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I. INTRODUCTION 

Experimental studies of &p, pp, and cp elastic processes over the last 

couple years have revealed the presence of dramatic structure in the scattering 

angular distributions at high energy. In particular these elastic differential cross 

sections show the following distinctive CharacteristicsI: 

ANGULAR REGION CROSS SECTION FEATURES 

BACKWARD smooth 

SCATTERING dip at u N -0.15 (BeV/c) 2 

FORWARD 

SCATTERING 
g @P) 

dips at t N -0.8 and 

t ~2 -2.7(BeV/c) 2 

nearly smooth 

dips at t2: -0.5 and 
t = -1.8 (BeV/c) 2 

The minima and maxima in the angular distributions persist at energies above 

the resonance region, indicating an origin in the peripheral exchange mechanisms: 

forward scattering --+ meson exchanges 

backward scattering --+ baryon exchanges 

In Regge pole exchange models, minima in scattering amplitudes can generally 

occur at momentum transfers for which a meson trajectory crosses 

a!(t) = 0, -1, -2, . . . 
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or a baryon trajectory intersects 

cr(fi) = - l/2, -3/2, -5/2, . . . . 

Possible interpretations of the elastic scattering structures in terms of such ex- 

ceptional points on Regge trajectories will be discussed in the following sections. 

In some cases adequate (but not necessarily unique) quantitative explanations of 

the elastic scattering data have already been possible. For other cases the 

Regge models are speculative and subject to modification as experimental in- 

formation becomes more complete. 

II, ?rN BACKWARD SCATTERING 

The spirit of Regge models is to associate the exchange trajectories with 

the observed particle spectrum insofar as possible. The dominant TN resonances 

can be assigned to three leading fermion trajectories as shown in the Chew- 

Frautschi plot of Fig. II. 1. 2 The signature (T), parity (P), and isospin (I) quantum 

numbers of these trajectories are: 

r=(-) J-1/2 P I 

No! +l + l/2 

A6 -1 + 3/2 

NY -1 l/2 

The striking feature of the trajectories is an indication for approximate straight 

lines in u, i.e., (mass)2. 

Real o(fi)=a+bbu 

A complication is introduced in the fermion Regge exchange description of 

backward nN scattering by analyticity requirements. An unavoidable consequence 
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of analyticity for the TN scattering amplitudes is the occurrence of fermion 

Regge trajectories in pairs that have opposite parity and join at u = 0. Using 

the notation a! (Tp)(&) for the trajectories, the Gribov-MacDowell symmetry 

condition is 

a- ($.I) = a+ (-J-u) 

for the trajectories and residues of these opposite parity poles. 3 Such a rela- 

tionship at u = 0 is usually called a “conspiracy. ‘( 

The doubling of trajectories does not necessarily require fermion recurrences 

of both parities. With an asymmetric &I functional dependence, cr+ ($u) could 

intersect physical J values without CX-(Ju) doing so. 

Nevertheless, a particularly interesting possibility is that particle recurrences 

are realized for both the a! f and Q- trajectories. Figure II. 2 shows tentative 

particle assignments to MacDowell symmetric (a, p) octet trajectories. 4 The’ 

occurrence of NQ! (1688, Jp= 5/2+ ) and N 
P 

(1650, Jp= 5/2- ) resonances at 

about the same mass is especially suggestive of approximately MacDowell 

symmetric states. The nonexistence of an I = l/2, Jp= l/2- particle with mass 

- 1 BeV requires that the N 
P 

trajectory choose nonsense at a-(&) = l/2 in 

order that the residue Y- (Ju) vanish there. This speculation can be directly 

tested by analysis of backward TN scattering data. 

With these preliminaries, we turn to the description of the TN backward 

scattering data. When kinematical factors of order l/s are neglected (an 

approximation that is not advisable in actual data fitting), the contribution of a 

MacDowell trajectory pair to the differential cross section for u s 0 has the form 
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where 1 + 7e-Wa-l/2) c ) CY-l/2 

R @J;), 4 = & 
s-t 

sin n(a! - l/2) 2 so 

At u = 0 the conspiring trajectories make equal contributions to do-/du. The 

factor R(o!, s) displays the usual Regge characteristics: 

(i) The energy dependence is determined by (Y. 

(ii) The phase is specified by Q and the signature quantum number T . 

(iii) R vanishes at wrong signature, nonsense values of (Y. 5 (A mow 

signature point for a fermion trajectory is an half-integral value of 

(Y at which (-) oW1l2 = - 7; nonsense means that the corresponding 

angular momentum value is unphysical for the helicity amplitudes. ) 

This property of the Regge amplitude assumes the absence of fixed 

poles, or equivalently, that the third double spectral function is 

negligible. 6 

Property (iii) is essential to the Regge explanation of the dip in 7r+p backward 

scattering. Since Ju becomes imaginary in the scattering region, the Regge 

amplitude will have an appreciable dip near a wrong signature nonsense point 

only if the trajectory is approximately an even function of &I . For the linear 

trajectories of Fig. II. 1, the u values of the wrong signature nonsense points 

are 

No! - CY = -l/2 u z - 0. 11(BeV/c)2 

*a Q = -3/2 u S- 1.8 

NY a = -3/2 u z - 0.7 (uncertain trajectory form) 
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The isotopic spin relations 

f@-p) = f(A) 

f(r+p) = $ [f(A) + 2f(N)] 

f6.P -7-r’n) = f [f(N) - f(A)] 

are used in adding up the A(I = 3/2) and N(1 = l/2) fermion Regge exchange 

contributions to the nN elastic and charge exchange amplitudes. Some quali- 

tative conclusions regarding the N and A amplitudes can be made directly 

from the experimental data7 on dcr/du (r&p) at 9.9 BeV/c shown .in Fig. II. 3. 

At the backward direction (u ‘c + 0.03)) the ratio 

g(7r+P)/g- (Yp) M 4 

indicates the dominance of N exchanges. Away from 180°, dcr/du(r+p) drops 

precipitiously and the ratio is consistent with 

g (r+P) / 
g (7rp) NN l/9 

at u%- 0.15 (Rev/c) 2, suggesting a zero of the N exchange amplitude at this 

u-value. These qualitative features are readily reproduced by an Na! + Aa 

exchange model. The No amplitude zero at (Y = - l/2 accounts for the r’+p 

dip. In this picture the No trajectory can be allowed no appreciable Ju term 

and the NY amplitude contribution necessarily must be small. 

Quantitative fits to high energy data on do-/du (r&p) 7 using a Regge model 

with linear N cl! and Aa trajectories of the form a(&) = a I- bu are shown by 

the solid curves in Figs. II. 4 and II. 5. 8 The trajectory parameters obtained 
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from this fit to the scattering data were 

Na: a= -0.38+0.88u 

Ag: Q = +0.19 -k 0.87 u . 

These parameters are in excellent agreement with the values obtained from the 

Chew-Frautschi plot of the TN resonances: 

ND: Re a! = -0.39 + 1.0 u 

Ag: Recz=+0.15+0.9u 

The above results quantitatively substantiate the connection between the particle 

mass spectra and the particle exchange amplitudes, as expressed by the Regge 

trajectory functions. 

The principle defect of the above fit is a predicted dip in do/du (r-1)) at 

u N -1.9 corresponding to aA = -3/2. A possible explanation for the experi- 

mental absence of this dip is a leveling off of the A& trajectory at large 1 u 1 . 

The dashed curves in Fig. II. 5 illustrate results obtained with 

Q! = 0.21 -l- 0.9 u 
1 - 1.6~ 

for the Ag trajectory. Measurements of the energy dependence of dcr/du at 

large 1 u 1 will be necessary to answer this interesting question regarding the 

behavior of the trajectories at large /u 1 . 9 

For the above fits the No and A6 residues were parameterized as 
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where the pi and ai are constants. For approximately linear trajectories 

we expect ?jN Z l/MN and SA z l/MA on the basis of the absence of the lowest 

lying particles on MacDowell reflected trajectories. The values obtained from 

the fits were aN = 1. 6/MN and aA = 1.5/M* . It is encouraging that the TN 

scattering data require positive 6’s with roughly the expected magnitudes. 

The Reggeized baryon exchange amplitudes which describe the high energy 

data also correctly extrapolate through the mean value of the &+p differential 

cross sections down to 2 BeV/c, as shown by the solid curves in Figs. II. 6 and 

II. 7. lo Superimposed on the mean behavior are oscillations associated with 

direct channel resonances. The Regge predictions for the mean values of 

do/du (7r- p - Ton) are shown in Fig. II. 8. The charge exchange cross section 

is sensitive to the sign of pN/pa, which is not determined by fits to the present 
1. 7r p scattering data. The solid curves in Fig. II. 8 correspond to pA/pN < 0 

and the dashed curves to pa/pN > 0. Extrapolation to the NQ! (938, l/2+) and 

A 6 (1236, 3/2+) particle poles gives ,6*/pN < 0. Accurate 7r- p -+7r”n data ’ 

in the 2-5 BeV/c region should resolve this sign ambiguity and provide a further 

critical test on the validity of the Na! + Aa exchange model. At high energy a 

dip in do-/du (7r-p + Ton) at fixed u = -0.15 (BeV/c) 2 is predicted from the No 

amplitude zero at Q! = -l/2. 11 

III. FORWARD ELASTIC SCATTERING 

The Regge pole description of high energy elastic scattering in the forward 

hemisphere is complicated by the number of meson trajectories that are allowed 

as exchanges. At the present stage of development the Regge models of elastic 

amplitudes are decidedly non-unique. Nevertheless the prominent aspects of 

the elastic data can be interpreted in the Regge pole framework. 12 

-7- 



In Fig. III. 1 the qualitative features of the TN, NN, and N’N elastic and 

charge exchange data are displayed at PUB- 3 BeV/c. The d<r/dt (pp) data 

2 are smooth and the do/dt (pp) data go through a deep minimum at t =-0.5(BeV/c) . 

The dcr/dt (r+p) and do/dt (n-p) data have roughly the same shape with a change 

in slope at t N -0.8 (BeV/c)2; at lower momenta a dip is observed in do/dt (s&p) 

at this t-value. The change in sign of the differences 

$; (AB) - g (AB ) 1 
at t= -0.15 (BeV/c) 2 can be observed in the data. The interpretation of this 

“crossover” phenomenon in Regge models is an involved subject 13 and will not 

be discussed here. 

The construction of meson exchange models for the elastic data is somewhat 

simplified by the approximate isospin independence equalities’: 

g (7l+p) % $ (n-p) 

On this basis we conclude that I = 0 exchanges dominate the high energy elastic 

scattering differential cross sections. The usual Regge models use P, P’, and 

w I = 0 exchanges. Speculative shapes for these trajectories are shown in 

Fig. III. 2. 14 The Bomeranchuk trajectory (P) is known to be rather flat while 

the PI and &J trajectories appear to have normal slopes - l(BeV/c) -2 , at least 

for small t. 

The Regge interpretation of the elastic dips at t x -0.5 (BeV/c) 2 is related 

to the behavior of the P’ and o residues at a! = 0. We begin with the construc- 

tion of a simple model that reproduces the main features of the data. We use only 
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spin-no&lip amplitudes, neglecting the small high energy polarizations. The 

scattering amplitudes then have the forms: 

f f = f = P n-l? 
= frN (P) + f*N(P’) 

fpp = f pn= fN~ (PI + fan (P’) + f NN (w) 

Lp = fpn = fNN (P) + fNN tp’) - fNN b) 

The normalization dc/dt = If I2 will be used. Approximating the P1 and w 

by a single degenerate trajectory and taking cyp(t) = 1, the Regge amplitudes 

are 

f(P) = yi 

ina! -- 

f(P’) = - p e ;@ $C-1 
sin - 2 

i7rQ -- 
2 

f(0) = ip e JY-1 

cos m 2 

where y(t), p(t), and p(t) are residues and a(t) the PI-w trajectory. Sub- 

scripts TN and NN on the residues have been suppressed above. We now make 

the ansatz that the behavior of the residues in the t-range of interest is 14 

p(t) x x(t) sin 
2 im! 

2 

p(t) a h(t) cos2 -y 

(P’ residue) 

(o residue) 
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Effectively, we are assuming (a) the sense mechanism for o and the no- 

compensation mechanism for P’ at a! = 0; (b) correlated magnitudes of P’ and w 

residues. With this cyclic residue ansatz, the differential cross section ex- 

pressions are 

do --g (T-N) = y2 + [27X SOL-l + X2 s2as2] sin2 y 

s (NN) = y2 + 279, SQ-’ + ii2 S2cy-2 

g (RN) = y2 - 2yx cos ?-l-o! P-l f A2 s2a-2 

In this qualitative model, dips occur in TN and EN at a! = 0 whereas NN is 

smooth as required. The dips come from terms that decrease rapidly as s 

increases. 

A quantitative fit to the structure of the elastic differential cross sections 

has been made by Chiu, Chu, and Wang with a basicly similar model l5 (the 

same mechanisms at (I! = 0 were employed, but the cyclic residue condition 

was not used). The results of this fit are compared with the scattering data in 

Figs. III. 3 and III. 4. The rapid fall with energy of the secondary bumps is ap- 

parent in the data. 

Recent data on asp and pp elastic scattering at larger momentum transfer 

reveal the presence of additional dips in the differential cross sections. The 

7r*p data in Fig. III. 5 16,17 have a second minimum at t z -2.7 (BeV/c)2. The 

approximate equality of ?r+p and 7r-p differential cross sections holds out to 

the second dip in the 3.5 BeV/c data, suggesting the continued dominance of 

I = 0 meson exchanges. The u-channel baryon exchanges presumably account 

for the deviation from equality beyond the second dip at this low momentum. 
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The energy dependences of the r+p and 7r-p data have been separately ana- 

lyzed by Booth 17 in terms of a flat Pomeranchuk trajectory and another 

trajectory (the P1 in our notation). The computed values of the PI trajectory 

are consistent with a linear form as shown in Fig. III. 6. At the position of 

the second dip (t z -2.7), the P1 trajectory value is ap, z -2. At apt * -1 

the data do not show the expected wrong signature nonsense dip. The experi- 

mental absence of the P’ amplitude zero at crp, (t) = -1 may be due to a 

fixed pole in the residue at this t-value. However, a third double spectral 

function of sufficient strength to eliminate the P’ amplitude zero might also 

have been expected to give rise to branch cuts that would produce deviations 

from a simple sa! energy dependence. The theoretical implications of these phe- 

nomenological results clearly deserve further attention. It is amusing to note 

that the cyclic P’ residue structure discussed previously reproduces the correct 

empirical behavior of the TN differential cross sections at apt = -1 and 

ap, = -2. 

Representative data on pp and pp elastic scattering at large ( t ( are 

plotted in Fig. III. 7. 16,19 The pp data show dips at t N -0.5 and t N -1.8 

(BeV/c) 2. do/dt Fp) lies below do/dt (pp) for all 1 t 1 2 0. 2(BeV/c)2. A 

quantitative Regge analysis of this large t data has not yet been carried out. 

The elastic scattering data have provided the first evidence for linearly 

falling meson trajectories in the region ( t 1 >1(BeV/c)2. Further accumula- 

tion of data on elastic processes at high energy and large I I t should provide 

valuable clues on the nature of the Regge dip mechanisms. 

I thank Professor S. Drell for the hospitality of the SLAC theoretical 

group. 
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FIGURE CAPTIONS 

II. 1. Assignments of the dominant nN resonances to Regge trajectories. 

(Ref. 2.) 

II. 2. Tentative assignments of resonances to parity doublets on MacDowell 

symmetric (a, p) octet trajectories. (Ref. 4.) 

II. 3. Data on $p backward elastic scattering at 9.9 BeV/c. (Ref. 7.) Inter- 

polating curves are drawn through the data. 

II.4. Na, As linear Regge trajectory fits (Ref. 8) to ?p backward scattering 

data (Ref. 7) are shown by the solid curves. 

II.5. A6 linear Regge trajectory fits (Ref. 8) to r-p backward scattering data 

(Ref. 7) are illustrated by the solid curves. The dashed curve represents a 

non-linear A 8 trajectory as discussed in the text. 

II. 6. Extrapolation of (Ncr, As ) Regge exchange model for a-+p backward 

scattering to intermediate energies. (Ref. 10.) Interpolating curves are 

drawn through the intermediate energy data. 

II. 7. Extrapolation of Aa Regge exchange model for 7r-p backward scattering 

to intermediate energies. (Ref. 10. ) 

II. 8. (N,!, A6 ) Regge exchange model predictions for the r-p--t Ton differential 

cross section. The solid curve represents to prediction with PA/& < 0 

and the dashed curve the prediction for P,/p, > 0. (Ref. 10 .) 

ITI. 1. Qualitative features of TN, NN, and ‘f;sN elastic and charge exchange scatter- 

ing data for PLAB N 3 BeV/c. 

IU. 2. Speculative straight line P, P’ , and W Regge trajectories (Ref. 14). 

RI. 3. **p elastic scattering data. The curves represent a Regge pole fit with 

P, PI, and p exchanges. (Ref. 15.) 

III. 4. pp and cp elastic scattering data. The curves represent a fit with P, P*, 

and w Regge exchanges. (Ref. 15.) 



m.5. Structure in r-p elastic scattering at large momentum transfers. (Data 

from Refs. 16 and 17.) 

III.6. Values of P’ trajectory deduced from the energy dependences of ~+p and 

K-p differential cross sections. A two pole exchange model was assumed 

(P + P’) with crp (t) = 1. (Ref. 18.) 

III. 7. Comparison of structure in pp elastic scattering data with pp data at 

similar momenta. (Data from Refs. 16 and 19.) 
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