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I 

FOREWORD 

The joint Japanese-U. S. Seminar on Elementary Particle Physics with 

Bubble Chamber Detectors was organized with a threefold purpose. First, 

as a review and introduction for Japanese physicists who wished to enter 

intensively into this field, especially in view of the construction of their new 

proton accelerator; second, to provide a group of U. S. experimental physi- 

cists who have amassed c%)nsid,.rable experience in the field to engage in a 

thoroughgoing and critical review, especially timely in view of the rapidly 

growing competitive technique of wire chamber spectrometers; and third, to 

participate in a discussion which included theoretical ideas of the present 

status of elementary particle physics. 

The number of participants was kept small, namely, twenty-two, of w’hich 

eight were from Japan and one from Australia. In order to broaden the base 

of the Seminar some of the sessions were held as public lectures, and local 

physicists from Stanford University and the University of California at Berkeley 

attended some of the seminars. 

. . 

I believe the Seminar achieved its purposes, and I wish to thank all the 

participants for their hard work, patience and excellent contributions to its 
ultimate success . Professor Kitagaki was untiring in his efforts to bring this 

Seminar to reality from the Japaneie side, for which I wish to express my 

warm appreciation. I would also like to thank the numerous people at the 

Stanford Linear Accelerator Center for their cooperation and help, and 

especially to thank Mr. William T. Kirk and Mrs. Helen Morrison for their 
devotion to making the Seminar run quite smoothly. 

J. Ballam 

Stanford Linear Accelerator Center 
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PREFACE 

Background. The Joint Japanese-U. S. Seminar on Elementary Particle 

Physics with Bubble Chamber Detectors was held at the Stanford Linear Accel- 

erator Center on February 24-26, 1971. The Seminar was organized as a part 

of the United States-Japan Cooperative Science Program, an activity which is 

carried out under the joint auspices of the U. S. National Science Foundation 

and the Japan Society for the Promotion of Science. 
Participants. The following individuals took part in the Seminar: 

Y. Hara Tokyo University of Education 

G. Takeda Tohoku Univor sity , Sendai 
T. Kitagaki Tohoku University, Sendai 

K. Takahashi Tohsku Utiiversity, Sendai 

M . Teranaka Osaka City University 

T. Yamagata Tokyo University 

T. Hirose Tokyo University 

S. Yamamoto 

D. C. Peaslee 

J. Ballam 

M. Peters 

S. Flatte 

C. Baltay 

T. Ferbel 

J. J. Sakarai 

M. Derrick 

I. A. Pless 

R. Plano 

H. Harari 

H. Yuta 

G. Chadwick 

J. Loos 

Tokyo University 

Australian National University, 
Canberra 

SLAC, Stanford University 
University of Hawaii, Honolulu 

LRL, University of California, 
Berkeley 

Columbia University, New York 
University of Rochester 

University of California, 
Los Angeles 

Argonne National Laboratory 

Massachusetts Institute of 
of Technology, Cambridge 

Rutgers University, New Brunswick 
SLAC and Weizmann Institute, 

R ehovat 

Argonne National Laboratory 

SLAC, Stanford University 

SLAC, Stanford University 

. . . 
- 111 - 



In addition, R. Ries attended the Seminar as a representative of the U. S. 
National Sci enc e Foundation. 

Purpose. The intent of the Seminar was summarized by J. Ballam in his 

introductory remarks: 

The idea was to get a number of people together who have been 
active in the field of bubble chamber physics in recent years, and to 
try to take stock of where we stand in the field right now. What we 
want to discuss; here is the present status, and the prospects for the 
near %ture, of the tcchniqde of doing ghysics with bubble chambers. 
I specified “near future” because it is very difficult to look ahead 
more than a few years in this field. In my opinion it is quite impor- 
tant to take a hard look at the physics that has been done to see 
whether there are responses we should make dictated mainly by the 
physics. Please don’t hesitate to be acidic, criY.ical, reasonably 
friendly - whatever - and we will-y to work i&o each other activ- 
ities as much as possible to try to understand the problems. - - 
Editors’ Notes. The papers presenk;l at the Seminar reported on recent 

_- 
experimental results and theoretical studies, witha general emphasis on the ~- 
characteristic kinds of problems that arise in bubble chamber experimentation 

and on attempts to predict future trends in this field. The discussions after 

each paper were quite informal; we have tried to preserve some of the flavor 

of the exchanges in these Proceedings. 

Both the presentation of papers and the succeeding discussions were tape 

recorded. In addition, most of the speakers provided us with written copies of 

their papers. In editing the discussions, we have cut out anything that appeared 

to be well covered in the written papers. One regretable incident occurred when 

H. Harari’s talk on two-body reactions at high energy was lost through faulty 

recording technique; only an abstract of this talk is included here. 

We hope that these Proceedings will be useful to those who are interested 

in formulating plans for future bubble chamber experimentation and to the many 

workers who follow the activities in this field. 

G. Chadwick 
I. 0. Skillicorn 

Editors 
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QUARKS, DUALITY AND STRUCTURE OF HADRONS 

Yasuo Hara 

Department of Physics 
Tokyo University of Education 

Tokyo, Japan 

Abstract 

The hadron is suggested to be composed of qqq or q& and a 

core consisting of an infinite number of qi pairs. The hadronic 

levels in the model are discussed. The s-channel helicity con- 

servation is also discussed. 

1. Quark Model 
Through investigation of the quark mode:, Regge pole model, duality, 

dual resonance model and other models we now have a considerable under- 
. 

standing of the structure of hadrons. ’ 
The quark model picture of hadrons (the qqq structure of baryons and 

qi structure of mesons) is supported by the nonexistence of exotic particles 

and that of abnormal mesons. Most of the observed particles except for the 

possible double peaks of A2 meson may be explained by the quark model with 

radial excitation D 
The quark model is also supported by the additivity of scattering ampli- 

tudes D 2 This additivity is well satisfied by diffraction scattering, or Pomeron- 

exchange scattering, of baryon-baryon and meson-baryon scattering (for 

examp1e, uBB /cl- MB = 3/2). The additivity of diffraction-scattering ampli- 

tudes is very convenient in explaining the s-channel helicity conservation 

recently discovered in the reaction w + pop in the diffractive region3 (above 

2 GeV). There are also indications that this conservation “law” is true for 

TN scattering4 (P and P’ exchange). 
If s-channel helicity is always conserved by diffraction scattering or 

Pomeron-exchange scattering, we have to find the physical origin of the 

conservation. It is rather easy to make a plausible argument for the conser- 

vation of s-channel helicity for fermions, but it is difficult to explain the con- 

servation of s-channel helicity for mesons without assuming that mesons are 
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composed of fermions. About four years ago I reported the following facts. 5 

If the interaction is chiral SU(2) x SU(2) symmetric, if nucleons transform 

linearly under the transformation, and if the high energy scattering is domi- 

nated by the exchange of Regge trajectories with natural parity, then the NN 

scattering amplitude is given by 

at high energies, where the Lucleon mass may be negligible; i. e., isovector 

exchange (p and A2 exchange) is negligible compared with isoscalar exchange 

(P, P’ and w exchange), and the s-channel helicity is conserved. Thus, in 

this model, the s-channel helicity of the nucleon is always conserved at high - 
energies because of the factorization of the Regge pole residues. It is also 

easy to make a model in which the s-chai-md helicities of quark-quark and 

quark-antiquark diffraction scatteri;g are conserved. 
If we assume s-channel helicity conservation in qq Gd qi diffraction 

scattering, if we assume the additivity of diffraction scattering amplitudes, 

and if we assume that the octet of baryons (B8) and the nonet of vector mesons 

(V,) are S-wave bound states of qqq and q$ respectively, then we obtain s- 
channel helicity conservation in the sense that helicity-flip *l (IAh = 1) ampli- 

tudes are suppressed in the diffraction scattering (for small O), 

e3 
fl&ll=l’f(&J=O = 3 for B8 

and (2) 

flAhl=l =’ for Vg . 

For the nonet of vector mesons and the decuplet of baryons, /ahI =2 transi- 

tions are allowed, but they are not important in diffraction scattering at high 

energies because of the kinematic factor sin 2 8 
z* 

In our model, s-channel helicity is not conserved in general in the reac- 

tlons yp -+ gp, BP, np --, Al-p, AZap, KN ---) QN, TN--+ nN*(I=1/2), NN -, NN*, 
KN+KN*, etc., even though Pomerons can be exchanged in these reactions. 
If s-channel helicities are found not to be conserved in these reactions, this 

nonconservation will support our model. 

A trouble with the quark model may be the fact that we have not yet dis- 

covered quarks. Quarks may be particles with spin l/2, with unitary spin, 
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and with heavy mass, say about 10 GeV. However, if such heavy quarks were 

really observed, our present quark model may be meaningless. Another 

trouble is the statistics of quarks. Bose and parafermi statistics have been 

suggested for quarks in order to explain the success of the SU(6) symmetry 

model of the ground-state octet of baryons and the decuplet of baryons which 

belong to the totally symmetric [56] dimensional representation. If we assume 

boss quarks, the I LI I = l/2 rule of nonleptonic decays is obtained for the 

charged current interaction, G but we have difficulty with the charge conjuga- 

tion property of currents and mesons. For parafermi quarks there is no 

trouble if quarks appear only as bound states. However, for free parafermi 

quarks we cannot construct wave functions with the cluster property. 7 This, - 
two free parafermi quarks cannot be independent even though they are widely 

separated. Therefore, if quarks obey-bosE or parsfermi statistics, they may 

be mathematical rather than physical obJ%cts. 

2. Duality 

Next let me briefly discuss duality. 8 Duality means that high energy 

scattering or Regge poles in the t-channel are related to low energy scatter- 
ing in the s-channel through analyticity, or dispersion relations. It has been 

shown that the Regge t-channel description can produce circles in the s-channel 

Argand plot. ’ If we assume that low energy scattering amplitudes (minus 

Pomeron exchange or background 10,ll can be approximated by contributions 

from resonances, and if we further assume the nonexistence of exotic reso- 

nances, then we obtain exchange degeneracies among the leading vector and 

tensor Regge trajectories, 10 

01~ =o! w = aA = QYf, aK” = aK*” 3 and =a yi f’ (3) 

and relations among their residues. Thus, nonets of vector and tensor 

mesons are required to be ideal nonets. 

If we apply the method used in deriving the exchange degeneracies 

among the leading Regge trajectories to PsBs + VgB8 and VgBs -+ PSBs 

reactions, we obtain exchange degeneracies among the pseudoscalar (ps) and 

abnormal axial vector trajectories shown in Fig. 1 as well as the exchange 

degeneracies among the vector and tensor trajectories of Eq. (3). 
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FIG. l--Exchange degeneracies among pseudoscalar and abnormal axial 
vector trajectories. 

That is, we obtain the relations, 

(4) 

If we assume m(B) =M(rlA) and r(B + nw) = 100 MeV, we find12 

r 7&(1=0, c=-1) + “PI 
C 

= 300 MeV. There does not seem to exist an isoscalar 

ps meson with m 
rl 

, = rnr. Therefore, an isoscalar ps Regge trajectory c+,, 

without an associated ps meson I pq, (to) = 0 for a7! (to) = 0 
3 

and with on,(O) z 0 

has to exist. Then duality requires that 

P,($)) = 0 for 
Q&)1 = 0 l (5) 

These results (4) and (5) for secondary trajectories, i.e., for ps and 

abnormal axial vector trajectories, are less reliable than the relations (3) 

for the leading trajectories since unitarity is neglected in deriving these 

results and since unitarity corrections are expected to be more important 

to the relations among secondary trajectories. At any rate, it is extremely 

difficult to extract the contribution of isoscalar ps Regge poles from experi- 

ments. However, zeroes of the pion Regge pole residues have been found at 

t M -0.03 GeV2 in the analysis of the yp -+ n+n process 13 and the npd pn 
reaction 14 assuming conspiracy (Fig. 2). This zero of p,(t) may indicate 

the existence of Q! !(t) with l>>a! ,(O) > 0. 
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FIG. 2--a!$) and P,(t) l 

Secondary vector and tensor trajectories p’) P” and W’ have been intrlj- 

duced in the Regge pole model analysis of nN scattering, 15 and also in an 
attempt to avoid the trouble with the factor%atios of w Regge pole residues. 16 

These trajectories have been found CIcl have - 

ap,(0) = a,,,(O) = cr,tm = O l 
(6) 

Duality requires the existence of CY 
A!2 

with orAh(O) z 0. 

Though the exchange degeneracy of CY~ with o+ and oT, cannot be derived 

from duality, the fact that o+,(O) 2 aT, (0) z o!,(O) and the possibility that c+ 
and a! T’ may stand for Regge cuts suggests that CY~ is exchange degenerate 

not with Q! and a! 
a 

but rather with Regge cuts due to the exchange of Pomeron 

and CY V and/or oT. 

One of the puzzles of particle physics is why vector and tensor mesons 

form ideal nonets and why ps mesons form an octet. 

is considered to be related to the Adler zero, 13 
S&e the zero of p,(t) 

the origin of the difference 

may be attributed to the role of the ps mesons as the Goldstone bosons. 

3. Structure of Hadrons 

The quark model picture of hadrons (the qqq structure of baryons and the 

qi structure of mesons) has succeeded in the classification of low lying reso- 

nances. However, it is inconceivable that hadrons consist only of 3q or qi. 

The 3q or qi may be surrounded by many (probably by an infinite number of) 
q{ pairs. We name these qi pairs the core of the hadron. 

The existence of the core is required by duality. If we assume the valid- 

ity of duality, the sum of Regge poles (except for Pomeron) in the t-channel 
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is equal to the sum of resonances in the s-channel (Fig. 3). Thus if we look 

at Fig. 3, we immediately find that a resonance consists of an infinite number 

of particles (qi pairs). 

resonances w I I I I I I 

Regge poles 

FIG. 3a--Resunances in the 
s-channel. 

FIG. Zb--Regge poles in the 
t-channel D 

We can now understand this situation if we study the dual resonance 

model. 17 The energy levels in this model correspond to the eigenstates of 
the operator 

Since the system consists of an infinite number of oscillators, hadrons must 

be composed of an infinite number of constituents in the model. The energy 

levels in the model are shown in Fig. 4. 

a(4) 
P 

1- ()+ , 

I 

a(3) 
P 

1- ()+ , 
a(2) 

s kJ 
1- o+ , 

a(ll 
P 

1- ()+ , 

(a) Oscillators 

-4+, 3-, 2+, 1-, o+ 

-3-, 2+, l-, 0+ 

-2+, 1-, o+ 

-1- 

-0+ 

4 

3 

2 

1 

0 S 

(b) Energy levels (c) Chew-Frautschi plot 

FIG. 4--Dual resonance model. 
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For comparison we show the energy levels of the nuclear liquid drop in A. 

Bohr’s surface vibration model in Fig. 5. 

E -2+ 

- 8+6+5+4+2+0+ 

- 6+4+3+2+0+ 

- 4+2-’ ‘O+ 

-2+ 

-0+ 

J!! 1 

1 1 

4 
1 

6 /“//de 

2 
1 

11 2 
2 

1 1 1 1 
0 S 

’ 

; 

, 

(a) Oscillator (b) Energy levels :cj Chell-Srautschi plot 

FIG. 5--Surface v-ibratl>n. 

, For large energy, n, the level density in the dual resonance model is given 

by exp (4n J&6). This level density and the linearity of the trajectories in 

(mass)2 cannot be expected from the simple quark model. The expected 

Chew-Frautschi plot of the mesons in the quark model is shown in Fig. 6. -.r 

FIG. 6--Chew-Frautschi plot in the quark model. 

Of course we have to add states with radial nodes to these states. In the 

quark model we expect Q(S) zao O(h) if we as&me the interaction with a 

finite range. The linearity of the trajectory may be regarded as support for 

the existence of the core consisting of an infinite number of q< pairs. As is 
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well known, the idea that hadrons consist of an infinite number of constituents, 

or partons, has been proposed in the parton model. 18 

The idea of surface oscillation of the hadronic matter has been proposed 

by Tati. 19 Nagasaki and Taketani proposed the excitation of hadronic matter 

due to its density oscillation. 20 However, we think it is too early to assume 

a specific model of the collective motion of the core. Instead we consider 

that at first we s;lould make a model of the core which can explain the experi- 

mentally observed hadroni, resonances and Regge trajectories. 
Let us assume that a hadron is composed of qqq or qs pairs. Unlike the 

core in the nuclear shell model, which is a closed shell nucleus, the core of 

the hadron cannot exist without qqq or qi, and it is therefore possible that 

the coupling of the core with qqq or qi is very strong. However, we assume 

that the coupling is rather weak. We concider that the weak coupling of q< 

with the core is suggested by the r+,? scatccring amplitude in the Veneziano 
model, 21 

p n&a!(t)) r(l-o!(u)) 
T(l-o!(t) -a(u)) = /3(1-a(t) -a(u)) B(l-a(t), l-o(u)) . (8) 

Equation (8) suggests that the scattering amplitudes may be factorized into 

the qi factor and the core factor. The core is isoscalar, and the isospin of 

a resonance is determined by qi (or qqq). The qi factor l-or(t) - Q!(U) may be 

taken to represent p and u. The amplitude (8) contains many unobserved low 

lying resonances . 
In the following we consider several possibilities. For simplicity we 

consider22 only mesons with S=O. 

Case (A) 

f,A2 
4+2+0+ (I=(I) 

2+ (I=O) 

P,W,U 
o+ (I=O) 

(a) s;i (b) oscillators 
of the core 

(c) core levels 
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Re CY Re oc 

5- 
o! WYaf 

4+ 
00 

// 
3- 

0 00 

2’ 
# 

2-002+ 0 00 

1- 0 1+. 1-00 1-0 0 00 

a -IS * ” 
0’ 0+ 

” -S 

(d) I=1 mesons (e) l=O mesons 

G=+l, G=-1 G=+l, G=-1 

FIG. i--Case{:&) 

Case (B) If Fig. 7a in the case (A) is replaced by Fig. 8a, we find the levels 

shown in Fig. 8b and 8c. 

I 3D3 
2rnF 

I 2,: 

3s1 C3Po) 

Re Q! Re Q! 

/ 

%’ 
00 

0 000 

0 0 00 

0 0 000 

FIG. &-Case (B). 

/“, 
00 0 l @O 

0 0 l eo 

In this case the leading vector trajectories are degenerate. They may cor- 

respond to o! p, awa apt, anda,,- 
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If we assume that ap, and czw, Case (C) are exchange degenerate, the leading 

tensor trajectories have to be degenerate in case (B). The degenerate leading 

vector and tensor trajectories can be obtained either by replacing Fig. 7a by 

Fig. 9a or by replacing Fig. 7b by Fig. 9b. 

Re 01 

I ‘A 

1 
2rni 

I 

2rn: 

f 

3D3 

2rni 
3P2 

3sl 3p0 

I=0 

r 

4+ (I=O) 

4rni 

-‘--- 2+ (I=O) 

--I 
I 4rni 

I 

(a) s;i 

o/A2 
/ 

a a 
-s 

(c) I=1 mesons for (a) 

(b) oscillators 
of the core 

Re CY 
@paA2 

00 0. 

(d) I=1 mesons for (b) 

FIG. g--Case (C). 
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If the normal vibration of the core is isoscalar and vector (Fig. lob), Case (D) 

we obtain the hadronic levels shown in Figs. 10d and e. 

If 
3p2 

2m2 
P 

-- 
S 

3s1 3Po 

I=0 

- l- (G=-1) 

2rn: 

1 

(a) Gi 

Re a! 

(b) oscillator 
of the core 

Re o! 

2+0+ (I=O, G-tl) 

l- (I=O, G=-1) 

o+(I=o) 

(c) core levels 

/ 3: 0 

2+ d 0 2-o .02+ 

(d) I=1 mesons (e) I=0 mesons 

G--tl, G=-1 G-+1, G=-1 

FIG. lo--Case (D). 

In this case all tensor mesons are degenerate. However, this model will not 
be able to explain the A2 splitting since two tensor peaks in our model will be 

incoherent . 
So far we have discussed only nonstrange mesons. We can discuss 

mesons belonging to ?T and 1) families, strange mesons and baryons in a simi- 
lar way. In general the core of a baryon and that of a meson can be different. 

It is difficult to discuss the reactions of hadrons in our model, What we 
can say is the following. The interaction between the cores of colliding par- 

ticles is rather weak in diffraction scattering. On the other hand many par- 
ticles (or qi pairs) have to be exchanged between the cores of colliding parti- 

cles in nondiffraction scattering. This is required by duality. 
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Discussion 

Harari: I have two questions. First of all, you discussed helicity con- 

servation at the beginning, and you described the model in terms of helicity 

conservation on the quark level. Then you said that you predict that in elastic 

scattering you will have helicity conservation, but in something like n-nucleon 

goes to A1 -nucleon you should not have helicity conservation. This is actually 

n:ce because it seems tc bti th.e case experimentally, but now let me ask you 

a specific question concerning the spin. What would you predict for some- 

thing like nucleon-nucleon goes to nucleon-N*, where the N* is also a spin- 

l/2 state, like the Roper resonance? 

Hara: In order to predict the helicities of final particles, we have to 

assume the wave function of the excited particle. 

Harari: Suppose the Roper resonan<e is a radial excitation of the nucleon 

in the quark model - what would happen then? 

Hara: I think the honest answer is that the cross section is small, or 

something like that. 

Ferbel: Do you expect to measure the polarization of the N*? 

Unknown Speaker: Isn’t that an empty question? 
Harari: No it isn’t empty, because it is the same story with n-nucleon 

scattering. It depends on what kind of decay you have. If you have only the 

decay of the nucleon and one pion, then of course you’re all right. But when 

you have the decay of a nucleon with two pions, then with some correlations 

you might be able to see something. You will not be able to pin down all the 

amplitudes, but you may learn something. I think this question is very 

important - not because of this particular process, which may not be impor- 

tant - but if you compare elastic scattering events with n-nucleon goes to 
Al-nucleon, then there are two differences. First of all, one is elastic and 

the other is inelastic. Secondly, in one case the spin of the initial and final 

particle is the same, while in the other case it isn’t. The question is, is the 

experimental difference between the two cases caused by the fact that one is 

elastic and the other inelastic, or by the different spins. And the way to 

resolve this is to study nucleon-nucleon goes to nucleon plus Roper resonance 

in which the spin & the same but the reaction is inelastic. 
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Hara: I haven’t considered this particular problem, but in general I 

expect helicity flip, The initial state is a totally asymmetric 3-quark wave 

function. After Pomeron exchange, the final state is mostly still a totally 

asymmetric state. We don’t know the wave function of the Roper resonance, 
because the overlap between the nucleon state and theRoper state is small. 

We expect that the prediction of the quark model is not 3/2, and that is the 

reason we expect a large helicity flip . . . What is your next question? 

Hacari: The other thiqg is this. You said at the end that you expect 
interaction between the cores of the colliding particles to be weak in diffrac- 

tion scattering. So you consider diffraction scattering as mainly the inter- 

action between . . . 

Hara: Between 3 quarks and 3 quarks. Otherwise I cannot explain the 

helicity conservation in the s-channel. DXraction scattering consists partly 

of interactions of internal q< pairs with 3 ycprks . The Pomeron interacts 

strongly only with the 3 quarks. That is the reason w& helicity is conserved 
at high energy. 

Ferbel: I think it is implied in what you say, but I would like to know if 

you eliminate the usual 4 quark system for mesons, or you say that the two 
sets of two are so completely decoupled - you assume only a weak interaction 
between all couples - so there is no possibility for exotic things ? 

Hara: Well, there is a possibility. I assumed an infinite number of qi 
pairs which can be excited into various states with some overall selection 

rules D 

Sakurai: The ground state is a unitary singlet. 

Ferbel: What are the other levels? 

Hara: My philosophy is that the oscillator is chosen according to experi- 
mental results 0 

Ballam: I have a general sort of question. This is a complicated model, 

quite detailed in some sense even though it is a general model. So I would 

think that the model could make some relatively specific predictions. Do you 
have some “petrr predictions? You know, it is almost the same as in spec- 

troscopy - someone would predict no line, and then it would turn out there 

was an intense line. Something of that sort. 

Hara: I’m sorry, I don’t have any specific predictions of that kind at 
present 0 
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Presumably theomsts are invite d to speak in a conference of this kind 

because the organizing committee feels that they may bring some urgent 

messages to the experimental community. I hope you won’t be disap- 

pointed too much if I say, “1 have no Nobel Prize experiments to suggest 

to you. Go ahead and do whatever you think to be i-mportant.” If I were an 

experimentalist, most certainly I would net lisbn to theorists. First of 

all, by nature I don’t like to be told what to do. @ore importantly, theorists 

are not very smart. Just to give an example, it took them more than seven 

years since the introduction of strangeness to formulate a simple symmetry 
scheme like the Eightfold Way. 

Having said all this, allow me to present a highly personal view on 

some of the important problems in high-energy physics today. 

If we go through the experimental proposals to NAL and CERN-ISR, we 

may get some ideas on how the frontier of high-energy physics may look a 

few years from now - quark search, W boson search, wide-angle proton- 

proton scattering, KL - KS regeneration, inelastic pp and vp interactions, 

etc. But these are the same t’old” experiments carried out at much higher 

energies. Sometime in the seventies I would like to see qualitatively new 

experiments performed. 

Let me be specific and give an example of what I mean by qualitatively 
new experiments. Almost every year I start a new course in elementary 

particle physics by saying that there are three types of elementary particle 

interactions - strong, electromagnetic and weak - and that there is an 

immensely wide gap in strength between the electromagnetic and the weak, 

something like ten orders of magnitude in the squared dimensionless coupling 

* 
Supported in part by the National Science Foundation. 
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constants. But then I pause and think; are we really so sure that there are 

no 9ntermediateYt interactions characterized by strength halfway between 

the electromagnetic and the weak? By an intermediate interaction I mean 
a genuinely new interaction of intermediate strength, not just the square 

root of the usual weak interaction as in the W boson theory. If only hadrons 

participate in the conjectured interaction, and if this interaction conserves 

strangeness and parity, all its manifestations will be completely over- 

shadowed by ihe usual strong inieraction effects. Interactions of this kind, 

even if they existed, would not be discovered in my lifetime, not even in 

my sons’ lifetime. 
The whole situation is a little bit more favorable if there are particles 

that participate in the intermediate interactions but not in the strong inter- 

actions, just as the leptons participate in the weak interactions but not in 

the strong interactions. Let me caii such par&lea “medions.17 Medions 

may be charged as well as neutral just as there are charged as well as 

neutral leptons. If medions are fermions, we can conceive of the conser- 

vation law of medion number. Charged medions can be produced inpairs 

in y -nucleus and electron-positron collisions, but if the charged medions 
-0 m* are much heavier than the neutral medions m”, m , we expect 

m--m 0 + hadrons 

with a lifetime shorter than 10 -10 set by several orders of magnitude. So 

we cannot hope to see bubble chamber tracks made by charged medions. 

In contrast, m” could be absolutely stable just as the neutrino is absolutely 

stable. As a result, the penetrating component of neutral beams at SLAC 

may be made up, in part, of neutral medions, which can cause some striking 

events 

0 m +p-mm-+hadrons 
I 
L+ hadrons -t m” 

This may explain some rumored experimental result alleged to be obtained 

in this laboratory. 

2-2 



As a variant of this model, we may make the replacements 

f 
m -c h* 

-0 m”,m v -“h’ h 

intermediate interaction - universal weak interaction, 

where h is a charged heavy lepton analogous to the ordinary muon, v h its 

associated neutrino. In this case the predictions are much more specific 

because the relevant coupling constants are known exactly; in particular, 

the heavy lepton h is relatively long-lived. For instance, with mh = 600 MeV, 

the lifetime of h- can be computed to be 5 x 10 -11 set with 7rB + v h as the 

most frequent decay mode. So we expect “kinks7 due to h’ decays which 

should be visible in a careful bubble-chamber experiment but probably not 

in a typical spark-chamber set-up. 
In any case it is about time that somebody takes care of that funny 

lepton spectrum. Instead of asking, “Why are there muons ?I’, it may be 

more appropriate to ask, “Are there heavy leptons?” The point I wish to 

emphasize is that there is essentially no experimental evidence for or 

against heavy leptons beyong the K meson mass. Perhaps there is an in- 

finite sequence of heavy leptons! 
Of course, it may turn out that explorations into higher energies uncover 

no glamorous particles - no medions, no heavy leptons, no quarks, no W 

bosons, no ghost photons, no dyons, no chimerons (whatever they may be! ) 

. . . Yet there is plenty of work to be done with the ordinary hadron spectrum. 

In 1961, when Chew and Frautschi proposed a funny-looking plot with a lot 
of parallel straight lines, there were 19 trajectories and 21 hadronic states. 

Today nobody is laughing. There are straight-line trajectories with as many 

as five or possibly six hadronic states. Will these trajectories continue to 

be straight up to infinite energies? Do the “fine structuresl’ seen in some 

boson spectrometer experiments really reflect the parallel daughter tra- 

jectories whichplay central roles in many theoretical models, e. g. the 

Veneziano model? Let us hope that A2 splitting won’t be the only hot subject 

in future meetings on boson resonances. 
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During the sixties a great amount of experimental data has been ac- 

cumulated on two-body (including quasi-two-body) processes. What have 

we really learned? Regardless of whether or not you believe in the details 

of Regge pole models, we now know that the invariant amplitude of a typical 

two-body process in the forward direction can be characterized by a power 

law of the form 

or equivalently, 

du - -F(t)s 2o!(t)-2 
dt 

where the values of a! depend on the qua&m numbers of exchanged objects 

in the t channel, for example, <ol>-%l for difirac;i;iVe processes with 
Pomeron exchange, <a~>%0 for Y = &l, T = i exchange, etc. A similar 
picture also holds in the backward direction where u channel exchange is 

relevant; for example, the absence of a conspicuous backward peak in 

K-p elastic scattering can be nicely explained by saying that exotic ex- 

change with the qvantum numbers of Z*(Y = 2) is characterized by a very 

low Q. Beyond that most workers tend to agree on the following two points. 

(i) Even with all the sophistications like daughters, evaders and conspirators, 

pure Regge pole models are in trouble; cuts or absorption are needed. -- 
(ii) The duality idea of Dolen, Horn and Schmit, as well as the exchange 

degeneracy of Arnold, is on the right track. In addition, some theorists 

claim that there are simple rules for predicting dips and peaks; how good 

these are, I don’t know. Perhaps Professor Harari knows. 

Given the power law s a(t) , analyticity and crossing require that the 

phase of the amplitude be given by I& e -i7ra (t) . So the concept of “sig- 

nature factor” often discussed within the context of Regge pole models 

has a far greater generality. It is for this reason that a KL - KS regen- 
eration experiment of the type now being performed by Savin and collabo- 

rators at Serpukhov is almost as important as total cross section 

measurements. 
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As we go up with energies, the two-body reactions which stand up most 

prominently are expected to be diffraction-like processes dominated by 

Pomeron exchange. Yet the Pomeron is least well understood of all. For 

one thing, unlike other Reggions it does not appear to have a respectable 

dual partner. Some people say Pomeron exchange is just a manifestation 

of optical potentials. Bubbla chamber experiments performed here at 

SIAC on p meson phc:oproduction have shown that the s channel helicity 

is conserved in this clearly diffractive process, but, according to Aachen 
et al. , -- for diffractive production of A1 and Q in TN and KN collisions it 

is in the Jackson frame, not in the helicity frame, that the spin component 

is preserved. Perhaps helicity cons ervaticn in a I.rccess like elastic 

pion-nucleon scattering has more to do with y5 invariance (chirality 

conservation). 

Already at AGS energies the dominant fraction of two-body induced 

reactions involve multiparticle final states. We have here two striking 

features: 

(i) The transverse momentum distribution of secondaries is 

independent of the incident energy and multiplicity and 

falls off sharply beyond p, - 400 MeV/c. 

(ii) The mean charged hadron multiplicity increases logarithmically 
with s. 

The first feature has been well known for many years. The second feature, 

first conjectured on the basis of accelerator data covering a limited energy 

range, has recently received support from the beautiful Echo Lake ex- 

periment of Jones and coworkers up to plab% 700 GeV/c. 

As for our theoretical understanding of multiparticle production, I 

feel that we are still in the Stone Age. But some theorists working in this 

field are optimistic. For instance, it has been claimed that many of the 

features of multiparticle production including those listed earlier actually 

follow from their calculations based on multi-Reggeism & la Chew-Pignotti, 

or on limiting fragmentation % la Yang, as the case may be. 

When a 200 GeV/c proton strikes a target proton, on the average six 

charged hadrons come out. We cannot hope to study in detail the energy and 
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direction of each of the six particles. Inevitably one either relies on 

thermodynamical considerations $ la Hagedorn or concentrates on what 

Feynman calls “inclusive experiments, lf in which only one of the hadrons 

is studied in detail. It is safe to predict that in the next few years there 

will be heated discussions on how the data should be plotted, which variables 

should be used to characterize a given reaction, etc. Let us hope that 

something positive will come out of al! this. 

What are the outstanding problems in the electromagnetic interactions? 

First, it is very important to check what Telegdi calls Ampere’s law in 
high-energy physics: The current follows the charge. Specifically we 

should check whether the hadronic part of thy electromagnetic current 

density has the same internal quantum numbers as the total charge, viz. 

C = -1, I = 0,l. Possible consequences of ?n anomalous C component have 

been investigated extensively following suggestions of T. D. Lee and others. 

The existence of an isotensor component (I = 2) could be established by 

examining the ratio of 

y=N 2 A(1236) = r + N 

in various charge states, as recently emphasized by Sanda and Shaw. My 

colleagues at UCLA, Nefkens, Haddock and others, have tried to convince 

me that there is new experimental evidence for an isotensor component, 

but I prefer to wait. 

Let us now turn to high-energy photoproduction. Setting aside your 

own theoretical prejudice for or against vector-meson dominance, it is 

fair to say that high-energy photoproduction reactions look like meson- 

induced reactions to a remarkable degree. The energy dependence and 

the angular distribution of p meson photoproduction resemble those of 

pion-nucleon elastic scattering; pseudoscalar-meson photproduction 

processes are characterized by the kind of peaks and dips observed in 

typical meson-induced reaction ; the A dependence of y-nucleus total 

cross sections is that characteristic of hadron-nucleus total cross sections. 

The more detailed question of whether we can really calculate the cross 

section and density matrix of 7rW + p -. p ’ + n from charged pion photo- 
production, etc. will be the central topic of my formal lecture tomorrow. 
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By this time even a child has heard of Bjorken’s scale invariance, which 

is actually reminiscent of some speculation made by Kastrup several years 

earlier. When applied to inelastic electron-nucleon scattering, it implies 

that the dimensionless quantity vW2(q2, ZJ), which a priori could be a -- 
function of the two variables q2 and v, becomes a function of a single di- 
mensionlsss variable 

w = 2mpv/q2 = 1 + ( S - mt ) /q2 

(v = energy loss of the electrons fi = final hadronic m;ss) 

2 as both q and s (or v) become large with (L’ fixect. According to the famous 

SLAC-MIT collaboration, it seems 5o wcrk ++l frur q2 > 1 GeV2, 02,s 
especially if the Bloom-Gilman variable w’ = 1 i- (s/q2) ib used. In addition 
the data have revealed the following. (i) The ratio of the longitudinal to 

transverse cross section is small where good separation data are available 

(o 5 5). (ii) If we assume that the deuteron correction is unimportant, 

there is a substantial difference between the electron--neutron and the 

electron-proton interaction for small values of w (1 I o 5 5), which in- 

dicates the presence of a sizable nondiffractive component. Some theorists 
say that this nondiffractive component is made up of s channel resonances 

which stay up even in the scaling limit; others prefer to argue that the 

electron is seeing point-like constituents inside the nucleon. 

From proton-Compton scattering we know that the diffraction picture 

works for q2 = 0 with v 2 4 GeV. It is conceivable that the idea of dif- 

fraction in inelastic electron-nucleon scattering works only when the final 

hadronic mass becomes much larger than the magnitude of the photon mass, 

i.e. s >> q2 hence w >> 1, say o?lO. Great as it is, the SLAC machine 

i3 a finite-energy accelerator. If we really want to test whether the dif- 
fraction picture works in high o regions with moderately high values of q2, 

s must be enormous; we therefore have to rely on muon beams at NAL or, 

better, raise the SLAC energy using the new technology of superconductivity. 

So an excellent argument can be advanced for improving this laboratory, 
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Most theoretical predictions on inelastic electron-nucleon scattering 

have been concerned with SLAC-MIT type experiments in which only the 

final electron is detected. This should not prevent experimentalists from 

looking at the final hadronic states in coincidence with the final electron. 

The transverse momentum distribution of final products, the q2 dependence 

cf hadron multiplicity at fixed s or fixed w , and the electroproduction 

of specific final states such as pop and Ir+n are of vital importance. 

One of the highlights of the Kiev Conference last summer was the large 

multiparticle cross section observed at Frascati (Adone) and also at 

Novosibirsk. It was reported that at 6 - 2 GeV the total hadron cross 

section in electron-positron collisions is comparatile to, or even larger 

than, the muon pair production. It is now popular to relate this to the 

large cross section obtained in inelastic electron-proton scattering. How- 

ever, before Iget convinced that they are really looking-at single-photon 

processes 

e++ e- - Yvirtual (time-like) - hadrons , 

I would like to know whether backgrounds due to various higher-order electro- 

magnetic processes are well understood. The apparent point-like cross 

section for multihadron states could, of course, be due to medion pair pro- 

duction or heavy-lepton pair production mentioned earlier. In any case 

whatever I say now about electron-positron colliding-beam experiments 

will become obsolete when DESY-DORIS and &AC-SPEAR get going in a 

few years from now. 

Turning now to the weak interactions, we notice that there are still 
many problems to be cleaned up in the low-energy domain - the possible 

existence of second-class (anomalous G) currents, more sensitive tests of 

the Cabibbo theory, better form factors in K 
P3 

decay, more stringent 

limits on the AS = AQ rule, etc. But the real frontier of the seventies is 

likely to lie in high-energy neutrino interactions. With the advent of llcleanl* 

neutrino experiments using hydrogen (or deuterium) bubble chambers, we 

are now at the threshold of accumulating a great deal of information on the 

axial vector form factor of the nucleon and the transition form factors of 
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low-lying nucleon resonances. In this seminar we expect to look at some 

pretty pictures of neutrino interactions in the large ANL chamber. 

If we go to higher energies, the neutrino analog of deep-inelastic electron 

scattering is of paramount importance. The theoretical predictions based on 

current commutators are even cleaner here. For example, look at the 

famous Adler sum rule. 

Wgp)(q2, v) - w rp) (q2, V) 1 dv = 2 ( ~0s~~~ = 2 sin20 c) 

where 8 c stands for the Cabibbo angle. This integral involving a structure 

function difference is predicted to be independent of q2; so even if we go 
to very high q2, the difference between vp and vp is supposed to stay up, 

which means, among other things, that there is a sizable nondiffractive 

component, just as in the electromagnetic case. Furthermore, the amount 

of the nondiffractive component is constrained to make the integral equal 

to a definite constant, numerically very close to 2. Despite this remarkable 

feature, many theorists now believe that the sum rule will work. On the 

other hand, a violation of the sum rule would provide a graveyard for a 

large class of theoretical papers based on current-density algebra and 

llreasonablell high-energy behavior. 

There are other burning questions in high-energy neutrino physics 

theorists would like to know the answers to. Of particular interest is 

the question of whether the VA interference, commonly represented by the 

structure function W 3, stays up in the deep-inelastic limit. This can be 

tested by measuring the difference between Q (VP) and (+ (Fn) [or between 

cr(vn) and o(vp)]. 
What about CP violation? It is not inconceivable that the remarkable 

chapter opened up by Cronin, Fitch and collaborators nearly seven years 

ago is finally coming to a close. This is because the results of various 

recent experiments are slowly converging towards the predictions of the 

superweak theory, a model that says CP violation, for all practical purposes, 

is only in the off-diagonal element of the dispersive part of the K” - K ’ 

2-9 



mass matrix. Many experimentalists don’t like the superweak theory be- 

cause it is demoralizing. You, or your graduate students, may work like 

slaves for three years looking for some asymmetry effect only to get a re- 

sult like (0.05 f 0. O’i’)%; then, some theorist, say Wolfenstein, says to you, 

“I told you so. I1 But from a certain point of view the superweak theory is 

the prettiest model of Cl? violation. Given the overall strength of the CP 

violating K” - K o virtxal transition and the mass and lifetime difference 

of KL and KS, all the parameters of CP violating effects are predicted 

exactly : 

n +- =nOO=E ’ 

Arg( E ) = tan -1. 2(mL - ms)/(r s - I- L) * 

What more ‘do you want ? 
There are, of course, other deeper questions in the weak interactions. 

Is the usual current-current interaction a phenomenological manifestation 

of a more fundamental W-boson-type coupling? What is the origin of the 

AI/ = i rule? Of the Cabibbo angle? Do the weak interactions ever be- 
come strong ?; if yes, at what energies? Is the strength of self-interactior. 

couplings, e. g. (&)(Ge), given correctly by the naive current-current rule ? 
In this talk I have tried to indicate what we can look forward to learning 

in the near future. However, it is often the case that some of the more 

significant developments in high-energy physics are unpredictable. Unlike 

the discovery of the pion, the Yukawa particle, the discovery of strange 

particles in the late forties and early fifties was completely unexpected. 

Nobody, not even Dalitz or Lee and Yang, predicted in the early fifties 

that a careful examination of the disintegration products in r decay would 

eventually lead to a revolution in our understanding of all weak interaction 

phenomena including nuclear beta decay. I honestly hope that the most 

important development in high-energy physics of this decade will lie outside 

the topics I covered in this talk. Thank you. 
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I 

Discussion 

Derrick: I have a couple of comments. I remember many years ago 

hearing a talk by Dennis Wilkinson on the BBC in which he talked about the 

fact that some particles have some interactions and other particles have 

other interactions, the point being that not all the interactions were shared 

by all the particles. Then 11~ said tnai there might be another universe, 
co-existant with our universe, that had a completely different set of inter- 

actions, so that we would never know about it. But now if we happen to 

find a particle which has an interaction with our universe and also an inter.. 

action with the other universe, we would then be ablt: to communicate be- 

tween the two. That is a little like the .medicns 3%~ were mentioning. 

Perhaps the medions are coupled to mediumc? 

The other comment I have is a bit sociological. I th!nk the way our 

science is set up these days -- with program committees and agencies 
who send your proposal out to be reviewed by your friends and enemies -- 

that it’s really very difficult to do the kind of experiment you are suggesting. 

Of course one suspects that nearly all experiments of that kind will lead 

to a negative result, and when the time comes to renew the contract you 

don’t have any publications to show -- except one that Physical Review 

Letters turned down. So you are out of a job. That’s really a serious 

problem in the field today. 

Sakurai: Another trouble is that all the detectors we have ultimately 

rely on electromagnetism, If you have a new particle which is completely 

divorced from electromagnetism, you will never find it. 

Berman: You would see medion matter. If the particle were stable, it 

would eventually be seen. The fact that it hasn’t been seen is an argument 

against its stability. 

Ballam: There have been several experiments which searched for new 
particles. We had a search here at SLAC in the early days for any new 

particles that might be created through electromagnetic pair production. 

The difficulty is that any reasonable theory predicts that particles of high 

mass will have a very short lifetime. More recently M. Schwartz’s ex- 

periment in a hole behind the beam dump is being done here -- although 
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I must admit that he had to appear before the committee five times before 

they agreed to let him go ahead with it. 
Ferbel: Hara and Sakurai both seem to imply that Z* doesn’t exist, 

but Amato, in a recent Physical Review Letters, says there is absolute 

eivdence for Z * . 

Derrick: Theoretical evidence? The phase shift analysis of 

scattering shows no need for d z*. 

Ferbel: This is all theory. It’s a case of seeing what you want to see. 

Takahashi: Is there any possibility to have STP come again at high 
energy ? 

Sakurai: I haven’t thought seriousiy about that. 

Berman: You notice in Professor Sakurai’s talk a very sharp difference 

in the type of questions that can be prnposed for the strong interactions and 

the weak interactions. For example, you can propose testing a specific 

form of interaction like the diagonal interaction -- will unitarity be vio- 

lated in the cross sections for neutrino processes? You can make very 

detailed and specific suggestions in the weak interactions, but in the strong 

interactions my prejudice is that the questions are not specific. That 

means that you can propose good weak interaction experiments, but it 
takes much more imagination to conceive of really qualitative kinds of 

strong interaction experiments. I want to appeal to experimentalists not 

to listen to theorists on the subject of the strong interactions. The ex- 

perimentalists should use their imaginations to think up experiments that 

could test things like causality and the question of whether there is a quantum 

of distance, and other such fundamental things. What high energy physics 

really needs is another qualitative jump in its understanding of nature -- 

something like the invention of quantum mechanics, or in a lesser way 

the discovery of parity violation, And we are probably not going to see 

that in weak interactions but only in strong interactions, and I say again 

that there aren’t any good suggestions by theorists for strong interaction 

experiments. Some real imagination is required in the 70’s if we are going 

to have something to work with in the 80’s at all. 
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Ballam: How do you feel about high multiplicity analysis in the strong 

interactions ? 

Berman: Well, it isn’t a qualitative break of any sort. In fact the only 

thing that is interesting to me about that is in the area of electromagnetic 
interactions. For example, the really interesting question is, does 

scaling apply to all kinds of hadronic physics in connection with electro- 

magnetic interactions? Does the scaling law apply to the multiplicity law? 

For example, is it going to scale like s/q2? Those are specific questions, 

but again they are not in hadronic physics; they are in electromagnetic 

physics. I don’t see anything qualitative in hadronic physics at all. The 

scaling is in electromagnetic physics where you car: adjust the mass of the 

particle; you can’t do that in hadronic physics. Some really substantial 

qualitative physics needs to be done, even if you have to do it by pounding 

on the scheduling committee. I think that someone who has the courage 

of his convictions or an interesting idea may see something profitable. I 

hope that some of my colleagues will not feel put down in spite of previous 

comments. 

Kitagaki: I have a question, You (Sakurai) said that some theorists 

don’t like the superweak theory very well. How about you? 
Sakurai: I like it, because I haven’t proposed an alternate theory. Un- 

prejudiced theorists who haven’t done any work on the subject, like myself, 

tend to like the superweak theory. 
Takeda: You said that there might be an electric current with isospin 

2.. . Would this be about the same order of magnitude as the other com- 

ponents ? 

Sakurai: It could be. 

Takeda: Is there any logic behind your assumption that medion number 

is conserved? 

Sakurai: No. 
Peters: On the subject of superweak, what are the possible conse- 

quences if this theory is right? 

Sakurai: There is the possible decay E-NT, but the branching ratio 

would be many orders of magnitude down. 
Berman: There is also a violation of the Boltzman H-theorem as a 
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result of that. I don’t know if anyone has ever thought of how to test that 

with cosmological experiments, but it’s a possibility. 

Webber: I would like to make a comment, slightly disagreeing with 

what Berman said, about strong interactions. Something connected with 
high multiplicity. There is a very interesting preprint by Chan et al. -- 
which is called, I think, “A PJew Regge Phenomenology of Inclusive Re- 

actions. 3’ It has something l.ii;e 75 spacii”ic predictions about the properties 

of inclusive reactions, where you look at a final-state particle in con- 

junction with a high missing mass. And when you take this limit of high 
missing mass, you get a number of interesting results, based on Regge 

phenomenology. It seems likely that you can test some of these with 
existing data, and certainly there will be many more tests of that kind. 

Ferbel: In fact, we just did test one of those crazy things. This was 

r- production in K+p and $p, looking in two exotic channels. They 
predicted that factorization holds and that the r- distribution, scaled by 
the total cross section, should be identical at low longitudinal momentum 

transfers. We find that it seems to be true. 

Pless: Hasn’t Smith at Berkeley done something of this kind? 

Flatte: There is a pp bubble chamber experiment also . . . 

Berman: pp is a bad example. They looked at pp - p + anything. 

That’s the experiment that shows the flat spectrum rather than the dx/x 

spectrum, so that’s outside the realm of this explanation. This is the one 

experiment you shouldn’t have mentioned! 

Flatte: There are some studies of our K+ film going on now which seem 

to satisfy some of the predictions quite well. 
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NEUTRINO PHYSICS IN A LARGE BUBBLE CHAMBER 

AT VERY HIGH ENERGIES 

C. Baltay 
Columbia University 

New York, New York USA 

1. Introduction -- 
1 would like to discuss briefly the features of using large cryogenic bubble 

chambers in the study of neutrino interactions at very high energies. 

In the past, neutrino interactions have been studied using both bubble 

chambers and spark chambers at the proton azcelerLtors at Brookhaven, 

C ERN, and Argonne. The results of these investigations are available in the 

literature. ’ Future programs using large cryogenic bubble chambers in the 

7- to 15-foot diameter range are underway or being planned at Brookhaven, 

CERN, Argonne, and at the large proton accelerator under construction at the 

National Accelerator Laboratory. For concreteness I will concentrate on the 

bubble chamber neutrino program at NAL. The accelerator is expected to 

produce protons up to 500 GeV, and thus an entirely new region of v energies 

will be available for the first time. A neutrino facility is under construction, 

as is a 15-foot cryogenic bubble chamber with a total volume of 33 cubic meters. 

Most of the things I am about to discuss are contained in the 1968, 1969, and 

1970 NAL Summer Study Reports, as well as a number of experimental pro- 
posals submitted to NAL. 

Many of the interesting problems in neutrino interactions will be studied 

at NAL using instruments other than the bubble chamber. It is fair to say, 

however, that the bubble chamber is competitive with other techniques in all 

facets of neutrino interactions, and in many cases is the best or the only useful 

instrument presently available. 

2. Some Physics Topics of Interest 

Let me begin with a short summary of the physics topics which are of 

interest in the study of high energy v interactions. Since these topics have 

been widely discussed in the literature, I will be very sketchy. The following 

list is not necessarily in order of importance, and is not meant to be exhaus- 

tive but is merely intended to provide some examples of what will be of interest. 
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1. Comparison of the total cross sections of 1, on protons and neutrons 

and ‘I on protons and neutrons. A variety of models of the fundamental struc- 

ture of the elementary particles make predictions about the ratio of these 

cross sections. For example, a field-theoretical parton model predicts 

U( u on p or n) = 3cr( c on p or n) for certain values of the kinematic variables; 
a diffraction model predicts cr( v p) = (+(v n) = (7( v p) = ‘+( G n) ; and some quark models 

predict u(vn) = 2cr(vp) and I = 2u(311). Thus even crude measurements 

of the total cross sections could be ver3; useful in distinguishing between these 
models. 

2. Energy dependence of the total cross section. Assuming locality and 

scale invariance, the total cross section is expected to rise linearly with v 

energy. A deviation of the total cross section from such a linear rise would 

thus be very interesting. In particular, the existence of an intermediate boson 
(W) would modify the Latal cross secLlon by a factor ll+ q2/m 2 -2 

\ ) w * This meas- 
urement may thus be a sensitive search for the W up to a mass of 20 or 30 GeV. 

3. Measurement of the differential cross section d2q/dq2dv in the 

inelastic processes VP - p-+ hadrons, where q 2 is the four momentum trans- 

ferred from the v to the p-, and 1, = Ev -Ep. This differential cross section 

depends on three form factors WI, W2, and W3. A study of this differential 

cross section over a range of v energies allows one to make some determina- 

tion of these form factors, and their q2 and v dependence provide a test of 
scale invariance. 

4. Measurements of the vector and axial vector form factors in quasi- 

elastic processes like vn -+ p-p, up + p-N* -!-+ , etc. 
5. Study of the form factors in hyperon production processes like 

VP --+ p+A” and vn ---) p+c-. These are the inverse of the hyperon beta-decay 

processes and provide a test of the Cabibbo theory at high momentum transfers. 

6. Test of the various weak interaction selection rules like the AI= l/2, 

the AS < 2, and the AS = AQ rules, and tests of CVC and PCAC. Most of our 

present understanding of the weak interaction comes from the decay processes 

of various elementary particles, and is thus restricted to very low momentum 

transfers. High energy v interactions allow us to extend this region by per- 

haps two orders of magnitude. It is of great interest to see to what extent 

these selection rules hold in this new region. 
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Some examples of the predictions of these various selection rules that 

can be tested are: 

a. the AI = l/2 rule predicts 

o(l/n -+ Jo+ C-)/o(Vp --+ CL+ Co) = 2/l 

and 
T(Ln + b+AOa-)/o(Yp --t ~+h”nP) = 2/l 

b. the IAII=l rule predicts 

u(v n + p-A+)/o(v p -, p-A*) = l/3 

and 
cr(cp -, r.l+A’)/m(;n -+ pi-A-) = 1,/3 

c. the processes vn --) p-c+ and yn-+ /~-A’,lr+ are expected to be 

suppressed by the AS=AQ rale compared to processes like 
vn-+ p+F- and in- p+A’x-. 

d. the AS < 2 rule predicts the reactions k --) p+Z’-, vp -+ p+E”, 

;n--,p+fl-, etc., to be absent. 
7. Search for the direct production of the intermediate bosons WI and 

Wo, where WI and W. are the predicted vector and scalar2 particles that 

mediate the weak interactions. The possible production and decay processes 

of interest are 
+ 

vz ---) zp-w 1 
+ 

- /Jv 

I--+ e+v 

L w. 

L- hadrons 

vz * z/L-w; 

I hadrons . 

Using neutrinos produced by a 500 GeV accelerator, one can search for 

these particles with masses up to 14 GeV or so. A large bubble chamber filled 

with neon is probably the only instrument that is sensitive to all of the decay 

modes listed above. 
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8. The purely leptonic four-fermion processes vP ---) p-e+ve and 

v -+p-p+v 
I-1 P 

are of great interest. In particular, the second one of these, 

often called the diagonal interaction has a different intrinsic strength from 

the nondiagonal one. These processes could occur in a bubble chamber in the 

Coulomb field of the target nucleus in the reactions 1, Z + Zp-e+v and 

v z --f zp-p+u . A measurement of these cross sections provides tests of local- 

ity and universality in thr weak interactions. 

3. Neutrino Beam Design and Fluxes 
The main source of neutrinos and antineutrinos at a proton accelerator is 

the decay of pions and kaons produced by the primary protons in a target. 

Muon neutrinos come from the decays ,c’=-+ p’u .+ 

antineutrinos from x---, c1-F and k-4 
P 

P-FV& C 
I-L 

and K + p+vP, and muon 
Electron neutrinos and antineu- 

trinos, which come from decays like k + nev 2’ are less abundant than the 

muon neutrinos by several orders of magnitude, so in the following I will con- 

sider vP and GP only. 

The rough features of the neutrino beam at NAL are now fairly well defined, 

as shown in the schematic sketch of Fig. 1. The extracted primary proton 

beam strikes a target in which the pions and kaons are produced. The x and k 

decay tunnel is 1 meter in diameter and 400 meters long. The muon and 

hadron shield is 1000 meters of earth. Since the detector subtends a very 

small solid angle of the target, the v flux can be increased considerably by 

placing some focusing device after the target to direct the pions and kaons 

toward the detector. These focusing devices may consist of quadrupole magnets 

or of specially designed conical current sheets, usually referred to as horns. 

The expected number of neutrinos per GeV and m2 as a function of the v energy 

is shown in Fig. 2 for 200, 350, and 500 GeV primary protons. 3 These curves 
were calculated assuming the Hagedorn-Rauft model for pion and kaon produc- 

tion by high energy protons. Horn focusing has been assumed, and the flux has 

been averaged over a detector radius of 1.35 meters. At 500 GeV, the integral 

of the spectrum shown corresponds to 3 x 10 10 neutrinos per pulse for 
1o13 protons interacting in the target. For the same beam without any focusing 

device the flux is down by an order of magnitude at 20 GeV, and by a factor of 

four at 200 GeV. Antineutrino beams are produced by changing the polarity of 

the focusing elements so that negative particles are focused foward the detector. 

The resulting c fluxes are about a factor of 3 less than the v fluxes of Fig. 2. 
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FIG. 2--v spectra. 
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These beams are often called wideband beams because there is substantial 

flux over a wide range of v energies. A narrowband beam can be constructed 

by making use of the kinematics of the two-body K and k decays. The focusing 

elements are replaced by a dipole magnet, a set of collimators, and several 

quadrupole magnets, such that a *50/o momentum-selected ‘IT and k beam is 
directed down the decay tunnel. Since in the two-body decays there is a cor- 

relation between the angle of the v and its energy, the neutrinos that hit the 

detector, which is relatively small and far away, are confined to a narrow 

energy range. Due to the different kinematics of r and k decay, this type of 

beam produces two peaks - the neutrinos from k decay are near the energy of 

the momentum-selected ?r and k beam, and the neutrLlos from x decay are near 

one-half of this energy. A rough calculation of the v spectrum for such a beam4 

is shown in Fig. 3. In this calculation cniv the two-body decays were considered; 

three-body k decays and other effects will fili in the valley between the two peaks 

to a level of probably 10% of the peak intensities. Such a beam would be very 

well suited to certain measurements, like the energy dependence of the total 

cross section, where knowledge of the v energy is important. For many other 

purposes, however, the narrowband beam is not very good due to the much re- 

duced total Y flux. 

4. Estimated Yield of Events 

An estimate of the cross sections for some of the interesting reactions is 

shown in Table 1 and Figs. 4 and 5. The total and the “elastic” cross sections 

are extrapolations from the low-energy measurements of CEBN. ’ The simple 

pion-production processes are from a calculation by Adler, 5 multiplied by a 

factor of two on account of the higher cross section measured at CERNl for the 

reaction vp ---, p-plr+. The cross sections for the hyperon production reactions 

are from a calculation by Cabibbo and Chilton, 6 assuming some reasonable value 

for the axial vector form factor. The cross sections for the lepton pair pro- 

duction processes are from the theoretical calculations of Czys, Sheppy, and 

Walecka. 7 The intermediate vector boson production cross sections have most 

recently been calculated by Brown and Smith’ for very high IJ energies. And 

finally, the cross sections for the production of the recently proposed scalar 

boson, shown in Fig. 5 for various mass values, are from a recent theoretical 
calculation. 9 
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Table 1 

Estimated Cross Sections 

Rzactian 

Total 
(7incm 2 

0. 8X10-38 
v 

0.7 x 1o-38 

0.24 x lO-38 

0.32 x 1o-38 

0.88 x 1o-38 

i+‘/.pAO 3 x 10-40 

VP4 p+y” 1 x 10-40 

;n4p+y 2 x 10’40 

v Ne -+ Nep-e+u 

v Ne + Nep-p+v 

1o-42 - 10-40 

1O-42 - 10-40 
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Using these cross sections and the wideband neutrino fluxes of Fig. 2, the 

yield of events can be estimated. Some of these numbers are summarized in 

Tables 2 and 3 for a hypothetical experiment of lo6 pictures in the 15-foot 

chamber, assuming 2 x 10 13 protons per pulse and 500 GeV primary protons, 

for chamber fills of hydrogen, deuterium or neon, and using a restricted 

fiducial volume in the chamber. The number of intermediate bosons produced 

as a function of thei; masses is shown m Figs. 6 and 7. It is apparent from 

these numbers that the yields are sufficient to study most of the physics 

problems mentioned in Section 2 in a significant manner. 

5. Detection Capabilities of the Bubble Chamber with Various Fills and 
Muon Detectors 

The large cryogenic chamber under construction at NAL will be able to 

operate with fills of liquid hydrogen, deuterium, or neon. Some properties 

of these liquid are listed in Table 4. The main advantages of the bubble 

chamber (high multitrack efficiency, ability to identify complicated final states, 

and the measurement of angles and momenta of all charged particles in the 

30 kG magnetic field of the chamber) of course apply to all of the fills, although 

errors due to multiple scattering are more severe in neon. Hydrogen and 

deuterium provide the simplest proton and neutron targets with a minimum of 

complication due to nuclear effects. This feature may be of crucial importance 

for some of the physics. Neon, with its short radiation length, is a very 

efficient y, and therefore ?r”, detector; it also unambiguously identifies electrons 

or positrons by their characteristic behavior; and the short collision length might 

be useful for detection of neutrons. One possible mode to keep the best of both, 

i.e., simple target liquid and efficient neutral detection, is to have a track- 

sensitive hydrogen or deuterium target in the chamber surrounded by several 

feet of neon for neutral detection. Such schemes are being actively pursued 

and seem very promising from tests in smaller chambers. 
With either pure neon or a neon jacket arrangement it should be possible to 

estimate the total v energy to 10% or better. On the average, half of the energy 

is taken by the muon, another third by charged hadrons, and the remaining one 

sixth goes into neutrals. Thus even a crude measurement of the total energy 

of the neutrals, together with the momentum measurement of the p- and the 

charged hadrons, suffices to measure the total v energy to a good accuracy. 
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Table 2 

Yield of Events in lo6 Pictures 

Assume: 2 X 1013 protons/pulse 

500 GeV protons 

Horn focusing 

Reaction 15 m3 H2 

Total 0.5 x lo6 

15 3 -22 

2.,0x 10 6 

10 m3 Ne 

6 x lo6 

--- 1.4 x lo4 3 ._ x lo5 

1.8 x lo4 1.8 x lo4 1.2 x lo5 

--- 4.8 x lo3 3.2 x lo4 

;p+/i+4O 200 200 1300 

vpy.4 + c 0 70 70 400 

Ln-+ /-1+X- --- 130 800 
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Table 3 

W and Four-%ermion Search in Neon 

Assume: lo6 pictures at 2 x 1013 protons/‘pulse 

500 GeV protons 
Horn Focusing 

Reaction 

vpNe --+ Ne,u-e+v e 

v pNe + Ne p-p+v 
P 

v Ne -+p-W+ 

“W = 5 GeV 

8 GeV 

10 GeV 

12 GeV 

14 GeV 

16 GeV 

Events in 10 m3 Ne 

100 

50 

2.5 x lo5 

2.5 x lo4 

5.5 x lo3 

1.2 x lo3 

250 

50 
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Table 4 

Some Properties of Bubble Chamber Fills 

Liquid Density Mass 
gr/cm3 of 30 m3 

Interaction 
Length 

Radiation 
Length 

H2 0.06 1.8 tons 374 cm 1000 cm 

Ii2 0.12 3.6 tons 202 cm 1000 cm 

Neon 1.20 36 tons 60 cm 24 cm 

A positive identification of the muon will be very important for most of the 

v interactions of interest. The basic idea used in all muon identifiers con- 

templated so far is to place a large amo;znt elf material in the path of the parti- 

cle, which only a muon could traverse wiGout ;i de&table interaction. The 

liquid in the chamber can be used for this purpose if the Gil is neon; the proba- 

bility of a hadron surviving the average path of 2 meters without interacting in 

less than 10%. Better discrimination can be obtained by using 5 or 6 interaction 

lengths of stainless steel. This can be in the form of a plate inserted in the 
chamber; with enough track-sensitive liquid visible behind the plate to photo- 

graph the track both before and after the plate, with some angle and momentum 

measurement possible on both sides of the plate. With such an arrangement 

the fraction of hadrons which simulate muons can be kept below l%, with good 

geometric efficiency over the entire momentum range. The 6 interaction lengths 

of material can also be placed outside of the chamber, with counters on both 

sides of it to select tracks that traverse the material. Such an external muon 

identifier has to be quite large to subtend a useful solid angle at the center of 

the chamber, and therefore tends to be rather expensive. Also, one of the 

main sources of background of muon simulation are pions which decay into 

muons before reaching the muon detector. The path length in which the pions 

can decay is minimized by placing the muon detector inside the chamber, and 

thus this source of background is considerably reduced. However, with the 

external muon identifier the full fiducial volume of the chamber is useful for 

finding events, while with the inserted plate the useful volume is reduced by a 

factor of two. 
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Taken all together these capabilities make the large bubble chamber a 

uniquely powerful instrument for the study of neutrino interactions. 
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Discussion 

Pless: Do you need all the beam? 

It depends on the flux. Baltay: Half the beam (if the intensity is 5 x 1013) 

would still be very handsome. 

Harari: Most of the experiments wiil give mostly high multiplicity events. 

Why didn’t you emphasize these more ? 

Baltax: Since the Lig chamber will convert most of the y rays (especially 

if you use Ne - H2 in part of the chamber), we can study the neutrals as well as 

the charged products in high-multiplicity events. I haven’t discussed these 

much, mainly because of time limitations, and ignorance. There will be lots 

of other garbage in the chamber, however, ,#hich may make it hard to recon- 

struct the events (although scanners are very gcod at sorting things out after a 

bit of training). 

Derrick: Doing neutrino physics at high energies could produce lots of 

new things, like a new family of heavy leptons. 

Berman: Never. They probably need their own type of neutrino to make 

it. You might find baryon-lepton resonances. 

They may Baltay: The new neutrino may be part of the original beam. 

be the Schwartz particles. 
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THOUGHTS ON THE LIMITATIONS 

OF PRESENT BUBBLE CHAMBER EXPERIMENTS 

Stanley M. Flattd 

Lawrence Radiation Laboratory 
Berkeley, California USA 

I believe my ialk will be most useful if addressed directly to the Japanese 

experimentalists and their ;Lroblem of choosing a future course for Japanese 

physics. This is difficult because I do not know them personally. However, 

from a brief study of the present Japanese program, including the planned 

8 GeV proton synchrotron and the extensive bubble chamber program in 
progress, it appears that Japan is moving fast. I want to present the (not 

necessarily logical) thoughts of a working TJ. S. physicist in order to stimulate 

your thoughts, so I hope I won’t be accu-, cod of being a dilletante philosopher 

for some of the things I say. 

I restrict myself to discussion of the accomplishments of bubble chambers 

in the recent past, and the prospects for these same bubble chambers (mainly 

the hydrogen bubble chambers up to 2m in length) in the future. For specific 

examples I will draw on the work from the group to which I belong at LRL- 

Berkeley. * 
The topics which bubble chamber experiments have been pursuing over 

the last three years include: 

1. New Resonances 

2. Properties of Resonances (J ‘, branching ratios, etc. ) 

3. Exchange Mechanisms (Regge, absorption, pion, multiperipheral, 

Veneziano) 
4. The Nature of Diffraction 
5. Z~T and Kn Scattering 

6. Inclusive Reactions 

7. Photoproduction 

The people who have worked on these experiments are the following: 
M. Alston-Garnjost, A. Barbaro-Galtieri, W. F. Buhl, P. J. Davis, 
S. E. Derenzo, L. D. Epperson, S. M. Flat&, J. H. Friedman, 
G. R. Lynch, M. J. Matison, R. L. Ott, S. D. Protopopescu, M. S. Rabin, 
F. T. Solmitz, N. M. Uyeda, V. Waluch, and Roland Windmolders. 

4-l 



One sees immediately that the overwhelming majority of the contributions 

are in strong interactions: the only exceptions are some decay modes of reso- 
nances, and the photoproduction results which derive almost entirely from 

one experiment with the backscattered laser beam in the SLAC! 82” B. C. I 

believe this emphasis on strong interactions will continue to hold true. 

Specific Examples 

1. A2 Structure 

The A2 structure seen in two CERN experiments has excited much interest 

in the physics world. Figure 1 shows our group’s result’ for three diffeT:ent 

decay modes of the A2. Our bubble chamber result was the first significtnt 

work on A2 structure after the CERN experiments, and we showed conclusively 

that the A2 does not always look the same. (We saw no significant structure 

at all, our result being 6 standard deviations away from the structure seen at 

CERN.) Our experiment has 50 events/pb, and the resolution in mass we 

obtained was more than adequate for the A2 structure analysis. 
We also have looked at the mass distributions of two SU(3) companions of 

the AZ: the K*( 1420) and the f” (see Fig. 2 and 3). Again we saw no 

structure . 2,3 

A significant fact is that our A2 and f” studies have both been followed 

by counter experiments that have more than ten times the amount of data; 

and they also see no structure - so it is rather implausible that with ten times 

the data I would see a whole new world of fine structure. 
2. Diffraction 

For me the study of diffraction-like processes is of interest because it 

may lead to some global understanding of the interaction cross section with- 

out detailed understanding of every component (or particular reaction). An 

example of the stimulating results in this field lately is that of three reactions 

where helicity conservation has been studied: 

Reaction Helicity is Conserved in 

-YP-+PP s-channel 

K-P + Q-P t-channel 

K+P --) Q+P neither 

Our group has results on the apparently diffractive process4 

K’p -+ L+p -, K+n+n.-p at 12 GeV/c 
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FIG. 3--&n- mass distributions in the reaction I?p ---) K+n--ir+p at 12 GeV/c. 
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events (27,000 events). (b) KN(1420) 
The solid curve is the best fit to a Breit-Wigner (CL=47%), 
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Figure 4 shows the K+r+‘rr- mass distribution where the shaded events are 

an estimate of the contribution of the KN(1420) to the graph. Thus it appears 

that the L enhancement is primarily a peak near threshold in the KN(1420) n 

system. In order to pursue this idea we plot the t distribution of the events 

in each Knn mass region in Fig. 5. The peripherality of the reaction (and 

the consequent low mass peaking) is clearly evident except for the very 
highest mass regions where the end of kinematic phase space is being reached. 

The qualitative features of the data seem clear - lack of statistics does not 

appear to be a problem (this experiment is 35 events/pb) . It is possible of 

course that with infinite statistics selections can be made which will concisely 
elucidate the interaction mechanism; however this ;>ossibility seems remcce. 

What we do need is more manpower to think about the data in a detailed way 

to find some quantitative understanding. 

General Remarks 

1. The results I have presented from our group are based on - 50 

event/pb exposures. Most bubble chamber exposures are still in the 5 

event/pb category, and results are being published on resonances with 50 
events. In most (but not all) cases this is inadequate for even a qualitative 

understanding of effects. In the future it seems to me that 50 events/pb is 
going to be required for most cases to do an adequate job. 

2. Accuracy is not an overriding limitation - mass resolutions are 

adequate for most present results. Of course there may be a whole new world 

of fine structure at ten times better resolution, but present bubble chambers 

will not achieve that. In our experiments we are almost entirely limited by 

multiple scattering. Only an increase in magnetic field will help, and the 

attempt to gain here should await a reason, just as the first bubble chambers 

were built with the idea of investigating the world of K mesons. 
3. The beauty of the B. C. is its universal coverage. It will continue to 

contribute to the refinement of our present regime but by itself it does not 
seem likely to blaze fantastic new trails (remember my restriction to present 

B. C. ‘s) . If one is planning to attack the region of energy that has been 

covered over the last ten years, I think a very reasonable approach would be 

a comprehensive, very large statistics bubble chamber program, because the 

B. C . sees almost everything. 
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4. The possibilities of really new physics from bubble chambers appear 
to me to be in two areas: 

a. Big bubble chambers for v experiments and high energy hadron 

experiments at NAL and CERN II. 

b. Triggered bubble chambers where the chamber is essentially 

demoted to one of the detectors in a counter experiment. One 

has to work hard here to iight the general rule that the more 

selective the triggz, the less useful the bubble chamber. 

Finally, let us not forget what we are striving for. Some eminent people 

have suggested that we are at the point where the human mind is simply 

inadequate to rationally comprehend basic physics. I personally don’t beljeve 

this, because the history of life, and physics in particular, is that people who 

foresee limits on the human mind have. been proven wrong. And I feel that 
all avenues to possible understanding should be kept as ape-n as possible. 
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Discussion 

Ferbel: What do you think of the Illinois analysis (partial waves analysis 

on all events including background) and would you do it on your data? 

Flatte/: That’s an approach one can take, but perhaps our theoretical 

understanding is so low that we can never interpret the result. I think the 

problem with such reactions is a manpower limitation rather than in the 

bl_tbble chamber limitation?. 
Derrick: The K*(890) I think was presented with around 10 events in it. 

Are you claiming that the resonances discovered now are not significant? 
There have been 10 new resonances claimed in Phys. Rev. Flatte/: 

Letters in the last year. I claim that almost all of T;hem are wrong. The 

exceptions are ones with very low backgrounds. Also, if you think that a 

whole new world will open up with impi*ored bubble chamber measurement 

resolution, e.g., very narrow resonances, you should do an experiment 

(with counters) to see one, then build your high field chambers. 

I think it’s bad advice. Pless: There may be cases where the chamber 

is the only way. Any time you turn over a fresh stone you find worms. 
Ballam : In the desert? 

You really have to work hard to get a factor of 10 better resolution. Flat& 

The big bubble chamber at NAL is completely a new technique and is to me a 
better bet. Track-sensitive targets with triggers lose too much of the inherent 

advantages of the bubble chamber. 
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7.r - P INTERACTIONS AS MEASURED BY PEPR* 

I. A. Pless 
Massachusetts Institute of Technology 

Cambridge, Massachusetts, U. S. A. 

I would like to discuss four topics in this talk. The first is a progress 
report on PEPR; the second topic is a new technique useful in analyzing multi- --- 
body final states; the third is ‘ihe application of this new technique to r-p inter- 

actions at 3.9 and 5.8 GeV/c; and the fourth is possible practical applications 

of PEPR. 

The development of PEPR is the work of many people, and I would like 
to mention some of them. The engineer in cha-ge of the project, from the 
very beginning is Bernie Wadsworth. If anyone deserves special credit in 
the hardware development of PEPR it is hc. He has been aided over the 
years by: 

B. Brooks 

J. Cormac 

R. Kenyon 

T. Lingjaerde 
L. Monrad-Krohn 

E. Sartori 

J. Sokolowski and 

J. Sharp 

There are also many physicists who have aided the development of both 

the hardware, but especially the software of PEPR. At the head of the list 

are those grand old men of Data Analysis: 

A. Rosenfeld 

H. Taft and 

F. Solmitz 

* 
This paper was also presented at the 1971 New York Meeting of the American 
Physical Society. 
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We are still indebted to them for their contributions to the program. Over 
the years we were fortunate to have the aid of: 

P. Bastien 

C . Bordener 

H. Crouch 

F. Harris and 

3. Ns-gle 
In recent times the program has benefited from: 

R. Hulsizer 

T. Watts and 

J. Snyder 
In particular, we are indebted to J. Snyder for the summers he has spent with 

us. 

And last, but by no means least, we have Richard Yamamoto , who has 

been with the Program from the very start and, if anyone deserves credit for 

making PEPR a success, it is he. We started physics production in 1967. 
Three questions are always asked about a semi-automatic device: 

1) How fast? 
2) How accurate? 

3) How successful? 

Figure 1 answers the first two questions : We started out slowly and, in 
the calendar year 1970-71, we measured about 155,000 events. These are 
events on a DST ready for physics analysis. The limit here is our one shift 
of the scanning and pre-measuring. Our instantaneous rate, measured over 
an 8-hour period, is 140 events/hour. However, we hope to double the yearly 

rate without an increase in staff or a change of hardware. We hope to ac- 
complish this with more efficient management. To produce lo6 events/year 
will take a change in hardware; namely, three-view PEPR. But this should 
roquire no increase in scanning staff as the computer will do more of the work. 

Figure la is the film plane RMS. This includes all optical constants and 

their errors. If done just on one view, this improves by factor 2. The third 
question is success rate. The answer to that depends on the definition of 

success. Any event where all the tracks reconstruct in TVGP with an ac- 

ceptable RMS is called a success. By this definition over 85% of all events 

are successful. 
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The second part of my talk is devoted to a different way of analyzing multi- 

body final states. This is important to us as most of the work that we are 

interested in requires an understanding of these complicated events. We’ve 

called this analysis a “prism plottt analysis, and the reason for this name will 

be made clear. The work I’m discussing is again a cooperative effort of 

several peopie. They are: 

J. Brau 

F. T. Dao 

M. Hodous 

R. Singer 
In particular, F. T. Dao has calculated some of the relationships in this 

analysis while M. Hodous has written the display programs that allow us to 
quickly utilize the power of the techn&ue. 

Since some of the mathematical details are tedious, I will not discuss 

them in this talk. If anyone wants the details, he can write me for: 

PEPR Programming Note 

Data Analysis System, Physics No. 101 

“Definitions and Conventions of the N-Body Prism Plot. ” 

As a specific example to work with, let us consider a three-body final 

state. The first question to consider is how many variables are required to 

specify this final state? If we assume the center-of-mass energy and final 

state masses are known, the three components of momentum of each particle 
certainly determine the final state. So, in principle, we need 9 variables. 
However, there are four energy-momentum constraints which reduce the 

required number of variables to 5. If the incident beam and target are unpolar- 
ized ., the physics is invariant with respect to rotation about the incident beam, 

which reduces the required number of parameters to 4. 

The object of this analysis is to choose four parameters which will help 

classify final state interactions. Figure 2 indicates the problem and the 
direction of our solution. The longitudinal momentum graphs shown have 

been used by many people, including Chan Hong-MO and collaborators. 

The basic idea is that each ordering describes the final state with respect 

to the longitudinal momentum of the particles. In the first ordering, the r+ has 
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the largest positive momentum, the proton has the largest negative momentum 

and the r” has an intermediate momentum. The idea represented here is to 

assume that only adjacent particles resonate. The first ordering would contain 

events consisting of p+, proton final states. Namely, the adjacent pions would 

resonate. In the first ordering the 7r’ and proton would be unlikely to resonate 

as they are not adjacent, and one would expect no N* (1238) events to be con- 

tained in this ordering. On the other hand, Ordering No. 2 should contain 

many N* (1238), since the proton and *IT+ are adjacent. Similarly, one should 

expect Ordering Number 5 to contain backward going N*(1238) as the proton 

and 7rITf are adjacent, and the proton 7rr+ tends to go into the backward direction. 

Hence, in some sense, these orderings allow us to determine which 
particles are likely to come from a particular final state resonance. The 

trouble with this representation is that !t is quantized into six orderings, and 

there is no way to express the fact tha; on2 or-tiering blends into the next in a 

continuous fashion. This difficulty has been overcome by Van Hove and the 

introduction of his angular variables. Figure 3 explains and gives the defini- 
tion of the Van Hove angle for the three-body final state. 

If you choose three unit vectors 120 degrees apart to represent the longi- 
tudinal momentum of the proton, 7r’ and no, a three-body final state event can 
be represented by vector on this plot. (See Fig. 3b.) 

The components of this vector along any of the 3-particle axes is the 

corresponding longitudinal momentum of the particle. In this plot one has the 

kinematical hexagon, and a point can be represented by this Van Hove angle 

6 and a radius vet tor R. 0 continuously sweeps past the LMO in the fashion 
shown in Fig. 3a. 0 between 0’ and 180’ represents backward protons while 

8 between 180’ and 360’ represents forward going protons. Notice for a 

given angle 0 there are an infinite number of possible final states, all rep- 
resented by different values of R. However, for each angle .$ there is a 
maximum R kinematically possible, labeled R/Rmax (see Fig. 3d). For any 

e ;-ent , R divided by R/R,= is the measure of how peripheral the event is 

or, another way of saying it, how much transverse momentum is involved in 
the event. If R/R- = 0, the event lies in a plane perpendicular to the 
incident direction , and if R/R,= =l the event is colinear with the incident 

direction. We choose R/Rmax and 8 as two of our variables. Figure 3c 
defines all quantities explicitly. 
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We take our other two variables from the Fabri-Dalitz plot. This is 
demonstrated by this equilateral triangle, where each side is the kinetic 

energy in the c , m. of the three particles. (See Fig. 3e). The 1 distance 

to each side in the kinetic energy of each of the particles, and the sum of alI 

three perpendiculars is equal to the altitude of the triangle or the total available 
energy in the c . m. We take as our other two variables the TP and the Tr+. 

Figure 4 illustrates how we combine the equilateral triangle and the Van 

Hove angle into an equilateral rectangular prism. The triangle lies in the 
X-Y Plane, and 8 is plotted along the z axis. What I am going to demonstrate 

is that if R/Rmax is close to 1 and, if the available kinetic energy in the c . m. 

is equal to or larger than the mass of the resonance formed in the c. m. , then 
the various resonant final states will occupy distinct regions in this prism plot. 

Figure 5 shows some Monte Carlo evznte and real events plotted in the 

prism plot. Figures 5a and 5b [which arc Monte Carlo data for Lorentz in- 

variant phase space] have a diffuse set of points in the pritim plot, and R/Rmax 

is symmetric about 0.5 and has its maximum there. In contrast, Figs. 5b and 
5c, which are our data at 3.92 GeV/c , show that the events cluster into three 

sharp tubes , and R/Rmax peaks at around 0.9. One can immediately deduce 

that the Lorentz invariant phase plays almost no role in this final state. 

Another important point, which I -will demonstrate, is that each of those tubes 

is associated with a particular final state resonance. I will show that the 

upper tube is all N* (1238) + 7r” production, that the long central tube is all 

p+p production, and that the lower tube contains the singly charged N*(1238) 
and something I will call Diffraction Dissociation. 

Figure 6a is the standard invariant mass plot of p7rf, and Fig. 6c is the 

invariant mass of the pa’ in the upper tube. This data is an excellent fit to 

N”(1238). Figure 6b is the invariant mass of the rfn’, while Fig. 6d is the 
invariant mass of the events in the second tube. This is an excellent fit to 

+ 
ap. 

Figure 7a shows the pfl invariant mass for all events. Fig. 7c shows 

these events in the lower tube which we classify as singly charged N*(1238). 

Fig. 7d shows those events in the lower tube which we classify as Diffraction 
Dissociation. 
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Figure 7b is the t-distribution of our N. (1238) events. Note that our 

technique is not equivalent to a t-cut. We have events at large t and clear 

evidence for a dip at t = 0.6 as would be expected from the Regge model. 

Figure 8 is some of the new physical results we have obtained using this 

prism plot technique. The first point is that we have little, if any, phase 

space contribution to this final state. Two, we have explicitly measured the 

ratio of the doubly and singly charged N*(1238) production and show that this 

ratio is 924 in complete agreement with fsospin invariance. In addition, we 

have isolated the phenomenon Diffraction Dissociation and measured cross 
section and angular distributions. We have also analyzed the N7r+7rf final 

state and find a cross section for a similar reaction which is twice this, in 

agreement with the isospin l/2 invariance. The nucleon-pion invariant mass 

and angular distributions are the same. 

The prism plot generalizes directly to N-Zmensions , and I will quickly 

show you the 4-body extension. 

Figure 9 shows the definition of the two Van Hove angles for the 4-body 

final state. In this case, the kinemential limits are a cube with the corners 

chopped off. We can again define an R/R,= that has the same meaning as 

for the 3-body case. We use, therefore, the two Van IIove angles 8 1 and 

e2 , and R/Rmax. 
Figure 10 shows the longitudinal momentum orderings as a function of 

el and Q2. 

Figure 11 indicates the boundaries of the longitudinal momentum orderings 

shown in Fig. 10. 

Figure 12 generalizes the Fabri-Dalitz plot. This is now a kinetic energy 
tetrahedron. Again, each event can be represented as a point inside this 

energy tetrahedron. The sum of the perpendiculars is equal to the altitude 

which is again the total energy in the c . m. We therefore use three of the 

kinetic energies as our variables. 

Figure 13 indicates one of the interesting properties of the energy tetra- 

hedron. The plane indicated here, under the conditions that R/Rmax = 1 

and that the total K. E. in the c . m. be equal to or greater than the mass of 

any resonance in the c , m. , will contain the Affpo double resonance pro- 
due tion. Since a+(l) and 7r’(2) are just labels given by our scanning personnel, 
there is an obvious symmetric plane that also contains these resonances. 
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Figure 14a is again R/Rmax for Lorentz -invariant phase space. Again, 

the peak is at 0.5. Figure 14b shows R/R,= for our data at 5.72 BeV/c . 

For this data, the peak is at 0.9. This is evidence that Lorentz-invariant 

phase space plays only a small role, if any, in this reaction. 
Figures 15a and 15b show Monte Carlo data of Lorentz-invariant phase 

space. The data is essentially uniform in both plots. However, the real data 
in Figs. 15~ and 15d have striking structure. Figure 15~ contains evidence 

for the plane which contains the N*j1238) - pd events. This plane plus the first 

prominent disc in Fig. 15d form a five dimensional tube in this five dimensional 

prism plot. Figure 16 shows what the events in this tube look like. 

Figure 16a contains data showing the invariant ma:;s of the p7r’, each event 

plotted twice, while Fig. 16~ is the invariant mass of the p-r’(l) contained !n 
the five dimensional tube. The curve speaks for itself. Figure 16b is the 

T+‘IT- invariant mass, each event plotted twice : while Fig. 16d is the same 

invariant mass for the events in the five dimensional tube. -Again, the data 

speaks for itself. The generalization to N dimensions is straight forward. 
The energy tetrahedron becomes an N-dimensional simplex, and the Van Hove 

angles become the spherical angles in an N-dimensional sphere. 

I would like to conclude this talk by discussing the possible applications to 

fields other than physics. Considering the present economical and social 

climate, I think it is important for people working in basic research to give 

more consideration to the possible applied physics applications of the gadgets 
they develop in their work. Several years ago, Art Rosenfeld and I concluded 

that, with minor modifications, a PEPR could be turned into a mass storage 
and retrieval system. One can write and read on a 70mm square piece of film 

some 1.6 x lo7 bits. One can read this film area at a 10 megacycle rate. One 
also has random access to this area. We wrote a little patent disclosure on 
this and filed it away. Recently, the University af Oxford has taken this paper 
and has turned it into a proposal submitted both to industry and to the English 

Government. Their proposal is to develop the mass store capabilities of 

PEPR. In addition, they point out the usefulness of PEPR in producing inter- 

mediate masks for large scale integrated circuits. Finally, it has been pro- 

posed that PEPR can be used to recognize, classify and count cells which would 

be useful both medically and as a monitor on airborne and waterborne pollutions. 

We believe these potentials of PEPR should be explored not only in England but 

also here in the U. S. 
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Discussion 

Harari : Does each event in your plots fall into only one of your tubes? 

: Pless To the same level of truth as you were using (namely 5-10s) 

the answer is yes. And the overlaps are especially interesting because, in 

order to have interference, there must be overlap in all four variables. So 

for the first time we can isolatti the true imerference region. 

Flatter: What about protcrl polariztitios? 

Pless : In this case we have an unpolarized target reaction. 

Flatte’: I don’t agree. If the proton has flip in one case, and not in the 

other, they won’t interfere. 

Ballam: You Ire not saying every event in the region has to interfere, 

are you? 

Pless : Certainly not. Just &at if interference occurs it has to be there. 
I can determine the degree of coherence. The point is that I can put each 

event into one and only one bucket and explain them all. If I extrapolate the 
resonance events into the interference region, and remove them, if I find, 

e.g., events left over, then there was constructive interference. In our 
case we find no events left, so there was no interference. 

Harari : You assume all events are either p or N* and you don’t know 
which. But I think they can be both at the same time. 

Pless : You write the separate amplitudes and add them. 

Harari: No. This is not the duality reasoning. I am not quarreling 

with your analysis when you say there is no interference, but the general 

method is suspect. The uncertainty is just the percentage of the overlap 
region. 

Pless : There is a discrepancy between you and the theory group at 

M.I.T. 
Harari : I can only tell you what you can’t do, not what you can do. . . . 

[The problem was not resolved. It was agreed that the method can reduce 

the apparent overlap region to manageable size.] 
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Discussion 

Derrick: Does anybody believe these resonances exist? 

Peaslee: We do. 

Ballam: At SLAC such resonances have been looked for in n-p-, pip 

r eat tions . 

Peaslee: -- That would be a good way to look for them, as our result indicates 

they are coupled strongly te fl. 
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N - n RESONANCES 

T. Kitagaki 

Tohoku University Group* 
Sendai , Japan 

Investigation of the N - n system may be important for the study of non- 
strangebaryon resonances, because of its pure I=; isotopic spin state and the 

relatively low angular momenta involved. A study of the N - n system in 

the mass region of 1,500 - 2,000 MeVwould be especially important, as it 

might give a base for further phase shift analysis of nonstrange baryon 
systems in the higher mass region. 

We are studying the N - 77 system in the following two reactions: 

PP --) PP77 2 at 6.95 &V/c (s = 14.9 Gi?V2) (1) 

n--p+ T--P7 , at 7.85 GeV/c (S = 15.6 GeV2) (2) 

In both reactions the eta events are obtained from two-prong events only 
(in the neutral decay modes) to avoid problems with I = 3/2 A backgrounds. 

We present the following preliminary results. 

1. pp Reactions 
8,700 two-prong events were measured in 17,806 frames of 6.95 GeV/c 

p film taken by the BNL 80” bubble chamber. The missing mass distribution, 

pp-1 pp(MM), is shown in Fig. la, where all two-prong events are included. 

That is, all two-prong events are treated as pp-+pp(MM), even if they are 

p n+(MM) or 7r- p(MM) events. The mass resolution in the figure is rather 

poor. However, a bump may be recognized in the eta region. Finally 154 

events were selected as the pp n events, and the FAKE test showed that the 

final 154 events have a signal to noise ratio of 2.4/l. The hatched 

area of the 154 events in Fig. la is consistent with this signal to noise ratio. 

This reaction is symmetric for both the p and p. However in our 
measurements the low momentum protons were deliberately cut out. The 

* 
T. Kitagaki, K. Takahashi, S. Tanaka, K. Hasegawa, T. Sato, R. Sugahara, 
K. Tamai, H. Kichimi, T. Okusawa and S. Hoguchi 
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effect of the bias due to this selection criterion depresses the number of 

events in the low mass side of the p - n mass distribution significantly; 

therefore we will discuss only the p - q system. 

The p - 77 mass plot is shown in Fig. 4a. The hatched area containing 

62 events is with 1 t 1 5 0.35 GeV2, and the purity of the eta is 

relatively good there. It shows two peaks in the mass regions of 1,500 - 

1,703 MeV and 1,700 - 2,000 MeV. Further discussions will be made later 

in Section III. 

2. r-p Reactions 
23,000 frames of 7.85 GeV/c 7r- pictures taken by the BNL 80” BC were 

scanned, and 12,780 two-prong events were measured. Figure lb shows the 

missing mass distribution for n-p + ?r-p(MM), and the distribution includes all 

two-prong events even if they are 7~~ n+(MlM) events. Here again a low eta 
bump is seen, and about 90 eta production events are estimated to be in the 

bump. 

lh the case of n-p-t n-p 77 , there are two groups of eta. The fireworks 
of Fig. 2a is the directional plot of eta momenta (tail length hp) and Fig. 2b 

is the P* - cos 6* plot. 
rl 

Events in the left-hand side of Figs. 2a and 2b are 

mainly p - n events, and the right-hand side events are 7r- - n events which 
include A2. Also the Dalitz plot, Fig. 3, shows two perpendicular bands of 
p - r] and 7~~ - n . However, the selection of eta is still not good in this case 
and the signal to noise ratio of eta events/non-eta events is estimated to be 

about l/1.5 in Fig. 2. Since we have not been very strict in selecting our 

events, we are currently investigating the effects of the r-a+ background as 
well as the A (r-p) background. 

Figure 4b is a p - n mass plot of n events, with the t cut, which rejects 

the major part of the r- - n events. 

3. Discussion 

Figure 5a is a plot of B vs. M(p 7 ) in the pp-rppv reaction, where B 
is the gradient of the t distribution: 

d B= dt for the interval tl<l t I< tl +O. 30 GeV2. 

B is averaged over the t interval of 1 t 1 = tl-+ tl + 0.30 GeV2 with the mass 
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width of M(p n ) k 50 MeV. The change of B with respect to the mass value 

M(p q ) is examined for different t intervals. The figure shows that the B 

value rises up more than 10 at M(pq ) z 1,570 MeV. This value, 1,570 MeV, 

exactly corresponds to the peak value of the first peak in the mass distribution 

of Fig. 4. In Fig. 5a there are other peaks in B along M = 1,790 and 1,920 

MeV. These two peaks of B rise up at tll 0. l- 0.2 GeV2. It suggests 

that the first peak, 1,570 MeV, is diffractive, but the other two are due to a 
single meson exchange mechanism. 

Figure 5b is a similar B vs. M(p 77 ) plot for the r-p -)rp n reaction. 

The purity of eta events in this case is expected to be less than that of the 

pp reaction, and the larger noise due to background zan be expected. How- 
ever, similar peak structures are seen again in Fig. 5b. B peaks at several 

t intervals for the 1,570 MeV mass as wall as for masses 1,790 and 1,920 

MeV. For the 1,790 MeV mass b dcea not ha:.-e structure until tl exceeds 

0.1 C&V2 in a similar way as in the case shown in Fig. 5~ However B peaks 

at 1,920 MeV for tl- - 0 as well as for higher values. In Fig. 5b we see some 

indication that B peaks at higher mass values. However, we will not discuss 

it here. 

Figure 4c is the combination of the two mass plots of Fig. 4a and 4b. 
There the first peak in the mass plot seems to correspond to the first structure 

in B at 1,570 MeV. Also, the second broad enhancement around 1850 MeV ’ 

may correspond to the structures in B at 1,790 and 1,920 MeV. This could 
mean the second enhancement may be a composite of at least two resonances. 

Figure 6 is a plot of the decay angular distributions of the N - q system, 

cos 8 in the Gottfried-Jackson frame, vs. M(pq ): Figure 6a for ipq and 

Fig. 6b for n-p r] . Figure 6 shows a heavy contamination due to background, 
especially for the high mass region. At present the n--q events and back- 
ground have not been separated well from the p - n events. However, the 

cos 8 distribution at the first peak in the 1,570 MeV mass region, if inter- 

preted as a resonance, favors the assignment of J = f , neglecting the back- 
ground concentration on the left-hand side of the angular distribution. 

The other considerations are as follows. Figure 7 shows the momenta 

in the center-of-mass system of N - r, N - r] and N - w as a function of 

mass. It is seen that the momenta are low in the case of N - n and N - o 
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compared to the case of N - 7r, especially in the mass region below 2,000 

MeV. Figure 8 is the “size” of N - 7~ systems given by 

5 = (P-B+ 1) A . 

The radii of the P and A resonances appearing in the Rosenfeld Table 

are plotted on Fig. 8; blacl: b;zrs are N* and white bars A. In this figure all 

the reported resonances are understood well, if we assume an interaction 

range of 1.05 fermi. Indeed, 7r N scattering data give the dotted line in 

Fig. 8; so the potential scattering and the size of the existing resonances are 
consistent. 

We apply the same range directly to the N - 77 system (Fig. 9). Agair, 
the N - 77 resonances appearing in the Rosenteld Table are shown by white 

bars. Using the same arguments in analyzing tne peaks observed in our 

p - 77 mass plot, we obtain the following results from Fig, 9. 

(a) The first peak around ‘1,570 MeV may be the S11(1535). 

(b) The second peak, with I = $ and P (2, might correspond to the 
phase shift results. 

(c) The second peak, 1,790 MeV P11(1780) 
if separated, may be 

I 

. 
1,920 MeV P13(1860) 

Studies on t distributions and a hexagonal plot suggest that the first and 

the second peaks are produced by different mechanisms; the first one dif- 

fractive , though it is in an unnatural parity state. Obviously further studies 
are desired and data are being collected for this purpose. 
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Discussion 

Flatte’: Are you planning to measure more film of the same kind? 

Kitagaki : We have more r film to measure. All of the p film has been 

measured. 

Derrick: Notre Dame has film with 7 or 8 GeV 7r- p in the same kind of 

reactions. How does your data. compare with theirs? 

Takahashi : It is the same kind of film, and exactly the same energy. 

It is a collaboration. 
Derrick: What is the comparison? 
Takahashi : The 7~~ n mass sys tern looks almost the same. 
Derrick: So there is a big threshold peak at the A2. 

Takahashi : Right, and the angular distribution is as shown. 

Flatte’: Brookhaven has film of 6 Get1 7r-. They measured all of their 

2-prongs in order to publish the results on the A2. They must have a tremendous 

number of events. 
Skillicorn: 60,000, but there was too much background to make an 

analysis of n p. 
Derrick: No sense of adventure! 
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r-p- nnN REACTIONS AT 8 GeV/c 

Kasuke Takahashi 

Tohoku University Group* 
Sendai, Japan 

Abstract 

A study of 7r- p - T T N at 8 GeV/c was made by analyzing the 

combined data consisting of 3229 events of 7r- p - *-7r+n and 1496 

events of 7r-?pp final state. The data are based on separate meas- 

urements carried out at the University cf Penncylvania, University 

of Notre Dame, and Tohoku University. 

Analysis of the (T-Q?) dipion systerr L gives evidence of a possible 

new resonance of mass (2080 rt 20) MeV with a width f = 160 * 20 MeV. 
Possible isospin of the resonance is I = 1, and its angular momentum 

quantum number may be either l-, 3-, or 5-. 

Extensive studies of production angular distributions at very 

small momentum transfer squared and decay angular distributions 
are made for p” and f” mesons. Comparison of the results for o 0 

with the Vector Dominance Model (VDM) predictions have shown a 

reasonable agreement. 

The study of single-pion production processes in pion-nucleon interactions 

has always been a central problem in the elementary particle reactions. It is 
a fairly old problem in terms of a simple one-pion-exchange process. At the 

same time, it is also quite new and even very controversial in the sense that no 

single theoretical model has been successful in explaining the process very well. 

It has also been emphasized strongly that extensive studies of the process are 
needed with much higher statistics in order to get better and further insight into 

this very fundamental process. 1 

* 
T. Kitagaki, K. Takahashi, S. Tanaka, K. Abe, M. Kondo, H. Hasegawa, 
T. Sate, R. Sugahara, K. Tamai, H. Kichimi, T. Okusawa, and S. Noguchi. 
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In this report I would like to give some preliminary results of our study 

ofthe n-p--nnN reactions at 8 GeV/c. My talk is based on the com- 

bined data of the University of Pennsylvania, University of Notre Dame, and 

Tohoku University. We, at Tohoku University, have so far measured about 

13,000 two-prong events and have identified 782 events of the reaction 

-+ 
(Tp- ‘/! ?T :I (1) 

and 351 events of the reaction 

-0 7rp---nrp (2) 

We have compared various features of our data with those of the previous 

data, 2 measured by the Pennsylvania and Notre Dame groups, by using the 

same series of exposures in the BNI, 80” hydrogen bubble chamber. Having 

reached the conclusion that all the data are compatible for combined analysis, 

we then combined the data and obtained 3229 events of the reaction (l), and 

1496 events of the reaction (2). 

In this report, however, we shall confine ourselves mainly to reaction (1) 

and mention only briefly reaction (2) where it is necessary. 

The discussions I will present may be summarized by three points; 

namely the results of our studies on production angular distributions of 

p” and f” at very small 1 t 1 (’ invariant four momentum transfer squared), on 

decay angular distributions of these mesons, and on the possible existence 

of a new meson with a mass of 2080 MeV. Some comparisons of our results 
on o” meson with the Vector Dominance Model (VDM) predictions will also 

be made. 

Figure la shows an invariant mass distribution of the r-r” dipion 

system in the reaction (1). Figures lb, lc, and Id are the distributions of 

the separate data for Notre Dame, for Pennsylvania and for Tohoku, 

respectively. As clearly seen, p” and f” mesons are prominent . 

The go meson with a peak mass value = 1660 MeV is also observed as 

a bump standing more than 7-standard deviations above the nonresonant 

background. There is also seen a new bump at r n mass = 2080 MeV 
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FIG. l--Invariant mass distribution of the (r-r+) system, (a) for the combined 
data, (b) for the Notre Dame data, 1,321 events, (c) for the Pennsyl- 
vania data, 1,127 events, and (d) for the Tohoku data, 782 events. 
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peaking at 3 or 4 standard deviations above the background. We have para- 
meterized the distribution with a nonresonant phase space and four re- 

sonances of the Breit-Wigner type with parameters given in Table 1. I 
shall come back to the discussion of this possible newresonance later on. 

1. The Reaction n-p +& 

In Fig. 2 we give production angular distributions of the p”. The o” 

mass interval was taken from 0.675 to 0.875 MeV. We estimate that about 

20% of the events in this mass region are non-p’ events. The absolute scale 

has been normalized to our value of the total cross section for p” production 

tabulated in Table 1. Figure 2a shows the detailed structure of the t-dis- 

tribution in the very small 1 t 1 region, and Fig. 2b shows the overall dis- 

tribution. Our resolution in 1 t 1 is estimated to be f 0.003 (GeV/c)2 at 

I t I = 0.01 (GeV/c)2 (= i p2, where ~1 is the pion mass). The distribution 
does not show any particular dip in the I t I region below p2. 

Theoretical curves shown in Fig. 2 are: the solid line for simple one- 

pion-exchange (OPE) ;3 and the dashed line for one-pion-exchange (OPEA). 4 

Apparently OPE does not reproduce any feature of the production angular 

distribution, whereas OPEA gives a good fit not only to the overall features 
but also to the prominent structure in the very forward direction. 

Decay angular distributions of p” events have also been analyzed, In 

our analysis we have utilized the decay anguiar variables (cos 0 and $) in 
the helicity frame as well as in the usual Gottfried-Jackson frame. Figures 

3a and 3b show decay angular distributions of p” in the helicity frame. Figures 
4a and 4b are those in the usual Gottfried-Jackson frame. The forward- 

backward asymmetry parameter in cos 0, R = (F - B)/(F + B), is found to be 

0.35 rtO.04 in the helicity frame. This may indicate that in addition to the 

P-wave there is some contribution from S-wave in the F-mass region. It 

must also be mentioned that in the charged p- decay there is no appreciable 

asymmetry observed. 

If both S- and P-wave pion-pion interactions are considered, the general 

decay angular distribution can be expressed in terms of the density matrix 
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FIG. 2--Production angular distribution dc/dt for the p” region. Theoretical 
curves are: solid line, OPE: and dashed line, OPEA. 
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FIG. 4--Decay angular distribution for the p” region in the Gottfried-Jackson 
frame. 
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elements pm,, in an appropriate frame. It is expressed as follows: 

2 
cos 8 + pyl sin 2 - hRe(p&) 8 

x sin 28 COS $ - pywl Sill2 6 COS 2@ 1 
-2 &* Re (psi) sin 13 cos @ 

+ 2 Re pi: (1 1 1 cos e + K pose (3) 

where pi0 corresponds to pure S-wave, and p 0”: and p$ correspond to 

S-P interference effects. We have assumed &a S-wave contribution of about 

7%. Normalization was made accordLlg to the equation: 

(4) 

The density matrices thus obtained in the helicity frame are shown in 

Fig. 5, and those in the G-J frame are shown in Fig. 6. The solid curves 
in Fig. 5 and in Fig. 6 are theoretical calculations based on the OPEA 

model. 4 

Here again OPEA gives reasonably good fits. The presence of non- 

zero values for Re ( 1 p 
ii 

is a strong indication of the S-wave effects. 

Now discussions about the comparison of the results on p” production 

with the predictions of the Vector Dominance Model (VDM) are in order. 

Figures 6 and 7 show some of these comparisons. Theoretical curves 

shown with the dashed lines in Fig. 6 and by the solid lines in Fig. 7 are 

taken from Cho and Sakurai. 5 The dashed curve in Fig. 7b is normalized 

to t,he 7% S-wave contribution, since the experimental points are obtained 

in the normalization of pig+ 2py1+ pig= 1 with 7’% S-wave admixture. Con- 

sidering the fact that the theoretical curve has no variable parameter in 

the predictions, agreement with the data is quite good. 
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FIG. 5--Density matrix elements for the p” region in the helicity frame. 
Theoretical curves shown with solid lines are predictions of the 
OPEA model. 
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2. Results in the f” Mass Region 
Figures 8a and 8b show the t-distributions of the f” production cross 

section: 8a gives the detailed structure in the forward direction and 8b 

the overall features. The mass interval of the f” events was taken from 

1,170 to 1,370 MeV. Again the absolute scale of the cross section has 

been normalized to our estimate of the production cross section of the f” 

given in Table 1. 

The theoretical curve shown with the solid line is for pure OFE. As 

in the case of p” production, OFE predicts too large a cross section. A 

calculation of the OFEA model has also been tried (but not shown in the 

figure). The prediction of the OFEA, th,,, wh much beter than OFE, is 

still rather larger than the experimental value. More statistics may be 

necessary before we can mention anmyth& very defini.te on whether the - 
observed dip in the cross section near tmin is real or not. It may be, how- 

ever, appropriate to say that the f” cross section at very small t looks a 

little different from that in the case of the p” region. In order to see the 

reason, G. Takeda with his collaborators has tried some theoretical cal- 

culations from the gauge invariant point of view, in exact analogy with the 
VDM in the p” case. 6 

The theoretical curve shown with the dashed line in Fig. 8 is a cal- 
culation based on the gauge invariance model for a tensor meson in which 

the f” meson has the same behavior as a graviton. The curve has a peak 
near [t 1 = pz and has a nonzero value of do/dt in the very forward direction 

(at t- tmin ). The fitting to the experimental data seems rather good. The 

absolute cross sectiongives a value of (g2/43 rnf = 16, which seems to be 

reasonable. 7 

Angular distributions were also studied. Figures 9a and 9b show the 

angular distributions (in the helicity-frame) of the f” events in the mass 

interval from 1,170 to 1, 370 MeV. It is interesting to note that the cos 8 
distribution of i? decay is more symmetric than that in the case of the p”, 
but the @ distribution looks less symmetric. The dashed lines in the figures 

indicate the curves obtained in terms of the density matrix elements for the 

pure D-wave only. The solid curves are for an admixture of D- and F-wave. 
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Fitting with the D-wave, plus some F-wave admixture, gives a much better 

agreement with the experimental curve than the one with the pure D-wave only. 

This result together with the discrepancies from the expectation seen in some 

of the density matrix elements such as pll and p22, indicates that there is 

an appreciable non-D-wave component present. This conslusion is in accord 

with the recent analysis of 7 GeV 7r-p data by Oh et al. 8 
-- 

Some comparisons with theory were also tried to explain the density 

matrix elements of f” in the helicity frame. The density matrices for the 

f” events are given in Fig. 10, together with theoretical predictions obtained 

from the gauge invariance model6 which are shown with solid lines. Density 

matrix elements such as poo, pll and p. ~ are in reasi;nable agreement. IA--- 
The values for pl 1 and ~2~ however, are not. The p22 element, in par- 

ticular, has a negative value, while the theory predicts zero. 

3. Evidence for a New Dipion Resonance at M 
7r+7r- 

= 2,080 Mx 

Let us now turn our discussion to the possible evidence for a new meson 

at the dipion mass = 2,080 MeV. As shown in Fig. la, we see a new peak 

standing up with about 4 standard deviations significance from the back- 

ground. We have described the mass distribution with nonresonant phase- 

space and with the four resonances of the Breit-Wigner type using the para- 

meters given in Table 1. In order to see the effect more clearly we have 

also tried plotting dipion mass spectra for the events in the backward region 

of cos e. Figures lla and llb are typical examples. Though the statis- 

tics are relatively poor, we can see the effect without any background, 
following the now-well-established go meson peaking at 1,660 MeV. 

The effect was also investigated in its decay angular distributions. The 

asymmetry parameter in cos 8, namely the forward-backward ratio 

R 3 (F - B)/(F + B) was plotted as a function of the dipion mass. The slope 
of the ratio R as a function of the dipion mass, that is R1 s dR/dmna, was 

also checked and is depicted in Fig. 12 together with the value for R. 

The decay angular distributions of the ns7r- system are analyzed as a 

function of dipion mass in the helicity frame, giving various moments for 
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the Legendre polynomials. Some relevant moments are shown in Fig. 13. It 

would be plausible to say that the A6 moment and possibly the A8 moment have 

some small nonzero values at the dipion mass of -2,100 MeV. This fact 

may indicate that the angular momentum for this dipion system might be 

not bigger than three or four, but we cannot exclude the possibility that it 

might even be one or five. From the point of view of a possible spin-parity 

assignment, an isosp~m analysis of the system is very essential. We have 

thus analyzed the n-7~’ events in the reaction (2). Preliminary results for 

this study give the r-no mass distribution shown in Fig. 14. A slight in- 
dication of a bump at - 2,100 MeV can be seen in the spectrum, which gives 

the production cross section ratio r = (T(T-?~‘)/~J(~T-z’) 2 Z/2. This ratio is 
very similar to the values for the cross section ratios for p-/p” and g-/go. 

If we assume that the production process for the new meson is similar to 
those for p and g mesons, the ratio of charged to neutral components could 

indicate that a possible isospin of the system would be one as in the case of 

p and g. This results in the conclusion that a possible spin-parity could be 
Jp = I-, 3-, 5-. We need further investigation with better statistics to ex- 

plore these possibilities. 

A word should be given here about two previous reports relevant to this 
dipion enhancement. The reports came from a collaboration of the California 

Institute of Technology and the University of Rochester, 9 and also from the 

BNL-Carnegie collaboration. 10 The CIT-Rochester group has observed an 

indication of a resonating amplitude in the annihilation angular distributions 

of antiprotons into the dipion system with a possible angular momentum 1 = 3, 

which in turn gives a possible isospin I = 1 for the ~+7r- system, since G- 

parity requires it. They assigned a mass value for system to be Mo=2. 12 GeV. 
Another report came from the BNL-Carnegie collaboration in 1969. In 

their missing-mass experiment for the reaction r-p -Xx-p they observed a 

peak at m(X-) = 2,085 MeV. In reviewing this information, it seems to us 

very likely that our new dipion enhancement, which we call g1 (2,100) ten- 

tatively, may well correspond to that reported by these people. It may, how- 

ever, be too early to say whether this meson fits well onto the daughter 

trajectories of the p meson Regge Pole predicted from the dual resonance 

model. l1 (See Fig. 15.) 
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Discussion 

Pless: What model did you use for the background? When you mention 

three-body phase spaces, are they Lorentz invariant phase space? 

Takahashi: Yes, they are; and we used four Breit-Wigner type resonances 

and invariant phase space added incoherentiy. 

What d.Jes the neutron-7 mass distribution look like? Flat&: 

Takahashi: The distributions for no- 2nd nr’ do not seem to have any 

strong resonance signals. Further analysis on this point is under way. 

Flat& When you discuss angular distribution analysis, do you take just 

the region of 7r7~ masses around the p” or f”? 

Takahashi: Yes. 

Have you tried to make any estimation of what the backgrounds Flattk: 

do? 
Takahashi: For the p” events we have a total of about 20% contamination 

from non-p’ events. Because we only treat these data in the small 1 tl region 

we neglect background effects, which would be most important in the large 

I tl region. 
When you plot things as a function of t, and you get out to large Flatte/: 

values of t, you have much more of a problem. 

Takahashi: That’s right. So we don’t say anything about the events for 

that region, because of the large contamination. Neither does the theory. 

Does that answer your question? 

Ferbel: I am thinking in particular of the negative pz2 you find. It would 

be interesting to see what the background has to say about that. 

Takahashi: That is an interesting point. We haven’t had enough time yet 

to check all these data in a more careful manner. 
Pless: Without trying to appear to sell anything [laughter] . . . 

Takahashi: Yes, it will be interesting to discuss methods of purifying 

the data. 
Pless: I thought that discussion was yesterday. 
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DOES THE f-MESON BEHAVE LIKE A MASSIVE GRAVITON? 

Gyo Takeda 

Tohoku University 
Sendai, Japan 

In this short note we shall study whether the f-meson behaves like a mas- 

sive graviton and couples to the conserved energy momentum tensor. 

Recent experimental resuits’ on the differential cross sections for ?‘rN+fN 

at 8 GeV/c showed the existence of a sharp forward peak at t x -p2, where t is 

the momentum transfer squared, and 1-1 is the mass of pion. This indicates the 

dominance of the one-pion-exchange contribution, corresponding to Fig. la, 

Since the f-meson is assumed to couple to the conserved energy momentum 

tensor TPLV, the contributions due to the nusieon pole diagrams (Figs. lb and 
lc) should also be taken into account. 

f N f N f N 2 
v 

/I - 
// 

7-l 

/ 

/I ‘i -Y 
N 

/I 
N 

/- 
/ /I 

/’ /I 
N 7r N ?T N 7T 

(a) 03 ((4 
FIG. 1 

We calculate the differential cross section for nN + fN at small It in the 

Born approximation, corresponding to Figs. la, lb, and lc. The coupling 
between the f-meson and TPv is taken as 

H=gf TPV 
PV ’ (1) 

where g is the coupling constant, and f is the field operator of the f-meson. 
lJv pv The conserved energy momentum tensor T is the sum of the energy momentum 

tensors of pions and nucleons. 
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The calculated differential cross section is given by 

where p and s are the incoming pion momentum and the total energy squared 

in the center-of-mass system, respectively, and .rnf is the mass of the f-meson. 

The coupling constant f2/&r (= 14.5) is the pion-nucleon coupling constant. 

The first term in the bracket of Eq. (2) is the pion pole term, while the 

second and third terms are the interference and nucleon pole terms, respec- 

tively. The interference term is negative, and its magnitude relative to the 

magnitude of the pion pole term increase witli increasing It I. Thus the for- 

ward peak in do-/dltl becomes sharper than the corresponding peak in the case 

of pure one-pion exchange. Furthermore, the third term gives a finite value 

of do/dRl at t=O. 

We have neglected terms of order mf2/s (z 0.1) and It l/m:, which would 

appear in the bracket of Eq. (2). Therefore, the expression (2) for do/dlt I 

should be applicable only for large s and small It I 1 S 0.1 (GeV/c)2 1 . The pion 

pole term is larger than the other terms by a factor of the order of mf2/ltL 

Therefore, any correction to the pion pole term of the order of ltl/mf” should 

be taken into account. We introduce the combined form factor G(t) for the fnn 

and nNN vertices in the following simple form: 

G(t) = ti 

M2 - t 
(3) 

where M is an adjustable parameter of order mf. 
The calculated differential cross section and density matrices are compared 

with the experimental results. (See Figs. 8 and 10 of the preceding paper by 

K. Takahashi.) The t-dependence of dc/dltl for small values of Itl 

C 
0.1 (GeV/c)2 Z Itl 1 ItminI N 0.6 p2 1 fits reasonably well with the experi- 

mental one. We have used a rather weak form factor G(t) with M=l GeV. The 

calculated values of the density matrices are not in contradiction with the experi- 

mental values. 

The magnitude of the coupling constant g2/4a was adjusted to give a good 

fit to the observed dc/dItL at the forward peak. The value of the dimensionless 

9-2 



coupling constant thus determined is rnf g2/4a = 16, which is compared to the 

theoretical value rni g2/4n = 40 obtained from the observed decay width of the 

f-meson into two pions (r = 150 MeV). The theoretical value is higher than 

the experimental one by a factor 2.5. 

Let us consider various corrections which might reduce the discrepancy 

in the magnitude of the ccupliny constant: 

(a) The experimenta; erx-rs in the ncrmzilization of dr/dltl are estimated 
to be about 15%. 

(b) The uncertainty in the decay width of the f-meson into two pions ie of 

the order of 30%. If we take r(f - 279 as 100 MeV instead of 150 MeV, the 

theoretical value of the coupling consta nt is larger thm the experimental one 

by a factor 1.7 instead of 2.5. 

(c) Corrections of order mf2/s to the theoretical expression, Eq. (2), for 
do/dltl will amount to be about 10%. 

(d) We have used the form factor G(t) with M = 1 GeV. The form factor 
may depend more sensitively on t, which corresponds to choosing a smaller 

value of M. Then we can reduce the theoretical value of do-/dItl at the forward 

peak by 30% without changing our good fit in the t-dependence of dr/d,tl. 

(e) The absorption corrections are expected to reduce the theoretical 

value of dcr/dltl at the forward peak, thus reducing the discrepancy in the mag- 

nitude of the coupling constant. Since the corresponding correction is of the 

order of 10% for the case of p-production (nN -+ pN), we also expect a similar 

correction in our case. 

In conclusion, further studies are necessary in order to test the hypothesis 

of universal coupling of the f-meson to the conserved energy momentum tensor. 
In particular, experiments on TN -+ fN reactions at higher energies and very 

small Itl (lt,ml decreases with increasing s) are important, since most of the 

corrections mentioned above are expected to become smaller then. 

Reference 
1. Preceding talk by K. Takahashi. 
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PION-PION SCATTERING: APPLICATION OF THE THEORY OF 
INTERMEDIATE NUCLEAR STRUCTURE 

Gyo Takeda 

Tohoku University 
Sendai, Japan 

Experiments’ 1.y missing mass spectrometers and bubble chambers have 

revealed t;ie existence of quits a large nunber of boson resonances. Most of 

these resonances are either real single resonances or overlapping resonances, 

but some might correspond to some kind of intermediate structures such as 

those found in nuclear reactions in the intermediate energy regions. 2 We shall 

take pion-pion scattering as an example and discuss ,he possible occurrence 

of such intermediate structure and its qualitative properties. 

We shall base our discussion on the Veneziano model of pion-pion scat- 

tering. In this model the elastic scattering amplitude without Pomeron contri- 
butions can be written as the sum of infinitely narrow resonance terms: 

Jsm A’(s,t) = - g c 
Q=O 

PQ(C0” e) (1) 

where I (=0 or 1) denotes the isotopic spin of the s-channel, Mn the mass of 

the nth resonance on the leading Regge trajectory as-well as its daughters, and 

ril (n,Q) the elastic width of the Q-wave resonance with mass Mn. 

Actually the state (I, n, Q) is degenerate in general, and its degeneracy is 
large for those resonances lying on lower daughter trajectories. Since no gen- 

eral prescription for writing down multipion amplitudes is known, we shall use 

the amplitudes given by Paton and Chan, 3 which are applicable only for the 

case of negative intercept of the leading trajectory (a!(O) < 0). Then the degree 
of the degeneracy for a given (I, n, Q) can be computed, if we require the factori- 

zation property of the multipion amplitudes. The multiplicity m(1, n, Q) of the 

degenerate state is given in Fig. 1. Since pion-pion collisions can excite only 

states with normal parity and normal charge conjugation parity, we give also 

the degree of degeneracy for such states (see numbers in the brackets in Fig. 1). 

These latter numbers should be regarded as lower limits, because the addition 

of satellite terms, the existence of more than one kind of leading trajectory, 
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0 1 2 3 4 5 

FIG. l--The degree of degeneracy for given n and I. (Numbers in the brackets 
refer to states with normal parity and normal charge conjugation 
parity O ) 

and adding trajectories with positive intercept are expected to increase the 

degree of degeneracy.. 

Now the Veneziano amplitude (1) has to be unitarized, This will introduce 

a finite width to each resonant state and furthermore remove the degeneracies. 

Then the amplitude becomes as follows: 

A’(s,t) = - s $ c (2Q+1) [l + (-l)‘+‘] A;(s) PQ(cos 0) , (2) 

where 

A;(s) = 2 g 
M,(I, II, i) Tel& n, Q, i) 

n=Q i=l s-Mi(I,P,i) + iM,(I,Q,i)r(I,n,Q,i) 
(3) 
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Mn(I,Q,i) andT(I,n,Q,i) (i=1,2, . . . , m) are the mass and total width of the ith 

resonance belonging to the nearly degenerate group of resonances. 

Let us assume that corrections due to unitarization are small, which must 

be the case if the leading as well as daughter trajectories are almost linear in 

S. Then we expect that the mass splittings among the nearly degenerate states 

are small. The resonant state formed by pion-pion scattering in a collision 
tirre small compared with h/AM (AM = the average level distance among the 

m-fold states) is a certain linear combination of the m states Gi(I, n, Q). Fur- 

thermore, this linear combination can be approximately given by the nonuni- 

tarized Veneziano amplitude (1). We shall call this state the doorway state 

$ d (I, n,Q), and the formation of each resonant state $.(I, n, Q) has to occur .:. 
through the doorway state Gd. The elastic width rel(I, n, Q) given by the non- 

unitarized amplitude is the elastic width of the doorway state and not the width 
of any single resonant state ei(I,n,Q). 

Next we shall use ed(I, n, a) and suitably chosen m-Q skates + j(I, n, Q) as the 

set of orthonormal states with given (I, n,Q) . Each resonant state ei(I, n, Q) is 

a linear combination of those basic states: 

m-l 
@i=“itid+ c ‘ij$j l 

j=n 
(4) 

Assuming that the transition matrix element V between (I$ and $J~ does not de- 
pend on j and equidistant distribution of Mf , we can calculate the distribution 

of 1 ail2 over the m resonant states tii : 

Iail N 
T V 2/D D .- 

(M;-M20 2 + (7rIV12/D)2 * 
(5) 

where D is the constant level spacing in Mf . If our simple assumptions are 

not exact, then V and D should be regarded as the average values of the matrix 

elements and level distances respectively. 
The elastic width of the state ei is given by Iail rel. When the degree of 

degeneracy m is very large, we can replace the sum over the states i in Eq. 

(3) by integration and obtain the following expression: 

(6) 
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T where r is the decay width of the doorway state fid into any number of pion 

states and fi is given by 

The width TT is called the escape width of the doorway state, and rl is called 

the compound width ,.-lhich is due to the decay of Gd into the compound states 

ei. Both widths depend on I, n, and Q. Md is the mass of the doorway state 

@, and is approximately equal to Mn. Further modifications will be needed if 

experimental uncertainties in s exist. Assuming a Lorentzian distribution of 
s, A:(s) becomes as follows 

A:(s) = 2 Md rel 

n=Q s--M: + i(r; +a rT) Md + iAs 

where As is the width of the distribution in s. 

Now we shall discuss possible occurrences of the resonance-like inter- 

mediate structure with the width given by fl +r’i 

1. Resonances on the leading Regge trajectory are expected to be non- 

degenerate. Most of them lying in low mass regions have been found experi- 

mentally and they are the most prominent resonances in that region. When we 
go to the higher mass region, the elastic width will decrease rapidly while the 

total width will increase slowly or remain almost constant. Therefore, it will 

become difficult to observe them in the high-mass region. On the other hand, 

it has been conjectured4 that important resonances would lie on lower daughter 

trajectories when we go to higher energies and that their spins are given 

approximately by Q - s m - n112. Thus there is a chance that we will observe 
an intermediate structure due to a large number of nearly degenerate states 

lying on a lower daughter trajectory. 
As for resonances on the first daughter trajectory, there is some evidence 

for the existence of &( = 700 MeV) and p’ under the p and f peaks respectively. 

They may constitute about 10% of the respective peak. When we go to higher 

mass regions (- 2100 MeV) there seems to exist a peak due to a mainly Q=3- 

(I=l) state instead of a 4’ (I=O) state. 5 This is another indication that the most 

important resonances will gradually change from those on higher trajectories 

to those on lower trajectories. 
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2. Suppose we find a resonance-like structure due to nearly degenerate 

m resonances lying on a daughter trajectory. We shall classify it into two 

cases. 

(a) Ed rT > mD 2 Mdk. In this case the collision time is rather 

short and there is not enough time to feel any detailed structure due to the 

existence of a large number of nearly degenerate compound states. The door- 

way state behaves like a real si..lgle resonant state. The total escape width 

r’ is very hard to estimate, while its elastic width will be given approximately 

by the nonunitarized Veneziano amplitude. In Table 1 the calculated values of 

the elastic width are shown. 

Tablo- 1 

The calculated values of the elastic width rel for given n 
and I. (The values are taken from the table of Shapiro, 6 
1969.) 

6 13 

5 14 11 

4 34 27 20 

3 38 30 16 19 

2 96 88 27 39 16 

1 112 112 14 36 10 20 
0 565 -13 77 12 39 12 

1 2 3 4 5 6 

tb) 
T 

-Md cL>d cm In this case the observed peak will have a width given 

essentially by -the compound width rl. The magnitude of r~ will depend on the 

degree of degeneracy m. Assuming that V does not depend on m, we obtain the 

following relations : 

l/2 MrJ=m , D a m-1’2 forMr =mD, 1 
l/4 MrLarn , D a m-1’4 for M~J 2 &D . 

The compound width has to satisfy mD 2 MrL >> D. The level distance AM 

(- D/2M) will decrease with increasing m and M, while r~ will behave like 

either m1’2/M or m1’4/M. When the relation 1 m & m M does hold, m in- 

creases much faster than M with increasing mass, and l-” will increase at 

least gradually for both cases. 
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The doorway state ed is different for different entrance channels (2n, 47r, 

67r, etc.). Therefore, the distribution of Iail also differs for different chan- 

nels. In Fig. 2 the typical distributions of Iail for two channels a! and p are 

--- mD ---- 

FIG. 2--Schematic illustration of the distributions of jai(o!)12, lai(@12, and 
. a:(o) ai(/3)l over the compound states. 

schematically shown. When MPJ < mD, the compound widths rJ(or) and rJ(j?) 
will differ in general. When we measure the inelastic cross section for o! -+ /3, 

the observed width of a resonance-like structure is given by the width of the 

distribution of Ia:(cu) ai( as shown in Fig. 2. 

The magnitude of the peak in the cross section for the reaction 013 p is 

proportional to rol rdrL(ly, p), where ro and r, are the decay widths into 

entrance channels a! and p, respectively, and rJ(a, P, is the width due to decays 

into the compound states. Since rJ(o, P, depends on Q! and p in a nonfactorizable 

way, the factorization property will be lost for this kind of intermediate struc- 

ture. Furthermore, when the distributions of ai and ai are peaked at dif- 

ferent positions, a structure with a rather narrow width may appear in the 
inelastic reaction Q! + p. Some of the narrow resonances observed in high mass 
regions might be related to this effect. (Qualitatively we would not expect to 

see such narrow structure in elastic scattering, but this may be an empty state- 

ment for experimentalists .) 
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All the discussions presented here are very speculative and crude. How- 
ever, the existence of similar phenomena in nuclear reactions at intermediate 

energies gives us strong support for this kind of study. 
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Discussion 

Flat&: Why do you say thatbhe prediction of different behavior in elastic 

and inelastic channels]is an empty statement or prediction? We can observe 

inelastic and elastic channels. 

Takeda: I do not mean exactly empty; but from my associations with 

experimentalists I think that without some prediction of numerical values 

may effectively be an em&y st-rtement for them. 

it 

Piano: Do you expect all the resonances in the “intermediate structure” 

to have the same quantum numbers? 

Takeda: Using a particular Veneziano model, we see that the degree of 

degeneracy increases with mass [see Fig. 1j6 As f nentioned, any other model 

of this type would probably increase the degeneracy but not change the mass 

mucl$ So we expect all the states in the enhancements to have the same quan- 

tum numbers. 

Plano: How easy would it be to measure the individual levels? This re- 

lates to whether bubble chambers are accurate enough or not. 

Takeda: I have used various experimental data and interpreted it accord- 

ing to my taste. There are some indications of high mass resonances given 

by the CERN missing mass spectrometer experiments, and also some of the 

bubble chamber experiments. These resonances seem to lie more or less on 

the linear trajectories, and the masses are spaced by roughly (1 GeV/c) 2. 

Then the spacing for the structures in the range 3 to 4 GeV will be 

1 GeV2/2m z 200 MeV. Since the multiplicity is - 10, we might guess the 

individual levels could be spaced by 10 - 20 MeV. But I have no real idea of 

the precise width of each individual state, as it depends on the transitions they 

may make. 
Flat&: We can achieve 10 MeV resolution now. 

Takeda: Yes. Some resonances in the Rosenfeld Tables, listed as un- 

certain, have very small widths, and may be this intermediate structure. 

Harari: This is a question to experimentalists. Is there a simple rule to 

relate resolution to mass? The particles will become close together in mass, 

being spaced linearly in m20 

Plano: It depends on the technique. I will explain a method for obtaining 

- 1 MeV resolution for 4 - 5 GeV resonances. [See Piano’s paper3 

Flat& No present bubble chamber experiment is limitted by the uncer- 
tainty in beam energy. 
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WHAT IS VECTOR-MESON DOMINANCE? 

COMPARISONS OF SINGLE-PION PHOTOPRODUCTION 

AND p PRODUCTION IN PION-NUCLEON COLLISIONS* 

J. J. Sakurai 

Department of Physics 
Universit; of California, Los Angeles 

Los Angeles, California USA 

About two years ago experimentalists (and also some theorists) working on 
applications of vector meson dominance to high energy photoproduction werr; 

confused. It started with the observation that the familiar relation alleged to be 

based on vector meson dominance 
.- 

dd(Y * isovector + A --) B) = (e/fo) ~&(p&nsve- se + A -+ B) (1) L 

is ambiguous because the notion of a transversely polarized p is frame- 

dependent. People started asking: In which frames does the p meson resemble 

the photon most closely? Even though the original suggestion due to Beder’ was 

to test (1) in the center-of-mass s-channel helicity frame (hereafter referred to 
simply as the helicity frame), some people’ advocated the use of the Donohue- 

Hogaasen frame defined by the vanishing of Re @IO), others said that vector 

meson dominance predictions are fulfilled if there exists & frame in which (1) is 

satisfied, which, of course, greatly reduces predictive power of (1). 

Faced with such a deplorable state of affairs, I felt that I could no longer 

remain silent. My present talk is an outcome of a series of investigations 

started around that time in collaboration with a student of mine, C. F. Cho, who 

will be here at Stanford (Physics Department) starting this summer. I’ll discuss, 

almost exclusively, comparisons of the hadronie reaction 

with the photoproduction reactions 
+ 

yp-+nn 

P+= -P 9 
(3) 
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but I hope that my present talk will be of some interest to those who are not 

necessarily working in this field. In any case, having given a talk yesterday 

covering the whole of high energy physics, 3 I feel like restricting myself to a 

very narrow subject today. 

It is now common knowledge that at very small values of -t, the photopro- 

duction reactions (3) exhibit features reminiscent of the very old predictions of 

the electric Born model, 3 simqle perturbation model in which the one-pion- 

exchange amplitude is supplemented by the nucleon pole contributions with ENY 

vertices of the pure yF type. In fact, one of the earliest achievements of this 

great laboratory (first announced in this auditorium by Richter4 at the 1967 

Electron-Photon Conference) was the famous forward peak in ?r’ photoproduction, 

unexpected to some local theorists5 at that time but completely reasonable on 

the basis of the electric Born model; furthermore, the model also gave correctly 

the absolute magnitude and the energy dependence ot charged-pion photoproduction. 

Subsequently experimentalists at DESY’ using polarized photons showed that the 

A parameter defined by 

also agrees with the electric Born model for very small values of -t. 

Even though the model does fail, in fact, quite badly for -t 2 2rnz , at least 

we can conceive of a world in which all the predictions of the model are exact. 

If the notion of vector meson dominance is unambiguous in such a hypothetical 

world, then we can use the electric Born model as a “theoretical laboratory” to 

test some of the conjectures theorists have been making. 

In the electric Born model for photoproduction, we start with the minimal 

electromagnetic Lagrangian where the photon coupling is introduced via 

%-%rieA ’ 
and then just compute the lowest order graphs. If we are to 

I-L 
compute the analogous hadronic amplitude in the spirit of vector meson domi- 

nance, the underlying interaction Lagrangian must satisfy the p-photon analogy 
substitution rule: 

&( isovector) - f 
I-J 

po 
PI-J l 

This simply amounts to saying that, as far as the p meson interaction is con- 

cerned, we should start with the 1960 Lagrangian7 (or the 1954 Yang-Mills* 
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Lagrangian) in which the p was postulated to be coupled universally to the iso- 

spin, in much the same way as the isovector photon is coupled universally to the 

isovector charge. So the relevant part of the interaction Lagrangian is given by 

9 int . = ig nNN &5xN- r + f P . 
P-l-L 

i3-y &+~X8p~+ . . . 
lJ2 

+ e2&isovertor) 
( 

T3 
P 

i&j 
P 2 

-N- (~w$),+ . . . 
1 (5) 

If you are considering electroproduction (k2 > 0 space-like) 
-+ ep-+enn 

e-n + e-n-p 
!6) 

or lepton-pair production (k2 < 0 time-like 

T-p + em@-) + e+(p+) n (7) 

it is necessary to add a gauge invariant y-p interaction 

(8) 

which, however, vanishes at k2=0. It is now a familiar result (thanks to Kroll, 

Lee and Zumino’) that (5) and (8)) when taken together, lead to the famous -- 
current-field identity 

.(isovector) 
5 

= m2/f p” . 
( 1 PP P (9) 

Now everything is well defined. We just compute the photoproduction and 
analogous hadronic amplitudes in tree approximation, which is an euphemism 

for doing low order perturbation theory nowadays. In this manner the usual 
vector meson dominance relations 1,lO 

$ (Yisovector p -+ r+n) = (e/f,? (~~,~/li;yl)~ m Pll g(T-P--+ P’n) . . 

NY* isovector p+ T+n) = 
(pl-l’pll) n-p-, pan 

(W 

(lob) 

11-3 



can be subjected to “experimental tests” in our theoretical laboratory. In Fig. 1 

we show the results of our experiment, 11 which, by the way, is less costly than 

a typical SIAC experiment by about four orders of magnitude. Clearly the right 

and left sides of (lOa) and (lob) bear no resemblance whatsoever in the Donahue- 

Hogaasen frame. In contrast, in the helicity frame (lOa) and (lob) do become 

exast at high energies, s-m: >> rni. So if the real world is like the simple 

electric Born world, there is no ambiguity whatsoever as to which is the pre- 

ferred frame. Notice also that at low energies there is a substantial correction 

to the naive vector meson dominance relation [especially (lob)] even in the. heli- 

city frame. 
While my collaborator and I were carrying out tiis experiment in our thee- 

retical laboratory, we saw an interesting preprint by LeBellac and Plaut 12,13 

who also advocated the use of the helicity frame. They showed that if some of 

the invariant amplitudes defined by Ball’4 many years ago (B1, B3, B5, Bs) are 
independent of the vector meson mass, then the vector meson dominance rela- 

tions (lOa) and (lob) must hold exactly as s - oe, with t fixed provided we use the 

helicity frame but not any other frame. In their paper it is understood that the 

off-shell Ball amplitudes are mass-continued to relate (2) and (3) in the usual 

manner, i. e., 

B(isovector y) 
i (s,t) = (e/f,, Bi(S,t,k2)’ 

1 k2=0 
(11) 

.(p, mass shell) 
i = Bi(s, t, k2) 

k2=-m; 

In our electric Born model all the Ball amplitudes can readily be shown to be 

completely independent of k2 as s -+ 00 with t fixed; so our results are quite con- 

sistent with their findings. This, by the way, is not so trivial as it sounds; if 

the C GLNFNW15 amplitudes were used in place of the Ball amplitudes, the k2 

dependence would be strong even in the electric Born model. 16 I’ll come back 
to this point later. 

Before I present discussion based on the invariant amplitudes in some 

detail, it is necessary for me to make a little digression on what I call the con- 

served p source hypothesis. Everybody agrees that the electromagnetic inter- 

actions must satisfy the following two properties. First, the source of the 
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Maxwell field must be conserved. Second, the matrix element for a process in 
which a single photon is emitted or absorbed satisfies gauge invariance, i.e., if 

the amplitude is eFL&lp where E is the photon polarization vector, then 

Now in plain terms the vector meson dominance hypothesis says that the p meson 

is like the photon. It is then flatural to ask whether the special features of the 

photon interactions mentione: above are shared also by the p meson interactions. 

Most people have little trouble in understanding what is meant by a conserved 
p source within the context of Lagrangian models. The 1960 Lag-rang&n of 
Eq. (5) is considered to satisfy the conserved p source hypothesis because the 

pm and pRN coupling constants are related in a definite manner by the univer- 

sality relation7 

f(n+* 11 p”7r+):f(p~p3p):f(nwpon) - l:,:, (13) 

etc. In contrast a Lagrangian in which this universality relation does not hold is 

considered to be a bad Lagrangian which violates the conserved p source hypoth- 

esis. 

Much less transparent is the meaning of the gauge condition, or better the 
conservation equation (12)) when the vector meson is massive. To see this let 

us assume that (12) is not satisfied. We can, however, always add to A$ a 
term proportional to kp such that a new ?,&tp satisfies (12). Specifically let 

/J 
/k2 (14) 

Evidently 
k &tnew) = 0 . 

I-1 P (15) 

Now the physical amplitude with p meson helicity h is given by E (3 tit where 
k. $%O l7 (old) . It is therefore clear that J&Z 

/J 
and JH(~~~) lead & exattly the 

IJ 
same physical consequences. So the requirement (12) does not provide us with 
any physically observable consequence, at least for the on-shell S matrix. 

It is instructive to work out, for later purlxnses, the full implications of 

this observation using a simple but specific example. We consider 

Pow + P(P) + r+(r) + n(p’) (16) 
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in a hypothetical world where both the pion and nucleon are scalar, i. e., 0 -I- . 
The symbols in parentheses stand for the four-momenta of the respective par- 

titles. Because of energy momentum conservation there are only there inde- 

pendent four-vectors which we take to be k, q, and P defined by 

P = (p+P’)/2 (17) 

We can write 

A~=BP +3q +Bk 
1P 21.L 31.L (18) 

There is no E 
IJVh 

PVqAk term because of parity conservation. The conser- 

vation equation (12) leads to 

Bl(u-s)/4 + B2 -2 -mr+k2+t /2 + B3k2 = 0 (1% 

Notice that this equation merely fixes the amplitude B3, a purely off-shell ampli- 
tude which makes no contribution to the observable E(h) 

I-1 -MP’ 
In particular 

no relation is obtained between B1 and B2. 

This situation should be contrasted with the case where the p meson mass 
vanishes. If k2=0, the conservation equation becomes the usual gauge- 

invariant e relation 

B1(u-“)/4 -i- B2 (-mz+t)/Z = 0 , 

hence we do obtain a nontrivial restriction between B1 and B2. As a result, 
there is only one independent amplitude. In summary, the gauge condition or 

the conservation equation requires that B1 and B2 in the photon case be related 
by (20)) but the identically-looking conservation equation in the massive p case 

leads to no relation between B1 and B2 whatsoever. 18 

From a purely kinematical point of view this difference between the mp#O 
case and the mp=O case is not at all surprising. In the massless case the h=O 
(longitudinal) state must be absent, and, since the h-ltl (transverse) amplitudes 

are related to each other by parity, there should be only one independent ampli- 

tude. In fact, the gauge condition is nothing more than a kinematical constraint 
arising from the fact that the massless particle has only two helicity states. In 
contrast, in the massive case there is the A=0 state also, and it is not sur- 

prising that we have one more independent invariant amplitude. Yet our inability 
to obtain a nontrivial relation between B1 and B2 in the mp#O case is disturbing 
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to vector meson dominance enthusiasts who want to believe that p mesons must 

somehow behave like photons. 

When in doubt, it is often profitable to go back to our theoretical laboratory. 

We still consider the reaction (16) where the nucleon and pion are both O+ par- 

ticles, and compute the invariant amplitudes in Born approximation. We obtain 

apart from J2g*Nis,mr ’ 

B1-zr 1 -- 
u-m2 N 

where 

(21) 

(22) 

and our normalization convention for the p meson coupling constants is such that 

r-+1 

in the universality limit, i. e., as (13) becomes exact. The purely off-shell 
amplitude B3 is not given unambiguously by the usual Feynman rule, which is, 

of course, just for computing e A . 
P (u 

We take the point of view that B3 is to be 

determined by the conservation equation (19). We then obtain, as s -+ 00 with t 

finite, 

B3 = 1 - -$(1-r) - - 
t-m: 

(23) 

The most remarkable feature of these Born amplitudes is their k2 depen- 
dence. First, as far as Bl and B2 go, we have no difficulty since as s -) eo with 

t fixed, the k2 dependence implicitly contained in the kinematical constraint 

equation 
s+t+u = 2rni + m2 - k2 7T (24) 

becomes unimportant, and as a result both B1 and B2 become independent of k2. 

The k2 dependence of B3 is much more interesting. For arbitrary values of 

r=f 
pNN’fpnx’ 

the amplitude depends violently on k2. However, with the uni- 

versality relation r=l, B3 becomes completely independent of k2. Since the 

universality relation is a consequence of the requirement that the p couplings be 
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analogous to the photon couplings, it is suggestive to formulate vector meson 

dominance by postulating that the k2 dependence of the off-shell amplitudes be 

as smooth as possible. After all, if the dynamics of photon processes is to 

resemble that of p meson processes, the invariant amplitudes should better not 

depend too violently on the vector meson mass. 

At this point it is instructive to write down the equations that relate the in- 

variant amplitudes Bi and the helicity amplitudes fh where h stands for the p 

meson helicity . With s large and -t small, we have 

f. = Q (B~+B~) 

f(-) G f 
1 

-f -1= - , (25) 

f(+Lf +f 
1 -1 =O 

where, in writing down fo, we have eliminated B1 tising (19) in favor of B2 and 
B3. There are a few important points to be noted here. 

independent of k2, 

First, if B1 and B2 are 

then the transverse amplitudes are independent of k2 in the 

helicity frame. Now the rotation matrix that connects the helicity frame to some 

other frame necessarily mixes fhl and fo, the latter being strongly dependent 

on the p meson mass. It therefore follows that the naive vector meson dominance 

relation (1) must be tested in the helicity frame. 

As k2+ 0, i.e., as the p meson mass is switched off, the A=0 (longitudinal) 

amplitude goes smoothly to zero provided that the invariant amplitudes including 

B3 are smoothly varying as k2,+ 0. Notice, however, that this nice property of 

the longitudinal amplitude is not automatically satisfied in an arbitrary model. 

We merely recall that when the underlying Lagrangian violates the conserved p 

source hypothesis, B3 has a pole at k2=0 see Eq. (23) ; in such a case the longi- 

tudinal amplitude not only remains nonvanishing but actually becomes singular 

as k2+ 0. Thus, when Born amplitudes are cemputed with a Lagrangian vio- 

lating the conserved p source hypothesis, the k2 + 0 transition to the massless 

case is far from smooth. 19 

So far we have been working with the invariant amplitudes defined by (18). 

Our choice of invariant amplitudes is analogous to Ball’s choice for photopro- 

duction amplitudes with the realistic spins. The characteristic feature of this 

set is that the three amplitudes are not independent of each other but are related 

by the conservation equation (19). There is another set of invariant amplitudes 
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analogous to the set chosen by Chew, Goldberger, Low and Nambu 15 for single- 

pion photoproduction (with the realistic spin) and by Fubini, Nambu and Wataghin 15 

for single-pion photoproduction: 

““$ =A1 -qJP.k) 1 [ + A2 k2qP-(q*k)k, 1 
Here the quantities in the brackets already satisfy the conservation equation. 

Because there is no redurdant amplitude, it may appear superior to use the 

CGLNFNW-like set rather than the Ball-like set in applications of vector meson 

dominant e . However, the amplitudes in the CGLNFNW-like set can be seen to 

be far from smooth in k2 even in the ultrasimple Born model. We simply note 

that the two sets are related by - 

B1 2B1 
A1 =fi=t_-mxk=- - 

7r 

B3 2B3 
A2 = fi = t-m2-k2 

7T 

(27) 

Obviously A1 and A2 cannot be smooth when B1 and B3 are, as in the Born model 

with universality. 

at k2 = t-m:, 

Put in another way, A1 and A2 have kinematical singularities 

and it therefore is not appropriate to apply the smoothness hypothesis 

to them. 

Before we leave the hypothetical world of scalar pions and scalar nucleons, 

let us note one more very important point. In the Born model with universality, 

all three invariant amplitudes, B1 2 3, are completely independent of k2 as s--, Q) 

with t fixed. Suppose this is true &,ite generally. Then the conservation equation 

(19) actually becomes two separate equations 

B2 (-mz+t) - sB1 = 0 
(28) 

B2 + 2B3 = 0 

where we have assumed that s is very large. This means that even in the mas- 
sive p case, there is only one independent amplitude. As a result, we can relate 

the longitudinal (h=O) to the transverse amplitudes (A=*l) as follows: 

f. = - (mp/2 JYt) f(-) (s+oo, fixedt) (29) 

11-10 



In other words, the independence of k2 hypothesis for all three Ball-type ampli- 

tudes leads to a completely nontrivial result: The longitudinal amplitude can be 

computed once the transverse amplitudes are given. 
20 

Let us now return to the real world where the nucleon and pion are l/2+ and 

O-, respectively. Everything we have done in the hypothetical world can be 

carried out with the realistic spins. The only difference is that there are more 

amplitudes to worry abo:t. We have altogether eight invariant amplitudes defined 

by Ball, 14 which are free of kinematical singularities, and two conservation 

constraints analogous to (19). As a result, the number of independent amplitudes 

is six; this agrees with the counting method based on helicity amplitudes 

(2~~+1)(2s~+l)~/L = 6 

where the factor l/2 is due to parity conservation. 

The transverse helicity amplitules can be expressed in terms of B1, B3, B5, 

and B8 in Ball’s notation, and if all four turn out to be intiependent of k2, the 

usual vector meson dominance relations (lOa) and (lob) hold in the helicity frame 

at high s with fixed t but not in any other frame. This is essentially the results 

of LeBellac and Plaut. 12 

So far everything is straightforward. Let us now assume that not only 

B1 3 5 8 but also the remaining Ball amplitudes are independent of k2, which 

cad be khown to be the case in the electric Born model. The two conservation 

equations then yield four relations, just as we obtained two relations [cf. (ZS)] 

from the single conservation equation (19). As a result, there are 8-4=4 inde- 
pendent amplitudes, the same number of invariant amplitudes as in the photo- 

production case. This means that we can predict the longitudinal amplitudes 

once the transverse amplitudes are given 20 : 

f +;o+ = ( mpi2 fi ) f+.1+ - $;-I+ 

Lo+ = - (mp/Jq Ll+ 
(31) 

where the subscripts are defined by f hh;hp, ?‘N 
for the reaction inverse to (2). 

How are we going to test our predictions? We first look at the “old” pre- 
WI dictions according to which pll do/dt for the hadronic reaction (2) is compared 

to the average of the cross sections for w ---) r+p and yn + r-p (Ref. 21) multiplied 

by (fp/e)2 where e2/4?r = l/137 and fE/4n N 2 from the Orsay Storage Ring results. 
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This is shown in the lower part of Fig. 2 where the experimental points are ob- 

tained from the high statistics 15 GeV/c wire-spark-chamber experiment of the 

SLAC Diboson Spectrometer Group 22 here. The smooth curve which lies some- 

what above the experimental points representing 2 s-m 22 WI 
( ) p Pll dc/dt is a 

Jackson-Quigg 23 type fit to the photoproduction cross section which will be men- 

tioned later. Both the shape and absolute magnitude are in fair agreement with 

vector meson dominance, especially if we consider the fact that the quoted 
(H) experimental values for pll du/dt are somewhat sensitive to the manner in 

which the s-wave pion-pair contribution is subtracted out. In particular note 
that the observed pll (Il)dcr/dt does exhibit a dramatic peak analogous to the fa- 

mous photoproduction peak. 24 This shows thr-t no m;rtter what your favorite 

explanation for the photoproduction peak may be based on - the electric Born 

model, pure Regge poles with conspiracy, Regge poles with absorptive cuts, or 

Veneziano-type models - the same dynamical mechanism is also at work in the 

analogous hadronic reaction. 

Even more striking is our prediction on do/dt itself which, as you can see 

from Fig. 2, is due predominantly to the longitudinal (h =O) contribution. The 

curve which almost goes through the data points for 
p22 

( ) 
s-m 

P 
du/dt was obtained 

as follows: 

(i) Start with the helicity amplitudes for photoproduction obtained 
using the method of Jackson and Quigg, 23 which takes into 

account the finite-energy-sum-rule integrals evaluated by Fox. 25 

Modify them slightly so that we obtain a reasonable fit to the high 

energy photoproduction data. (For details see Cho’s thesis. 26) 

(ii) Use vector meson dominance to get the transverse (hp=tl) ampli- 

tudes for the hadronic reaction (2). 

(iii) Use Eq. (31) to obtain the longitudinal (hp=O) amplitudes. 

Notice that once photoproduction fits are made, there is no adjustable parameter 

in the model. It is in this manner that we predicted the curve for do/dt (total, 
including the longitudinal contribution) shown in Fig. 2. Considering the crude- 

ness of the model, the data points appear to be in remarkable agreement with 

out theoretical curve. So starting with the purely transverse photoproduction 

amplitudes, we have successfully predicted dg/dt for r-p -+ p’n, which, as is 

evident from Fig. 2, is made up mostly of the longitudinal contribution. 
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- 
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FIG. 2--The hadronic cross sections for z-p ---, p’n. The data points 
obtained by the SLAC Diboson Spectrometer Group (Ref. 22) 
represent (s-m$2 Zp\y) du/dt and (s-ma2 dc/dt. The theo- 
retical curves are our no-adjustable-parameter predictions 
described in the main text. 

11-13 



We can also predict the density matrix, as shown in Fig. 3 where the data 

points in the Jackson frame are taken from a CEHN-Munich collaboration exper- 

iment2 7 of a few years ago. (This incidentally is a poor statistics experiment 

by present-day standards .) Our predictions, which contain no adjustable param- 

eter, appear to be at least as good as the predictions of OPEA (one-pion exchange 

with absorption) with two adjustable parameters. 28 

[Note added: The dLy after this talk was given the density matrix from the 

high statistics experiment of the SLAC-Diboson Spectrometer Group 22 became 

available to me. The observed helicity frame density matrix elements ars 

compared to our predictions in Fig. 4. Even though the degree of agreement is 

not perfect, it is, in my opinion, as gaad as we have a right to expect. (W’e 

should not be too greedy!) Finally, in Fig. 5 we test the polarization relation 

(lob) in the helicity frame; the curve is again based on Cho’s photoproduction 

amplitudes. 26 The predicted sharp peak in pl-l/pll at -t N rnz is nicely re- 

produced by the experimental data. The fact that p1 l is everywhere positive 

indicates the dominance of natural-parity (t-channel) exchange 29 in transverse 

p production, just as in photoproduction. At large -t, there is some discrepancy, 
which, however, appears to be much less serious than in the earlier bubble 

chamber data 30 at lower energies.] 

Having stated our main results, let me briefly mention a few remaining 

problems. Since the notion of off-shell amplitudes plays a central role in our 

formulation of vector meson dominance, we may naturally ask whether we can 

follow the k2 dependence of the invariant amplitudes Bi. It is important to 
realize that in a theory with the current field identity the off-shell amplitudes 

are in principle measurable at every value of k2, 
and k2= -mF (the analogous p meson reaction). 

not just at k2=0 (photoproduction) 
The fundamental relation is 

B(e.m. isov.) 
i (s, t, k2) = (e/fp) (mf/m: k2) Bi(s, t, k2) (32) 

where the left-hand side can be studied in the lepton pair production process (7) 
for k2 < 0 (time-like) and in single-pion electroproduction (6) for k2 > 0 (space- 

like). In Cho’s thesis 26 predictions for the electroproduction process are 

discussed in some detail. Unfortunately the model is supposed to be applicable 

only for 31 

s-m: ,rni + k2 . (33) 
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and the available data from CEA (Pipkin’s group 32 ) do not cover this region. 

Even so, the manner in which the longitudinal contribution grows with k2 in the 

CEA data seems to be in qualitative agreement with Cho’s predictions. 
From a more theoretical point of view there is still plenty of work to be 

done. In particular we should examine the k2 dependence of the invariant ampli- 

tudes in various model calculations. As already pointed out by LeBellac and 

Plautlz and discussed fmthzr ‘n Cho’s thesis, 26 in single-particle exchange 

models (elementary or Reggeized), some of the Ball amplitudes do depend on k2; 

this is true particularly when high spin objects are exchanged. It is not known, 

however, whether this disease could be cured by considering many single-particle 

exchange amplitudes simultaneously. In this connection the k2 dependence p,f 

Veneziano-type amplitudes 33 may be worth studying. 

Another general problem concerns the choice of invariant amplitudes. We 

all agree that the invariant amplitudes to which we apply the smoothness hypoth- 

esis should be free of kinematical zeros and kinematical singularities. In 

practice, if our investigations on the reactions (2) and (3) teach us anything, it 

appears that we should choose a set of amplitudes in such a way that the smooth- 

ness hypothesis applied to them automatically leads to smooth fh =-+1 and smooth 
fh =,/@ at high energies. and 

fhpZO/@ * j t h t 

It is amusing that the smoothnessPof fh =rtl 
is us w a we expect when we dominate the space compogents of 

thg current matrix element by the p meson propagator. 34 

In conclusion, let me summarize the main points. The starting point of 

vector meson dominance should not be Eq. (1). Rather we should take the point 

of view that Eq. (1) is derivable at high s in the helicity frame from the require- 

ment that the kinematical-singularity-free invariant amplitudes vary little with 

k2. And this smoothness hypothesis, in turn, can be justified in some simple- 

minded models such as the electric Born model with a conserved p source. Our 

guiding philosophy is that the smoothness hypothesis abstracted from simple 

models actually holds in the real world. In this sense it may be likened to the 

attitude of Gell-Mann who boldly asserted that the commutation relations among 

electromagnetic and weak currents in the real world are identical to those in 

the ultrasimple free-quark-field model even though the real world is probably 

not made up of quarks. 

From a practical point of view our approach selects the helicity frame as 

the only preferred frame as s-+ Q) with t finite. Furthermore, the independence 
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of k2 hypothesis for the Ball amplitudes leads to completely nontrivial relations 

between the longitudinal and transverse amplitudes, and comparisons with the 

recent high statistics data appear encouraging. 

About a year and a half ago one of the review speakers 
35 in an international 

conference summarized the status of vector meson dominance in single-pion 

photoproduction by the foilowing remarks. 

“Although it was ori@all~ found to work well for single-pion photo- 

production, more recent data from experiments using polarized 

photon beams indicate that there are serious discrepancies. Theo- 

retical attempts to explain these discrepancies have largely destroyed 

the original simplicity of the mod& . . it appears that the simple 

model will never recover from the theoretical attacks made while 

trying to explain the apparent discrepancy. ” 

Well, it appears that the simple model has recovered together with additional 

nontrivial results. 
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PHYSICS WITH THE 12’ BUBBLE CHAMBER* 

M. Derrick 

Argonne National Laboratory 
Argonne, Illinois USA 

In this talk I would like to give the present status and future plans for doing 

physics with the 12’ hydrogen .nubble chamber. The situation is rapidly changing 

as we get more experience, s3 the present account is very much a transient 
. 

snapshot. The chamber was described last summer by Tom Fields’ in a paper 

he gave at the Dubna Conference on Instrumentation for High Energy Physics. 

Since the basic parameters are covered there, I have copied the next three rec- 
tions from Fields’ paper. 

T earn 
I shall begin with the names of the people who have been responsible for this 

project. The entire team is led by E. Gale Pewitt, and consists of about 15 

Argonne staff members and perhaps 30 Argonne support personnel, plus outside 

consultants and, of course, construction and industrial workers. Some of the 

key Argonne staff personnel were A. Tamosaitis, J. Purcell, J. Simpson, 

S. Stoy, D. Hillis, L. Genens, M. Bougon, H. Myers, R. Marema, 0. Testard, 

R. Pubentz, J. Sheppard, K. Martin, and D. VanGundy. The project has also 
received valuable help from M. Derrick, L. Hyman, W. Welford, 

P. VanderArend, P. Marston, C. Laverick, and J. Fetkovich. 

Now that the construction phase of the project is completed, about half of 

the original team is involved in the chamber shakedown phase. The operations 

crew which is carrying the responsibility for bringing the chamber into smooth 

operation numbers about 35 people, including staff members. 

Design Features 

Let me now turn to the design features of the chamber system. Decisions 

concerning these features were made in 1965 and 1966, and therefore reflect the 
main questions on large chamber design as they appeared at that time. 

Figure 1 is a cross-sectional drawing of the chamber on which the principal 

systems can be seen. The chamber itself is a stainless steel vessel of 27,000 

liters volume. Its wall thickness in most parts is 7.5 cm, with a thin (6 mm) 

* 
Work supported by the U. S. Atomic Energy Commission. 
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beam window running around the entire mid-plane. The axial loads on the cham- 

ber wall are carried across the thin section by means of strengthening ribs on 

both the outside and the inside of the vessel. Figure 2 shows the chamber vessel 
ready for installation. Convection within the chamber is effected by the cooling 

coils (heat exchangers), as well as by the shroud which is located near the cham- 

ber walls. The visible interior of the chamber is covered with Scotchlite 

No. 1024 which is glued with epoxy to the 1.5 mm fiberglass shroud. 

Illumination and photograpny of the chamber are achieved through four optical 

cartridges at the top of the chamber. Figure 3 shows part of an optical cartridge, 

with its three concentric “fisheye” windows. The cameras are located on corners 
of a 1.5 m square. There is a fifth optical cartridge centered at the top of the 

chamber for direct periscope viewing and Land photography of the chamber 

interior. 

The low temperature part of the expansion mechanism consists of a move- 

able piston of 3 m diameter, which forms the floor of the cnamber and is sealed 

to the main chamber body vessel by means of a stainless steel omega bellows of 

toroidal shape. The piston is actuated by means of a hydraulic system which is 

mounted below the chamber. 

The remaining basic component of the bubble chamber system is the magnet. 

This consists of stabilized superconducting coils (niobium-titanium) mounted in 

a liquid helium cryostat and surrounded by an iron yoke. The particular design 

of this magnet was decisively influenced by the possibility that large supercon- 

ducting coils might be unworkable, in which case this same magnet yoke could be 

operated with room temperature copper coils. In addition, a very convenient 

freedom from stray magnetic fields is achieved by the use of the iron yoke. The 

mass of iron also serves another purpose which is useful for a large mechani- 

cally pulsed system, and that is to provide a more or less inertial system to 
which the other parts can be attached. 

Of course a very large number of auxiliary devices such as refrigerators, 

power supplies, instrumentation, storage dewars, etc., are required to make 

such a system complete. These however are usually fairly conventional in their 

design, and most are available through standard industrial sources. The key 

features needed in this auxiliary equipment are reliability, safety, and economy. 

12-3 



1972A48 

FIG. 2--Chamber vessel ready for installation. 
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Thermodynamic Considerations 

Returning to the design criteria for the bubble chamber itself, the thermo- 

dynamic performance of the chamber was considered to be crucial. A primary 

aim was to minimize optical turbulence within the chamber. It was therefore 

decided to exert considerable care to minimize the amount of the parasitic boiling 

within the chamber during the expansion pulse. This was a primary motivation 

for using the bellows as the seal, rather than a piston with a sliding seal. (An 

additional advantage of the bellows is its freedom from mechanical erosion, thus 

eliminating one potential source of unwanted dirt particles within the chamber.) 

Other ways in which parasitic boiling was minimized included the use of low 

boiling valve designs, avoiding sharp corners and cavities, welding all flanges 

to eliminate all bolts within the chamber, etc. These features were develcped 
and checked in a series of tests using a &foot diameter model chamber. 

Aspect Ratio 

In choosing the volume and aspect ratio of the chamber, the main physics 

criterion was the size of the v beam which is typically a few meters. In addition 

with a depth in the beam direction of 3 m, about one neutrino interaction per lo3 

pictures could be expected for a cross section of 10 -38 cm2 and a flux of 10 lo v’s . 

Such a flux comes from - 10 12 protons hitting a target. Another important 
parameter is the density of liquid hydrogen -- 0.06 tons m -1 or 16 m3/ton. These 
factors together with considerations coming from the velocity of sound (1 m 
msec-l) and the use of wide angle lenses led to the design shown in Fig. 1. 

Another most important consideration was the desire to see all the chamber 
volume by all the cameras which helps minimize the scanning and data reduction 

problems. 

For hadron physics the fractional momentum error on tracks is an important 

parameter. It is given by2 

0 

( 1 LQy - 2.66 + 1.44 : 
P H2Q 

1o-4 p2 E2 

H215 

H = kg 
p = MeV/c 
E = microns in space 
I =cms 

The quantity E is the space reconstruction accuracy and increases approximately 

proportionally to chamber size (E - f). Therefore for a large chamber one can 
gain in measuring accuracy as - IQ. 3/2 . In practice the scattering term domin- 

ates the momentum precision for low energy long tracks. For E =250 p (500 p) 
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the scattering dominates below w 20 GeV (10 GeV) . 
l/2 

In that case one gains in 

accuracy over smaller chambers as He . One concludes that for physics at 
10 GeV or less, which is the ZGS energy region, the 12’ chamber will have 

better momentum accuracy than the 2 m sized chambers now in use. So the 
design of Fig. 1 is also good for hadron physics. 

This can be seen rather clearly in Fig. 4 which is a specific example taken 

from the 1968 NAL summer study. 2 For the track lengths assumed and energies 
< 12 GeV, scattering dominabes and the 12’ chamber is better than the smaller 

chambers by the square root of the ratio of the track lengths involved. For a 
1 m interaction region this will be a factor of w 1.7. For the same relative mo- 
mentum accuracy the 12’ chamber will have three times the counting rate o:?‘ the 

2 m chamber. 

Trapping 
Another advantage of the circular shape is that iow momentum particles 

will be trapped. For a particle starting out horizontally at the center of trapping 

momentum is N 540 MeV/c and can be up to twice this for a most favorable case 

of a particle starting near the wall. For example we have observed one event of 

the reaction v p 4 p-p”+ in which all three final state particles come to rest in 

the hydrogen and the two mesons decay. 

Secondary Interactions 

Since in bubble chamber hydrogen 1 b = 1 ft, a typical mean free path for a 

high energy particle is 30 ft which is comparable to the size of the chamber. In 

some cases, such as low energy particles or antinucleons, the mean free path 

can be much smaller. The conversion length for high energy y rays in liquid 
hydrogen is 43 ft. Considering that each no gives two y rays in decay, the 

probability of one of these converting is a useful fraction (- 35% for a potential 

flight path of 8 ft) similar to the K” detection probability in existing chambers. 

Figure 5 shows a two-prong pp interaction with 3 electron pairs pointing at the 

vortex. 

The secondary interactions results in two advantages: 

1. Qualitative information is obtained on the nature of the particle or 

interaction, e.g. , if an associated electron pair or neutron star is visible 

then the event clearly is not one vertex 4c. This can be used in selecting the 

type of events one wants to measure. 
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FIG. 4--Total momentum error (Ap/p) in percent for three different 
bubble chambers as calculated from equation given in the text. 
The parameters assumed are: ANL 30” 50 cm track 32 kg, 
BNL 80” 100 cm track 20 kg, ANL 12’ 300 cm track 20 kg. 
The setting error (E) values assumed are shown on the figure. 
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5--Two-prong pp interaction at 12 GeV/c with three y rays converting to electron pairs. 
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2. By measuring the directions and, in the case of electron 

pairs, energies of the neutral particles, extra constraints 

are available that will reduce fitting ambiguities. 

A hydrogen chamber of this size is partaking of some of the properties of a 

heavy liquid chamber whilst still keeping the pure primary target. 

Setting Accuracies - 
As we have discussed, the momentum accuracy for normal long tracks does 

not depend very much on the accuracy of space reconstruction. Even so E is 

important and we are currently trying to understand the factors that control it. 

Short tracks such as provided by charged hyperon decays or particles that give 
a secondary interaction will have a momentum accuracy limited by E . It also 

enters directly into the angle errors of neutr~~paZ%icles. 

The optical constants of the chamber are determined by a straightforward 

but complex procedure. 3 Each camera lens is carefully mappi;d in a special 

distortion fixture so that from points on the film one can get the direction co- 

sines of the corresponding light ray in space. In the bubble chamber the ray 

must be tracked through the three hemispheral windows that surround each 

camera as seen in Fig. 3. To do this exactly requires a previous measurement 

of the optical properties of each window plus an accurate knowledge of their posi- 

tions when the photograph was taken. 

As we all know from experience with smaller chambers, it takes some time 

to converge on a final satisfactory solution. From the first pictures in the 12' 

chamber we can reconstruct the fiducials in space to a.n accuracy of 200 p in the 

beam plane. When some obvious difficulties are taken care of we expect to 

reduce this figure to 100 p. The first physics pictures of 12 GeV/c protons 
were taken using only 3 of the possible 4 views, and various problems connected 

with film motion in the cameras were encountered. 

With the preliminary optical constants we have measured and reconstructed 

some 12 GeV/c proton tracks going across the whole chamber, and so of 3.7 m 
length. The tracks are reconstructed using a modified TVGP. 4 The FRMS is 

shown in Fig. 6a and peaks at 12.5 ~1 corresponding to an E of 750 p in space. 

Figure 6b shows the same distribution for a selection of beam tracks that give 

interactions, and so are roughly of half the length of those in a. The FRMS 

now peaks at 8-9 p corresponding to 500 ~1 in space. These two distributions 
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FIG. 6--Film RMS error of measured points as given by geometry program for 
(a) full length beam tracks, (b) beam tracks of interactions and (c) cor- 
responding points. 
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show that there is some long-range systematic problem, which is not unexpected. 

Also shown in Fig. 6c is the distribution for event vertices and end points. The 

distribution is broader probably because vertices are more difficult to measure 

than tracks. 

These results are all very preliminary and a few more months of work are 

needed to obtain a fuller understanding of the systematic problems. 

Events can still be reconstpuctej and fitted, however, and Fig. 7 shows the 

t distribution of pp scattering at 12 GeV/c based on 139 events that give a 4c fit. 

The more interesting physics of course is in the lc events giving final states 

like ppr” and pnn+, especially because of the y ray conversion, and neutron 

interactions will help separate a clean sample Re,;ults are not yet available for 

the lower constraint classes. 

- Experimental Program 
I will conclude by briefly discussing the experimental prog’am that is 

presently foreseen for the chamber and use the different experiments as illus- 

trations of the use of the special properties of this device. 

The chamber was built to do neutrino physics5 and the large volume chosen 
for that reason. We are still working on the first short v exposure and have so 

far collected 12 events of the reaction vp -+ p-p~+. With a long run in deuterium 
we hope to accumulate about 1000 examples of the reaction v n + p-p as well as 

several hundred single pion production events. 

The other weak interaction experiment approved is a study of KL decays6 

in which the trapping property is used to identify the different decay modes of 

the K” meson. A 1 GeV/c n- beam will be built in the decay space now used 

for the v experiment. K”‘s (600 MeV/c f = 90 MeV/c) made by associated 

production will decay in the chamber. About 1 decay per picture can be obtained 

and so 300 K pictures will lead to 200 K leptonic decays. Essentially all the 

particles can be identified by a combination of trapping, energy loss and inter- 

actions, leading to a very clean separation between the different decay modes. 
The parameter 4 = f-/f+ can be measured by three methods simultaneously 

1. Ke3/K ratio 
P3 

2. Dalitz plot distribution 
3. muon polarization 

and will give an uncertainty on .$ of * 0.03. 
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FIG. ‘I--Angular distribution of pp elastic scattering at 12 GeV/c as measured 
from 130 4c events in the 12’ chamber. The loss at small t comes from 
the usual scanning bias. 
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