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Abstract 

The interchange theory for inclusive scattering at large transverse momen­

tum is extended into kinematic regions where Regge effecTs are important. Had­

ronic bremsstrahlung is shown to inevitably lead to Reggeization of the fundamental 

production process as s goes to infinity for fixed, large, PT. The cross sections 

are shown to rise to their ultimate scaling limit. This transition zone connects 

smoothly with the Feynman scaling region at low PT' and the deep scale-invariant 

region at large P - O('V"S). The inclusive results of the interchange theory haveT 

the form. of the standard fragmentation, triple Regge, and pionization formulae in 

their respective regions, but in addition predict the behav"ior of. the associated res­

idues and trajectories at large t or p~. 
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The recent measurements at CERN ISR of single-particle inclusive scattering 

at 90° and large transverse momentum have revealed several dramatic features 

· . l' t· 1 ,2 Of . Iof pIon Inc USlve reac Ions. partlCU ar interest is the transition from steep 

exponential to power law behavior in P for PT > 4 GeV/c. Other surprisingT 

features of the data are the rapid rise in the inclusive 1[0 cross section at fixed 

P
T 

as a function of s, and the trend towards a large value for the total charged 

particle to a charged pion ratio indicated by the last two points of the British­

Scandinavian collaboration at 3.7 and 4.5 GeV/c. 

Large P reactions are theoretically extremely interesting because, of theT 

possibility that they may be related to simple and basic processes at small dis­

tances: For a sufficiently large energy and momentum. transfer, one can assume 

that the interaction time becomes so brief that only a single elementary process 

can occur. In general, the elementary process can proceed via one of two pos­

sible mechanisms. The first type, consisting of elementary binding or gluon 

interactions, has been considered by Bjorken, Berman, and Kogut. 3 Whether 

or not elementary gluon exchange turns out to be experimentally important, a 

second and simpler type of interaction, namely, the interchange of elementary 

constituents, will certainly take place if hadrons are composite, 4, 5 or at least 

effectively composite. In two recent papers, Vle have presented a theory of large 

momentum transfer scattering for both inclusive and exclusive processes based on 

the assumed dominance of the constituent in~archange force. The resulting ex­

clusive cross sections have the form
4 

dO'dt :::: -N I. )
S P ,cos Bem (1) 

,vhere the power N and the function P are determined by the asymptotic behavior 

of the electromagnetic fonn factors of the interacting hadrons. Comparison 
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with the large-angle pp and 1l'p~ elastic scattering data indicates that the interchange 

amplitude iS t in fact, the dominant contribution in the deep scattering region 

(s, t, u large). The constituent interchange predictions for single particle in-

elusive cross sections in the "deep" scattering region, \vhere t, U, and the missing 

2massJlt are finite fractions of s, are characterized by power law behavior in energy 

and transverse momentum. The inclusive cross section for A + B - C + X has the 

same form. as that for deep inelastic electron scattering, e + B-e + X, except that 

the electron-photon current interaction is replaced by an effective current depending 

in a simple fashion on the form factors of particles A and c. 

Unfortunately the measured values of pi are so small in comparison to the 

huge s of the ISR that the data are notJn the deep scattering region where the sim­

plest processes could dominate. The physical complication is clear: because the 

interchange process falls rapidly with energy, real hadronic bremsstrahlung from 

the incident particles prior to the central event will play a major role; it enable s 

the interchange interaction to take place at the smallest value of s consistent with 

the observed P of the final particle. As ,ve shall show. this hadronic radiation
T 

process Reggeizesthe energy dependence of the interchange contribution. The re­

suIting expression rises to an asymptotic form independent of s, with a power law 

fall-off in P determined mainly by the hadronic electromagnetic form. factors. TheT 

agreement with the P T dependence of the ISH data is excellent if we assume a mono­

pole pion form factor. We will also show ho\v the resulting expression continues 

smoothly into the usual pionization, triple Regge, and Feynman scaling regions, 

yielding predictions for the "deep" limiting behavior of the standard Regge forms 

used to describe these regions. 

The basic elementary interchange process relevant to the large transverse 

5nl0mentum inclusive scattering A + B - C + X is illustrated in Fig. la. The 
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hadrons are assumed to be composite systems consisting of the elementary con­

stituents (a or b) bound to a multiparticle core (represented as systems c or d in 

the figure). The basic mechanism is the rearrangement of the elementary con­

stituents a and b. The kinematics are defined by 

(2) 

and 

2 2 2 2 2
PT == tu/s, Jt = s + t + U - MA - M B - Me 

and we shall calculate the invariant cross section dO/(d3Pe/Ec)" The calculations 

are performed in an infinite momentum frame using time-ordered perturbation 

theory, which greatly simplifies the covariant calculations of bound state scattering. 

As we have shown previously, the asymptotic wave functions for hadrons A 

and C can be directly related to their electromagnetic form factors FA and Fe" 

The two hadrons A and C in the interchange process act as an effective current 

which carries momentum q. in precise analogy with deep inelastic electron scat­

tering (see Fig. Ib). We thus can relate the process "qtl+ B-X directly to the 

2
measured scaling structure function F 2B(x) = v W2B(-q 4A(2 - q2)}. We thus ob­

6
tain for the interchange contribution

sEc«!a/d3pc =[R~+B-C+X (s. p~. u) + R~+A-C+X(s. pi. t)J 

RA+B - C+X ( 2 \ AC. ( I H2 ))o S, PrJ uJ = (!Jeff F2B -t/\tM - t (3) 

where 
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and we have taken all particles to be spinless. In most cases, the results are 

unchanged when spin is included. 5 

-1 2
Since R falls as s for fixed P and u, hadronic bremsstrahlung plays

O T 

an increasingly important role as s -- 00. If we define the distribution function 

G / A(z) as the probability for the incident particle A to emit a hadron H \vith
H

momentum PH = zpA (in" a frame in which PA --00), then one obtains an additional 

contribution to the measured cross section of the form 

A+B-C+Xl 2) B+A-C+X( 2 ).~ 
[Hl ,5, PT' U + RI s, PT' t J 

where 

I� 

R - C+X/. )=f~
A+B 2 (4)1 ~,PT'U z 

o 

Note that the structure function F 2B(x), in RO' vanishes if its argument, x, is 

outside the range 0 to 1. This result is computed from graphs such as that rep­

resented in Fig. lc. Due to the Hegge behavior of the forward A+H-A+H 

elastic scattering amplitude represented in the upper half of the graph, one has 

-a
GH/ A (z) ....., (z) 

A 
[3 AH (z '- 0) (5) 

with a A = 1 for Pomeron behavior. 7 Note that the Regge behavior coming from 

hadronic bremsstrahlung of particle B is incorporated in the behavior of 

for x ~ o. It can be shown that additional bremsstrahlung from the internal par­

ticles or from the core d leads to results falling faster in p~) as could be ex­

pected from the impulse approximation. Bremsstrahlung or resonance formation 

associated with the final pmicle C does not modify in an essential fashion the 
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predictions for R and R1 given above. These latter processes affect mainly theO

normalization and not the dependence on the invariants. 

The behavior of R and R1 must be discussed in several limiting regions.o
We consider first the fragmentation and triple Regge regions of projectile A. Both 

regions involve small tis but large lu I '- s. (t, however, is kept large compared 

to hadronic masses.) In this region, R and R for A+B-C+X becomeO 1 

_ a B l+a B a B-2(l-A-C)( 2)1~B-2(A+C) 
RO - NOS xF (l-XF) PT (6) 

J1� 

CY. B l+aB dz�
R1=N1s xF z� 

x F� 

where we have defined the Feynman variable x
F 

= tis - u/s. For small t, 

(l-xF) - uft
2/s. In the fragmentation region of A, where </1I

2/s is not small, 

the P behavior is clearly controlled by the values of H, A, and C appearing inT 

the expressions for RO and R1, where 

(I = A,. B, C, H) 

In Ref. 4, we showed that the pion-nucleon large-angle elastic scattering data 

2
reqUire the form factor of the pion to decrease as a monopole for -t < 10 GeV/c . 

Such a weak fall-off (H1I" = 1) for the pion \vave function makes it clear that the 

large P dependence of the inclusive cross section is controlled by the virtual
T� 

. t· had· be 8 1· 2�plons presen in any rome am. Ho\vever, as x , i.e., utI -0, R
F

­
1 

vanishes at least as fast as (1 - x )2H relative to R . (This is due to the gener­F o
alized Drell-Yan threshold dependence \vhich says that G / A vanishes at leastH

as fast as (1 - z)2A -I for z-l.) This illustrates the general feature that 
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hadronic bremsstrahlung of the projectile A vanishes in this threshold or "Triple 

. 2
Regge" regIon of small JI Is. 

An interesting comparison can now be made with the usual triple Regge 

formula 

(8) 

Using the vanishing of R1 and the fact that P~ = -t, we obtain 

O!AC(t--oo) = l-A-C 

and the limiting behavior 

20 (-00) -!L-1 
,B (t) _ (- t) AC l:S. 

The above prediction for 0AC( - 00) corresponds exactly to the value predicted by 

the interchange theory for the appropriate Reggeon-pa.a.-ticle scattering process 

9 
at fixed but large t. 

In contrast to the triple Regge and fragmentation regions, R dominates the1 

pionization region defined by t = u - - ~. In particular ~ if we examine the 

region appropriate to the ISR data, ~ = 0, i. e., u=t= -PT ~ , Eq. (4) yields 

(9) 

In deriving this result, it is convenient to scale z in units of PT1~ ,'which ex­

poses the small z (Regge) behavior of GH/~\. Closer examination of the integrals 

involved shows that r~B rises quite sha...~ly to its ultimate limit as s increases 

at fixed PT. 
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Discussion 

To help clarify the behavior of the inclusive cross section over the full range 

of PT' let us continue to examine the region xF = o. At small PT' we expect the 

cross section to be independent of energy and to fall exponentially in P in accord
T 

with the standard predictions in this, the Feynman scaling region. For very large 

P i. e., 2PT1..JS approaching the kinematical limit 1, only the R term of ourT , 
O

theory survives, yielding a cross section that falls as a power in s for fixed PT/~• 

This we term the deep scale-invariant region. 5 Between the Feynman scaling and 

deep regions, there is a transition zone where the cross section is dominated by 

R in which pre-interchange hadronic bremsstrahlung partially Reggeizes the proc­
1

, 

ess. In this region, the cross section is dominated by a meson-initiated interchange 

process, and behaves as an inverse power of PT times a decreasing function of the 

ratio PT/..JS. This form provides a smooth interpolation between the two more 

fundamental regions discussed above. 

The behavior of the single pion inclusive cross section in the transition zone 

is predicted from Eq. (9) to have the form (~A = CL = 1)
B 

N E dO' (10)PT 1f -3-­
d P1T 

Note that this form is highly reminiscent of the interchange predictions for ex-

elusive scattering (Eq. 1). 

For C = 1, i. e., a pion fann factor that falls aa t -1, the value of N is 8. 
1T 

Assuming a simple model for the threshold behavior of the bremsstrahlung 

spectrum, zG(z) - (1_z)3 and F 2p(x) - (1 _x)3, the function r has the behavior 

shown in Fig. 2a. The pred icted transition zone cross sections for various 

energies are sho\vn in Fig. 2b. The results for N = 8 are in excellent qualitative 

agreement10 with the prelinlinary CERN-ISR data. 1, 2 
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Although the complete PT dependence of R in the pionization region is com­1 

plicated by the question of the relative normalization of the contributions due to 

different harlrons H, it is true that for very large PT' only H = meson (1r. K, etc_) 

is likely to survive due to the slow decrease at large momenta of a typical meson's 

wave function. Thus in the context of thi s theory, the proton beam at the ISR be­

haves effectively like a meson beam of much lower energy. Pomeron dominance, 

O!A = on = 1, of course, implies that equal numbers of -;;± 0 appear in the beam, 

and this, in turn, explains the continuing equality of their cross sections at large 

PT. In addition, it implie s that the number of produced particles and antiparticles 

will be the same at large PT in the pionizaiion region. The nucleon production 

cross sections should fall more rapidly with P than. the meson cross sections,
T 

due to the more rapid fall-off of their fonn factors. Thus it '\vould be very sur­

prising if the pions (and kaons) turn out to be only a small fraction of the total 

charged particles at large P ­T 

It is an inherent feature of the pionization region that P~gge effects tend to 

mask the fundamental production mechanisms. Thus it is imperative that large 

PT experiments be performed at lower energies where the contribution of R rel­
1 

ative to R is suppressed by the threshold (z ~l) dependence or-the spectrum G / A(z).o H

A comparison between pion and proton beam. experiments at large PT/~ will be 

essential in unravelling the features of the basic interchange process, as it is only 

for 1rp-1I'"X that RO is not suppressed by additional form-factor fall-off relative 

to R1­

We wish to emphasize the fact that hadronic bremsstrahlung can, in general, 

be expected to Reggeize any fundamental interaction mechanisms and will be 

particularly important for those that decrease \'with s. In the interchange case, 
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it provides the key to establishing a remarkable and beautiful consistency between 

the fragmentation, triple Regge, pionization, and "deeplf inclusive spectra. 
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Fig. 1. (a)� The basic interchange graph for the inclusive production of 

particle c. 

(b)� The effective current operator for hadronic processes. 

(c)� The bremsstrahlung process which will ultimately produce Regge 

behavior. Similar processes occur along the bottom of the graph 

and are included in F 2B. 

-516­



10-31 

10-31 

10-32 

I 

,~  

-J 
I 

~-­nt-­~ 

II 

blrt)O­
'"'0 '"'0 

W 
CO-i 
0­

10-32 

10-33 
~ " :] 

-N 

~ 

~ 

(\J 

E 
u-­
b~CL  

"'0 "'0 

w 

10-33 

ICf34 

10-35 

10-36 

10-37 
20.0~  

44.4 

,,;s; 
53.4 GeV 

30.6 

10-38 
2 3 4 567 

P.L (GeV/c) 

8 9 10 

10-34 

o 0.04 0.08 0.12 0.16 

pl.llS 

0.20 0.24 0.28 

(b) 

against PT for several energies. The c~:!.·Yes  ' '(ere normalized to 

the value 1. 45 x 10 -32 cm 
2/Gev2 

at PT :::: -i ':'e V 2..ad "./s == 53.4 GeV. 

The predicted inclusive cross section, lising tie 2.oove r, plotted 

Fig. 2. (a) The function r(PT/vS) for the parameters described in the text. 




