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ABSTRACT 
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The elucidation of processes involving the production of many mesons is an 

inescapable requirement of any theory of relativistic quantum physics. Field 

theory can provide the conceptual framework for such an understanding, and has 

recently served as the basis of some rather interesting speculations 1,2,3,4 con- 

cerning the high energy behavior of production processes. However, the questions 

remain: which field theory, and how to use it. 

The present work is an attempt to extend to the high energy domain the phe- 

nomenological philosophy represented by the low-energy theorems of electro- 

dynamics5 and the effective Lagrangians based on chiral invariance. 6 These 

developments have demonstrated how one can “clothe1 an arbitrary hadronic 

process with soft pions or photons without opening the black box. Since the four- 

momentum of a real 7r meson is not zero, it can, at high energies be nonsoft with 

respect to several of the external lines. We would like to test the following rule 

to calculate with effective Lagrangians at high energies: vertices at which mesons 

are produced are inserted on only those lines where the legs can be close to their 

mass shells. More precisely, the meson of four-momentum k is to be attached 

only to external lines whose momenta p satisfy k. p s 0( 1 GeV2).7 The effective 

Lagrangian is presumably totally damped for large relative momenta. 8 Because 

of the low mass of the T-meson, this does not place much of an absolute cutoff on 

meson momenta. For example, a pion with momentum 280 MeV/c in the c. m. 

traveling parallel to a nucleon with 10 GeV/c in the c. m. (corresponding to a col- 

lision at 200 MeV/c in the lab) will have a k . p = 0.35 GeV’ with respect to this 

nucleon. If it were perpendicular, then k. p = 2.8 GeV’, and it could presumably 

be cut off. 

Our immediate aim is to try to assess the relevance of the above reasoning to 

the real world. In this I have been fortunate to have had brought to my attention’ 

an experiment done in 1967 by H. L. Anderson et al. 10 In it was measured a -- 
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differential cross section in pp collisions at 12.3 GeV/c for the production of 

single W’S and rofs which are slow both in the laboratory and, to a certain extent, 

with respect to the recoil (slow) proton. Hence there exists experimental data on 

which to anchor any theory. We refer the reader to Ref. 10 for the experimental 

details. For our present purposes it is sufficient to state that what is measured 

for the case of single meson production is d2cr/dflcdfid= 
s 

Adpd(d30/dficdCLddpd) 

where dflc and dQd are the solid angle acceptances for the two outgoing protons 

and A is the momentum acceptance for the slow proton d (see Fig. 1). With fIc and 

od fixed in the lab at 5’ and 35’, respectively (the events are coplanar), and with 

the acceptance on pd in the range 1.2 GeV/c < pdl 2.8 GeV/c, the cross sections 

measured were 
2 

daEdLd (pp-pp~‘) N 150 pb/ster’ 

(2) 

Since the kinematics reveals that the mesons are slow in the laboratory, and 

proton d is also quite slow in the laboratory, we use our ansatz to keep only the 

graphs in Fig. 1. For w mesons we use a vertex gw@‘, where E is the polarization 

vector of the u;” for the 1~‘, we use the chiral vertex (G/ZM) ygk, l2 where k is 

the r” momentum. The elastic pp Feynman amplitude can be written as 13 

FAhAh = IfI c d’ a b i=l 
Fi(;;^ (Pc)~i ‘A 

C 

(pa)) ( %a(pdjTi tb (pb)) 
a 

(3) 

where ri = 1, y5, p, 5 p, Y Y Y (qmJ& with corresponding invariant amplitudes 

FS, Fp> FV> FA’ FT. Hence, with the above vertices, the Feynman amplitudes for 

the graphs in Fig. 1 may be written as 

~~= Al Fi(U, (Pc)~ I,) 

~+$-$yl(dd+~+~~i “h;“b’ 

[. 

~d@,&$,+t~\;Pb) 

C 2k. pdip2 2k.pb-p2 
I 

(4) 
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where LZ= g,Q or (G/2M)y5~, p is the meson mass, and M is the proton mass. 

Using the expansion p + M = 2M C %(p) 5(p), we obtain ,&= d&Lo +-%‘Ll, where 
h 

(Pc)ri uh (Pa) 
C a 

(5) 

J$ contains terms of (O(p2/2k. p)) and the contribution of the k term in the 

propagator. 

A consideration ofAl is delayed to the Summary. In contributes negligibly 

to 7r” emission, not so negligibly to w emission. 

We rewrite &lo in the factorized form 

(6) 

The reason for the bar over the F’s is that they are not exactly the elastic ampli- 

tudes . This is due to the fact that pa -I- pb # p, + pd, and hence sab# scd, 

tat ’ tbd’ The proton legs, however, are on shell in this approximation. We now 

launch into a series of approximations made necessary by a) the fact that k f 0 

and b) our ignorance of the full pp amplitude. 

1) We approximate ? by the elastic amplitude F at t = 1/2(tac + tbd), 

s= s ab’ We do this because it gives the reasonable answers for both o 

and 7r”. It is consistent with our philosophy of trying to find relevant rules 

for such calculations but, although plausible, has very little basis in theory. 

Clearly, this approximation is truly believable only if tat is not too dif- 

ferent from tbd, and if the elastic amplitudes do not vary too rapidly with t. 

For the experiments under consideration in the region of low meson momenta, 
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t aF- 1 (GeV/c)2, -2.8 (GeV/c)’ < tbd < -1 (GeV/c)‘. At this energy and in this 

region oft, 1.0 <I;) i 1.9, the cross section may be interpolated from the data 14 

in the parametric form (da/dt)el N 110 e” 63tpb/GeV2, so that the variation in 

amplitude is far slower than in the diffraction peak, but is still considerable. We 

have no idea why ‘s = sab works consistently better than s = 1/2(sab + scd). In the 

kinematic region under consideration, the latter choice would correspond to a lab 

energy of = 9.5 GeV/c. 

2) Consistent with the discussion in the introductory paragraphs, and with 

the omission of graphs with insertions on protons a and c, we do not, in calculating 

d20/dficdRd, integrate over values of pd giving large values of k . pd or k. pb. 

Our (arbitrary) rule is to cut off all contributions where the kinetic energy of the 

meson in the proton rest frames is greater than 1 GeV. This is equivalent to 

k. Pd’ k * pb < 1.0 for the TO, < 1.8 for the w , and roughly cuts off contributions 

from pd 1 2.3 or 2.4 GeV/c. In terms of this covariant cutoff, the graphs with 

insertions on protons a and c are omitted because k.pa > kpc > 2.0 (3.0) ~~ 

for ‘lrO(w) production. 

3) We assume that the two independent nonflip elastic amplitudes (ha=hc, 

hb= Ad) are approximately equal, and dominate all the flip ones in the kinematic 
15 

region of interest. This has been conjectured by Gilman et al., and finds some -- 

experimental support in the small magnitude of the pp polarization data at I2 GeV/c 

and I tl N 1 (GeV/c) 
2 16 

. 

With these assumptions, we arrive at our working formula 

c/ZZ 0 ‘v F 1 1 1 1 67) R(hb, ‘d’ Pb’ Pd’ k) 
_- .-- 

-22’22 

and 

where 

(7) 
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Finally, 

d30- 

d%d’ddPd 
= 5 6 $$pc $((Pa+Pb- PC - PdJ2 -p”) ; s&sld”~12 1 

(2 70 
(9) 

Single r” Emission 

With 2 = (G/2M)y5k, G2/47f = 14.6, we can perform all the necessary opera- 

tions to obtain d3c/dfIcdaddpd (Eq. 9). Integrating over the range of pd consistent 

with Assumption (2) we obtain 

M 140 pb/ster’ (10) 

in very good agreement with the experimental value (1). 

Single w Emission 

Since I, yp t(P) = cpc”/W SAA,, the matrix element R for Y= g,8 is the 

well known bremsstrahlung form5 

We take gz/4n 5 5.0. 
17 Proceeding as with the 7r” case, we obtain 

NN 250 pb/ster’ (12) 

The value (11) consists roughly of 130 pb/ster2 for transverse w’s, 120 pb/ster’ 

for longitudinal. If for some reason the Lagrangian is valid for transverse U’S 

alone (making for a closer analogy to QED), the agreement with experiment is 

much better. 

We now proceed to comment on our results. 

REMARKS: 

1) The aim has been to find a reasonable procedure to do a “zero” parameter 

soft meson calculation. We feel that we have succeeded, especially with the r”; the 
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rules are essentially to keep only those insertions which have small meson mo- 

mentum relative to the emitting line, and to average the elastic “black box” in a 

“factorizable” way, i. e. , evaluate at t =t= + (tac+tbd)- 

2) In this formulation the TO’S coming from resonances are negligible, since 

resonance production in the black box is about 5% of the elastic scattering. 

3) =Hl can be estimated; it is about a 10% correction in the 7r” calculation, 

less than 40% in the case of the w. 

4) It would be of interest to know if the w’s are predominantly transverse. 

In any case, both the experimental and theoretical indications are that multi-w 

production is an important process at high energies. 

5) In the case of single r emission, further tests of the model are possible: 

(a) In an identical experiment, but with a neutron (somehow) detected as particle 

d, isospin invariance and the model predict (d20/dslcdfid) 
7i 

+ = 2 x (d20//dRcdCld) 
7r 

o. 

(This also involves neglect of n-p charge exchange scattering. ) 

(b) A numerical evaluation of /RI2 (Eq. 8) for the case of the no reveals that 

there is a sharp dip in d’o/dQcdClddpd at pd N 1.6 GeV/c. If the experiment were 

set up again, this could be observed, since the lack of background in the case of 

the 71’ makes this triply differential cross section measurable. 

6) An example of double counting within the context of the effective Lagrangian 

philosophy would be to add a contribution from the Deck graph (1~). This is outside 

the scheme since it opens the”black box. ” It may in fact be the dominant dynamical 

contribution, equivalent to the phenomenological one embodied in the effective 

Lagrangian approach. 

7) The calculation of mult;.pion emission with chiral Lagrangians is very 

difficult18 due to multipion vertices. We find the results of the present study 

encouraging to further efforts in that direction but using the rules for insertion 
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stated in Assumption (2). We hope to present some work in this direction in the 

not too distant future. 

Most of this work was done while the author was a summer visitor at SLAC. 

He would like to thank Professor S. D. Drell and members of SLAC for their 

hospitality and interest. Summer support by the NSF and AEC are gratefully 

acknowledged. 
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FIGURE CAPTION 

1. (a) and (b) Graphs contributing to single meson production. In the experiment 

protons a (fast) and d (slow) are detected at fixed angles. (c) ADeck graph. 

(See Remark No. 6 in text. ) 
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