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Absorbed Mueller-Regge model for the single-particle-inclusive production of forward nucleons
from a nucleon beam
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The inclusive production of nucleons is investigated in a parameter-free Mueller-Regge model with absorption
corrections. The inclusive cross sections and the recoil-nucleon polarization are determined and are compared with
existing experimental data.

I. INTRODUCTION

From two-body phenomenology the importance
of Regge cuts in strong interactions is well es-
tablished. It is then a natural extention to con-
sider such effects in single-particle-inclusive
processes. Further, to resolve the inconsistency
posed by the decoupling theorems in inclusive re-
actions, Regge cuts are essential. ' Following
these developments there have been several phen-
omenological treatments of Regge cuts in inclus-
ive reactions. ' ' Although the different models
have different derivations, the results are es-
sentially related to the absorption model, and,
apart from minor differences in detail, they are
for practical purposes the same when used in
phenomenology.

In a previous paper' the charge-exchange re-
actions p(n)+p-n(p)+X were treated in a
MueUer-Regge pole model. This model has all
of its parameters fixed and, in particular, the
coupling constant of the pion to two nucleons.
Since pion exchange is the dominant production
mechanism in the triple-Regge region for the
processes p(n)+p-n(p)+X, this coupling constant
fixes the normalization of the inclusive cross
section. On comparison with the experimental data
this was found to be overestimated by the model.
This result was also found in another calculation'
of the reaction p+p-n+X. In the present paper
we consider absorptive cut corrections as a rem-
edy for this problem. In addition, the calculation
of Ref. 6 did not consider the recoil-nucleon pol-
arization which is a critical prediction of the
model. This calculation is carried out in the

present paper.
In Sec. II we present the formalism for evalua-

ting the absorption corrections to our Mueller-
Regge amplitudes. We conclude in Sec. III with a
discussion of the results of our model calcula-
tions.

II. FORMALISM

Following the model of Ref. 4, the Mueller-
Regge helicity amplitudes for the reactions p(n)
+p-n(p)+X are given by (see Fig. 1)
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for the pseudoscalar and vector exchanges, re-
spectively, where the ~'s are the helicity indices,
the J 's are the currents at the particle-particle-
Heggeon vertices (b-c-A), the II's are the Regge-
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FIG. 1. The Mueller-Regge diagram for the single-
particle-inclusive scattering process p (n) +p -n (p) +X.
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c c TABLE I. Absorption coefficients for p(m) +p n(p)
+ X. Values are taken Qom Ref. 14.

S ~ (Gev/~) ~ (Gev') I «) (GeV/c)

Dec
X

b b

57.057 39
151.783 3
268.323 5
280.952 9
401.3594
498.027

1059.042 1
1495.9174

109.0
287.0
506.0
529.0
756.0
936.36

1989.16
2809.00

0.6863
0.6505
0.657
0.657
0.7165
0.6672
0.6152
0.617

0.209
0.206
0.203
0.203
0.212
0.202
0.199
0.198
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FIG. 2. Absorptive corrections in the ab and cb chan-
nels for the reaction p(e)+p -n(p)+X.

ized propagators, the l"s are the structure func-
tions at the inclusive vertices, and the K's denote
the summation of the helicities of the missing
mass X. The currents are given by

J, = g(Ny, N)

with P„=(P,+P, )„and t=(p, —p„)'. We define the
usual invariant s = (p, +p, )' and the missing mass
squared Mx' = (P, +p, -p, )'. The structure func-
tions, after averaging and summing over ~„K,
become

g (r ", «)~=M'~'(Mx', t, m, ')o...(«-«)
'A g,K

Z„=g[M, (t) " (NN)+M, (t)Ny„N],
mN

where g is obtained from the known pion-nucleon
coupling constant g'/4m = 30.0, m„ is the nucleon
mass, M, (t) and M, (t) are related to the Sachs
form factors' through

M, =F, -F„, M, = (1+,~F„,
(

1 c Ny 2 4m 2~

Bm, '
V=,'—c„,(pa- pa) .

Then we have

b c' b c 0 b c' b c
XgKg & K

X.~,E'

The propagators for pseudoscalar and vector
exchange, after Heggeization, take the form

dcxg (t)
[ ( ( ))]

1+ Tg exp[ —zÃcxg(t)] (
s

ii
w

2 L,M

P

respectively, where n(t) = c.,+ o. t and v are the appropriate signatures. Our Regge trajectories are taken

u„(t ) = —0.013+0.650t

n p (t ) = 0.470+ 0.905t,
where these trajectories are derived under the assumption of exchange degeneracy between the paints of
particles ~ -B and p -A, A detailed discussion of the calculation of these expressions is contained in
Ref. 5.

As in Ref. 4 we apply absorptive corrections in impact-parameter space and obtain (see Fig. 2)
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c» 5 c(y gl ) g(g)If b 0 ~ 5 c (y gi )Sqg I
)

where S(b) = 1-C exp(- Ab'), 6 is the impact parameter, and C and & are the opacity and the inverse
square of the radius of interaction (see Table I). The absorbed amplitudes are then given by

X' &'
c ~ & c (& & M 2) &tdq1. 7.i dqlff .~ c ~ 5 c (s +I +I ~ 2)

0 0

C ~'+~" ~—5(v —~' ) ——exp-'7 2A. g 4A. )
" 2A.1, C (~'+7," v7,'

4A.

where v =
[ &, —&, [, v' =

[ X,
' —&t ( are the helicity

flip at the bc, b'c' vertices, respectively, with
v=0, 1; v'=0, 1, and ~=2k sin(0l2), with 0 the
c.m. scattering angle and I„ the modified Bessel
function of the first kind.

The single-particle-inclusive cross section is
given by

s d 0 1 1
dtdM ' 64m'k' (y, 1)

where the summation over z signifies the summa-
tion over all possible exchanges, S, is the spin of
particle Q, and the polarization of the recoil nu-
cleon is given by

H++'+ —H'"'=-:"'-" a'"-"- .~ abs
' + Habs

All the calculations have been carried out by com-

I

puter' and for accuracy all the graphs have been
plotted by computer. '

III. DISCUSSION

We have assumed that the principal trajectories
exchanged in the single-particle-inclusive produc-
tion processes (p n) a-nd (n ~ p) correspond to the
~, p, andA, mesons. It must be kept in mind that
since, for the proton-proton scattering reaction,
it is not possible, in principle, to distinguish from
which vertex a particular final state emerges, the
total amplitudes are obtained by antisymmetrizing
the amplitudes obtained from Fig. 1. However, at
the high energies we are considering no error is
introduced by simply multiplying the amplitudes
by a factor of 2. These can then be used to com-
pare with data which has been folded about x = 0.

Figure 3 shows the energy dependence of the
M„'/s distribution for (p-n) for two four-moment-
um transfer values. We see that, although the ab-
sorptive cut correction brings down the overall
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FIG. 3. The invariant cross sections for (p ~ n} at
two ISBenergies plotted against M X2/s for fixed -t. Data
from Bef. 10. Dotted curve indicates the pole contribu-
tion. Dashed curve indicates the cut contribution. Solid
curve indicates the pole and cut contribution,
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FlG. 4. The invariant cross section for (p —n) at bvo
ISH energies plotted against -t for fixed Mz /s. See
caption of Fig. 3.
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FIG. 5. The polarization of the recoil neutron for
(p &g) at bvo ISR energies plotted against -t for fixed
MX2/s. See caption of Fig. 3.
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FIG. 6. The polarization of the recoil neutron for
(p —n) at two ISR energies plotted against j/lx /g for
fixed -t. See caption of Fig. 3.

normalization of the invariant cross section, the
theoretical results still overestimate the experi-
mental data by factors up to 10. The data" are
not of such good quality that we can make any
judgment of whether the Mz'/s dependence of the
Mueller-Regge pole amplitudes is improved by the
addition of absorptive cuts. Data with improved
statistics will be necessary to test this point.

The invariant cross section for (P-n) as a
function of the four-momentum transfer for almost
the saine value of M„'/s is shown in Fig. 4. The
dominance of ~ exchange is clearly seen in the
diagram with the strong forward peak as t tends
to I;,„. The effect of the absorptive cut correction
is to lower the forward normalization slightly and
to considerably increase the rate of falloff of the
cross section. The scaling of the cross section is
evident in this diagram.

In Fig. 5 we have plotted the polarization of the
recoil neutron as a function of the four-momentum
transfer for fixed M„ /s. Again the scaling behav-
ior of the amplitudes is clearly manifesting itself.
The polarization vanishes at t;„by angular mo-
mentum conservation, rises to a maximum of
about 6% positive polari'zation at -t =0.50 (GeV/
c'), goes through zero at about -t = 0.70 (GeV/c),
and attains a negative value of about 2/p. This
behavior of the polarization is quite dramatic and
would be an interesting test of the model.

Figure 6 shows the polarization as a function of
Mx'/s for fixed momentum transfer. The polariza-

tion, as shown in Fig. 5, only reaches appreciable
values for large -t values.

The predictions of our model are compared in
Fig. 7 with the data from Fermilab" on the reac-
tion (n-p) at four different incident momenta in
the range s= I09 GeV' to s=756 GeV'. These data
are of much higher quality than the CERN ISR da,ta
shown previously and, as such, provide a much
more stringent test of our model calculations. We
observe that the s, t, and Mx'/s dependence of the
theoretical distributions are consistent mith the
data. The modified Mueller-Regge pole ampli-
tudes can be seen to interpolate the experimental
data and represents a truely remarkable parame-
ter-free fit to the data, while the unmodified am-
plitudes overestimate the experimental data by
factors of about 3. Thus, we see that our conject-
ure that absorptive cut corrections could remedy
the normalization problem for the invariant cross
section is correct. This provides yet another
stimulus to studying cut corrections to the Muell-
er-Regge model mith simple poles, in addition to
those already mentioned in the Introduction.

Our results for the invariant cross section for
(n p) as a function of the momentum transfer,
for fixed MX /s, are compared with the data in Fig.
8. Again the agreement of the modified amplitudes
with the experimental data is remarkable.

In Fig. 9 we present a plot of the polarization for
the proton for (n LP) at fixed s, as a function of
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Mr'/s, for twelve momentum transfers tin the-
range 0.17 to 0.75 (GeV/c)'. This shows that the
polarization can be expected to be positive, with a
value up to 5%, at the upper end of this range and
to be negative, with a value of up to 5~/p, at the
lower end of this range.

It is easy to extend our model to the process
(P-A). This is carried out by replacing the x, p,
and A, trajectories by the E, X*(890), and
Z+(1420) trajectories, respectively, and changing
the coupling constants accordingly. This reac-
tion is now of interest because the polarization of
the recoil A reveals itself through its decay. It is
therefore an easy experimental quantity to mea-
sure. In a recent paper by Overseth" it was
shown that the polarization of the A had been mea-
sured in an experiment at s= 300 GeV'. In the
range 0& Pr & 1.8(GeV/c)' the polarization was
shown to r'ise from zero to a value of about 1(Pq.
In fact, the polarization of the A looks very much

like our Fig. 5 in the range -t;„& —t & 0.5 (GeV/
c)'. The theoretical calculation of the A polariza-
tion has been successfully carried out."
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APPENDIX: HELICITY AMPLITUDES

We first write the unmodified amplitudes, given in Appendix 8 of Ref. 5, in the form of products of ex-
ponentials and powers of 7. We can then perform the Fourier-Bessel transformations analytically.

We can write our amplitudes in the following compact form which explicitly exhibits the v dependence:

'P:.(s, v;M„')=gH'. .(1 v /8)v')[sxp( (v vv )+vV sxp( (vsv )],

P: (s, 7', Mx') = P', —
„~[exp(—b„7')+ q, exp(-b„7')],

2k)

2

(t)'„(&, T, MX') =
~

B'„R'„k-,~(1 —T'/2k')[exp( —d„r')+ )7, exp( d, r')],

and

72)
p,'(s, v;M ')= (p', —VV', . , [

—)[sxp(—d ) v,vss( x—pd, v')),

where
[d SP'„=——

2A~~ 2 [a& exp(b, i „)],Mx

[q(E,+m, ) +k(E, +m, )]
[(E,+ m, )(E,+m,)]"'

b„= o(,'ln 2I+b, —, b„=b,( —iwn,' —,
x)

g s +op1
B' = 2' M i (A.', +B') ex p(Z, f„),

g g ~"op-1
R'„=—'

M 2 BP~ exp(Z, t „),
X

A'„= fC, C,[E,(E,+ E,) +k']+ 2C,C,kq(E, + E,)] y'~',

B'„=[C,C,+ 2C,C, (E„+E,)]kq V'i',

1 1 [(E,+m, )(E,+mg akq]
x 2m c' ' 4m„' "' ' [(E,+ m, )(E,+ m,)]"'

(2 ln 2 +Z., —
~

= d~ —'L7T
s g . , Q'

Q =N +Q I
Qo =No +CV

7i, = 7; exp(—i)rn~), )7,= 7, exp(- i)) n,'),
where the Z' function for the pion propagator for the region ( $ )

~ 1 was approximated by a quad-
ruple exponential of the form Q, ,a, exp(b, t), where a~ =22.79791, a, =85.67416, a, =10.96054,
g~ =0.73482, g, =99.25420, 5, =23.12340, g3 =3.72921 and g4 = —0.423 92, while the function

N 1 —o (t))/(1 —)t/m ') for the p propagator for the region ~t~ «1 was approximate(4 by an exponential of the
form Z, exp(Z, t ), where Z, =1.518 186 and Z, =1.924948 and y, and z are the m and the p signature fac-
tors, respectively.

These expressions can then be transformed according to the expressions given in. Sec. II. We obtain

)
( M ') = p' ( M ') —C ——l~ f~~) xp[ /4~[(4&b, )+ 1)] 1 4X(4&b„+1)+r'l~++» & ++ s ' X 4y )~ ++ (4/b 1) 8k (4yb 1)~
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(srM )=4, (sTM ') c~z)exp)-2) I
P!.

) z~), )'l +)(&r &w) I
T'&, (exp[a'/4X(4Xb„+ 1)]

{y) ( 2)h&, ., '
~( 4){b„+1 J

( v' exp[7'/4X(4Xd, + 1)]
(4Xd +1)1

x g'.. ." ",[4X(4',+1)+ 7']

2

+ ., ",[T'+ 16r'X(4Xd, + 1) + 32k'(4Ad, + 1)']

exp[7'/4X(Q. d, + 1)](, R', [7'+ 8X(4Xd, + 1)]
I~+ — ' ' x ' ' ' x 2k~{ {~ 4g) (4A.d, +1)' ~~

' 2k ' (445, +1)' I)„

+g, [d, -d ]
The values of the absorption parameters C and X are given in Table I.
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