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All-angle behavior in two-body scattering and phenomenological hard strings
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All-angle behavior of the cross, sections in two-body scattering is examined by a counting law on the basis
of the string structure in a hadron. Then the fixed-angle scaling is interpreted as the contribution of strings
at large momentum transfer. This counting law contains a good crossing relation, and predicts the energy
dependence and the angular distribution of the cross sections in various processes. In charge-exchange
processes the applicability of this model to all-angle cross sections is examined. This -model gives a good
explanation of the large ratio [der(pp)/dt]/[der(pp)/dt], the asymmetric distribution of
d cr{K p ~n+X )/dt, and the transition behavior between the fixed-angle scaling and the Regge-pole-like
behavior.

I. INTRODUCTION

Large-momentum-transfer phenomenology seems
to have suggested a probe of the basic dynamics
between quarks. " A fixed-angle scaling is the
prominent feature in two-body scattering as well
as a power-law scaling of the inclusive production
cross section at large momentum transfer. In
recent experiments we can see the transition be-
havior from the fixed-angle scaling to the Regge-
pole-like behavior at all angles in various pro-
cesses. ' ' There have been attempts to explain
large-momentum-transfer phenomena by means
of quark counting such as in Refs. V-3.1, but they
are not always successful even in exclusive re-
actions. None of them can explain both the large
experimental value of [der(PP)/dt]/[do(PP)/dt] and
the asymmetric distribution of do(K P - m 2; )/dt.

The feature of the transition from the Regge-
pole behavior to fixed-angle scaling seems to be
continuous in the experimental cross sections as
-t increases. On the other hand, both the Regge
trajectory and the dual amplitude are interpreted
as the dynamics of a stringlike object."'" There-
fore, we try to interpret the fixed-angle scaling
as the effect of strings at large momentum trans-
fer.

In previous papers" a counting law was proposed
on the basis of the number of hard strings in the
configuration of quarks and strings, where it was
assumed that a hard string has q

'
(q = momentum

transfer) dependence at large momentum transfer
in each channel in the invariant amplitude. This
q

' dependence of quark-quark scattering can ex-
plains~ ' dependence of meson or jet production
cross sections at 2 & P ~ ~ 8 GeV, which is con-
sistent with the model by Field and Feynman. "
The energy and angular dependence of nondiffrac-
tive amplitudes is predicted in all the processes
of two-body scattering by the above counting law.
Consequently, the phenomenological investigation

on all-angle cross sections in various processes
makes us find the hadron structure with quarks
and strings. In general the following types have
been considered for a baryon by the string pic-
ture": (a) linear type, q-q-q, (b) junction type,

/

(c) b. type,

q q,

(d) diquark type, q-qq (q denotes a quark; dash
denotes a string). The type (a) has two strings,
and the types (b) and (c) have three strings.
Since in (b) and (c) we need more strings than in
(a) to construct a baryon, their contribution is
dampened more than that of (a) at large momen-
tum transfer, even if these types are mixed, as
long as a hard string has q

' decreasing effect.
Here we treat the configuration of (d) as an ex-
ception because the diquark state without a string
forbids Z-type processes (see Fig. 2), therefore
the linear type of (a) has the leading effect. In
this paper the applicability of the predictions of
the hard-string counting law to all-angle scat-
tering behavior is investigated. Then we analyze
recent data of all-angle cross sections in Pn-jn,
P 'P -P 'P, K P —SPn or m'Z ', and yP —7t'n, and
examine the transition behavior between the
Regge-pole-like behavior and the fixed-angle
scaling one. I

The quark bound states by the strings in linear-
type configurations are shown in Fig. 1. It is as-
sumed that only the quash at the end of the stmng
can interact actively in hadron-hadhon reactions.
Then the basic states are

baryon q-q-q, meson q-q .
The excited states are constructed beside the
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(a) In Sec. II the counting law based on the hard
string is discussed in detail. In Sec. III the ex-
perimental results are compared with our pre-
dictions at all angles. In Sec. IV general problems
of large-momentum-transfer phenomenology are
discussed and a summary is given.

(b)

q q q q

FIG. 1. The allowed states of quarks, (a) the basic
states, (b) the excited state.

above configuration by the reaction of q-q-q and
q-q-q:

(1.2)

As shown in Table I, by the above string pic-
ture, we can consider various possibilities in
the structure of (anti)baryon-baryon scattering
amplitude particularly.

II. A COUNTING LAVf ON THE BASIS OF HARD
STRINGS

The hadrons are composed of quarks and strings
in various configurations as shown in Fig. 1. In
hadron-hadron scattering, the various type ampli-
tudes are considered for planar quark-string dia-
grams in Fig. 2, and the other type diagrams are
obtained by s-u or s-t crossing. Here the string
is the binding agent between quarks, and should
have a quark or an antiquark at its end. The bound
states of quarks in reaction have such configura-
tions as q-q, q=q, q-q-q, q-q-q, and q-q-q-q. In
two-body hard scattering all the strings have large
momentum transfer in each channel, where it is
demanded that the quarks have finite momentum
fraction of the parent hadron. So, at large mo-
mentum transfer, a string gives a uniform dy-
namical effect, q

' dependence, to the amplitude.

TABLE I. The predictions of our hard-string counting law (in parentheses) are compared
with the results of experiments. For two-body scattering, T s "~ t &u "tt,

—„-y(e)s ~,
do.

(do/d g) (a)
(do/dt)(b) s ppa

whereN= 2(ns+nt+n„) +2 (& y: &-y crossing) at s

Meson-meson
H
X H(s g))
Z [H(t~g)]
Meson-baryon

X [H(s g)]
Z
Ht H(s t)]
Xp [X(s t)]
Z, [Z(s —t)]
(Anti) baryon-baryon

&c
Hs [H(s t ]
X [H(s g)]
X, [H.(s—g)]
Xs [Hs(s g)]

1
0
2
2
2
0

nt

/3

2
1
3
2
1

0
1
2
0
1
2

0
0
0
1
2

3

10
8

10

10

Experiment (our predictions)

In &P andE p,
N = 7.5-8.5
(V= 8)
pr=1O fore p-~'r. )
RQ+P/H P) =3.0-2.0
{R(X/H) =4)

In PP
N = 9.5-11.5

&(eX/Xe) -1oo
(R(pp/pp) = 04)
(R(~-p/~'p) =4)
(R(np- 6-6"/2'p-n6 ) =,4)
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FIG. 2. Planar quark-line diagrams, (a) meson-meson scattering, (b) meson-baryon scattering, (c) antibaryon-
baryon scattering, (d) eB eB, (e) pB pB, (f) pB MB. (g) The effective trajectories for mesons and baxyons.

The number of the hard strings is the most es-
sential information to determine the energy and
angular dependence of the amplitude, which is
related to the configuration of quarks and strings.
For s-t planar diagram, a, hard string has t '
dependence in the invariant amplitude in the s-
channel bound state of quarks, and s ' depen-
dence in the t-channel bound state. For s-u planar
diagram, a hard string has u ' dependence in the
s-channel bound state, and has s ' dependence
in the u-channel bound state.

On the basis of this hard-string effect the basic
assumptions are as follows'4:

(i) A hadron has the configuration of quarks
combined by the strings even at large momentum

transfer. In all the channels s, t, u this string
configuration is conserved.

(ii) The number of strings in the bound state
of quarks determines the power structure in s, t,
and u of the invariant amplitude. For relevant
diagrams the invariant amplitude satisfies s, t, u

crossing relation and is given by the following
law:

(a) For planar-type diagrams in Fig. 2, the
number (n;) of the hard strings in the bound state
of quarks in the crossed channel of i channel de-
termines the power energy dependence of i channel
in a factorized form as

n~yf. -nay n„y -do-1I~ I'
a6~ s' '
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z = (m' —s)/m', t= (m' —t)/m' and Q=(m' —Q)/m',

(2.1a)

whereA, m, and y are parameters, and y equals
unity at large angles. For example, n, is the
number of the hard strings in the't-channel bound
state for the H-type diagram.

(b) For nonplanar-type diagrams, the ampli-
tudes are obtained by s, t, u crossing relation.

(iii) The angular dependence of y for q-q or
q-q-q exchange corresponds to Regge-pole ex-
change forward and backward, and the y parame-
ter is connected to the analytic continuation of the
linear rising Regge trajectory with the slope
a=1 (see Fig. 2):

(b) X,-type amplitude:

'(s, t, Q) =T (s t)

-A» 'u ' at large angles,

-A. s"""'Q ' Q~-1.5 GeV'.

(2.3b)

(c) Z, -type amplitude:

T '(s, t, Q) = T (s —t)

Apygt u at large ang1es y

A„st 'Q"si' —t~ 1.5 GeV,
t"+" 9 ' Q~ 1-.5 GeV .

—y= n„(t) =t+0.5 for q-q exchange,
' (2.1b)

—2y= us(t or Q) =t (or Q) —0.5 for q-q qexchan-ge,

(3) In baryon-(anti)baryon scattering,
(a) H-type amplitude as shown in Fig. 2:

(2.3c)

where t is in GeV'.
(1) In meson-baryon scattering, H-, X-

(s-Q obtained by crossing of H), and Z-type amp-
litudes in Fig. 2 are given:

(a) H-type amplitude (s-t dual):

T"(s, t, )Q-A»R 't ' at large angles

T"(s, f, Q) A»S -'t ' at large angles,

-Ass&"""t ', —t~ 1.5 GeV'. (2.4a)

(b) H, -type amplitude, where double q-q states
are exchanged in t channel and q=q state is in s
channel:

—t & 1.5 GeV'. (2.2a)
T"~(s, t, Q)-A»S 2t ' at all angles, (2.4b)

(b) X-type amplitude (t-Q dual) is given by s-Q
crossing of H:

T (s, t, Q) =T"(s—Q) (the arrow expresses the

crossing between two channels)

which has Hegge-Hegge cut contribution in the
forward region, but its effect is neglected in our
analysis.

(c) H -type amplitude, which is obtained by
s-t crossing of II, and q-q-q-q state is ex-
changed:

. -A»t 'u ' at large angles,

A„st Q ~'~, -ts 1.5 GeV,

-A»t ~~" u ', -u~ 1.5 GeV'.

(c) Z-type amplitude (s-Q dual):

T~ (s, tt Q)-A»& 'Q ' at large angles,

-A 8 ~~"~u ' -u~ 1.5 GeV'.

(2.2b)

(2.2c)

Tug TB(s ])

-A»E 't ' at all angles. (2.4c)

(d) X-type amplitude (obtained by s —Q cross-
ing of H):

T (s, t, Q)=T"(s Q)

-A»t 'u ' at all angles

-A»t 'Q"~", —t& 1.5 GeV'. (2.4d)

(2) In baryon-antibaryon- meson-meson scat-
tering, the diagrams of H, (obtained by s-t cross-
ing of H), X, (s-t crossing of X), and Z, (s-t
crossing of Z) types are considered for the amp-
litudes, which are obtained by s-t crossing of
meson-baryon process.

(a) H, -type amplitude:

(e) X,-type amplitude (s —Q crossing of H, ):
T '(s, t, u) =T"~(s—Q)

-A»t 'u ' at all angles. (2.4e)

(f) X,-type amplitude (s—Q crossing of H,):
T 4(s, t, Q) =T ~(s —Q)

T"'(s, t, Q) = T"(s—f) -A»t 'u ' at all angles. (2.4f)

-A» 't ' at large angles,

-A R ~"t ', -t~1.5 GeV'.

(2.3a)

(4) In photon-hadron scattering, we have the
following. In eB-eB scattering, as shown in Fig.
2(d), two strings contribute to the baryon form
factor, and in eM- eM scattering one string to
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7 B(s, t, u) =Anat '. (2.5b)

In yB-MB scattering, from Fig. 2(f), the ampli-
tude is

Tya aa(a t u) (B ~aa+ e ~aa)/~~

=A&a „B(e, R 't '+e„t 'u ')/&2e,
(2.5c)

where e, . is quark charge. Here another possible
counting law is as follows:

the meson form factor,

Pa(q') =fa [m '/(I ' —q2)]' and E„(q') =f„ma/(m ' —q') .
2.5a)(

In yB-yB scattering, from Fig. 2(e), the in-
variant amplitude is

III. ALL-ANGLE PHENOMENOLOGY

A. Baryon-(anti)baryon scattering

In baryon-antibaryon scattering, H-, H, -, and
H„-type amplitudes contribute. The amplitude is
written for PP (n) scattering as

~PP(n) ( ~ t& ) PP(n) t APP(n)

+&ru(.)~ "t ' (3.1a)

where y= o-.„(t or u) at —t or -u& 1.5 if n, or
n, = 1, andy= 1 in the other cases.

In baryon-baryon scattering, X-, X,-, andX„-
type amplitudes contribute:

PP(n) ( » ) PP(n) (

lT ya aal =T)a(B Tea+8 2&aa)/~~e ~ (2.5d)
=A ~„)t '&u &+A. @„)t '&u '&

In Table I, the results of our counting law are
listed. where

(2.1b)
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FIG. 3. The comparison of X-, X,—,and X„-type amplitudes with the experimental cross sections of np np scatter-
ing and the comparison between pp pp and pp —pp are shown (Refs. 3 and 6).
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In Fig. 3(a), our results are compared with the
experimental ones in Pn Pn at-Pl. = 5-12 GeV/c'.
Since the diffractive-type amplitude contributes
as much as the charge-exchange-type amplitude
in experiments, our results have somewhat large
deviation in the forward region. But, at large
angles and in the backward region, the excellent
consistency is obtained in both energy and angular
dependence of the cross sections'. The parameters
are determined as follows:

do(Z p)/dt do(np)/dt
do(Z'P)/dt do (Z'P)/dt

B. Meson-baryon scattering

Z. H-type process

(3.4)

In K p- K'n, H-type amplitude only contributes
to the scattering. The qualitative feature of the
cross section is reproduced very well at all ang-
les in Fig. 4(a).4' The reason for the deviation
in the forward region may be considered for the
flip amplitude to dominate, which is neglected
in this paper.

A pn
= 75 v mb GeV ~ pg = 2.5 GeV (3.2)

In Fig. 3(b) the comparison between the cross
sections of PP and PP elastic scatterings are
shown at P~= 12 GeV/c as I

A» = 105 v' mb Ge V (=A.») . (3 3)

Our approach explains the large ratio of do (PP)/
dt/der(pp)/dt well at large angles, because the
difference of the phases between H, and H& sup-
presses do (PP)/dt. "0'"

In such processes as Z (Z')P-Z (2')P and
n(b, ')p-2 (n)A the amplitude contains X- or II-
type amplitude only except for the diffractive-
type amplitude, then the rati. os at 8, = 90 and
8-~ are

2. X-type process

In K P-m Z', X- and Z-type amplitudes con-
tribute. The X-type amplitude reproduces all-
angle behavior qualitatively well at Pl, = 4.2 GeV/c
in Fig. 4(b).' The deviation at the dips is due to
exchange-degenerate Regge-pole-like behavior
of our model amplitudes. A Z-type amplitude
explains the peak in the backward with the same
parameters.

3. Z-type process

In K P-v'Z and Z (1385), Z-type amplitude
only contributes. Our results are compared with
the experimental ones at P~ = 4.2 GeV/c. ' Then
the asymmetry of the cross section between the
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FIG. 5. The comparison of Z-type amplitude with the
experimental cross sections of K-p 7r'Z and 7t'Z (1385)
at Pl =4.2 GeV/c (Ref. 5).
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FIG. 4. The comparison of H- and X-type amplitudes
with the experimental cross sections of K p~K n and
K p m Z+ at Pl, ——4.2 GeV/c |Refs. 4 and 5).
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forward and the backward is explained promi-
nently by ours shown in Fig. 5. According to our
model the energy dependence of the cross section
at a fixed angle is the same as that of baryon-
baryon scattering, that is, s "at s-~.

In (1)-(3), we use the same parameters:

10

0/+
1O ~;

A ~~ = 30 4mb GeV, m' = 2.5 GeV'. (3.5)

Our approach is able to reproduce all-angle
behavior qualitatively very well even for various
nondiffractive processes.

20~ I I I I

0 2 4 6 8 iO «2

(Gev')

FIG. 6. The angular distribution of the cross section
in yp- ~'n (Ref. 16).
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C. Photon-baryon scattering

Our approach gives dipolelike behavior to the
form factor of a baryon and monopolelike be-
havior to that of a meson in (2.5a). In Ref. 16
the experiment gives do/dt ~ s ' in yP - yP and
s ' in yP -m'P. These are consistent with the
predictions of (2.5b) and (2.5c). The result of
(2.5d) seems to be unfavorable. In Fig. 6 the
angular dependence of our predicted cross section
of (2.5c) is compared with the experimental cross
section of yP -n'n. At large angles a favorable
fit is obtained, but our parametrization is in-
adequate for unnatural-parity Regge-pole exchange
in the forward direction, and the Z-type amplitude
is needed for the explanation of the backward
peak.

IV. DISCUSSION AND SUMMARY

We proposed a counting law on the basis of had-
ron structure with quarks and strings. Large-
momentum-transfer phenomenology can show
what the hadron structure is, and we can select
the most useful model from various approaches.
In particular, a counting law taking the junction
by three strings into consideration in Ref. 10 gives
the same phenomenology as ours to meson-meson
and meson-baryon scattering except the Z-type
process, but has difficulty in explaining the asym-
metry of angular distribution of the cross section
in E p-m'Z . On the other hand, the linearly
rising Regge trajectory is shown to have the uni-
versal slope in both cases of mesons and baryons
by the rotation of the extended hadron with linear-
type structure. This structure seems to con-
tribute to both small- and large-momentum-trans-

fer region.
The results of our approach are summarized

as follows:
(a) We arrive at the conclusion that the linear-

type structure of a baryon is most powerful
among the models proposed by analyzing the data
of nondiffractive processes at all angles.

(b) Regge trajectories are connected universally
to the y parameter of fixed-angle scaling at -t
or -u = 1.5 GeV', where the breaking effect of
exchange degeneracy and the contribution of
Regge-Regge cut are not taken into account.

(c) At higher energy and large angles, the
limiting scaling behavior should appear asymp-
totically.

(d) At P~ 3-250 GeV/c our parametrization
may reproduce the fixed-angle scaling behavior.
At higher energy the breaking of q

' dependence
of a string may be observed in two-body scatter-
ing.

(e) Quantization of linear-type structure of
hadrons should be investigated in the next step
even at large momentum transfer. In quantum
chromodynamics (QCD) we can obtain the same
string configuration. But perturbative QCD gives
the different effect from ours. Nonperturbative
QCD may give the string configuration and its
energy dependence. And perturbative QCD effect
should be observed at higher energy at I'~~ 80eV.
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