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the parameters of the A, resonance: M, =1180
+50 MeV, I'=400+50 MeV (second-sheet pole
values). Moreover, we have fairly precise knowl-
edge of the p7 scattering amplitude itself. An
interesting by-product is that we know the value
of the axial-vector form factor, for which we
provide an analytic parametrization.*® This
may be useful in various situations, for example,
in tests of the second Weinberg sum rule,®
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It is shown that if in a calculation of high—transverse-momentum meson production in
hadron-hadron collisions one includes not only the scale-breaking effects that might be
expected from asymptotically free theories but also the effects due to the transverse
momentum of quarks in hadrons, then the results are not inconsistent with the single-

particle cross-section data.

In previous papers (hereafter called FF1 and
FFF1), experimental results on the production
of high—-transverse-momentum mesons have been
analyzed, It was supposed that the phenomena
were due to the hard scattering between quarks,
one from the beam and one from the target.? The
longitudinal momentum distribution of the quarks
in the proton, G,_,(x), and the distribution of
mesons from the outgoing quarks, D, hz), were
taken from data on lepton-initiated processes
and assumed to scale (i.e., depend only on the
fractional momentum z or x and not otherwise on
energy). If these functions scale, then the invar-
iant cross section for producing a large-p,
meson directly reflects the energy dependence
of the quark-quark cross section do/df, Thus if
the latter behaves as #(¢/s)/s", then the former
behaves as f(x 4, 0. )/p,%", where x,=2p,/W
and W=vs. The expectation from field theories

calculated to any finite order using perturbation
theory is that n =2, whereas existing experimen-
tal data behave like 1/p,® at fixed x,, It appeared
that if one wanted to describe existing data in
terms of quarks, then d6/df would have to be
modified to agree with experiment, The form d&/
df=(2300 mb)/57° appeared to fit the large-p,
meson data best,

This simple model (called the quark-quark
scattering “black-box” model) succeeded in pre-
dicting the large-p, 7*/7~ and K* /K~ ratios,
However, an analysis of the correlations between
two or more particles produced at large p , shows
that effects due to the transverse-momentum dis-
tribution of the quarks in the initial hadrons,

(k L>,,_a, and the transverse momentum of the
hadrons from the outgoing quark jets, <(k.)._,,
cannot be neglected. In FFF (k,), . =500 MeV
and (k). ,=330 MeV were used, but even these
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values were a bit smaller than indicated by ex-

periment, One consequence of including the trans-

verse momentum of quarks in hadrons and of
hadrons from quarks (called smearing) is to re-
quire modification of the quark-quark cross sec-
tion, Smearing effects break “scaling”; for a
given do/df, smearing increases the small-p,
cross section sizably but has less effect at high
p. (see Fig, 8 of FFF),

As reported in the summary of FFF, there
were some encouraging features of the quark-
quark “black-box” model with smearing but also
some problems, Predictions depending strongly
on {k,), , were not very successful, The data of
Della Negra et al.® showed that the total number
of away-side (opposite side of trigger) hadrons
with z,20.5 per trigger, N(z, 20,5),* decreases
from 0,22 for a trigger p,=2.1 GeV/c to about
0,07 at trigger p,=3.6 GeV/c whereas the theory
yielded N(z, = 0.5) = 0,17 independent of p, over
this range., There are now two experiments®
that confirm this drop with increasing trigger
momentum but they do show that n(z,) does begin
to “scale” for p, = 3.5 GeV. However, the ex-
perimental values for the away-side multiplicity
n(z,)* in the “scaling” region p, 3.5 are about 3
times smaller than predicted in FFF.> This is
a serious problem for the model. It means that
the away hadrons are not fragmenting from a
quark with the same D "z) function as determined
in lepton processes or they are not quarks, In
addition, larger values of (k,), , means that the
“black-box” d6/di must be severely modified
from our initial choice. In fact, to agree with
the observed 1/p ,® behavior of Edo/dp, the in-
put d6/df must behave more like 1/5,°. Della
Negra et al.® have shown that their correlation
data imply large smearing effects and that such
a large smearing can go part of the way towards
a 1/p ,® behavior from an input do/df of the form
1/p .4

Because of the above problems with the “black-
box” model and because recent experiments on
both the production of hadrons at large p, and
the production of muon pairs of large mass indi-
cate that (%), , may be larger than anticipated,
the decision was made to start over at the begin-
ning and include all the ingredients expected
from contemporary quantum chromodynamics
(QCD). I find that QCD might provide an adequate
explanation of all the experimental results that
1 discussed in previous papers !

At first sight this would seem quite impossible
since when one plots p ,° times Edo/d®p at fixed
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FIG. 1. p, 8edo/d*p vs p, for large-p, pion production
data at 6., =90° and at fixed x, =0.2, 0.35, and 0.5,
compared with the predictions (with absolute normali-
zation) of a model that incorportates all the features
expected from QCD. The dot-dashed and solid curves
are the results before and after smearing, respective-
ly, using A =0.4, and the dashed curves are the re-
sults using A=0.6.

x, versus p,, the data are roughly independent of
pofor 2<p, <6 GeV/c and 0.1 sx, <0.5 (Fig. 1
shows the data at x , =0,2, 0,35, and 0,5). How
could this agree with QCD which yields roughly
p 1% behavior ? The difference in the two would,
over the range p,=2 to 6 GeV/c, mean a differ-
ence by a factor of 3% or 81, The answer is that
there are a number of effects consistent with the
QCD ideas—each not particularly large in itself,
but all acting in the same direction so that they
conspire to produce the very large net effect
needed to agree with experiment. The effects are
as follows:

(a) The effective strong-interaction coupling
constant falls with @2, where @ is some charac-
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teristic momentum in a collision,® Let us take

a (@2 =121/(251nQ?*/A?), with A=0,4 GeV and @*
=28fi/(82+F%+4%. (This form for @2 is purely
arbitrary. It was chosen to be symmetric in §, 7,
and # and to be f in the case {<«38.) Atx,=0.2,
the dependence of o on @® increases n.¢; from
4,0 to 4.8, where n ;= -ln(ol/oz)/ln(p,_l/p *2) with
0, and 0, the invariant cross sections (at fixed x ,)
at p,,=2.0 and p,,=6,0 GeV/c, respectively. At
x,=0.5, nesr is changed from 4.0 to 4.7 over the
range 4.0 <p, <8,0 GeV/c.

(b) The parton distributions in the proton,

G(x, @), do not scale, The influence of this on
vW(x, @) for ep and pp scattering has been stud-
ied by Georgi and Politzer” and by Fox® and may
account for the lack of scaling seen in ep and pp
experiments over the range 4.0 <@?%<10,0 GeV?,
We use Fox’s formulation to extrapolate these
functions to the higher-@?® region needed in analyz-
ing high-p, data (@*=10-500 GeV?). The asymp-
totic-freedom formulation predicts that as @2 in-
creases, there are fewer quarks at large x and
more at small x, The scale breaking of G(x, @?)
increases n.¢; from 4.8 to 5,2 at x,=0.2, 2,0 sp,
<6,0 GeV/c and from 4,7 to 5.4 at x , =0.5, 4.0
<p,<8,0 GeV/ec.

(¢) Let us suppose that the fragmentation func-
tion D_"(z, Q% is also @* dependent (does not
scale) in a manner similar to G(x, Q). I have no
data on this but performed an analysis on these
functions using the procedure that Fox used to
determine the expected @? dependence of G(x, @?).
One obtains D(z, @) for any @? in terms of that
for a reference Q,%. We took @,%>=4 GeV? and
supposed D(z, Q,2) to be the fragmentation func-
tions of Field and Feynman,® The scale breaking
of the D functions increases n.¢; from 5.2 to 5,6
at x,=0.,2 and from 5,4 to 5.9 at x , =0,5,

(d) The incoming partons have a large trans-
verse momentum,'® For the present, we use
(k .);., =848 MeV and take it to be independent
of @* and x and generated as a Gaussian, This
value is chosen to agree with the recent data on
the production of muon pairs by hadron-hadron
collisions that appears to imply that vV2(% ),
~1.2 GeV. (The value (&,),_, is increased to
439 GeV and generated as a Gaussian to agree
with our recent quark-jet analysis.®) This effect
increases n.¢f from 5.6 to 7.6 at x ,=0.2 and 2,0
<p,<6.0 GeV/c, and from 5.9 to 8.1 at x,=0,5
and 4,0 <p, <8,0 GeV/c, in agreement with ex-
perimental observations (see Fig, 1),

(e) As emphasized by Cutler and Sivers!! and by
Combridge, Kripfganz, and Ranft,'? one cannot

neglect effects due to gluons, g, in the proton
(they carry about half the proton momentum), In
addition to elastic gq9 ~qq, 99 ~qq, and g ~Gq
scattering, we include gqg —gq, g9 —g9, gg¢—~4q,
qq —gg, and gg— gg contributions with each d&/df
calculated to first order in perturbation theory
and with an effective coupling a,(Q? as in (a), "™
The gluon distribution in a proton G,_,(x, Q%) was
taken from Fox’s analysis® and behaves like
(1-x)* at large x at the reference momentum Q2
=4 GeV?, The distribution of hadrons, DXz, @?),
in a jet generated by a gluon is completely un-
known. We have chosen a form that behaves like
(1-2)? at large z at the reference momentum Q,?
=4 GeV?, These choices are arbitrary; many re-
sults depend on them for the QCD quark-gluon
and gluon-gluon cross sections are large, They,
however, also behave as p,™* at fixed x ,; there-
fore including gluons does 7ot help to change n ¢
from 4 to 8 but is important in bringing the mag-
nitude (at low x ,) up to agree with data.

In the present state of knowledge, we do not
know if all of these choices, (a)~(e), are really
consistent with the correct consequences of the
QCD theory. Thus we cannot show that experi-
ment is truly consistent with the theory. Instead,
we must merely try to see if experiment is incon-
sistent with what we think we know theoretically.
In this report, I have not made any adjustments
of my initial choices in order to fit the high-p,
data.

Figure 1 shows a comparison of the predicted
and experimental behavior of p,® times Edo/d*
at 90° andx , =0.2, 0.35, and 0.5 versus p,. The
dashed curves are the results (after smearing)
using A =0.6. For the range 2.0 <p, <6.0 GeV/c
atx,=0.2, and 4.0 sp, <10.0 atx, =0.5, the re-
sults are roughly independent of p, (when multi-
plied by p.®%). However, this 1/p,° behavior of
the invariant cross section holds only over a
small range in p, that depends on the value of x,.
The data on Edo/d% at fixed W=19.4 and 53 GeV
versus p, are compared with the theoretical pre-
dictions in Fig. 2. The agreement is remarkable.
It is nearly as good as the “black-box” model
(Fig. 13 of FF1) where we chose the normaliza-
tion and behavior of d&/df to fit the data. Figure
2 also shows the results before smearing (dot-
dashed curves). Smearing has little effect for
p1.=4.0 GeV/c at W =53 GeV but has a sizable ef-
fect (even atp, =6.0 GeV/c) at W=19.4 GeV due
to the steepness of the cross section at this low
energy.

One cannot at present say whether the slight

999



VoLuME 40, NUMBER 15

PHYSICAL REVIEW LETTERS

10 ApriL 1978

. o W=53(7" +7)/2
x W=53 770
o o W=19.4 70 -
v W=19.4 170
\- O W= I19.4 (rt+m)/2
_2}_ \

—-— A=0.4 (before smear) \
—— A=0.4 (after smear)
—== A=0.6 (after smear)

- A=0.4 no gluons

-7k

-8 (after smear) —
-9 1 1 Il 1 1
20 30 4.0 5.0 6.0 7.0 8.0 9.0
P Gev/c

FIG. 2. Predictions of the model (normalized absol-
utely) compared with data on large-p, pion production
at @, =90° and W =Vs=19.4 and 53 GeV vs p,. (The
data are the same as Fig. 13 of FF1.) The dot-dashed
and solid curves are the results before and after smear-
ing, respectively, for A =0.4 and the dashed curves
for A=0.6. The contributions from quark-quark scat-
tering alone (after smearing) are shown by the dotted
curves.,

disagreement in the normalization of the theory
seen in Figs. 1 and 2 at low x, (about a factor of
2 at W=53 GeV and p, =2.0 GeV/c) is significant
or simply due to the uncertainties in the inputs,
(a)-(e). At these low x, and p, values the theory
cannot be calculated precisely since the results
depend very sensitively on the gluon distributions,
the values of (E.),-, and (k.), s, the choice of
@?, higher-order corrections, etc.

One important feature of the QCD approach is
that the away-side multiplicity, n(z,),* is now sub-
stantially reduced from the predictions in FFF.
Calculations indicate that N(z, =0.5) atp, =5.0
GeV/c, W=53 GeV, and 0, =45° (to compare
with Fig. 6 of Ref. 4) is now only about 0.05. This
is three times smaller than the FFF result and
in agreement with data. This sizable reduction
is due to the increased (% );-, (Which also in-
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crease (P out)), the decreased values of D(z, Q")
at large @2, and the presence of gluons.

Every effort should be made both theoretically
and experimentally to prove o7 disprove the QCD
approach. An obvious way to verify the approach
experimentally is to measure the single-particle
cross section at higher p, and observe the rise
predicted in Fig. 1."**'* Furthermore, a detailed
comparison, over existing energies, of the pre-
dictions of the model with the charged-particle
ratios (towards and away), two-particle correla-
tion data, and jet-trigger experiments should pro-
vide evidence for o7 against the approach.
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