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%In Ref. 1 the overall normalization was determined
indirectly by extrapolating to measurements of Reac-
tion (1) at 24 and 30 GeV. For the relative normaliza-
tion between different energies we had assumed a con-
stant total cross section. In view of the recent evidence
for a rising total cross section a small s-dependent cor-
rection factor should be applied to the data of Ref. 1.
The factor is simply [04/(38.5 mb)|? and amounts to a
~5% increase at the highest energy data of Ref. 1. This
small correction reduced by ~30% the value of the pa-
rameter B in A(1 +B/Ys) which was used to fit the data
in Ref. 1.
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We present an analysis, in the framework of the triple Regge model, of our recent ex-
perimental results on the reaction p +p —p +X between 50 and 400 GeV.

In a recent experiment® at the National Accel-
erator Laboratory we have studied the single-
particle distribution for the inclusive reaction

p+p-p+X (1+2-3+X). (1)
In the last two years several authors? have at-
tempted to describe this reaction in terms of tri-

sd%c s s )+ ayt)/ prey o)
G 2 D035 )
atdM?® s i M S

In the triple Regge (TR) formula (2), G;;,(t) is
the product of a Reggeon-Reggeon-Reggeon cou-
pling, g;,,(t), and three particle-particle-Reg-
geon couplings, i.e., G;;(t) =gijk(t)8i23(t)6j23(t)
XB . (0). In what follows we shall refer to G,,,(¢)
as the TR couplings. The functions «;,(t) = a,,
+a;'t are Regge trajectories and, as usual, we
take the scale factor s,=1 GeV2. We shall also
make use of the Feynman variable x ~1 - M%/s.
The TR formula (2) is an asymptotic expression
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ple Regge couplings. Near the kinematic limit
for particle 3, where s>M2%>1 GeV? and { is
small (s, M? and ¢ are, respectively, the squares
of the center-of-mass energy, the mass of X,
and the four-momentum transfer between parti-
cles 2 and 3), the combination of Regge phenome-
nology with the generalized optical theorem leads
to a prediction for the invariant cross section

for particle 3 which is?®

(2

and in the absence of a detailed theory the range
of s, M?, and ¢ over which it is valid can only be
guessed from a phenomenological analysis. In
order to do this, however, we must know how
many terms to allow in Eq. (2) and also what in-
tercepts a,; and slopes «;’ to use for the various
trajectories. In principle all combinations Zjk
which are not forbidden by quantum-number con-
servation can contribute to Eq. (2), the only re-
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striction being that diagonal terms with 7 =j must
be positive. Of course, exchange degeneracy
simplifies the situation but even allowing only the
Pomeranchuk (P) and leading meson (R) trajec-
tories we obtain six terms (PPP, PPR, RRP,
RRR, RPR, and RPP). The uncertainties on
what s> M?2>1 really means, on what trajectory
parameters to use, and on how many terms to al-
low in Eq. (2) make the determination of the TR
couplings a highly speculative game. In what fol-
lows we shall try to play this game using the NAL

0 2st? +12 = t(3m?2 +M?)
COSCe “H = )t — M —m)2 [ - (M +m)* ]} 72

should be >2 (m is the proton mass). For s> M?2
>m?> |t | expression (3) reduces to |cos, |~ (s/
M?)|t %% ™! and for 1£1=0.16 which is the lowest
value in our data the condition |cos6,|> 2 implies
s/M?>5. As pointed out in Ref. 5 this condition
may not be sufficient to ensure the validity of a
TR expansion.

The data on Reaction (1) to be fitted by the TR
formula (2) came from a single experiment' cov-
ering the range 100 <s <750 GeV?, 0.14 <¢ <0.38
GeV? and 5 <s/M?<12.5. The wide energy
range covered should allow a clean separation
of the energy-dependent terms PPR and RRR
from the energy-independent terms PPP and
RRP. We shall present the results of five differ-
ent fits and discuss them as we proceed. The da-
ta are divided into four ¢ intervals: 0.14<|¢|
<0.18, 0.18<]£1<0.22, 0.22<]#1<0.28, and 0.28
<|t1<0.38 GeV?, and the TR couplings are free
parameters for each ¢ interval. In all cases the
errors are about + 3%.

Fit I: We assume four terms PPP, PPR, RRP,
RRR with conventional trajectories ap=1+0.25¢,
ar=0.5+¢. The resulting fit is shown in Fig. 1
and the TR couplings are given in Table I. We
conclude that the fit is poor, the main problem
being that it does not reproduce the dip in the da-

ta around x =0.88. This failure is more pronounced

for low |£|. For x >0.87 the fit is reasonable.
Notice in Table I that Gppp(t) shows a maximum
around |£1=0.22 GeV?,

Fit II: In order to improve the fit we reject
all points with x <0.84. As mentioned earlier the
validity of the TR formula is questionable for
s/M? ~5, The requirement x = 0.84 implies s/M?
= 6.2. As for Fit I, we fit the data with four
terms and with conventional trajectories. The
resulting couplings G, (¢) are given in Table I.
We notice that whereas Gprr(?) and G pp (f) are es-

data of Ref. 1. We shall assume for simplicity
that the interference terms RPP and RPR (i #;j)
vanish. We shall also assume that the TR for-
mula can be expected to hold for s,M? =8 GeV?,
s/M?=5, and |t|=< 0.5 GeV?, The choice of the
conditions s, M?z 8 GeV? and |¢|=< 0.5 GeV? is mo-
tivated by the success of Regge phenomenology
in two-body reactions and by the desire to avoid
complications from the resonance region.* The
choice of s/M?>5 is motivated® by the require-
ment that the absolute value of

®3)

sentially the same as for Fit I, the relative mag-
nitude of the couplings G () and Ggp(#) has
changed. This is understandable in view of the
fact that over the limited x range of our data the
contributions of the PPP and RRP terms are of
the same order. Both terms are energy indepen-
dent and although the x dependence is different it
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FIG. 1. The results of our TR fits to the experimental
data of Ref. 1 at energies s =108, 213, 285, 503, and
752 GeV?. For clarity we show only the data and curves
at the two extreme energies. For all fits the curves
for the other three energies lie between the two ex-
tremes.
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TABLE I. The TR couplings G;;,(f) resulting from
fits of Eq. (2) to the data of Ref. 1. Each fit at fixed ¢
has 56 degrees of freedom except Fit II which has 46.
For all fits we find Grrr=20. For Fits I and II we use
conventional trajectories ap=1+0.25¢, ag=0.5+¢.

Fit II is restricted to data with x >0.84. In Fit III we
use &g =0.2 +¢ for the RRP term keeping oz =0.5 +¢ for
the PPR term. Fit IV is like Fit I with additional fixed
rr P term.

FIT ‘t2 Gppp , Cppr , Crrp , X
GeV mb/GeV mb/GeV mb/GeV
I 0.16 0.34 3.7 45 135
0.20 0.48 3.2 38 162
0.25 0.54 2.3 32 194
0.33 0.43 1.8 26 204
II 0.16 0.61 3.8 40 55
0.20 0.85 3.2 31 40
0.25 0.80 2.3 26 44
0.33 0.57 1.7 22 61
IIT 0.16 1.3 3.8 108 82
0.20 1.2 3.3 91 94
0.25 1.0 2.3 78 99
0.33 0.7 1.8 67 84
v 0.16 0.92 3.7 26 96
0.20 0.84 3.6 24 118
0.25 0.75 2.3 23 144
0.33 0.52 1.8 21 158

is not possible to decouple the two contributions.
In the case of the energy-dependent (like s /2
for fixed x) terms PPR and RRR, on the other
hand, the fits show a clear preference® for the
PPR term, i.e., the s dependence of the data is
adequately described by the single term PPR.
Notice again that Gppp(f) has a maximum around
|t1~0.22 GeV2 This fit is better than Fit I but
the above observations lead us to try different
parametrizations in an attempt to improve the
fit over the entire x range of the experiment and
to study further the interplay be tween the PPP
and RRP terms.

The difficulty of the four-term TR formula
(with conventional trajectories) in describing the
dip in the x distribution has been noticed by sev-
eral authors. This is essentially because the
RRP term does not drop fast enough with increas-
ing x. Chan, Miettinen, and Roberts” in fitting
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data on 77 +p —p + X find it necessary to lower the
intercept of the leading meson trajectory to 0.2.
This is interpreted as being due to the contribu-
tions from lower-lying trajectories which may be
important in the low x region.

Fit III: We follow the prescription of Ref. 7
and fit the entire ¥ range with four terms PPP,
PPR, RRP, RRR. For the RRP term we take
ar=0.2+¢ while for PPR and RRR we keep ay
=0.5+¢. For ap(t) we take 1+0.25/. The result-
ing fit is shown in Fig. 1 and the couplings are
given in Table I. The fit is considerably better
than Fit I. Notice that Gppp does not turn over at
[£1=0.22 GeV? As for Fits I and I, Gpp(¢) does
not change.

Instead of accounting for lower-lying trajecto-
ries by an effective ay(¢/) we can introduce them
explicitly in the TR formula. This has been ad-
vocated by Bishari® and more recently by Yem,?
who point out that a #mP term should be taken
into account especially at low ¢},

Fit IV: We take the normalized expression for
the 7P contribution from Bishari® and try a four-
term fit (PPP, PPR, RRP, RRR, 77P fixed)
with conventional trajectories. The resulting fit
is very similar to Fit III and the couplings are
listed in Table I. As in Fit III the triple-Pom-
eron coupling G ppp(t) does not turn over at low ¢.

A third, and much more ad koc, way to produce
a steeper drop with increasing x and therefore a
more pronounced dip in the x distribution has
been advocated by Capella, Hogaasen, and Pe-
terson.® They have obtained a very good fit to
Reaction (1) at 24 GeV/c by replacing the RRP
term by an exponential ¢?*"® where d may de-
pend on £. The need for such a term has also
been pointed out by Berger? and has been advo-
cated on theoretical grounds by Salin and Thom-
as!® from a study of the behavior of a six-point
amplitude in a dual model. Presumably this ex-
ponential reflects phase-space effects®? 1 and
possibly lower-lying trajectories.®

Fit V: We replace the RRP term by an exponen-
tial and try a fit of the form PPP +PPR + ce®1™,
The resulting fit is shown in Fig. 1 and the val-
ues of the couplings and the parameters ¢ and d
are given in Table II. This is clearly a much bet-
ter fit than I to IV but has been achieved by vio-
lating the rules of the game. The only theoretical
justification for an exponential as presented by
Salin and Thomas'® goes beyond the usual assump-
tions of a theory with factorizing Regge poles.

As expected, the values for Gpp(t) from this fit
are the same as for I to IV while G ppp(f) shows



VoLuME 31, NUMBER 25

PHYSICAL REVIEW LETTERS

17 DECEMBER 1973

TABLE II. The parameters resulting from Fit V
(see text) obtained by replacing the RRP term in the
TR formula (2) by a term of the form c expld(1 —x)].
Each fit at fixed ¢ has 56 degrees of freedom.

=t Gppp Gppr c
(GeV®) (mb/GeV?) (mb/GeVd) (mb/GeVd) d x?
0.16 1.9 3.8 2.0 13 26
0.20 1.6 3.3 1.4 13 24
0.25 1.3 2.2 1.2 12 22
0.33 0.7 1.7 1.2 10 35

the same behavior as for III and IV.

In conclusion, our data on p +p —-p +X allow a
clean separation of the energy-dependent TR
terms. We find that G ~0 and obtain values
for Gppr as a function of £ which we believe to be
reliable. For the triple-Pomeron coupling G ppp(t)
our data imply two possibilities typified by Fits
II and III. Using conventional parameters for the
Pomeron and leading meson trajectories and ne-
glecting interference terms and lower-lying tra-
jectories, we obtain a reasonable fit to the data
for x >0.84. In this fit Gppp(?) goes through a max-
imum at about 1£1=0.22 GeV2. When we include
terms such as 7P either directly or by lowering
the intercept of ay(t) or by introducing an ad koc
exponential dependence on x we obtain better fits
and G ppp(f) does not have a maximum at least
down to 1£1=0.16 GeV® In order to distinguish
between the two possibilities data with x >0.92
would be needed.
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