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High-twist production of prompt single photons at large transverse momentum
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Quantitative predictions are presented for a specific hard-scattering reaction nN~yX
in which both the incident meson and the produced prompt photon couple directly in the

QCD amplitude. The process leads to a highly constrained class of events at large pr in

which the photon momentum is balanced by that of a recoil quark jet, with no spectator

jet of final-state particles emerging along the beam axis. Normalized absolutely in terms

of the electromagnetic form factor of the pion, F (Q ), the cross section provides a lower

bound on the total pz. high-twist contribution to the inclusive prompt photon yield.

I. INTRODUCTION

It has been observed for some years that the pro-
duction of hadrons, prompt photons, and hadron
jets at large transverse momentum is not described

by the simple pz dependence predicted by the
leading-twist quantum-chromodynamics (QCD)
amplitudes. Gluonic radiative corrections steepen
the pz dependence, as would be desirable for agree-
ment with data. However, recent analyses of the
high-energy data from inclusive deep-inelastic lep-
ton scattering' show that these radiative correc-
tions are relatively modest, characterized by a scale
A=100 MeV. Thus, there is new motivation for
trying to estimate the size and other physical prop-
erties of high-twist pT and pr QCD contribu-
tions to the inclusive yield at large pT. Important
high-twist contributions have been inferred from
analyses of data from some inclusive hard-scat-
tering processes, but the evidence is not unambig-
uous. The data from deep-inelastic lepton scatter-
ing show that a substantial fraction of the Q de-

pendence at modest values of Q ( &20 GeV ) may
be attributed to high-twist terms in the structure
functions. ' This evidence of inverse power depen-
dence complements that obtained elsewhere. In the
Drell- Yan process n.X~y*X, the high-twist term
is observed as a dominant longitudinal polariza-
tion ' of the y* as the longitudinal-momentum
fraction xF~1. Likewise, in vN~p ++X, an im-

portant (1—y) component ' of do. /dy is identified
for large values of z =E /v =p .pz/Q. pz.

In this paper, a specific high-twist coupling of
the incident meson in meson-nucleon collisions is
shown to lead to a special class of prompt photon
events at high transverse momentum. In these
events, no final-state spectator jet emerges along

(a) (bt

FIG. l. (a) Illustration of nN~ydX via the QCD
high-twist subprocess mu ~yd. Th unshaded oval

represents the full QCD hard-scattering amplitude for
m.u ~yd. (b) Illustration of AN ycX via the QCD sub-

process ah ~ye, where a and b are constituents of the m

and N, respectively.

the beam direction, and the kinematics are highly
constrained such that the longitudinal and trans-
-verse momentum of the recoil quark jet are speci-
fied uniquely by those of the observed prompt pho-
ton. The high-twist QCD process in question is
sketched in Fig. 1(a). It may be contrasted with
conventional leading-twist QCD scattering, illus-

trated in Fig. 1(b), in which the prompt photon is

produced along with a recoil jet, as well as specta-
tor jets along both the beam and target axis direc-
tions. The cross section for the particular class of
high-twist events discussed here, predicted abso-
lutely in terms of the pion's electromagnetic form
factor F (Q ), provides a lower bound on the total

pz high-twist contribution to prompt single-

photon production. Thus, identification of this
signal is important for establishing experimental
bounds on the full pT contribution to
E do. /d p&. Experiments with high-intensity @

+-

beams in the laboratory momentum range of 200
to 400 GeV/c would seem to be especially ap-
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prop riate.
In a previous paper, ' a similarly constrained

special class of high-twist purely hadronic jet
events was discussed in which, for example, a
gluon, g, replaces the prompt photon in Fig. IL.

Important differences between the results of the
two calculations are associated with the different
couplings of the y and gluon to the quark consti-
tuents of the incident meson. In contrast with

many simple QCD processes, the high-twist cross
sections for m q~yq and m. q —+gq are not related

by a simple ratio of coupling strengths (aEM/a, ).
Therefore, the high-twist processes m —+X~yX per-
mit a new and interesting probe of the electric
charges of the constituents of the pion. Prompt
photon production is also simpler in two ways:
there is only one high-twist Born diagram, and

there are no ambiguities in the definition of the
final-state trigger jet (y vs g).

II. HIGH- TWIST AMPLITUDE

The two-body high-twist subprocess studied ex-
plicitly here is mq~ —+yq, where qz is a constituent
of the initial nucleon target. No two-body prompt
photon process may be initiated from the gluon
distribution in the target, and m.q&~yq is ignored

because the density of antiquarks [qz(x}] in the
nucleon target is insignificant in the region of rela-
tively large x which contributes to production at
large p~. The only contributions considered are
those from the minimal

~ qq ) Fock state of the in-
cident pion. Contributions from higher Pock
states such as

~ qqg ) and
~ qqqq ) provide more

complex final states, including beam jets. Thus,
the class of events emphasized in this paper probes
thejoint probability (high twist) for finding both a
q and a q in the beam, and only a q and a q.

Continuing to use a procedure ' which has be-
come somewhat familiar, we factor the high-twist
amplitude M(~qz~yq) into two parts: (a) a non-
perturbative, process-independent distribution am-
plitude, (I)(z,Q)—the probability amplitude that the
valence q and q in the pion carry fractions z& and
zz(z~+zz ——1) of the pion's momentum, and are
collinear up to transverse momenta kz;-Q, where

Q is the typical momentum transfer in the subpro-
cess; and (b) the hard-scattering amplitude TH for
the subprocess qq+q&~y+q, where the incident q
and q are collinear with the initial pion; T& is de-
rived from QCD perturbation theory.

The invariant amplitude for mq~~yq is ob-
tained as a convolution,

1 1

M(s, t)= f dz, I dz, P~(z;, Q)6(1 —z, zq)TH(s, t;z—;) .
0 0

All of the effects of hadronic binding are con-
tained in the distribution amplitude P . The exter-
nal lines in TH can be taken as massless if power-
law corrections in 1/Q are neglected. Sketched in
Fig. 2 are the four QCD Feynman-Born diagrams
which contribute to mq~~yq, to leading order in
a, (Q ). They are identical in form to the gauge-
invariant set for mqz~gq studied in Ref. 6, except
for the absence of a fifth graph, present in m.q~
~gq, in which the final gluon couples to the inter-
nal exchanged gluon (three gluon coupling). Ig-
nored here are QCD radiative corrections associat-
ed with the qz line which lead to the standard Q
evolution for the quark structure function.

Specific labeling of momenta for the TH Born
diagrams is shown in Fig. 2(a). The pion mass is
neglected; m =0. The quark and antiquark con-
stituents of the pion are constrained to form a
pseudoscalar, color-singlet state. All amplitudes
represented in Fig. 2 carry the same color factor
45;1 /(3~3), where i and j label the color indices of
the final and initial quarks in mq~yq. The sub-

4ieg 6;~
TH(~q~~yq) = ~ ~ M"e„,

ziz~s t u (2)

l

process invariants are s=(p&+pr) =(pz+p };
t=(pr —p ), and tt =(p& —p ) . In Figs. 2(a) and
2(b), the exchanged gluon carries the squared-four-
momentum zzs, whereas in Figs. 2(c) and 2(d), the
gluon carries z&u. Therefore, in the large-pz
kinematic region of interest these are far-off-shell
"hard" gluoris.

The diagrams in Fig. 2 separate into two sets:
(a) and (b) form one gauge-invariant pair; (c) and
(d) form a second. The correct choice of the rela-
tive sign between the amplitudes for the two sets
may be verified by comparison of the diagrams (a)
and (c). This is important because some of the ef-
fects to be discussed are based on interference be-
tween the two sets. In Fig. 2(a), e& and eq label
the quark (not antiquark) electric charges; in the

2
'

case of m. u~~yd, e~ ————, and eq ——3.
After deriving explicit Feynman amplitudes for

the graphs in Fig. 2, and simplifying the result, I
obtain
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with

M"=u(p))y5(Ay"+B"p )u(p2) .

—1
2 The functions A and 8 are expressed as

(a)

A = —(s —u)(e2s+e~u), (4)

B&=4e&u p~&+4e2sp2+2(e2s —e~u)p" . (5)

(c) (d)

FIG. 2. Full set of QCD Feynman graphs for
m+q(p2)~y(p~)+q(p&); in (a), four-vector momenta
are denoted by p~, pz, Q, and p &, whereas e~ and eq la-

bel quark charges.

The symmetry of the distribution amplitude P (z;)
under interchange of z~ and z2 permits retention in
Eqs. (4) and (5) of only those terms symmetric in
the z;. One may check that p&.8 = —A, and,
therefore, that pPrMP =0, as is required by gauge
invariance. If e& ——e2, the expressions for A and
B& in Eqs. (4) and (5) become directly proportional
to those for the purely hadronic case mq —+gq stud-
ied in Ref. 6. However, when e~+e2, as is true for
m

+—q~yq, the proportionality is broken.
The form of Eqs. (1) and (2) may be compared

with the form factor of the pion at large Q:

16vra, (Q )F (Q )=f f dx;5(1 —x& —x2) f f dy;5(1 —y, —y2)p (x, ,Q)4(y, ,Q)
3Q & ix2y D2

(6)

Here, as usual, a, =g /4n. . The distribution amplitude P(z;, Q) enters Eqs. (1) and (2) and Eq. (6) with the
same weight factor (1/z, z2). This implies that the cross section for m.qN ~yq may be normalized absolutely
in terms of data on F (Q ), entirely independently of assumptions about the specific functional form of
4'(z Q).

III. CROSS SECTIONS

For mqz~yq, the absolute square of M(s, t), summed over final spins and colors, and averaged over ini-
tial spins and colors is

1 1 (e2s+e1 u ) f ~ 0 (z Q)dz
~M(s, t)

~

= »e g
colors,
spms

(7)

The differential cross section for mq& —+yq is then

1 do. 4 ( zs+eiu)'
9 EM s e( ) p+~ dI: u s —ts

(8)

where aEM- », , and Eq. (6) has been used to elim-

inate P„. Equation (8) is correct to leading order

I

in the strong coupling strength a, (s). As in Ref.
6, because do/dt(mqtv ~yq) has been related to the
observed F (s), Eq. (8) should include all of the
anomalous-dimension (lnQ /A )

" contributions
from the evolution of the meson distribution am-
plitude P(z, Q). The value of F (Q ) is measured
for Q & 4 GeV . For the larger values of Q2, it
may be parametrized as
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E (Q )=0.4 GeV /Q, Q &2 GeV

and this analytic expression is used to obtain the
numerical predictions presented later in this paper.

The cross section for the high-twist (HT) pho-

toproduction process yq~mq is identical to that
for m.q~yq, Eq. (8), except for a different spin-

average factor:

1 do 1 do
(nq~yq) =2 —(yq~vrq) .

dt dt

The reaction q~qN ~~y is another high-twist sub-

process which involves pointlike direct couplings
of both the m. and the y. Its cross section may be
obtained from Eq. (7) upon crossing s~t and di-

viding by a second color- and spin-average factor
of 6. Explicit results are presented in the Appen-
dix.

Because all the gluon and photon couplings in

Fig. 2 conserve quark helicity, the final quark in

mq~yq emerges with the same helicity as the in-

cident quark. Thus the amplitude and the cross
section for nq —+yq should vanish as t~O. How-

ever, this property is not manifested by Eq. (8},
which has a pole at t =0. The conflict is resolved

readily if finite quark masses are retained in the
calculation. In this case, the factor t ' in Eq. (8)
is replaced by t(t —m~ ), and the cross section
vanishes, as expected, as t~O. When e&

——e2 in

Eq. (8), the factor (e2s+ e, u ) ~e) t and the
cross section shows an additional suppression ~ t
as t~0. The same suppression is true for the
purely hadronic reaction m.q —+gq studied in Ref. 6,
but was attributed incorrectly there to helicity con-
servation. The ratio of the differential cross sec-
tions for mq —+yq and mq —+gq is

&(77q~yq) 3apM (e2s +ecru )

& (vrq ~gq) «s t

Equation (10) indicates that high-twist production
of prompt photons is significantly enhanced over
that for gluon-jet production at forward angles.

The inclusive yield of prompt photons in
vrN~yX is obtained upon multiplying Eq. (8) by
the appropriate quark distribution function. For
n. p~yqX, this yields

Edo. s 1 do.
=xu~(x) — — ~ (mqz ~yq),

d3p s+u ~ dt

where uz(x) is the probability that an up quark in
the proton carries momentum fraction x =s/s.

There is no integral to evaluate in Eq. (11);at fixed
s =(p +p~), the values of u, t, and x are speci-
fied uniquely by the photon momentum p&',

u =(pr —pz) =u/x, t =t, and x = t/—(s+u).
Equation (11) may be rewritten in the form

Edo 1

,fHT«T, X~},
pT'

(12)

where xT 2pT/——Vs, and xF 2pL/——Vs. The pT
behavior arises because Eq. (8) is proportional to
s at fixed values of u/s and t/s In. the limit

xT~1, a simple analytic expression may be ob-
tained at xz ——0 for the xT dependence of the scal-
ing function fHT(xT, xF). In particular, Eqs. (8)
and (11) yield fHT(xT) ~ u~(xT) as xT~1. Adopt-
ing the simple distribution function' xu (x)

3
P

=(1—x), one derives

fHT(XT } (13)

1

(
—„yd) 4(1 ——,u /s)

&(m.+d ~yu) (1—2u /s)
(16a}

In Eq. (16a), the subprocess invariants u and s
have been eliminated through the substitution
(u/s) =(u/s). Recognizing that (u/s) = ——,x~
(I+cos8*), where 8~ is the center-of-mass (c.m. )

as xT—+1.
The pT and xT dependences of Eqs. (12) and (13)

may be contrasted with those characteristic of the
leading-twist process sketched in Fig. 1(b). Al-
though the leading-twist (LT) terms provide a

pT behavior in pT, the associated scaling func-
tion fLT(xT } falls off more rapidly than Eq. (13}.
For example, in m p~yX, the dominant leading-
twist subprocess at large xT is u u~~yg. If

n
x~u (x~) ~ (1—x) and xzuz(x2) ~ (1—x2), one
obtains

n +4
fLT(xT }~ (1—xT}

at xF ——0. Experimentally" it is observed that
n & 1. Therefore,

HT(PT T} 1
OC

LT(pT~xT ) p 2( 1 x )"

For any given value of s, the high-twist term will

dominate at large enough xT. Numerical predic-
tions are presented below in Sec. IV.

The dependence of the high-twist cross section
on the charge of the incident pion beam is another
characteristic difference. Returning to Eq. (8), one
observes that
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production angle of the photon, and

xi, ——2pr™/Ws, one may rewrite Eq. (16a) as

4[1+ —,xi' (1+cos8*)]
&(n+d. ) [1+xi'(1+cos8~)]

(16b)

This ratio is greater than unity throughout the
range 0&x+ & 1, but it is a decreasing function of
xz. At large xi' (xii~1) and 8*=90' (xF ——0), it

25
approaches —„.

The high-twist process considered in this paper
specifies that the inclusive yield of prompt photons
produced at xF 0 from —a—n I=0 target (e.g. , deu-

terium or carbon) should be greater for m beams
than for m+ beams by a factor which decreases to-

25
wards —„asxT~1. The leading-twist process

q q~~yg favors production by m. beams on I =0
targets by a healthy factor of (e„/ez)2=4. This
difference between the charge dependence of the
leading-twist and high-twist contributions has im-

portant implications for attempts to isolate the
leading-twist annihilation subprocess via subtrac-
tion of the m and m. + inclusive yields.

In the limit 0*~0 for large xq,
8(rt u)l&(n+d)~1. This is considerably less
than the leading-twist factor of 4.

IV. NUMERICAL RESULTS

For ~-+p~yX the absolute inclusive yield of
prompt photons predicted by Eq. (11) is presented
in Figs. 3—5, and it is compared with the yield
from the leading-twist subprocess u u~ —+yg in
m p ~yX.

Simple structure functions are chosen so as not
to obscure essential conclusions. In particular,
xuF(x)—:(1—x) is normalized such that up quarks
carry 25% of the proton momentum, and, for
down quarks, xdF (x)=0.

5xuF (x). More detailed
parametrizations including Q evolution will not
affect qualitative conslusions, but they may be
warranted when future comparisons are made with
relevant data. For the leading-twist subproce'ss
u uF —+yg the QCD Born cross section is

1 daLT 1 t u
LT ~p=D —+-

dt s u t

where t is the momentum transfer between the in-

cident u and the final y, $ =x&x2$, and DLT

9 aEMu, e„,with e„=—,. The leading-twist in-

clusive yield is obtained from the convolution

E doLT 1 1 sdOLT
(ir p~yX)= dxi dx2u~(xi)uF(x2) ~ (u~uz~yg)5(s+t+u) .

d p ddt

The quark structure function of the pion is chosen
to have the simple behavior x i u (x i ) =0.4(1—x i ),
normalized such that the u quark in the ~ carries
20% of the pion's momentum. This simple linear
form agrees with naive counting rules' and with
data. " The use of a quadratic form, xu (x)
cc (1—x), having somewhat more theoretical justi-
fication, would reduce the size of the predicted
leading-twist yield. The leading-twist yield shown
in Fig. 3(b) is in excellent agreement with other es-
timates. '

In the comparison of leading-twist and high-
twist yields, any sensitivity to the choice of uF(x)
is reduced since the same function enters both pre-
dictions. The leading-twist and high-twist yields
are also both linearly proportional to a, ', their ratio
is therefore independent of the choice made. The
constant value u, =0.3 is used here.

Other leading-twist subprocesses contribute to
m p~yX, such as the three gluon Compton reac-
tions g q&~yq, q g&

—+yq, and q g&~yq, and the
nucleon sea annihilation reaction q q~

—+yg. How-

ever, in m. p —+yX the dominant leading-twist sub-
process at large xr and/or forward angles is
u uF ~yg. Large xT and/or forward angles is pre-
cisely the kinematic region in which the high-twist
contributions studied here should be most impor-
tant. Therefore, it should suffice to limit our com-
parison to the results of u uz~yg, and to focus
attention on the differences in xz and pT varia-
tions, as well as on beam-dependent charge ratios.

A. Cross sections

A first observation is that the predicted yields in
Figs. 3—5 are small. For values of pT )4.5

GeV/c, where the experimental' prompt y/m ra-
tio is distinguishable from background, the high-
twist process provides inclusive yields in the
picobarn (10 cm ) range for pi, b & 200 GeV/c.
Prompt photon experiments' are now sensitive to
cross sections more than an order of magnitude
below this level. Second, both in absolute terms
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FIG. 3. Transverse-momentum dependence of the
predicted inclusive prompt photon yield E der/d p for
n+p~y. X at V s =20 GeV and at center-of-mass pho-
ton angles (a) 8~=45, and (b) 8*=90', measured with
respect to the incident pion direction. Shown are the
high-twist yields for m+—p ~yX obtained from the sub-

process mq~yq, and, for coinparison, the leading-twist
yield in n. p —+yX, only, from the subprocess u uz~yg.
For m.+p ~yX, the leading-twist yield from Z ds ~yg is
—, that shown for m p~yX.1

and relative to the leading-twist contribution, the
high-twist yield is greatest at forward c.m. angles.
This point is illustrated in Fig. 5. The prospects
for isolating the high-twist signal would seem best
at 8~ &45 . The expectations presented in Fig. 5

may be reexpressed in terms of rapidity y. For
massless particles, including photons,

FIG. 5. Dependence of the predicted prompt photon
yields on the center-of-mass scattering angle 6I* at
Vs =20 GeV and pr ——4.5 GeV.

y = —, ln[(1+cosa~)/( I —cos8~)]. The angle
8~ =40' corresponds to y=1.

Third, in m. p —+yX, even at x~ ——0, and in the
interesting range of pr )4.5 GeV, the yield from
the special high-twist process studied here is sel-
dom significantly less than 10% of the yield from
the leading-twist subprocess u uz ~yg. This
leading-twist subprocess accounts, in turn, for at
least one-half of the estimated full inclusive yield'
in m. p~yX. Therefore, as long as a clean prompt
photon signal is detected, it should be possible to
isolate the high-twist contribution by exploiting its
unique two-body kinematics and its characteristic
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FIG. 4. As in Fig. 3, but for incident-pion laboratory momentum of 400 GeV/c.
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topological property, the absence of a stream of
spectator particles along the beam direction. Ex-
perirnental apparatus with broad angular accep-
tance for charged hadrons and with fine segmenta-
tion is required to establish these features of the
event structure.

B. Kinematic constraints

p, +ZF'=0

(E+pl )r+(E+pL )"=(E+pl ) .

(19a)

(19b)

Once p~ and the longitudinal momentum pL are
determined for the prompt y, those of the recoil
quark jet are fixed. Since the entire four-
momentum of the incident pion in Fig. 1(a) is
delivered to the QCD subprocess, there is no
smearing of the jet kinematics associated with a
spread of the incident hadron constituent longitu-
dinal momentum. Smearing associated with intrin-
sic transverse momentum of the initial constituents
is also reduced since only one initial constituent is
present. By contrast, for the leading-twist process
sketched in Fig. 1(b), a beam of spectator particles
accounts for part of the initial pion's momentum,
and Eq. (19b) is replaced by

(E =pl )r+(E+pr

)'"=xi�(E+pl

) (20)

with variable x I.
In terms of light-cone momentum fractions de-

fined as

(21)

the high-twist events of interest are those for
which m~+~;zf —1. Because co;„ is the sum of the
individual cok for each hadron component in the

jet, the events of interest may also be defined as
those for which co&+ gcok ——1.

The high-twist signal should be isolated if a veto
is imposed to reject events with hadrons emerging
along the beam direction, and/or kinematic restric-
tions are imposed on the jet of hadrons which
recoil at large pz. against the prompt photon.

C. Charge ratios

Remarks were made in Sec. III concerning the
variation of the high-twist cross section with the

For the specific high-twist process considered
here, whatever the y production angle, conservation
of energy and momentum require (s »mz )

charge of the incident m beam. The comparisons
presented in Figs. 3(b) and 4(b) indicate that at

Ix~=0, cr(~+p~yX)= , o—(~ p~yX) over most of
the interesting range of pr. One half of this effect
is due to the initial structure functions which are

1

related by dz~„~ ———,uz(x). At more forward angles,
as shown in Figs. 3(a) and 4(a), the yields are relat-
ed very approximately by o(m.+p~yX)

1

, cr(vr —p~yX).
At the leading-twist level, the contribution from

the subprocess q qz ~yg provides a simple rela-
tionship valid for all xr and xF oL&. (rr+p~yX)

1

, oLq(vr —p~yX). Consequently, in rr+p~yX,
the high twist subprocess plays a relatively more
significant role when compared with the leadjng-
twist subprocess d d~ ~yg. At xz ——0, the higher-
twist term is always a significant "background. "
At 0*=45', the m+p high-twist yield exceeds the
leading-twist yield for pz & 4 GeV at p~» ——200
GeV/c, and for pr & 6.5 GeV at p~,b ——400 GeV/c.

When only the leading-twist subprocesses are

important, an appropriate subtraction of the
m p~yX and m+p~yX inclusive yields results in
cancellation of the gluon Compton processes, and a
sample of annihilation events is left, produced by

qq —+yg. The interpretation of this difference is
cleanest when the subtraction is made of inclusive
yields produced from an isoscalar target, such as
C. It has been proposed to use the difference of
yields to extract the x dependence of the quark
structure function of the pion. In the difference,
the pz of the prompt photon is balanced by that of
a gluon jet. In those regions of phase space in
which the high-twist yield is significant, the differ-
ence of the yields from vr p~yX and m.+p~yX
(or of m C and m+C) no longer isolates the annihi-
lation subprocess, and, in particular, the difference
does not leave a sample in which gluon jets dom-
inate in the final-state recoil spectrum.

In m p interactions, the special high-twist pro-
cess discussed in this paper specifies that a d quark
recoils against the high-pz. prompt photon. If the
high-twist sample is isolated in m. p collisions ac-
cording to the kinematic procedure discussed
above, the data would provide a clean source of d
quarks for fragmentation studies.

V. CONCLUDING REMARKS

In this paper, predictions are presented for the
inclusive prompt-photon yield associated with a
specific high-twist subprocess. The yield is nor-
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malized absolutely in terms of the electromagnetic
form factor of the pion, F (Q ). In rr~N~yX,
the @CD subprocess involves a pointlike short-
distance coupling of the pion. The observation of
the predicted class of events would provide a signi-
ficant verification of the applicability of the Fock-
state decomposition of the pion wave function into
color singlet

~ qq ) and higher components. High-

p~ prompt photon events without hadron energy
along the beam axis direction measure the ampli-
tude associated with this

~ qq ) component. They
comprise an event topology which probes the joint
probability for finding both a q and a q in the
beam, and only a q and q. Events with no hadron
energy radiated along the beam axis direction are
possible only because the initial state which partici-
pates in the hard scattering (here a pion) is a color
singlet.

The procedure employed in this paper to nor-
malize the high-twist yield is essentially identical
to that used by Farrar and Fox' who predict a
very small rate for ~q~~q. Although rates com-
puted here for m+-N~yX are also small, they are a
substantial fraction of the inclusive yield in the
laboratory momentum range 200 to 400 GeV/c,
and they should be observable. It should be noted,
moreover, that the particular high-twist subprocess
studied in this paper provides a lower limit on the
total pz contribution to m

—+X—+yX. Additional
high-twist contributions are associated with other
pion Pock-state components such as

~ qqg ) and

~ qqqq ). In the decomposition of the pion state
vector, it is estimated' that the probability attri-
buted to the

~ qq ) component is roughly 25%.

Correspondingly, it is not unreasonable to suppose
that the net high-twist contribution would be a fac-
tor of 4 greater than indicated in Figs. 3 —5. Oth-
er high-twist subprocesses are associated with the
nucleon target, such as u +(uu)z~yu, and with
coherent effects in the final state, including

qq~ym. Most of these are more difficult to nor-
malize than the special process treated in this pa-
per, and they are not endowed with characteristic
topological and kinematic properties. In an effort
to isolate experimentally and to study a high-twist
contribution with well defined properties, it would
seem best to focus on the specific process discussed
in this paper.
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APPENDIX: qq ~my

The expressions developed in Sec. II may be ap-
plied directly to derive predictions for the high-
twist subprocess qq ~ye, obtained from mq ~yq
via crossing. We redefine s =(p +pr), and
t =(pr p) . The absolu—te square of M(s, t),
summed over final spins and colors, and averaged
over initial spins and colors becomes

(e2t+e(u) Jt P (z, Q)dz
M(s, t) =—„eg

colors, S z(1 —z)
spms

(A 1)

The differential cross section for qq~ym is 1 d&HT 1 do~L~T F (s)(ezt+eiu)
dt ~ dt 12e; tu

(A3)

I daHT (e2t+e)u )- =—„&EMo'8+ (s) „,+ -,dt

(A.2)

Equation (A2) may be compared with the cross
section for the leading-twist subprocess qq~yg,
Eq. (19). It is easy to show that

2 1for u d~~ym, e& ———,, and e2 ————,, whereas for
d u~~y~, ei ————, and e2= 3 ~

In events produced by quark-antiquark annihila-
tion, the high-twist subprocess qq —+ye.+ provides a
"prompt" charged-pion background to the gluon
jets generated by the leading-twist process qq~yg.
A significant high-twist contribution would con-
fuse the analysis of gluon fragmentation.
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