
PHYSICAL REVIE%' D VOLUME 32, NUMBER 5 1 SEPTEMBER 1985

Direct photon production by positive- and negative-pion beams

A. P. Contogouris, N. Mebarki, H. Tanaka, and S. D. P. Vlassopulos*
Department ofPhysics, McGill University, Montreal, Canada

(Received 18 April 1985)

Large-pr direct photon production by tr+ beams in the framework of QCD is studied in detail.
Higher-order corrections (E factors), photon bremsstrahlung, partons' intrinsic transverse momen-
tum, and higher-twist effects are taken into account. The various ambiguities which beset a theoret-
ical calculation are carefully considered. Comparisons with all available data and further predic-
tions are presented in detail. At fixed energy the ratio of the inclusive cross sections by ~ and m.+

shows a clear increase with pT. Certain preliminary data do not support this prediction. It is con-
cluded that precise measurements of this ratio offer an important test of QCD.

I. INTRODUCTION

The magnitude of the inclusive cross sections for direct
photon production in pp and mp collisions and their
behavior as a function of the transverse momentum (pT )

has been an important test' of QCD.
Presently there is much experimental activity in the

range of energy vs =19—24 GeV and pz.—2—5 GeV at
CERN and Fermilab. In this range, the variable
xz ——2pr/Vs attains fairly large values (xz (0.5), and
another test of QCD becomes possible, as follows: It is
known ' that in QCD direct photon production is dom-
inated by the QCD Compton and annihilation sub-
processes. Suppose that one compares ~ +p~y+X to
n.++p~y+X; the contribution of the Compton subpro-
cess is the same, but of the annihilation subprocess is sub-
stantially larger in the former reaction. As xT increases,
the relative importance of the annihilation subprocess in-
creases (due to the presence of valence quarks and anti-
quarks in the initial state, see Sec. II). Then one predicts
that, with increasing xz (or increasing pz at fixed s) the
magnitude of m +p~y+X relative to n.++p~y+X
substantially increases. The same holds if one compares
p+p~p+X to p+p~y+X. This prediction is an im
portant test of QCD.

Our purpose is to study in detail direct y production by
and m+ beams at the above energy and pT range. We

consider all the important uncertainties that beset a
theoretical calculation, such as the choice of the input
parton (in particular gluon) distributions, of the scale pa-
rameter A, of the large variable Q, etc. We take into ac-
count all the known corrections and effects, such as
higher-order [O(a, )] perturbative corrections (K fac-
tors), photon bremsstrahlung, parton-intrinsic-transverse-
momentum effects, and higher-twist contributions.

Our basic conclusion is that the ratio cr&/o.
&

of the
photon production cross sections by m /tr+ beams is the
most sensitive quantity; and it is predicted to show a clear
increase with xz-. Certain preliminary data appear to con-
tradict this prediction. Anyway, we conclude that precise
measurements of oz/crt offe. r another important test of
QCD.

Section II presents our basic formalism; Sec. III is de-

voted to the input parton distributions, the corrections
and the uncertainties; Sec. IV presents our results and
compares them with available data; and Sec. V discusses
the effect of the various corrections to the ratio crt /oz, .

and presents our conclusions.

II. FORMALISM

As we mentioned, the main source of the large-pz-
direct photons in hadronic collisions are the QCD Comp-
ton and annihilation subprocesses (of order a, ), namely,

q +g e'+y

e'+e g+x .

(2.1)

(2.2)

do. (~n) 2 1

dtT (~~) 2 8
A. 2s

s 2+t2
—ts

t2+u 2

tu

(2.3)

(2.4)

where s, t, u are the subprocess Mandelstam invariants
(s+t+u =0).

This work deals with the inclusive reactions

(2.5)

where X is a nucleus and the photon is produced with
center-of-mass (pseudo)rapidity q. Then denoting by
a+b —+c+y any of the subprocesses (2.1) and (2.2) the
contribution to the inclusive cross section for (2.5) is

do 1

E (pT, s, q)= — I', i (x„g )
d p ~ & 2Xg XTe

ab

&&I'b/tt(xb, g ) (s, t)

+(g+-+—rl), (2.6)

where xT ——2pT/Vs and

Their differential cross sections are well known; ' we
give them here for completeness:
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xTe~ aXT
X& = Xb =

2—xTe " »a —xre~
(2.7)

a +&~c+d+p; (2.9)

there are eight distinct quark and gluon subprocesses of
the type

a+b~c+d .

The contribution of

(2.10)

q+q~q+q+y (2.11)

has been calculated exactly to order a, , and it was found
that its dominant part arises from the kinematic configu-
rations in which the photon is collinear with one of the fi-
nal quarks. This part factorizes into the qq~qq cross
section multiplied by a q~y fragmentation function
which is proportional to lnQ . The remaining part ("con-
stant piece") is very small. "' A similar behavior is plau-
sibly expected for all the brems subprocesses (2.9). Thus
for all of them we calculate the dominant contribution to
(2.5); this is given by the factorized form

doE
3 (prs g)

d p
1 ] dX, & dxb 2

Fa/m' Xa& Fb/N Xb~
Xa

F,/„,Fb/~ are parton momentum distributions in the pion
and nucleus, respectively. Much of the available data cor-
respond to integrated cross sections in the rapidity inter-
val rli (rt (riz. Thus we consider also (+ refers to
m ~N +y—~X):

da do
or = (s,p7 ) =2mpr dr) E

3 (pr, s, rt) . (2.8)
dpi'. vi d p

Large-pr photons also arise via bremsstrahlung (brems)
from hard-parton-scattering subprocesses, namely,

III. PARTON DISTRIBUTIONS,
CORRECTIONS, AND UNCERTAINTIES

%'e use quark and gluon distributions in the pion re-
cently determined in Ref. 16 by simultaneous fitting
dimuon and J/it production data in nX processes. For
consistency, we also use the parton distributions in the nu-
cleon given in Ref. 17, which are input in the determina-
tion of the above pion distribution functions. All these
distributions include scale violations calculated in the
leading-logarithm QCD approximation.

In view of the uncertainties, mainly regarding the gluon
distribution, we consider both distribution sets 1 and 2
given in Refs. 16 and 17. These differ in the choice of
Fg /p the gluon distribution in the proton, and in the re-
sulting fitted value of the QCD scale parameter A.
Specifically, at Q =Qo ——4 GeV we have

Set 1 (A=0.2 GeV):

Fg/p(x, go ) =1.56(1+9x)(1—x)

Fsg (z, go ) =0.888(1+6x)(1—x)

Set 2 (A=0.4 GeV):

(3.la)

(3.1b)

Fs/p(x Qo ) =0.879(1+9x)(1—x)

F~i (x,QO )=0.794(1+6x)(1—x)

(3.2a)

(3.2b)

Clearly, set 2 contains somewhat broader gluon distribu-
tions. As in Refs. 16 and 17, we assume SU(3) symmetric
sea, namely, FQ/p Fp/p Fs/p and F + ——F& +
=F

s/w
Regarding the function d&~, (z) of the photon brems

contribution [Eq. (2.14)] we use the parametrization'

direct interaction of the pion with a constituent of the nu-
cleon, ' may become important near the edge of the
phase space, i.e., near xT ——1 and 8, & 90'; this may par-
ticularly hold for the integrated cross section (2.8) of

N~y+X W. e shall use the formalism of Ref. 15.

ab~cd
X (s,t), D~q, (z, g )

dt dr~, (z)=2z 6 g a„'z" .
n=0

(3.3)

+ (g+-+—v]), (2.12)

where do' ' /dt is the Born cross section for (2.10)'
and

XaXTe
Xg=

2xa —xTe ~

r

XT e" e+
2 Xa Xb

(2.13)

Dri, (z, g )= dry, (z)lng /A2' y ' (2.14)

For dz~, (z) there are several available forms (see, e.g.,
Ref. 14); the form we use is specified in the next section.
The brems contributions to the cross sections o.r (integrat-
ed in rji(g(g2) are given by an expression similar to
(2.8).

Finally, higher-twist contributions, arising, e.g. , from

Dr&, is the fragmentation function of the parton c into a
photon, with the form

The coefficients a„' are given in Ref. 18 [see also Eqs.
(2.16)—(2.18) of Ref. 14]. This parametrization provides
an adequate representation of the exact result' even for
large z; and in Ref. 14 it was found to give intermediate
results among various proposed forms of dr&, (z).

Note that in the leading-logarithm approximation a
gluon can also fragment into a photon as a result of the
intermediate transition g —+qq. However, such contribu-
tions are very small. In fact, at ~s=23.75 GeV and
pz. ——2 GeV we find that 87% of the total brems contribu-
tion is due to the subprocesses

e+e e+(e er»
g+a g+(~

(3 4)

(3.5)

at pz ——5 GeV, (3.4) and (3.5) account for 98% of the
brems contribution. Similar results were found in Ref. 14.
Thus, when presenting our results in Sec. IV, we display
explicitly only the contributions of (3.4) and (3.5);
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nevertheIess the total brems contribution we
comprises all possible collinear ho
rations.

i e co inear photon emission configu-

The choice'ce of the scale parameter A in the C
ning coupling strength

er in t e QCD run-

(Q2)
12m 1

33—2f ln(Q /A )

(f=number of flavors), and in E . 2.14tit. Th dy. e ata analysis of the CERN-D
Heidelberg-Sacla (CDHS)

-Dortmund-

y collaboration gives' A =

b ill b fy a actor or" —1.5.
Yet another uuncertainty arises from the choice
1 ("1 '

bl ") Q 0 suits correspond to
= T . is c oice gives almost sim'similar results with

Q = pT' oQ'=—

The
n o ea to cross sectiontions smaller by a factor ( 1.5;

is

e experiments we consider corres po
pz. . en, as functions of the

inclusive cross sectio 1
pT, e photon

of parton-intr
c ions are relativel s1

'

y teep and the effect
n-in nnsic-transverse-momentum k is

tant. Comparisons of ~~CD
T is lIDpor-

o QCD calculations with CERN ISR
ata or p +p~y+X show that a relativel lar e

required to account for the ex erimenor e experimental cross sections at
T — e e s. 20 and 14).. We take into

effect assUming th t h
using a Ga

a t e initial arp tons are on shell and
aussian z- distribution with

(k, ) =0.7 GeV.

(3.6)

(3.7)

Itt wi11 be seen that for pT (5 GeV the k
significant.

e the kr effect is quite

Nowow we consider higher-order [O(a, ertur
corrections (K factors) h'

volving gluons and fr 1

ors, w ich arise from loo r

(2.1) d (2.2)
n rom gluon brems. For

p calculations have been
'e in e . 21. In view of the ver lar

terms involved ex lici f
ery arge number of

exp icit forms are not available. How
for the energies of interest here

o e sca e Q =pT ) can be approximated

where C is a combination of color factors. Wi
Mt'o of 0 t'o (f'ons actorization prescri tion

spon ing to the subprocesses (2.1) and (2.2)

«qg yq)= —+E CF
qq yg) =CF, (3.11)

where %=3 and C = —,nd C~ ———, in color SU(3).~5 The c
o o di t (310)

th tho of (3.8)
and (3.11) are som
(3.9); however as we will discuss

e i erence is within the
certainties that beset the e ca culations.

e various un-

For the subprocesses (2.10), w ich aie invo
h p factors are notn ri utions, corn lete E

(nonidentical quark scatte
'

pa rom t e simplest case

duction at the CERN ll d
ca ering. Data on lar e-ge-pT jet pro-

factor K-2 A
co 1 er su pport an enhancement

lead to a si
pproximate K ffactors of the form (3.10)

o a similar result. In view of th
'

w o the relative smallness
o o e p oton brems contribution

the subprocesses (2.10)
n as c ean as possible, we sim ply take for all

K(ab ~cd) =2 . (3.12)

IV. RESULTS

We present our results for the ener ies andt e energies and rapidities of
p earns) in progress.

a on istributions of set 2 E
comparisons using also set 1.

1
I I

gr + t4' = y+&
/s = 19.4 GQV

—0.4 & ~& 1.2

~ ~ ~ ~ ~ ~
~ ~ ~ ~ o~~ ~ ~~

~ ~r li ~ ~

~ ~ ~

NA3 collaboration (V s =l9.4 G IreV)

This collaboration u
has already presented2 re

uses an isoscalar carb on target and
n e pre iminary data for crocross sections

K qg ~yq) =2 3, K (qq ~yg) = g a~pT
n=0

ao ——4.256, a I ———1.191

a 2
——0.174, a 3 = —8.7 X 10

(3.8)

(3.9)

++ nf ~p'+X
vs = 19.4 GaV

-O.4 & ~& 1.2

~ ~ 0
~ ~ ~

~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ 0

~a~ a ~

~ ~ ~
~ ~~

~ ~

~ ~~yO

o', (Q')E=l+ C ' (3.10)

We use the forms (3.8) in the subin t e subsequent calculations.

K(qg —+yq) somewhat exceeds Ks qq yg); at the lower

z . e, qg ~yq) =K (qq +yg)—
Approximate K factors determined from loo

the soft-gluon limit d f '
ineari an rom certain collinear

brems configurations have the form

~ &

~g ~ ~ ~ ~ ~ ~ ~ st '~ +
~ ~ ~~

2 3 5
p (Gzv)

FIG. 1. +Ratios of ~ X~y+X to m+X~mo X '

cross sections inte rated in t (g ~ 1.2.

as —double-dotted curve, with 0{ct, ) corrections [IC factor
otte curve, with photon br

Solid curve withi parton-intrinsic k . 0
p o on rems contributions.

collaboration).
ata from Ref. 2 (NA3
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O.'lO—
O

I
I I

+ &~/+X
v s = 19.4 GzV
—0.4 & ~&1.2

0

+N ~/+X
vs = '19.4 GeV

0.10—
O

0
I t I

2 3 5
P (G I2V)

FIG. 2. Ratios as in Fig. 1 calculated with parton distribu-
tions of set 1 (dashed curves) and of set 2 (solid curve). In addi-
tion to the Born contributions, 0 (n, ) corrections, photon
brems, and kT effects are included.

cr+ [Fq. (2.8)] integrated in the c.m. rapidity ~ange
—0.4 & rI & 1.2. The data are given (Fig. 1) in the form of
ratios crr /cr o, where cr o denote cross sections for
~+%~a +X integrated in the same rapidity range.

Figure 1 compares these data with our results. As in
Ref. 2, to determine cr, we use the parametrization of
Donaldson et al. for m+p +n +X;—and to account for
nuclear effects we multiply by a factor A, a=1.12 (Ref.
2). The most important effects are clearly displayed: The
Born contributions [dashed curves; subprocesses (1.1) and
(1.2)], are significantly enhanced by the inclusion of
0 (a, ) QCD corrections [dash-double-dotted curves; Eqs.
(3.8) and (3.9)]; photon brems (dotted curves) further
enhances, to some extent, the results; finally, the effect of
parton-intrinsic kT (solid curves) is quite significant
through most of the pT range of the data.

Figure 2 presents a comparison of results for set 1

(dashed curves) versus set 2 (solid curves), for the same ra-
tios err /cr o. In each case the same effects as in Fig. 1 are
included. Clearly the difference is not significant; these
data are well accounted for by either set. We proceed by
using mostly set 2,

The same collaboration has also presented preliminary
data for the difference (err/cr 0) —(or. /cr 0) (Fig. 3). In
view of the fact that the photon brems contributions are
almost the same for cr& and cr&+ (see below), the difference
crr —crr is a good measure of the importance of the
qq —+yg subprocess. Figure 3 presents our Born term
(dashed curve) plus the contribution of 0(a, ) correc-
tions, photon brems, and parton's kT (solid curve). It also
presents the addition of a higher-twist contribution (long-
dash —short-dashed curve) clearly, the effect is very
small and is neglected in subsequent comparisons with
data. Unfortunately, apart from limited statistics, by di-
viding cr& by cr 0, much of the sensitivity of the results is
lost; the data are consistent with all our results.

In Fig. 4 we present our results for the ratio crr /err+
(curves as in Fig. 1). The ratio of the Born term contribu-
tions decreases more and more as we add 0 (a, ) correc-
tions, photon brems, and partons' kT,' nevertheless, in all
cases err /err+ shows a clear increase with pT (see also
below). Evidently, err/crr provides the most sensitive
quantity for a QCD test.

Figures 5 and 6 display some of. the individual contri-
butions to the integrated cross sections dcr/dpT [Eq. (2.8)]
of m X—+y+X and n+K~yX. They also give [denoted

+
+N = p'+X

vs =19.4 GIzV
—0.4 & g&1,2

0.10

I I

+
+g ~p'+X

Vs = 19.4 GeV
—0.4& ~& &.2

0
b

-0.10—
I I I I I I

2 3 5
p (GaV)

FIG. 3. Inclusive-cross-section di fference for m S~y+X
and m+X~y+X integrated in —0.4&g~1.2, normalized to
the corresponding m cross sections. Dashed and solid curves as
in Fig. 1. Long-dash —short-dashed curve, including higher-
twist effects. Data from Ref. 2.

o-
2

p (Gcv)
FIG. 4. Ratio of inclusive cross sections ~ %~@+Xand

++X—+y+X integrated in —0.4&q ~ 1.2. Notation as in Fig.
1.
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by rr (expt)) the corresponding cross sections for
rr+p~rr +X used in our determination of crz/cr 0 (not
multiplied by .A ). Notice that the main photon brems
contributions [qq ~q + (q ~q y ), dash —triple-dotted
curve, and gq —&g+(q~qy), dotted curve] are almost the
same for rr N~y ~X and rr+N~y+X T.he same fig-
ures also display the higher-twist contributions (long-
dash —short-dashed curves); these are very small, and only
for tr N~y+X and at the highestpz , become compar-
able to photon brems. Notice that our higher-twist contri-
butions (Figs. 5 and 6) are somewhat smaller and drop
with pz. faster than those estimated in Ref. 15. The
reason is that we use a running ct, (Q ) [Eq. (3.6)] and par-
ton distributions including scale violations whereas Ref.
15 uses a fixed a, =0.3 and scaling -parton distributions.

= p'~X
Ks =19.4 GzV

l—

0 -3~1Ob
0

~ ~

~ ~

'!O L -'y

l

2 3 5
pz (6eV)

FIG. 5. Contributions to the inclusive n. X~y+X cross
section integrated in —0.4&g &1.2. Long-dashed curve, Born
contribution of qg ~yq. Short-dashed curve, Born contribution

of qq —+yg. Dash —two-dotted curve, sum of Born together
vrith O(a, ) corrections (3.8}. Solid curve, total contribution

(including all photon brems contributions and partons' kT).
Dash —three-dotted curve, Born brems contribution from

qq ~qqy. Dotted curve, Born brems contribution from

qg~gqy. Long-dash —short-dashed curve, higher-twist contri-

bution. m (expt) denotes the corresponding m. p~m +X cross

section from Ref. 28.

NA24 collaboration ( V s =23.75 Ge p)

This collaboration uses a hydrogen target and has
presented preliminary data for cross sections integrated
in the c.m. rapidity —0.7 & g &0.9.

Figure 7 presents our results and compares them with
the data for oz/cr 0, and Fig. g for crz/crz. a 0 denote

cross sections for rr+p ~tr +X integrated in the above ra-
pidity range. Our o. , are determined from data of the

same collaboration, and are shown on Figs. 9 and 10
[denoted by n. (expt)]; they correspond to
dcr(tr p~1r X)/dpi' do(tr+p~——rr X)/dpT.

Figure 7 displays the hierarchy of our most important
contributions to cr&/cr o (curves as in Fig. 1). On the

06 $7 wp - t)+X
Vs = 23.75 GcV
—0.7 & ~& 0.9

+N /+X
Vs = 19.4 GcV'lO

10

C9

G ~ ~ ~ ~~ t o~+

+p = p'+X
v s = 23.75 GcrV
—0.7 & ~& 0.9

CL,
U —3~1Ob
0

a

+ ~0.2—
~ ~ + ~ ~ ~ ~

I I I
&-' ~

2 3 5
p (6eV)

FIQ. 6. As in Fig. 5 for ~+&~&+X

I I I

6 8
p (6cv)-5

10

FIG. 7. Ratios of m+p~y+X to m+p~m +X inclusive
cross sections integrated in —0.7&g &0.9. Notation as in Fig.
1. Data from Ref. 3 (NA24 collaboration).
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+7T'+
P = y+x

Vs = 23.75 GeV
—0.7& ~& 0.9 l

I
/

l
/ /

010

g7 + P ~ p' + x

Ts = 23.75 6cV
—0,7 & ~& 0.9

cb10a
b
U

«~I
~ ~ ~ ~ ~ ~

l l

6
(GcV)

) I

2

~, X

I )e

p (GeV)

FIG. 10. As in Fig. 9 for m+p~y+X.

FIG. 8. Ratio of the inclusive cross sections ~ p ~y+X and

~@+Xintegrated in —0.7 & g &0.9. Notation as in Fig. 1.
Preliminary data from Ref. 3.

~+p ~p+X
vs = 23.75 G(2:~

—0.7 & ~& 0.9

whole our final results (solid curves) are in fair agreement
with the data, in particular at the highest pT.

More interesting is the behavior of the ratio o z /o &
as a

function of pT (Fig. 8). As in Fig. 4, inclusion of the vari-
ous effects tends to decrease this ratio; however, there
remains a clear increase with pT which is not supported
by the preliminary data. We return below to this point.

Some of the individual contributions to the integrated
cross sections do/dpi' of m+p~y+X are shown in Figs.
9 and 10.

E-706 collaboration (V s =19.4 Ge V)

~10a
b
U

'lO

-6
10

'
~

~ ~

~ . X

! I

F) ( 5cV)

FIG. 9. Contributions to the inclusive m p~y+X cross sec-
tion integrated in —0.7 ~ g & 0.9. Notation as in Fig. 5.
m (expt) denotes the corresponding m p~m +X cross section
determined from data of Ref. 3.

This co11aboration has produced data * on
m++X~y+X with X=C, A1, and Be targets, at
8, =90' (g=O). Most of the data are for carbon, and
we present results for both m+N~y+X for X=C.

Figure 11 presents our results for m+X~y+X together
with the data. ' The solid curve [including Born, O(a, )

corrections, photon brems, and parton-kz effect] corre-
sponds to set 2; the dashed —four-dotted curve (including
the same) to set 1. Both results are in agreement with the
data.

Figure 12 presents our results for n X~y+X. Again,
the difference between sets 1 and 2 is small. In both Figs.
11 and 12 the long-dash —short-dashed curves show the
higher-twist contributions; they are small even for
m

—X~y+L.
Figure 13 shows our results for the ratios of

E do(rr+N~yX)/d p divided by E der(m+X~n~X)/
d p. The latter have been determined from a best fit to
data for m+N —+m +Xof the same experiment, ' and are
shown in Figs. 11 and 12 [denoted m (expt)]; we have as-
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I I

7T +N' ='/+X
vs = 19.4 GeV

0.30—

0.20—

10
CL

a
LLj

~
(expt} ~0.10—

I ~
~ ~ ~ ~ ~ ~ ~ ~ ~

I I

10 77 +N -=y+X
4 vs =19.4 GeV

O =0

~N L
~ ~

~ ~

0.20—

10 I

2
I

p (GcV)

FIG. 11. Contributions to the inclusive ~+cV~y+X cross
section at 0, =90' (q=O). Notation as in Fig. 5 (calculated
with parton distributions of set 2). Dash —four-dotted curve, to-
tal contribution calculated with set 1. Data from Refs. 5 and 6
(E-706 collaboration). ~ (expt) is a best fit to data of the same
references.

0—
I~

~ ~ ~ ~ ~ ~

5
p (Gcv)

sumed Edo(~ N~~ X)/d'p =Edo(~+N~~'X)/d'p.
Finally, Fig. 14 shows our results for the ratio of

Edo(m. N~y X)/d p and Edo(m+N~yX)/d p; as in
Figs. 11 and 12, the soHd curve is our final result with set

FIG. 13. Ratios of ~+%~@+Xto m+X~m +X inclusive
cross sections at 0, =90' (q=O). Notation as in Fig. 1 (calcu-
lated with parton distributions of set 2). Dash —four-dotted
curves, total contribution calculated with set 1. Data from Refs.
5 and 6.

1P
I I

+N =p'+X
v s = 19.4 GeV

= 0

4 I I I I

7T+N' = y'+ X

v s = 19.4 GeV

10
CL

P)
U

U
LLj

10

1O
2

I I I

(GaV)

FICx. 12. As in Fig. 11 for m. %~@+X.

I

2 6 8
p (Gzv)

FIG. 14. Ratio of the inclusive cross sections m. X~y+X
and n.+N ~y +Xat L9, =90'. Notation as in Fig. 13.
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2, the dash —four-dotted curve with set 1. With either set,
there is clear increase of the ratio with pT.

WA70 collaboration (V s =22.9 Ge V)

This uses a hydrogen target and anticipates results for
several values of the Feynman variables xF in the
range ' —0.4 (xz (0.4. We present results for
m+p~y+X cross sections at xF ——0 as well as integrated
in the above range.

Figures 15 and 16 show some of our individual contri-
butions at xF =0 and Figs. 17 and 18 for —0.4 & xF &0.4.
Again, our final ~+p~y+X cross sections calculated
with set 2 (solid curves) or set 1 (dash —four-dotted curves)
differ little; and the higher-twist contributions (long-
dash —short-dashed curves) are very small, apart from
m p~y+X, —0.4&x& &0.4 (Fig. 17) at the highest pr.

Figure 19 shows the ratios of E do(rr+p ~yX)/d3p di-
vided by Edo'(m+p —+m. X)/d p at xF ——0. For the latter
we have used the parametrization of Donaldson et al. ;
anyway, they are shown in Figs 15. and 16 [denoted
~ (expt)]. Figure 20 shows the ratios cr+r/cr, for cross
sections integrated in the range —0.4(xF (0.4. In both
Figs. 19 and 20 the hierarchy of the most important con-
tributions is displayed.

Finally, Fig. 21 shows our results for the ratio o.r /or+
(integrated cross sections) and for the ratio
Edo(rr p~yX)/d p/Edcr(ri. +p~yX)/d p at xF ——0.
As in Figs. 4, 8, and 14, there is a clear increase of these
ratios with pT.

We conclude this section with a comparison of the ratio
cr& /o&+ at ~s =23.75 GeV (Fig. 22) calculated with the K

I-~ao — X

10

U

I I I

+p = p'+X
vs = 22.9 GcV
xF= 0

l3
LLj

10

L
L

10 I

2
I

p (GQV)

FIG. 16. As in Fig. 15 for ~+p~y+X.

factors of Eqs. (3.8) (vertical-dash band and dots) and
with the approximate K factors of Eqs. (3.10) and (3.11)
(horizontal-dash band and dashed curve). In each case the
upper boundary corresponds to set 1, the lower to set 2.
The difference is not very significant, in particular in view
of the additional uncertainties [choice of A, Q, (kT),
fragmentation function dr&, (z), etc.] discussed in Sec. III.

yT +p = y'+X
vs = 22.9 GaV
xF= 0 10

cV

a
Ld

10

~I
~ ~

-6
10

10
2 (GQV)

FIG. 15. Contributions to the inclusive m p~y+X cross
sections at 0, =90' (x~ ——0). Notation as in Figs. 1 and 11.
m. {expt) denotes the corresponding m. p ~~ +Xcross section of
the parametrization of Donaldson et al. {Ref.28).

10
2

l

6
p (GQV)

Contributions as in Fig. 15 (~ p~y+&) but in
tegrated in the range —0.4 &xz &0.4.
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0.6 —~ +P =y+X
vs = 22.9 GzV
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~ ~ 4
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+0.4 — Ws = 22.9 GeV

-0.4&x & 0.4+ F

~ Oy ~
~ ~ ~ ~

'10
2
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FIG. 18. As in Fig. 17 for m+p —+y+X. FIG. 20. As in Fig. 19 but integrated in —0.4 &x+ & 0.4.

0.2—

+
+p = p'+X

vs = 22.9 GeV

x~ ——O

~ ~ + ~

4 5
p (Gcv)

FIG. 19. Ratios of m+p~y+X to m+p —+~ +X inclusive
cross sections at 8, =90 (xF——0). Notation as in Figs. 1 and
13.

I

6 8
p (Gev)

FICx. 21. Ratios of inclusive cross sections ~ p~y+X and
~ p~ygX at x~ ——0 and integrated in —0.4&xF &0.4. Nota-
tion as in Figs. 1 and 13.
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4 'I— +
+ p =@+X

u s = 2375 GcV
—0.7& ~(0.9

1 //
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FIG. 22. Ratio of the inclusive cross sections m p~y+X
and m+p —+y+X integrated in —0.7 & g &0.9. Vertical-dash
band and dotted curve, K factors of (3.8). Horizontal-dash band
and dashed curve, approximate E factors of {3.10) and (3.11).
The upper (lower) boundary of each band corresponds to parton
distributions of set 1(2). Preliminary data from Ref. 3.

V THE RATIO o'y /o'+q AND CONCLUSIONS

Clearly the ratio ar /o& is the most sensitive quantity
for a test of the QCD prediction regarding the increase
with pz. of the relative importance of the annihilation pro-
cess (2.2). The change of this ratio due to the most im-
portant effects (Figs. 4, 8, and 14), can be qualitatively un-
derstood as follows.

First, notice that any effect that enhances the contribu-

tion of qg~yq relative to qq~yg tends to significantly
decrease cr& /cr& .Also, any effect that adds to rr N~yX
and m+N~yX an equal amount tends to decrease o.

&
/o.

&
but to a lesser extent.

Regarding the effect of the 0 (a, ) corrections, we not-
ed in Sec. III [after Eq. (3.9)] that at large pT ( -6 CxeV)
Eqs. (3.8) imply K(qg~yq) & K(qq~yg). Hence at large
pT the 0(a, ) corrections tend to significantly decrease
o.&/o+r relative to its Born value (dash —double-dotted
versus dashed curves in Figs. 4, 8, and 14). At lower pT
(2—3 GeV) Eqs. (3.8) give K(qg~yq) E(qq~yg); then
o& /o. r+ decreases but to a lesser extent.

Regarding photon brems, it has been found (Sec. IV)
that it gives about equal (and not too large) contributions
in rr N~y+X and m+N my+—X. Then err /o+& further
decreases, but not much (dotted lines).

Finally regarding the parton-kT effect, it is slightly
bigger in ~ N~yX, because as functions of pT the cross
sections are somewhat steeper than those of m+N —+yX
(due to a smaller amount of the relatively flat qq~yg
contribution). Thus o r /o+r further decreases (solid
curves), in particular at the lower pT where the kT effect
is large.

Now the important point is that, with all these effects
taken into account, the ratio o.~/o.

&
is still predicted to

show a clear increase with pT. Moreover, as we discussed,
the uncertainties in the calculation do not change this pre-
diction, and the difference with the preliminary data of
Ref. 3 (Figs. 8 and 22) is not accounted for.

We may' conclude that precise measurements of or /o&
will constitute another important test of QCD. In view of
the present experimental activity " we expect that such
measurements will be available in the near future.
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