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Using fixed-t dispersion relations, low-energy phase shifts (or s-channel resonances), and the imaginary

parts of the s-channel helicity amplitudes of analyses at 6 GeV, we determine the real parts, the
differential cross sections, and the polarizations for m p n"n at several energies, The approach is

parameter-free and almost model-independent, and leads to results in agreement with experiment and

with amplitude analyses.

I. INTRODUCTION

An important recent development in hadron
physics has been the amplitude analysis of two-
body reactions. '2 Its main conclusions for m p

F Pl Rl6 the following:
(I) The imaginary parts of both the s-channel

11611ci'ty-1101lfllp (E++) Rnd 11611clty'-flip (E+ } R111-

plltudes Rx'6 peripheral~ 1.e.
q

consldex'ed Rs func-
tions of the momentum transfer -v-t they have the
structure of the Bessel functions J,(It~t) and'

J;(Bv-t), It = I fermi, in accord with the demands
of the dual absorption model (DAM). '

(2) The real part of E, is rather nonperipheral,
but 18 related to the col responding 1mRg1Qary part
by

ReE, (s, t)=lmE, (s, t}tan-,'n(I(f)

where (I(f) is the p Regge trajectory. Thus, in a
first approximation, E (s, f) can be described by
81111ple exC11Rllge Of tile p Regge pole [with R I1011-

sense wrong-signature zero (NWSZ) in its residuej.
(3) The real part of E„is strongly nonperiph-

eril, and is not simply related to ImE, +.
The purpose of the pxesent work is the following".

Using Rs 1nput the imaginary pRx't8 of the ampli-
tude analyses of m p- m'n at 6 GeV, it tries to de-
duce the essential features (in magnitude and
structure) of the real parts ReE, » and, more-
over, to calcolate the differential cxoss sections
and polarizations at 6 GeV and at higher enex gies.
The approach is based on the following tools:

(a) fixed-t dispersion relations;
(b) at low energy, information on the imaginary

parts of the amplitudes in terms of either phase-
shlft RQRly818 ox' p1on-nucleoQ resonances~

(c) at high energy, a simple parametrization of
ImE+, (s, t)„sciotntsweinth the spirit of DAM.

A calculation along these lines jat the specific
va, lues I;= t+ ——=-0.175 GeV' and t= I; =-0.5 GeV3,
where ImE„(s, t, ) =-0, respectively, and using

only 1TN 1'68011Rllces fol' (b)j WN1 satlsfRctol'y I'6-
suits has already been repox"ted. ' Here the ap-
proach is extended to all values of I (~- 0.625
66V') and is carried in terms of both phase shifts
Rnd x'esonRnces.

Section D contains the formulation of the basic
xelations and Sec. GI presents our results, dis-
cusses their Qlain aspects& and compares theIQ w1th
independent calculations carx'ied along similar
11ne8.

II, BASIC RELATIONS

The s-channel helicity amplitudes I'++ and I"
+

for the reaction m p- m'n ax'e given in terms of
the usual invariant amplitudes A and B by~

4m'Fs I+z, E„(v, t) =A(v, I)+ v- B(v, t)

where 3f(II) is the nucleon (pion) mass, s, the
cosine of the g-channel c.m. scattering angle, and

(2.3)

A Rlld B satisfy tll6 (unsubtracted) fixed-f disper-
sion relations'

dv'ImA. (v', f)

Rnd
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de

ReB(v, t) =B&(v, t)+ P— dv'ImB(v', t)
VO

and

t x/a

E+„(v, t) = -- f(v+M)A(v, t)

+MvB(v, t)j. (2.10)

with B~ the nucleon pole term:

( )
vYg' 1 1

2M p —p p+p
in these expressions

t p t
4M' 2M 4M '

and'

g2/4w = 14.8 .

(2.5)

(2.8)

(2."t)

Our approach consists ln assuming the following
forms for the imaginary parts of the helicity am-
plitudes:

y+ &
-x/2

Im .— ' E„(v, t))
"+'"

(2.11}

to be used for all" v «vpy and

P—=—Im(E E+ ).do an
++ +~

(2.8)

Finally, since we are interested in energies «6
GeV and t fixed in 0 ~-t s 0.7 GeV' it will be suf-
ficient to use in (2.8) the approximate expressions

4m' s
E++(v, t) =A(v, t)+ vB(v, t) (2.8)

The helicity amplitudes are so normalized that
the differential cross section do/dt and the polar-
ization I' for n p -mon at high energy are given
by

«=—,(IE„I"IE, I'),do 4m

ImE (v t) =- P (t)v"- "
4mv s (2.12}

to be used for p & p„, where p& will be specified
below. In these expressions n+(t) and n (t) rep-
resent effective Regge trajectories; in general
there is no need to have n (t) = n (t). Neverthe-
less, for simplicity, we shall take them equal,
and, in fact, identical to the p trajectory":

n, (t) = n (t) =O.47+0.ot . (2.13)

Next we notice that the quantity A(v, t)+ vB(v, t)
has definite s u crossing symmetry and satisfies
a fixed-t dispersion relation. Equations (2.4) and
(2.5) lead to

Ra[A(v, t) ~ tt(, t)]= t(tvtv)+ —t dv'tm d(v', t)+ v' — ( t)t.t—v, —, )lF V V -V V+V
0

t' dv tmtt(v , t)'—, ', )
1

4M g V -V V+V

In view of Eqs. (2.1) and (2.11):

tm A(v, t)+ ( —
tM) B(v, t) = —PEP (tl(v- dId)

(2.14)

(2.15)

(2.18)

so that the first integral of (2.].4) can be readily calculated The se.cond integral we break into two pieces:
vp + v + vg and v& & ttt «. The low-energy part is calculated through known phase shifts or by saturating
ImB with known resonances; thus v& is specified by the limiting energies of the present phase-shift anal-
yses (~s„=2 GeV). To calculate the high-energy part (v„&v& ~) we use (2.9) and (2.10) to express
ImB(v, t) in terms of the functions P~(t) of (2.11) and (2.12); the result is:

ImB(v, t) =- W(v+M)P (t) v + ' '+2WMP (t)v~

(here v» vo). With the definitions
VN

B,.„(v, t) =B~(v, t)+
4

P dv'ImB(v', t) -,
4M vn'

Vp V -V V+V

and 1,,~ 1 1
~dd(vt n) =- P (fv v

7T V P -V V+V

(2.17)

(2.18a)
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S,(,v}=—Pf d ' v'-, —, ),1 I p
g 1 1

(2.18b)

we finally have

ReV'. .(, &&=
4 ~ Iv&&,. (v, && —W(&(&&S(vtv, &,

M

—4~ [p(&&& ,(vtv, —,&& &V&(&, (&&4(v, —2,&
—2Mp (&&& (.v, tv —&&}I.

For the helicity-flip amplitude Eq. (2.10) gives

ReE+ (v, f) = ~~2 [M Re(A+ vB)+ vReA] .M~)
4~s'"

(2.19)

(2.20)

With the definition

Through (2.9) Re(A+ vB) is related directly to ReE„. For ReA we again break the integral of (2.4) into a
low-energy and a high-energy part; in the latter (v„«v&~) we use

ImA(v t)= 2vYMp (t)v - ' +WMp (t)v"+ '

1 12,. (v, &&= — d'vm&v(}'v, &&—, —, ), (2.21)

we obtain

ReE, (v, t)=,~, [4m' s ReE„+vA,.„—2vYMp (t)vS„(v, u ) +vY Mp, ( f) vS„( vu, —1)] .4ms'"

Our calculation of ReE++ proceeds with (2.19) and (2.22).

(2.22)

III. RESULTS AND DISCUSSION

We calculate the imaginary parts of the integrals
of B& and A&0~~ E(ls. (2.17) and (2.21)} in two dif-
ferent ways: (I) in terms of phase-shift analysis"
and (II) by saturating through nf&I resonances. In
the latter case we work in the narrow-resonance
approximation, where the contribution of a reso-
nance of spin Jq mass ~gq w1dth Pg~ and elast1clty
x~ to the imaginary part of the partial wave

fi«, ~», is given by

Im f(g„y,) „=—Mgl'~x~b(s- M~')

(q=c.m. momentum; notation of Ref. 7). Our reso-
nance parameters are the same as in Ref. 4 and
will not be repeated here.

The imaginary parts of E+, used as inputs in our
calculations are shown in Fig. 1. The calculated
real parts at 6 GeV are given in Fig. 2; the result-
ing differential cross sections at 6, 9.8, and 13.3
GeV in Fig. 3 and the polarizations at 6, 8, and
11.2 GeV in Fig. 4.

The first observation is that the two ways of
calculating B~,„and A„„, through phase shifts and
resonances, lead to very similar results. " This
supports the usual assumpbon that the imaginary
parts of the low-energy amplitudes of nondiffrac-
tive reactions are dominated by direct-channel
resonances.

1/
(mb) 2/GCV
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1 '}.4I,

~ 3

t
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FIG. 1,. llnaginary parts of helicity-nonflip (E++) and
-Qip (E+ ) amplitudes at 6 GeV used as input. Contin-
uous lines: input in the calculation with phase shifts;
dashed lines: input with 7rN resonances. Data: H-M
as in Ref. 1(b); Kelly as in Hef. 2.
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duality). Notice that our work as well as Ref. 5

use as input imaginary parts of amplitude analyses
performed on the basis of the same polarization
data (the 6- and 8-GeV data of Fig. 4); it is thus
of interest that our approach predicts polariza-
tions in better agreement with these data. "

We conclude with a more general remark.
Harari and Schwimmer" have shown that if at all
8 the imaginary part of the s-channel helicity am-
plitude E„(s,f) shrinks indefinitely as s- ~, then
the strong-interaction radius 8 must increase with
s. In our approach the energy dependence of
ImE+, (s, f ) is controlled by the p Regge trajectory
[of nonzero slope, Eq. (2.12)]; hence, ImE, „(s,f)
does shrink indefinitely. On the other hand B
=const (=1 fermi), as follows from the fact that
we take the functions P, (f) of (2.11) and (2.12) to
be independent of energr. Thus, strictly speaking,
our approach is in contradiction with Ref. 15.
Nevertheless for the particular type of calculation
we are interested in, we can easily satisfy the de-
mands of Ref. 15 by assuming that our expressions
for ImE+, (v, f) hold up to a certain very high-en-

FIG. 2. Calculated real parts of helicity-nonflip and
-flip amplitudes at 6 GeV. Continuous and dashed lines
and data as in Fig. 1.

Next, our results for ReE, throughout 0 &-t
&0.625 can be considered as very satisfactory.
Clearly, the calculated ReE, exhibits a "double-
zero" structure at t=-0.5 GeV'. This is in accord
with dominance of E, by unabsorbed p Regge ex-
change (with NWSZ) and is clearly exhibited in
Kelly's analysis. In fact, throughout 0 &-t &0.625
the resulting ReE, is related to the input ImE,
by, roughly, the ratio tanvn(t)/2.

Up to -t = 0.4 the calculated ReE„are very sat-
isfactory, as well. For -t &0.5 they exceed
Kelly's by factors of 2 to 4. As a result, at large

~
t

~
our differential cross sections also exceed the

experimental by factors of 2 to 4 and our polariza-
tions drop somewhat too fast. Nevertheless, on
the whole, our approach does reproduce the basic
features of ReE„(lack of peripherality) as well
as of do/dt and P. Notice that as

~
t

~
increases

certain theoretical difficulties (like rapidity of
convergence of the partial-wave expansions) may
significantly affect our method.

Our results are in qualitative agreement with

Ref. 5. However, there are important quantitative
differences, e.g, , in the magnitude of the predicted
polarizations. This is due to using, in the disper-
sion relation (2.14), the expression (2.15) down to
threshold (a procedure justified on grounds of
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FIG. 3. Predicted differential cross sections at 6,
9.8, and 13.3 GeV.
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ergy P (say v-500 GeV), whereas for v& v, ImF„
are somewhat modified te.g., allowing A to vary
like (lnv)'~']. Since the contributions to the dis-
persion integrals of Eqs. (2.18) from v& v are
completely negligible, our numerical results will
be unaffected.

Another important question is why we fail to re-
produce the experimental ReF+, for )tj&0.4. The
simplest way to improve our results would be to
use n+(t) o n (t) = o.~(t); this is suggested by the
fact that, in contrast to P+, the t structure of
ImE+, cannot be accounted for by a simple p Regge
pole. Indeed, we have found that, e.g., at t=-0.5,
by keeping o. (I ) as in Eq. (2.18), but taking a, (t)
=0.25 (i.e., somewhat higher than before) we de-
crease ReF„(t=-0.5) by about 20% while ImF,
(t =-0.5) remains practically unaffected. It is
perhaps of interest to remark that if, in addition
to the p Regge pole, E„receives contribution
from a p-Pomeranchukon cut, then the effective
c. (t) will be higher than n (f) for I &0.
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The qualitative features of models for high-energy production processes based on the
fragmentation of the dressed quarks assumed to make up hadrons are discussed. It appears
that, if quarks are very massive (i.e. , quark mass = 10 GeV/'c ), such models could explain
in a simple way the experimental elusiveness of quarks, the limitations on transverse mo-
menta observed in production reactions, the average inelasticity observed in cosmic-ray
proton interactions, the abundance of pions produced in high-energy collisions, and the
large transverse momenta observed in air showers for primary particle energies above
106 GeV.

INTRODUCTION

There are indications that known hadrons are
composites of more fundamental particles. If a
theory of strong interactions is to be developed in
terms of these particles, called quarks for con-
venience, all strong-interaction processes must
be described in terms of quarks, and ordinary
hadrons should appear only as quark bound states.

We present a qualitative discussion of a class of
models for very-high-energy production reactions
in which baryons are composed of three quarks,
mesons are composed of a quark (Q) and an anti-
quark (Q), and the only processes which can take
place are the production and absorption of QQ
pairs. The interactions between quarks are due to
a direct self-interaction and QQ pair (meson) ex-
change. We assume that quarks are very mas-
sive and we arbitrarily set the quark mass M at 10
GeV/c' in this paper. It does not matter if there
are three or nine quarks in these models, as long
as the baryons are tightly bound states of three
massive particles and mesons are tightly bound
states of a massive particle and antiparticle.

QUARK-FRAGMENTATION MODELS

The class of production models we consider,
which we call quark-fragmentation models, also

make the following set of assumptions:
(I) Hadrons are composed of "dressed" quarks,

so each quark is surrounded by a virtual QQ cloud.
It is assumed that virtual QQ pairs are produced
isotropically with an average momentum of about
300 MeV/c in the rest frame of the quark. By the
uncertainty principle this leads to a characteristic
radius of the virtual QQ cloud of a dressed quark
of around & F.

(3) At very high energies, hadronic collisions
usually consist of a single scattering of a quark in
one hadron and a quark in the other. " Thus, the
hadronic scattering amplitude is the sum of con-
tributions from all diagrams in which a (dressed)
quark in one colliding hadron scatters off a dressed
quark in the other colliding hadron, while the other
quarks making up the hadrons continue undisturbed
as spectators. '

(3) The only production mechanism is the iso-
tropic production of virtual QQ pairs with low mo-
mentum (=0.3 GeV/c) in the quark rest frame.

(4) Quark-quark scattering is predominantly for-
ward (Pr = 0) and results in the fragmentation of
the colliding dressed quarks. In this fragmenta-
tion, the dressed quarks share their momentum
with the constituents of their virtual QQ clouds.
Thus, the mechanism by which a hadron loses mo-
mentum in a high-energy collision is through the
sharing of the momentum of one dressed quark in


