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Direct photon production by m. '- beams and the ratio of cross sections by m and n+.
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Recent data on direct photon production by positive- and negative-pion beams are confronted
with earlier QCD predictions. Particular emphasis is given to the ratio of n N~yX and
~+N ~yX cross sections.

In a previous publication, ' in the framework of pertur-
bative QCD, we have presented detailed predictions on
large-pT direct photon production by positive- and
negative-pion beams. Particular emphasis was given in
the ratio of ~ N~yX and m+N~yX cross sections. The
reason is that as xT =—2pT/u s increases the importance of
the annihilation subprocess (qq~yg) increases relative to
the QCD Compton (qgyq ); and since the former con-
tributes in m. p~yX about eight times more than in
m.+p~yX, the ~ /~+ cross section ratio is predicted to
increase. Thus the increase of this ratio with xr is an im-
portant test of QCD.

As we discussed in Ref. 1, certain preliminary data at a
fixed-target energy appeared to contradict this prediction.
On the other hand, a phenomenological calculation is
known to be beset by a number of uncertainties (form of
the gluon distribution, choice of scale Q, partons intrin-
sic transverse momentum kr, etc.). The essential purpose
of Ref. 1 was to show that, no matter what uncertainties
were accounted for, the m. /m+ cross-section ratio was al-
ways predicted to show a clear increase with xT.

Recently more detailed data on m+N~yX cross sec-
tions and on the above ratio have become available.
The main purpose of this note is to compare these data
with the predictions of Ref. 1, adapted to the kinematic
variables of the data. A secondary purpose is to compare
our predictions with certain independent recent theoretical
results.

For our predictions' we have used two sets of parton
distributions, subsequently denoted DOI and DOII (Ref.
6). We have chosen the scale Q =pT, but results for
other choices (2pT, t/2) ar—e also discussed in Ref. 1.
We have also introduced' photon bremsstrahlung (brems)
and studied in detail its contribution for several fixed-
target experiments. Finally we took account of partons'
intrinsic kT with a Gaussian distribution and (kT ) =0.7
GeV; it was found that at v s =19.4—24 GeV, where the
m.+p~yX cross sections are fairly steep, the effect is sig-
nificant. ' Several other details regarding photon brems
and kz effects are discussed in Ref. 1.

Regarding higher-order [O(a, )] corrections (K fac-
tors), for the subprocesses qg~yq and qq~yg complete
calculations have been carried in Ref. 7, but because of
the very large number of terms involved explicit expres-
sions are not available. However, for the energies of our
interest and for the scale Q =pz-, in the range 2 &pT & 6
GeV and for not too large rapidity, the resulting K factors
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FIG. l. Inclusive cross section for m+p~yX at Vs =22.9
GeV averaged over rapidity g. Dashed (solid) lines: our predic-
tions with DOI (DOII) (Ref. 1). Dash-dotted: results of Ref.
12. Data of WA70 Collaboration (Ref. 2). (a) and (b) correspond
to
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can be approximated by'
3

«pT)= g a.pT"
n=0

where, for qg~yq, ac=2. 3, a, =a2 ——a3 ——0, and for
qq —+yg, ao ——4.256, a) ———1.191, a2 ——0. 174, a3 ———8.7
X 10 . These IC factors amount to approximately dou-
bling the Born contributions.

Our predictions, adapted to the kinematic variables of
the corresponding data, are shown in Figs. 1—3. We
denote by cr(p7, s) the invariant inclusive cross section
averaged over the rapidity range of each experiment:

1 "2 do.
o(pz. ,s) = dg E (pT, s, rl) .

g2 —g&» d p
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Throughout the figures, the dashed (solid) lines corre-
spond to DOI (II); the fortner generally predict somewhat
smaller o. than the latter. In Fig. 3 the predictions are
somewhat below the data. However, on the whole agree-
ment is good.

We turn to the ratio
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FIG. 2. Inclusive cross sections for vr+p~yX at Vs =23.75
GeV averaged in the interval —0.62 & g &0.55. Dashed, solid,
and dash-dotted lines as in Fig. 1. Data of NA24 Collaboration
(Refs. 3 and 5). In (c) our predictions (Ref. 1) are shown in the
form of two bands: horizontal-dash band; K factors of Eq. (1);
vertical-dash band, approximate K factors, Eqs. (4) and (5). The
upper (lower) boundary of each band corresponds to DOI (II).

a, (Q )
K =1+ C~' .2' (4)

In the present case'

N, CF«qg yq)= '+
2 3

C (qq ~yg ) =CF

In all cases we predict R increasing with pz- at fixed s
(Ref. 1). Figure 1(c) shows the WA70 Collaboration
data; they are clearly in accord with our prediction for
both DOI and II. Figure 2(c) shows recent NA24
data. The horizontal-dashed band shows our predic-
tions with DOI (upper boundary) and DOII (lower). '

Now, within error bars, the data agree. Finally, Fig. 3(c)
shows the NA3 data; the error bars are too large but any-
way consistent.

Now, certain side remarks are in order. An approach
of determining approximate K factors has been
developed. ' These arise from loop graphs in the soft-
gluon limit and from certain collinear and soft-gluon
brems configurations, and have the form
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FIG. 3. Inclusive cross sections for m++carbon~y+X at
V s = 19.4 GeV averaged in the interval —0.4 & a) & 1.2 (Ref. 4).
Dashed, solid, and dash-dotted lines as in Fig. 1. Regarding the
ratio R (c) our prediction with DOI lies between the solid and
the dash-dotted line and is not shown.

[N, =3, CF = —', in color SU(3)]. Now the vertical-dashed
band in Fig. 2(c) shows our predictions for the ratio R
with the K factors (4) and (5) instead of (1). In view of
various uncertainties (choice of Q, kr effects, exact pho-
ton brems) we believe that the difference is not very signi-
ficant. "

We wish to stress that our results shown in Figs. 1—3
are real predictions, i.e., published tUell before' the present
data appeared.

Recently related results of a complete calculation of
O(a, ) corrections became available;' they are shown in
Figs. 1—3 with dash-dotted lines and correspond to DOI.
The scale(s) have been fixed via Stevenson's principle of
minimal sensitivity (PMS); they do not correspond to con-
ventional Q =pr . In general, these results are somewhat
above our DOI; we believe that this reflects the difference
in the scales. The pT slope of their' cross sections is
somewhat smaller than ours. This should be due to the
fact that Ref. 12 completely neglects kT effects. Essen-
tially for the same reason their ratios R are somewhat
above ours at the low pT, where partons' kT is more im-
portant (for a discussion of the effect of kT on each of
~+p~yX cross sections see Sec. V of Ref. 1).
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Anyway both our and Ref. 12 results are in good or fair
agreement with the data.

Our conclusion is that recent fixed-target data on
n+N. ~yX are in agreement with perturbative QCD. In
particular regarding the ratio R the data are in accord or
at least do not contradict our predictions. '
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