.13
1.34+0.12

1.43+0.55
2.16+0.3k
1.8810.h3
l.44k+0.23
1.33+0.16

l1.4k2+0.1k
1.34+0,08
1.13+0,08
1.1740.07
1.28+0.05

TP

+
+ n 37

3n

0.97+0.17
1.,06+0.19
1,2040.13

1.27+0.25
1.1k+0.22
1.43+0.16

[1.36+0.31
1.44+0.35
1.37+0.19

2.0 +0.63
1.58+0,Lk2
1.47+0.25

1.2340.13
1.22+0.13
1.34+0.08
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x++

b) The known N , p° , f° w and A resonances are observed.

++ . . . :
The N* and p°® , especially abundant in reaction (1), are

also collimated backward and forward respectively (in c.m.S.).

c) Little quasi-2-body and quasi=-3-body production is observed ;
( N*++

but quasi-b-body production is more abundant. p%m

26 % of reaction (1) and N*"Tur™r”™ , 8 % of reaction (2)).

d) The < PT > 1is close to that found at other energies and

it is sensibly smaller than for the "statistical" sample.

e) The angular correlations observed in other experiments
(Goldhaber effect) are perturbed by the presence of resonances
and the =n  leading effect ; so the interpretafion is made
difficult.

The experimental results suggest that it would be
interesting to confront them with the existing models, in

6)

particular with the quark model recently pronosed by Satz ’.

The authors are grateful to Professor A. BERTHELOT
and Dr. A. ROGOZINSKI for their interest in this work.
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MULTIPRONG EVENTS IN 25 BEV/C w~p COLLISIONS

J. W. Elbert, A. R. Erwin, S. Mikamo, D. Reeder, Y. Y. Chen,
W. D. Walker, and A. Weinberg,

University of Wisconsin,
Madison, Wisconsin

Our group is currently analyzing multiprong events
produced by 25 BeV/c 7~ in the BNL 80 inch hydrogen chamber
with a 1/4 inch thick Ta plate in the downstream end. We

" have measured data from 5, 000 6-prongs down to 5 l6-prongs,
but many of the figures presented here are based on
considerably smaller samples for the 6 and 8 prong events.
The breakdown of the total cross section is approximately as

follows in the table.

Number of Prongs % of Total Cross Section
0 .77 % 08
2 28.61 T .49
4 34.53 T 54
6 23.47 % .45
8 9.52 T .30
10 2.55 % .15
12 46T 06
14 | 09T .03

16 .003% o002
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Figure 1 shows how the fraction of the total cross
section has been going as a function of laboratory r~
momentum., This probably should be plotted as a function of
most anything but straight lab momentum if one wishes to
guess the processes responsible for the production. Our
points at 25 BeV/c seem in agreement with p-p charged
multiplicities at the same momentum, giving no clue of an
essential difference between p-p and 7~ - p interactions
at higher multiplicities.

The difficulty in handling multiprong events in the
usual way can probably be appreciated by noting that the
number of effective mass combinations that should be computed
for a 6 prong is 56, while the same number for a 16 prong
event is 65,536. In most cases a resonance would probably be
lost in the combinatorial background. A theoretical model
then becomes a most important tool when it can guide the
analysis and reduce the magnitude of the problem.

There are many such models, but most of them are
statistical in nature and tend not to test very fundamental
ideas. To date we have not found a statistical model that
agrees well with the transverse and longitudinal momentum
distributions observed. There is some hope therefore that
the data contain more information than just some simple
modification of phase space.

Although we will ultimately achieve kinematic fits to

about 20% of our events as an upper limit, we currently are
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using the larger sample of events without any particle
identification. We do this by considering only tracks

which transform into the forward hemisphere of the center of
mass system when they are assumed to be pions. Events with
obvious strange particle decays are not used since a serious
effort has been made to constrain that sample of events
kinematically. These forward tracks are, we hope, known to
be pions with a fair degree of certainty. If 7w - p
collisions are somehow different from p-p events, it would
be expected that the difference would show up in the forward
hemisphere.

Figure 2 is a plot of the longitudinal momenta in the
center of mass for all particles in 6 prong events assuming
each particle is a pion. The distribution in negative Py,
probably must be disregarded because of proton misidentifi-
cation. Positive values of 123 actually fall off with a very
nice exponential in Py, for all multiplicities. There is no
evidence for an articulate group of "screaming' pions in the
forward direction with high momentum. By fitting the forward
distribution of Py, to the form

-ap
dN ~ e L dpL

we can extract a coefficient a for each multiplicity.
Typical fits can be seen in figure 3. The value of a as a
function of multiplicity can be seen in figure 4. There is
an obvious dependence here on multiplicity which probably

escaped notice previously because of poor statistics.



-4 (2471

The transverse momentum distribution of the forward

hemisphere particles can be fit fairly well to the form

3/2

-bp
e T de

This is an approximation to what has been suggested by
several statistical models.l) Sample fits can be seen in
figure 5. If one plots the coefficient b as a function of
visible prongs, there is again a correlation which can be seen
in figure 6.

These fits, which look pretty good at first glance,
certainly don't tell the whole story. Figure 7 shows the
extent to which the simple form used above for P fails when
the events are plotted for various cuts in Py, (Byin the
figure label). The product function of the two distributions
does not do an especially good job of describing the data as
may be seen by comparing the calculated and experimental
angular distributions in figure 8.

The only attempts to look at effective masses so far have
been rather crude and again involve only the unconstrained
data for particles.in the forward hemisphere. Figure 9 and
10 plot the effective mass of the group of charged particles
in the forward hemisphere. Only events in which the missing
momentum was in the backward hemisphere were used. About all
one can say is that as the number of pions gets larger, the
effective mass gets larger. When only two particles go for-
ward in the 6 prongs, there is some evidence of rho and £°

production. When three particles go forward, there is an
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accumulation in the A region which almost always contains
a rho-pi combination. ‘

We have rather clear evidence that this is not the
way to look at the higher multiplicities without some
modification. If one transforms into the center of
momentum system for the forward group of each event, one
observes that all three components of the momentum have
approximately the same distribution for 6-prongs. As the
multiplicity increases, however, the longitudinal momentum
distribution becomes distorted and depleted in the backward
direction. The shape suggests that a forward going mass has
decayed, throwing some of its products into the backward
hemisphere.

We have made some attempt to compare our 7-p data with
the p-p counter data of Ratner et al.z) at 12.5 BeV/c. This
can be achieved with considerable loss in statistical accuracy
by cutting the bubble chamber data to simulate the acceptance
of the counter apparatus; The open circles of figure 11
represent about one third of our data. Considering the poor
resolution and statistics of our "counters', and the limita-
tion to 6 prongs only, one might conclude that w-p and p-p
are not in disagreement at this stage of the experiment.

Better statistics can be obtained in our data by
considering lower values of P than Ratner et al. The x's

mark these points. They show the same dip for small values

of Py, as the p-p data does for pion production.
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Figure 12 compares the p-p data of Ratner et al. with
our m-p data for the transverse momentum distribution.
Agreement is especially good even though the comparison is

just done for 6 prongs.
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PION, KAON, AND ANTIPROTON PRODUCTION IN THE CENTER OF MASS

IN HIGH ENERGY PROTON PROTON COLLISIONS*

C. W. Akerlof, D. G. Crabb, J. L. Day, A. D. Krisch,
and M. T. Lin, )

Randall Laboratory of Physics,
University of Michigan,
Ann Arbor, Michigan

and
L. G. Ratner,

Particle Accelerator Division,
Argonne National Laboratory,
Argonne, Illinois

and

K. W. Edwards,Jr
Department of. Physics,
University of Iowa,
Iowa City, Iowa

1. INTRODUCTION

In this paper we will describe a particle production

1]

experiment performed last spring at Argonne National
Laboratory. This experiment is a part of a continuing
program to try to understand the nature of high energy pro-
ton-proton collisions with large momentum transfers.

The design of the experiment was based on the hope
that if one viewed a proton-proton collision in the center
of mass system, the distribution of any produced pions,
kaons, or antiprotons might have a simple functional form

which in turn might suggest a theoretical model. For this

reason we chose to measure the particle production cross
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section, do/dQdp, in the center of mass as a function of
the center of mass variables P& and ]_3‘_L which together com-
pletely define the produced particle momentum and direction.

The definition of P£ and P‘L is shown schematically in
Figure 1. We imagine that we are viewing a p-p collision
in the center of mass frame. Just before the collision the
two protons are heading directly towards each other. After
collision a pion, kaon, or antiproton is emitted with a
momentum P& along the incident proton direction and a
momentum Pl perpendicular to this direction.

The principal object of this experiment was to study
the production cross section first as a function of Pl for
constant P& and second as a function of P& for constant Pl.
This pfocedure was motivated by the suspicion that the cross
section might behave as a simple function of these two
variables. Our method differs from previous beam survey

2-6]

type experiments® in that we specifically do not make
measurements at fixed laboratory angle and variable lab
momentum; instead, we control both particle angle and momen-

tum to fix the desired P& and PL in the center of mass.

THE EXPERIMENT

The apparatus which allowed us this freedom is shown
in Figure 2. This is a layout drawing of the external
proton beam at the Argonne ZGS. Protons at a momentum of
12.5 GeV/c from the ZGS are transported via a system of two

quadrupole doublets to a 2" diameter liquid hydrogen target.
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The particles produced in this target are detected in the
single arm spectrometer consisting of the "C" magnet;
scintillation counters Sl, 82, and S3 set at ten degrees to
the incident proton beam; the "B" magnet; and finally the
set of counters Cl’ 02, 03, SM’ and S5 outside the proton
tunnel. Suppose for a moment that the "C" magnet is turned
off. In this case any particle emitted at ten degrees in
the laboratory will pass through Sl’ 82, and 83 énd be
momentum analyzed by the combination of the "B" magnet and
the momentum defining scintillation counter 85. Now by
turning on the "C" magnet we may steer particles of a fixed
momentum which were prgduced either above or below the ten
degree line into the angle defining counter S3' In this
way a coincidence between counters 83 and 85 together with
the currents in the two bending magnhets completely deter-
mines the particle angle and momentum. By appropriate choice
of magnet currents we can essentially dial the values of P&
and P; which our telescope is looking at.

Particle identification 1s carried out by the use of
two threshold gas Cherenkov counters Cl and 02 filled with
ethane. The operating points of these counteré wéré set by
running pressure curves every few data points. For the
pion runs, Cl was set to trigger only on pions and 02 was
not used at all. For the kaons, Cl was set to anti out
pions and Cg'was set to trigger on pions or kaons; a similar
procedure was used to detect antiprotons.

The phase space, AQAp, subtended by the telescope was
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calculated directly from the experimental geometry and had

a typical value of 5 g 10-6

steradian-GeV/c in center of
mass. The incident proton flux was monitored with counter
telescopes M and N and the exact normalization of counts in
M and N was calibrated by separate runs with thin gold
foils placed upstream of the hydrogen target. These foils
were subsequently counted by the Argonne radiochemistry
group and the incident proton flux obtained from the knoWn
spallation cross sections.

For each data point runs were made with the liquid
hydrogen target both empty and full. The empty target rate
was typically 30% of the full target rate so that the sub-
traction did not drastically increase the error in the true
hydrogen cross section. For the case of the kaon and anti-
ﬁroton runs it was also necessary to take runs with the gas

pressure in the Cherenkov counter C, lowered to find the

2
number of pions that leaked through the anticoincidence
Cherenkov counter Cl‘ This contamination effect amounted
to about a 20% correction.

The accildental coincidence rate was determined by
feeding a time to amplitude converter with signals from
S3 and S5. The output of this circuit was analyzed and
stored in a multichannel pulse height analyzer and this data
enabled us to find the uncorrelated accidental rate.

Finally the data were corrected for nuclear interactions in

the counters and in-flight decay.
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3. RESULTS

| Figure 3 shows the cross section data taken at fixed
p, for values of Pf in the range of 0.1 to 1.5 (GeV/b)Q.

For most of the runs shown, P, in the center of mass has
been kept at 0.6 GeV/c. The exception is a run made at P&
equal to 0.4 GeV/c for m production, and on this graph
these points lie very close to the run at 0.6.

The most striking feature of this graphbis that all of
the data appear to lie along straight lines. Since Pf is
plotted along the horizontal axis and the vertical axis is
logarithmic, we can conclude that our data are fit vervaell
by the Gaussian function e"an. It seems remarkable that
the slopes of all of these lines are so similar. The coeffi-

cient "a" has a value of 3.3, 3.5, and 3.5 for the "

) "-:
and K~ data respectively. The kT data have significantly
smaller slope with an "a" value of 2.7 (GeV/c)'g. The
reason for this anomalous behavior is not understood. As
can be seen from Figure 3, the antiproton data are not
very precilse and they will be ignored throughout the rest
of the discussion.

It should be pointed out that the Gaussian behavior of
the production cross sections contradicts the conclusions
of some previous lower precision beam experiments as well
as the empirical parameterization for the data such as the
one given by Cocconi, Koester, and Perkins.7] The disagree-

ment of these cross section formulas is serious only for

particles emitted at relatively large angles and so is of
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minor importance to the practical problem of secondary par-
ticle beam design.

The Gaussian nature of the cross section 1s interesting
in itself and should be compared with a recent elastic

8]

proton proton scattering experiment where a similar beha-
vior was observed. Krisch and Krisch9] have speculated that
this behavior is the consequence of the convolution of a
large number of independent processes all of which have a
maximum probability at or near O degrees. Under quite
general assumptions the Central Limit Theorem of statistics
provides a proof that such convolutions would approach a
Gaussian at high energies.

The similarity of the slopes of the data in Figure 3
offers something of a puzzle. Some time ago Krischlo]
postulated that for large momentum transfers the proton
proton collision could be characterized by an interaction
density of the form p(R,r) where R represents an impact
radius or distance of closest approach and r represents
the point at which the massive quanta are emitted which are
presumably responsible for the inter-nucleon forces. This
picture found support in an elastic proton proton scattering

8]

experiment in which it was observed that the cross section
could be graphed with three straight lines on a semilogar-
ithmic plot versus something like the transverse momentum
squared. This behavior suggested that the proton proton

11]

interaction could be divided into three regions each

dominated by successively more massive quanta. Now in such
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a picture it would be natural to expect that the interaction
function p(R,r) would behave differently depending on the
nature of the quanta in question. In particular, one might
expect that as the mass of the quanta increased from the
mass of the pion to the mass of the kaon or antiproton;

the interaction function would decrease in characteristic
radius and thevmomentum, the variable conjugate to radius,
would increase. This would imply that the cross section

for K production would have a more gentle slope as a function

2
L

-of P than the cross section for m production. This pre-
diction has certainly not been borne out by this experiment.
The mystery of the identical slopes remains, and we can
only hope that some more sophisticated experiment can show
the relation, if any, between the elastic and inelastic
cross sections.

The results of the second part of this experiment are
shown in Figure 4. Here we have held Pf fixed at a value
of 0.4 (GeV/c)2 and varied P, in the region of 0.0 to 1.0
GeV/c. Figure 4 is a plot of these production cross sections
as a function of Py in the center of mass. Note that all
four cross sections for n+, T, K+, and K~ production are
very low at P& equal to zero, rise sharply to peak at about
500 MeV/c, and then droop slightly if at all.

The shape of these curves is strong evidence that the
simple statistical model of proton proton interactions is
inappropriate to describe particle production. In the

12]

statistical model it is important that the two protons at
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collision time form a compound state which later decays.
Such a model would predict that the particle production
probability should peak at P, equal to zero in contradiction
to our data.

The symmetry of the initial two proton state insures
that the curves for P& negative mirror the curves shown in
Figure 4. The double peaked behavior may be characterized
by saying that the produced particles have a preferred
momentum of £500 MeV/c in the center of mass. This aescrip—
tion is equivalent to imagining that after collision the two
initial baryons separate, each followed by its own cloud of
excitation. These "fireballs" then decay more or less
isotropically in their own rest frame.

The fireball rest frame may be found by searching for
that frame in which the data of Figure U4 appear to peak at
PL equal to zero. In Figure 5 the production cross sections
are plotted in a fireball frame with a B8 for the fireball
of 0.54 with respect to the center of mass. On the horiz-
ontal axis of Figure 5 is plotted Pf in the fireball frame.
Thus a Gaussian behavior for the cross section as a function
of P& would appear as a straight line.

Lines have been drawn on fhis graph corresponding to
the slopes of the Pf data shown in Figure 3. It can be seen
that these lines describe reasonably well the pion data in
the forward direction and the X' data in both forward and
backward directions. The cross section for pions emitted

in the backward hemisphere of the fireball appear to drop
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very sharply with coefficients of 16.0 and 9.5 (GeV/c)"2
for the nh and ™ data respectively. The reason for this
very fast drop is not understood.

Thus we see that to a good approximation the positive
kaons are emitted with an isotropic Gaussian distribution
in the fireball frame while the pions are emitted isotropi-
cally in the forward hemisphere but suppressed in the back-
ward half. The peak of the K data in this fireball frame
clearly does not occur at P& equal to zero. In fact, this
data may be symmetrized by sitting in a fireball frame
moving somewhat slower with B of 0.4 with respect to the
center of mass. This may be qualitatively understood by
realizing that the K particles are always created in KK
pairs and thus the available kinetic energy left over for
the fireball is somewhat less. Assuming that the total
avallable energy in the center of mass is split evenly
between the forward and backward fireballs, we conclude
that the fireball mass is about 2100 MeV for w', m , and KT
production and 2300 MeV for K production.

One final comment should be made about the fireball
kinematics. At first glance one might wonder why the cross
section dip at low values of Py in the center of mass is so
pronounced and yet this effect was never prominent in
previous beam survey experiments. The answer probably lies
in the fact that in this experiment Pf was relatively large
and far away from the region explored by most beam survey

experiments. This means that for pion production, for
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example, the peak of the cross section which occurs at E? =0
in the fireball frame will transform in the center of mass frame

/2 2 2 .
to P c.m. _/3/— Pl + MF' Thus when Pi is small the peaks of the
cross section lie close to zero ?f in the center of mass, and when
P2 is large the peaks separate and become resolvable. This relation

4

is shown graphically in Figure 6 where the two lines

2 2
Yeun. = By T

are plotted.

Finally another supporting piece of evidence for this fireball
description is provided in Figure 7. Here the pion production data

for fixed %Z is replotted so that the vertical axis represents

a6e”

ETTEET'FIREBALL , and the horizontal axis re-

the cross section,

presents PFIREBALL' As can be seen, the [ data taken at ?(c.m,z 0.4
and 0.6 appear to fall on the same straight line. For a plot of
d6" versus P2 the same would not hold true.

dfldP c.m. C.M.
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THE SEARCH FOR MESON RESONANCES IN HIGH MULTIPLICITY PROCESSES

J. Clayton, P. Mason, H. Muirhead and P. Renton.

Nuclear Physics Research Laboratory,
The University, Liverpool.

At high energies massive resonances can be produced in multiparticle
final staﬁes
a+b —> X+d+e+f PR
where d, e, f are long lived particles (T, nucleon, hyperon) and X is
a system which degays rapidly, éerhaps through a chain of resonances,
leading to more long lived particles
X =—> Y+ coveee =2 Z 4+ cieeee —> g+ h+ coenes
Thus the experimenter is presented with a large number of possible
combinations whenAtrying to reconstruct possible resonances from thevlong
lived particles observed in the final state, and any such resonances appear
as small bumps on a large background with consequent problemsvof statistical
resolution. .
We illustrate this problem with data from our measurements on
Pf’ - 3W+ 3% at 2.5 GeV/c. In figure 1 we plot invariant mass
distributions for (2ﬁﬁ'2t(-) mesons; we have nine possible combinations

per event. Small peaks can be seen at 1.6, 1;7 and 1.8 GeV; our
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confidence in their existence is considerably reinforced by imposing a
cut which demands that each system decays as
X = Q”Q"-» 2wt 2¢”

where for our purposes a rho meson is defined as a 1:+1:_ combination
with mass in the interval 660 - 810 MeV. The result is shown in figure 2.

Now although the systems X appear as small peaks in figure 1 an
analysis of the observed mass distribution indicates that they constitute
91 t ig % of all events (i.e. 9 x (10 i g)% of entries on the graph).
We have therefore sought to find a way to improve the signal to background
ratio.

Consider an initial state (i) leading to a final state (f) containing
six pions via a system X containing four pions (figure 3). Then if we
suppress irrelevant constants and kinematic terms the cross section O,

fi
may be written as

_ r s
v, %« T \-r‘_\" I *_\:; 3 (p. —p)
v v (‘ v . zE',

3

\'\

« X T ™ * 22 L v
I<m =, l\P‘rY>\.(M;'M;y+-m‘P

X

‘

L 2T
. ¥

LD W Yy<g Y
AMP rl _\f). ‘L‘_) S(‘);v‘o.-vl—p3

2k, 2c

2l

P
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where TP = operator for production of X
2 2 2
mg = - (pl + Dy + Pyt ph) = -P
\" = total width of X
h = width for decay channel X = L4 T
K>y

We thus have an expression fof dc'fi/dmp? in terms of a three body
final state. The configurations of particles in the three body state will
be detexzned by <, 7(2 X ‘T‘ pp> and the phase space terms. We have
therefore taken plausible forms for \T\2 and determined its value for
each of the possible combinations of pions. The combination which yielded
the largest value for \T\Z was then accepted as the most likely

configuration and the corresponding mass m_ was determined.

P

In constructing possible forms for ]T]2 we have been guided by the
principle that nature abhors a large four momentum transfer. Our angular
distribution for w ' and % appears to be partially correlated with the
ingoing nucleons (figure 4). We therefore first examined our data with
the diagrams shown in figure 5. Since our propagators had to be baryons
we used the nucleon mass for m din our initial investigations.

No significant features emerged in our distribution for my, when we
used diagrams with two vertices only (figures 5(a) and 5(p)). However, we
found that if we assuced three vertices (figure 5(c)) then peaks started

to appear in our distributions. Briefly, the results obtained at this

stage indicated that configurations placing any four pion system at the



[284] .

centre vertex were unlikely ( ~ 50 events from a total of 736 events
depending on the charge of g and r) furthermore no significant peaking
occured in these events. In configurations which plaéed the four pion
systeh at an extreme vertex peaking was obser¥ved in the distributions for
mpe The peaking appeared to be more pronounced if r was doubly charged
than if it was neutral (the assignment of charge for r depends on the
ordering of n~ and¥ ~ at ® , and & 2). We illustrate the results at this
stage in figure 6, where 6(a) and (b) indicates the mass distribution mp,
for doubly charged and neutral systems respectively. It should be noted
that both the magnitude for q and the sign of its charge is left undisturbed
by either assignment of charge to Tl and T\'Z.

In figure 6 (and subsequent diagrams)we show a compérison with phase
space. We have used tihe CERN program FOWL to generate fictitious six pion
events (i.e. events determined by.phase space consideration alone) and then
applied the same selection criteria as to our real events; the result is
shown by the smooth curve in figure 6.

We next attempted to insert plausible factors ‘in the numerator for T.
Since large four momentum changes occur damping factors of the type
exp. - n’x(qz + rZ) were introduced for the vertex functions where A = 0.5
GeV_Z and n = 0, 1, 2 =---. Peaking was found to be more pronounced if
‘qalwas used rather than q2 (also for ro). 1In figures 7 and 8 we illustrate
the results for n = 3 and 6 for doubl& charged and neutral r (figure 6

of course corresponds to n = O). A notable feature in these figures is

the relative magnitudes of the 1.7 and 1.8 GeV systems in the two curves.
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The apparent occurence of doubly charged states for r encouraged us
to believe that it might be the j.= 3/2, T = 3/2 nucleon resonance at 1236
MeV (figures 6, 7, 8 in fact were determined with m, = 1236 MeV). Now the
angular distribution of pion scattering in the rest system of this resonance
is 1 + 3 coszO. We therefore transformed all events to the rest system of

r* and made the requirement that the product
T2 ~ cos®0 exp. [- n M (|q\2 + 1r12)} / \:(q'2 + o) 4 mz)] 2
should be a maximum. The results are shown in figs. 9, 10, 1l.

Finally, we attempted to Reggeise the possible forms for T. We used

a formulation suggested by Chan Hong-Mo, Kajantie and Ranft l)o

- ¢4 [e4

T ~ exp. | - (Qq 0 + Q %)) . slzq Szxr

L
This could only be done in configurationgin which r2 was negative -

these are the most likely configurations in any case.
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-6 -
where ,
Qq = aq + aq log S1o
Qr = ag + ar log Sox
2
S =~ (pp +p))
2
S2X =-(p2+P)
o = Q (O)-—al.qz
q q q
o =a (0) -a’ r2
r r r

In the above expressions aq and a, are constants (equivalent to n A
in our Feynman graphs) and a’ are the slopes of Regge trajectories. We
kept aq =a, for simplicity, and assumed that ar followed the trajectories
containing either the j = 3/2, T = 3/2 resonance or the nucleon whilst
aq followed only the nucleon trajectory. Results for a value of

3, = 8. = 5 GeV™2 are shown in figures 12 and 13.

Our results therefore suggest that the selection of suitable forms
for T can improve the signal to noise ratio in searching for resonances in
systems of high multiplicity and at the same time give us some insight into
the machanism whereby they are produced. It is perhaps of interest to note
that Lipkin has suggested that the annihilation of proton-antiproton systems
should proceed predominantly through the production of three nonstrange
mesons if a quark picture is used. The present analysis suggests that the
two pions produced with the resonances are separate entities, and thus if we
take the figure of ~ 90% for resonance production quoted earlier, then three

data for the channel pp —> 3 u+ 31:-at 2.5 GeV/c would appear to support
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the three meson hypothesis.

We are indebted to the Science Research Council for supporting this

worke.

Reference
(1) Chan Hong-Mo, K. Kajantie and G. Ranft, Nuovo Cimento 49, 157, 1967;

see also F. Zachariesen and G. Zweig, Phys. Rev. 160, 1322, 1326, 1967.
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Captions to figures

Figure 1. Mass distribution of any (2'1:+ 2% ") combination in
PP > 3% 3&_ at 2.5 GeV/c. Nine combinations per event.
Figure 2. Mass distribution of ¢ oe ° from pp > 3 & 3% .
We ‘define a (’d meson as any K'+a ~ system with a mass lying
in the interval 660-810 MeV and iﬁpose the restriction that
separate pairs of pions must form t's.
Figure 3. Schematic formulation of process

P > X% s
-
2t 2w’

Figure L. Angular distribution of =t mesons with respect to proton and

x ~ with respect to antiproton in pp = 3 ® 3 & .
Figure 5. Possible forms for the matrix element pp —>» X & ' 7
Figure 6. Distribution of masses using

\T\z ~ exp. |:- n,\(|q)2 + lrla)j/ [(q2 + ma)(r2 + ma)] 2

with n = O. Doubly charged baryons occur in (a) (r + + or --)

and neutral in (b).

Figure 7. As for 6 with n

i}

3.
6.

]

Figure 8. As for 6 with n
Figure 9. Distribution of masses using
T 2w cos%0 exp. [- nx()qlz +|rl2)‘]/ﬁq2 + o) (2 4 ma)] 2
with n-= O. Doubly charged baryons occur in (a)

(r + + or ——--) and neutral in (b).
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Figure 11.

Figure 12.

Figure 13.
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As for 9 with n = 3.

As for 10 with n = 6.

Distribution qf masses gsing Regge formulation given in the
text with 3, = a. = 5 GeV 2. (a) Assumption of doubly charged

baryons for r, (b) neutral baryons for r. In both cases the

Regge trajectories

0.15 - 0.9 I‘2 = A
r by

- 0.39 - 1.01q° = N

04

h

o
q

~ were used.

Distribution of masses using Regge formulation given in text
with 8, = 8 = 5 GeV™2. (a) Assumption of doubly charged
baryon for r with l&xtrajectory and N& trajectory for q

(see caption to figure 12). (b) Assumption of neutral baryon

for r and Na trajectory for both r and q.
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CONTRIBUTED PAPERS NOT INCLUDED IN PROCEEDINGS

(Listed in order of arrival)

Kinematic singularities and threshold relations for helicity
amplitudes
J.D. Jackson and G.E. Hite, Lawrence Radiation Laboratory,
University of California, Berkeley, Cal., U.S.A.
(to be published in Physical Review)

Photoproduction of WY, M° and K" near + = 0
Nina Byers and Gerald H. Thomas, Department of Theoretical Physics,
Oxford, U.XK. (previously Physics Department, University of
California, Los Angeles, Cal., U.S.A.)
(published in Phys.Rev.Letters 20, 129 (1968))

Asymmetry moments of angular distributions
P. Kielanowski and J. Werle, Institute for Theoretical Physics,
University of Warsaw, Warsaw, Poland
(to be published in Nuclear Physics)

"Proper helicity amplitude" for high energy collisions
Z. Koba, The Niels Bohr Institute, Copenhagen, Denmark

Observations on baryon resonance production in 28.5 GeV/c p-p inter-
actions
P.L. Connolly, W.E. Ellis, P.V.C. Hough, D.J. Miller, T.W. Morris,
C. Ouannes, R.S. Panvini, and A.M. Thorndike, Brookhaven National
Laboratory, Upton, N.Y., U.S.A.
(Part of the material will be submitted to Phys.Rev. Letters)

Validity of the interference model for TN scattering
C.B. Chiu, CERN, Geneva, Switzerland, and A.V. Stirling, CEN-Saclay,
France
(to be published in Phys.Letters)

Measurement of polarization in T p—T'n and T p — 7n
R.C. Lamb, R.A. TLundy, T.B. Novey, A. Yokosawa, and D.D. Yovanovitch,
Argonne National ILaboratory, Argonne, I1l., U.S.A.
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