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Semi-inclusive pion electroproduction at the highest transverse momenta
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At the energies of present and future electron accelerators designed to study the structure of hadrons, there
is a regime where hard pion electroproduction proceeds by a perturbatively calculable process in QCD. The
process is not the leading twist fragmentation one but rather a higher-twist process that produces
kinematically isolated pions. Semi-inclusive data may teach us more about parton distribution functions
of the target and the pion distribution amplitude. In addition, there is a connection to generalized parton
distribution calculations of exclusive electroproduction of mesons in that the perturbative kernel is the same.
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I. INTRODUCTION

This article studies meson production at the highest
transverse momentum under given kinematics of deep-
inelastic lepton-proton (or other hadronic target) collisions.
The focus will be on direct pion production, and will
include discussion of other production processes, will show
numerical results, and will explore what can be learned
from observations of directly produced pions.

Direct pions, also referred to as isolated pions, are pions
produced within a short distance of the initiating reaction in
processes that are perturbatively calculable. The name
isolated follows because the production process creates
only one particle, the pion (or meson, more generally), with
significant momentum in its direction. There will be a recoil
quark traveling with significant momentum in an azimu-
thally opposite direction and some low momentum debris
from target fracture, but the pion will be traveling alone and
in particular will not be part of a jet.

Direct pion production was first suggested in [1] and
there have been a number of studies since, for examples
see [2-7]. The present, however, is a good time for further
study as it appears that data where direct meson production
is the dominant process are within reach at Jefferson Lab
and the Electron-Ion Collider under construction at BNL.

In addition, when direct pion production is observed, the
measured cross sections can teach us more about the
structure of both the target and the produced meson.
Specifically, one can make choices of kinematic ranges
where the pion structure does not impact the falloff of the
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cross section with increasing, for example, pion transverse
momentum, but that falloff is nonetheless directly propor-
tional to the momentum fraction (x) dependence of the
target’s quark parton distribution function (PDF). Hence
one gets a measure of that pdf. The measurement will be at
high x where the current experimental data does not give
the pdf with high precision (although lattice calculations
are helpful here [8-10]). Other choices of kinematics
conversely can give shape insensitivity to the quark pdf
and allow measuring some particular momentum transfer
dependent integral over the pion’s distribution amplitude
(DA), which with enough data can be inverted to give the
distribution amplitude itself (a feature already noted in [1]).

We will make some general remarks on kinematics in the
next section, and show the calculation of the isolated pions
in some detail in the following section. In Sec. IV we give,
for the purpose of comparison, an outline of the fragmen-
tation and vector meson dominance processes, attempting
to be brief but with enough detail to allow numerical
calculation. Then in Sec. V, we give a selection of
numerical results. We start with a comparison of the sizes
of the different processes at various transverse momenta
and various photon virtuality, demonstrating that there
indeed exists a region where direct pion production should
be dominant. Then for the direct pion process itself, we
show results for the different structure functions that appear
in the cross section expression for pion electroproduction,
as in Eq. (1) below. Section VI shows examples of ways to
extract information on parton distribution functions (pdf)
and pion distribution amplitudes from direct pion data.
Some closing remarks are offered in Sec. VIIL

II. GENERAL KINEMATIC REVIEW

Semiinclusive pion production from lepton-proton scat-
tering, or semiinclusive deep inelastic scattering (SIDIS)
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FIG. 1.
scattering.

Semiinclusive pion production from lepton proton

where the observed hadron is a pion, is shown in Fig. 1,
with the lepton labeled “e” for definiteness. The lepton part
of the diagram can be calculated explicitly, and the full
sixfold differential cross section is given in terms of 18
structure functions, in general. For unpolarized protons
only five structure functions enter, and [11]
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Here E, E', and E, are the energies of the incoming and
outgoing electron and of the pion, and Q% = —¢* > 0 gives
the four momentum of the virtual photon. Further, ¢;, is the
azimuthal angle between the lepton-photon and pion-
photon scattering planes, A, = £1/2 is the helicity of
the incoming electron, and ¢ is the ratio of the longitudinal
and transverse polarization probabilities of the virtual
photon,

L= (14 2¢(1 4 1) tan(0,/2) 2)

for lepton lab scattering angle 6, and 7 = >/ Q? where v is
the photon lab energy.

The structure functions can be related [11] to conven-
tionally defined cross sections for y*p — 7 + X,

Foo— QZ(WZ - m%’) (] + mp)_l dgmn (3)

mn 2 3 ’
8z m,a v d°p,

where m, n are indices for the polarization vectors of the
virtual photon and W is the center-of-mass (c.m.) energy of
the y* p. There are also helicity indices for the proton target,
which are here averaged over. The photon longitudinal
polarization is along g; transverse polarization ¢, is in the
photon-pion plane and in the direction of the pion’s

q

FIG. 2. Quark level diagrams for isolated pion production.

transverse momentum, and the other perpendicular to this
plane, as €, = g x €. Then,

1 ) 1
FUU,TZE(FII +Fy). Fy” :§(F11 —Fp),

Fyyr=Frr, Fi})lsjd)h:ReFLl’ F?rlll{/)h:ImFLl- (4)

[For the virtual photon cross section we will make the
conventional Hand flux factor choice [12—14]. The struc-
ture functions are independent of the choice, as witnessed
by the factor (W? — m2) above.]

III. DIRECT PION PRODUCTION

Pions electro produced near the highest possible trans-
verse momentum will be direct or isolated pions. Isolated
means that they travel in a given direction with no nearby
hadrons of significant momentum; in particular, they are
not part of a jet. Figure 2 illustrates the process. The upper
blob in this case can be perturbatively calculated from the
diagrams in Fig. 3. The isolated pions come from processes
where in addition to the photon being absorbed by a quark,
there is also a hard gluon that produces a quark-antiquark
pair, with the antiquark (most often) combining with the
preexisting quark to produce a pion with the newly
produced quark recoiling opposite to the pion’s momen-
tum, eventually combining with other matter from the
target breakup to produce hadrons with no significant
momentum in the direction of the fast pion.

A. Calculation

The pions are formed from the nearly parallel quark and
antiquark with momenta yp, and yp, = (1 —y)p,. They
are connected by a Dirac factor ysp,/ V2 (we are treating
the pions and quarks as massless) multiplied by a pion
distribution amplitude ¢,(y) and with an integral over dy.

Momentarily omitting the distribution amplitude and the
integral, the first pair and second pair of diagrams give,
respectively,
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FIG. 3. Quark level diagrams for isolated pion production.
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Quantity e is a virtual photon polarization vector. The
color factor is Cy = 4/(3v/3), the momenta can be read
from the diagrams, A = £1/2 is the helicity of the incom-
ing quark (which is the same as the helicity of the outgoing
quark, if the quarks are massless), e; and e, are quark
charges in units of the elementary charge e, and we have
used the subprocess Mandelstam variables,

$=(p1+9)
1= (q - pn)z’
= (p1 = P2)* (6)
With the quarks and pions massless,
S+t+a=q> (7)

The combinations of Dirac matrices that are defined as
7,. above can be manipulated and simplified using the
Dirac equation where appropriate. We do the transverse and
longitudinal photon polarizations separately.

For the transverse case, we let e = ey with T = 1,2 and
take €; in the subprocess scattering plane with the positive
direction set by the transverse part of the pion momentum,
and e, normal to the scattering plane. The 7, . reduce to

Pl
- ph.

¢r(—=y8 + Vit +q*) + 24yer -
¢r(+y8 — Vit +q*) — 24yer

Ty (GT) =

ze(er) = (8)

We also used €7 - ¢ = 0, and €7 - p; = 0, the latter valid in
both the c.m. frame and the lab frame.
For the longitudinal polarization vector, we have

-2

where Q = \/Q? = \/—¢*. This polarization vector sat-

isfies €2 = 1 and ¢; - ¢ = 0. Then,

1
0

2q2
—q

€L =

©)

7,(er) = — 244 v i
a\*L) — Q(g_qz)y ’
O 24q* .
t.(€r) = —m(ﬂﬂﬂ)- (10)

To obtain the amplitudes we really want, we multiply by
the pion distribution amplitude and integrate over y,

e-M= [Layp e 1. ()
0

The result is conveniently written in terms of the integrals,
b2 ()

1
J1<q2/t):A dyy7+yq2/t,
1)y (q*/1) = Aldy%

L(q?/1) = 1= (q*/0)J1(4*/1). (12)

093008-3



ANDREI AFANASEV and CARL E. CARLSON

PHYS. REV. D 112, 093008 (2025)

We have factored out a basic integral I, which is

_ ", 9:0)
= [ a (13)

y

and is the same integral that appears, for example, in the
high Q2 expression for the pion electromagnetic form
factor

64rnag ,

302 "

Incidentally, with the definition above, J,(0) = J,(0) = 1.
The result for the amplitude in terms of quantities A, B,
and C is

Fo(0?) = (14)

=YD g + By - pidhu(p).
e - M =f_(f”§_Qq2u<pa>c¢u<pl>, (1)
where

e A
+52[t(u—q2)—fls(t—q2)],
B =2t TlJl—l-?Jz),
S u
el e,s est
c=11(£”+%)+3<11—1>. (16)
S u u

We used the third of Eq. (12) to sometimes eliminate J,,
and the argument of J, , is always ¢*/t.
Several possible pion distribution amplitudes will be

given farther below, with explicit analytic results
for J,(q*/1).
Also,
2" Yol
Y=o Laal (17)
and it is useful to know
St
€ p/] == 5 (18)
S—q

The subprocess cross section is

déy
dr  162(3—gq Zquol r

The prime indicates an average over the initial quark
polarization, and /,J = 1,2, L are chosen as appropriate

M) (e; - My). (19)

to the cross section being calculated. The various d6 may
be understood to have suppressed indices stating the initial
quark and the meson produced.

B. Cross section formula summary

The quark level subprocess is embedded in a proton or
other hadron, as in Fig. 2 for pion production from a virtual
photon. The Mandelstam variables for the virtual photon-
proton process are measurable quantities and are

s=(p+q)*%
t=(q—py)>
u=(p-py? (20)

and the momentum fraction of the struck quark can be
obtained from these measurable quantities as

-t
Cos+u-2mi—g*

(21)

The virtual photon cross section on the proton target is
generically,

do do

di = qq(x) = o (r*q, = q;). (22)

where an appropriate sum over quark flavors is implied;
q.(x) is the quark distribution function, or the probability
of finding a quark of flavor ¢ with momentum fraction
between x and x + dx. One can convert to other differ-
entials using generically

do _2m1,,|21'|)c2 do

E
dxdt’

= 23
"dp, —rt (23)
where |g]| is the virtual photon momentum in the lab frame.

One can now give the structure functions [see Egs. (3)
and (4)], with prefactor

160317 Q*(W? — m3)|g|x>

P, =
D, P TP

qa(x).  (24)

They are

Four = Pf{zAQ(g - q2)2
—2ABS (8 — qz) + Bzﬁziﬂ}, (25)

2 anla a2n
Fifls,( ?) = P{-2AB3 (5 — ¢*) + B*3*a*}, (26)
FUU,L = —PquZS‘l‘IftCZ, (27)

F? = PAQVSI(A(S — ¢*) — Bs2)C,  (28)

e — 0, (29)
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The last follows because the lowest order perturbative
amplitudes are all relatively real. It can of course become
nonzero in higher order either through final-state gluon
exchange or by combination with a T-odd PDF [15].
Quantities A, B, and C are given in Eq. (16) in the previous
subsection.

For comparison to photoproduction results, a g*> — 0
result is

2

doy _ 128raail 2m,w,x

nd3pﬂ 27 2 qa(X)
€] € 2 2 D
—+—= , 30
x<§+ﬁ)(s+u) (30)

which agrees with with Eq. (10) of [16]. Quantity doy the
same except for (32 + #%) — 25 L.

C. Distribution amplitude integrals

The distribution amplitude is normalized from the matrix
element of the axial current between the pion and the
vacuum. The normalization is

/0 L dya(y) = %fﬂ (31)

in the convention where f, ~ 93 MeV.

Commonly used forms for the distribution amplitude are
the asymptotic (or superasymptotic) form and the
Chernyak-Zhitnitsky form. The asymptotic form is

¢”(y)asy = \/gfn'y(l _y>’ (32)
from which
oy 33)
2
and

1 —b%+2blogh
(1-0b)°

ORE (34)

An example of a broader distribution amplitude that
gives larger I, than the asymptotic one, is

b(y)F = ﬂf/gf”\/y(l - ). (35)

whence

T
R 1
J,(b)S I (36)

where SR stands for square root.
There is also the Chernyak-Zhitnitsky distribution ampli-
tude which has a double hump structure and is given by

b= ()% =5V3fyi(y - )% (37)
Then
and

J (b)CZ _ (1 _bz)(] + 10b+b2) + 6b(1 +b)210gb
o (1= b) |

(39)

Lattice results appear to contraindicate the Chernyak-
Zhitnitsky form but do suggest that the distribution ampli-
tude is broader than the asymptotic one [17].

We now defer numerical results until we have discussed
alternative SIDIS processes for producing pions. This is in
the next section, and and the point of the discussion is to be
able to evaluate if direct pions indeed dominate over a
significant kinematic range. Numerical results will follow
in the section after that.

IV. COMPETING PROCESSES

A. Vector meson dominance

Another process for producing SIDIS pions involves
vector meson dominance wherein the photon converts to a
vector meson which then scatters hadronically from the
target, Fig. 4. We give here only a brief account of how to
calculate this contribution to pion production, with details
available in [5]. This work heavily uses other authors
phenomenological fits to meson-proton scattering data,
with references given there..

FIG. 4. Pion production from a VMD virtual photon.
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We work first only with the p° meson, and include other
vector mesons later. The y — p coupling is emfz, /f,» where
Jf, can be obtained from the p° — ete” decay rate [18]. At
the cross section level,

a m2 2
da(yp—wr*X)-—( 3 ) do(p’p = 2 X)
a, \m;— q°
+ other VMD + non VMD contributions.
(40)

We need the cross section for p” induced z* production.
This is a strong interaction and so a strong interaction sized
process. It can be estimated from various (pion charge
changing, to avoid leading particle effects) pion induced
inclusive pion production processes, abetted sometimes by
proton induced processes to enhance the angular coverage
of the data. Again, details are in [5], including treating
contributions from other vector mesons and giving the
parameters and functional forms that underlie the vector
meson dominated (VMD) results (cf. also [19]).

B. Fragmentation

Since in this paper we explore the fragmentation process
only to see where it fades by a significant factor relative to
the direct process, we content ourselves with a simple low
order treatment. We need quark distributions, fragmenta-
tion functions, and subprocess cross sections. We use
reasonably modern quark distributions (e.g., [20]) and
simple fragmentation functions. The relevant subprocess
cross sections are well known for real photons, and we
below give for completeness the versions for virtual
photons.

In a fragmentation process, Fig. 5, the virtual photon
interacts with parton a in the target and parton b “frag-
ments” to produce a pion with some accompanying
unobserved debris. Parton a carries (light-front longi-
tudinal) momentum fraction x of the target hadron, and
fraction z of the momentum of the fragmenting parton b
goes into the observed pion momentum.

FIG. 5.

Basic diagram for a fragmentation process.

The cross section for this contribution to the y*p — zX
process is

do 1dé(y*a - bc)
= -—D . 41
dxdidz %C:Ga/p(x) z 4 n/b(z) ( )

G,/p is a parton distribution function, or the number of
partons of type a (quark or gluon) in interval dx, the
fragmentation function D/, gives the number of pions

produced from parton b per interval dz, and 7 is
defined below.
This can be worked into

do  2m,l|q| [ dz x?
"k —mt J. oz 1-(1-2)¢*/t
S ZGa/p ﬂ/b( ) (42)
abc
with
—t+(1-2)¢°
X = 2 2 7 (43)
(s —my, —q°) +u—mj
[which gives Eq. (21) for z = 1] and
t+u—m3—q* s—W?
Zmin — — 172 = 7 - (44)
s — my, s — my,

In the last equation, W is the mass of the hadronic final state
particles other than the pion, and shows that z,;, never
exceeds unity (for a proton target).

Simple estimates for fragmentation functions giving
pions were used in [3] and are

Do) =21 -2+ 2E
Dayald) = o5 (1= 2p + 272

5
Dy u(2) = 6< z) ; (45)

and mutatis mutandi for the down quark.

Relevant subprocesses are the QCD Compton process
v"q - gqg and the photon gluon fusion process
v*g = g+ g. Cross sections for these for real photons
are well known; for virtual photons, taking the “T” cross
section (the one with the average of the transverse polar-
izations) for comparisons, one has for the Compton
process,
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d&T(* - do, | diry
g = — —
a 499 di i

2

:i27re[2]aas _z_é_Zuqz 20q°

35-¢*)*\ 5 7 31 (5—-4%)?
(46)

§=(xp+9)
1=(q—-k/z2)2,
o= (xp—k/z)>. (47)

[Generally, 7 is the momentum transfer squared between the
photon and the parton that will produce the quark, and we
have written (46) for the case that the quark produces the

pion.] For photon gluon fusion,
g~ aa)
— _)
5 9 ad
1 27e? 01 25q¢7 45q%
— s (G T s ) (48)
toa tan (5-q°)

A selection of numerical results are shown in the next
section.

C2(5—¢%)?

V. SELECTED NUMERICAL RESULTS

The first question is whether the claim that the isolated
pion process is dominant for high transverse momentum
pion production is true, and if so, at what momenta. As an
answer, we present two plots in Fig. 6, which show the
Fyy.r structure function [which will prove to be the largest
of the five structure functions in Eq. (1)] for the isolated
pion process, the VMD process, and the fragmentation
process. The plots are for £, = 12 GeV and 22 GeV, both
with pion lab angle 6, = 5°, and Q%> = 3 GeV?. One sees
the isolated process rising above the others for high enough
kr, about 0.8 and 1.4 GeV in these two cases. This plot uses
the asymptotic distribution amplitude for the isolated pion
calculation. It gives the smallest results among the dis-
tributions amplitudes selected in this study; the results from
the CZ amplitude would be nearly three times larger and
would show dominance of the isolated pion mechanism at
somewhat lower p, . The choice of Q% matters, as with
rising Q? the isolated pion process cross section rises
relative to the other processes.

A further question is what are the relative sizes of the

Fuur. Fou®  Fuyp.and F&&? structure functions, and
these are plotted in Fig. 7. For these kinematics, and for the
#", involving the longitudinal polarization clearly gives a
smaller results than the terms involving only the transverse
polarizations. We may remark that the quantity C can

direct r( FUU,r(aS);)
1000 F ™~ E
- — — VMD
~
N - - - - Fragmentation
N
= 100}
=S
=
3
Iy 10¢
E,=12GeV, 6,=5°,
TH @?=3Gev? \‘\\
0.6 0.7 0.8 0.9 1.0
Pry (GeV)
F ' ; direct Tl','Fuu,T(aSY)
100 T~ — — VMD
NN
.~ N - = = = Fragmentation
= 10
L.
=~
3 1
Ty
010t v oy 1t x N
E, =22 GeV, 6,=5°, Q%= 3 GeV?
0.01 ¢ ‘ t A :
1.0 1.2 14 16 1.8
Pr1 (GeV)

FIG. 6. A comparison of the rates of pion production from the
direct pion, VMD, and fragmentation mechanisms, for two
different incoming energies, as a function of pion transverse
momentum. This plot uses the asymptotic distribution amplitude
for isolated pion calculation; other choices considered in the text
would give more copious isolated pion production.

sometimes have a zero in the region of interest, as it
does here.

The F E’z,(z‘ﬁ) term, which is proportional to a difference
between two transverse polarization cross sections [see
Egs. (3) and (4)], is of course smaller in magnitude than the
Fyy r term, which comes from the corresponding sum, but
still is of comparable size. See Fig. 8, which plots the

absolute value of the ratio F i;);(z(p) /Fyy.r. This speaks to
the possible ease of observing the cos(2¢) modulation of
the overall cross section.

A corresponding plot showing sizes of the Fyy 7,

Fo®? Fuy . and FS? structure functions for neutral

pion production is shown in Fig. 9. For the z°, the
longitudinal cross section is prominant at high p,,, a
feature already noted in [6].

Finally for this section, we investigate the invariant mass
W of the nonobserved hadronic material accompanying the
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V' po> X Fuu,r(asy) Fypo X Fuu,r(asy)
= 1001 E,=22GeV, 6,=5° @°=3 GeV? c0s24) ] o) 100 £, =22 GeV, 6,=5°, @*=3 GeV? peos2e) ]
£ — 7 ~Tuu =R b —_ uu
w10 — = F* ] gl ]
8 —==3 F g F
S uu.L ke
g 1l ] g 1 :
I ~ Z
g N ) [
£ o.10} N ! 3 o010k ]
2 S f
n 5

& [
0.01} : 0.01¢ :
10 11 12 13 14 15 16 17 10 11 12 13 14 15 16 17
Pr1 (GeV) pr1 (GeV)

FIG. 7. Four contributions, with differing input photon polar-
izations, to isolated positive pion production. For this case,
Fo®) is negative, and both F&? and FL,, have a zero at
these kinematics. [For F ij’g"’ we have plotted the function itself on
the left and its negative on the right, as indicated by the (+)
notations on the plot.].

1.0
09r /// ]
-~
_
08¢ _- ]
= -7
AE 0.7 /// 1
S
o~ 7~
g3 061 PR 1
¢ -7
L~ ]
0.5
04f  VP2TX ]
E,=22GeV, 6,=5°, Q°= 3 GeV?
0.3t . . . . . . R
10 11 12 13 14 15 16 17
prrL(GeV)
FIG. 8. A comparison of the F?}’Z(zd’) and Fyyr terms,

indicating the relatively easy possibility of seeing the cos(2¢)
modulation.

pion and also the size of the initial quark momentum
fraction x for the isolated pion process. These are put on the
same plot, Fig. 10. For the E, = 22 GeV, 6, = 5°, 0> =
3 GeV? kinematics chosen for our examples, W is above
the resonance region, taken to means W > 2 GeV, for
P.. < 1,6 GeV, which means there is a significant region
of isolated pion production where the recoiling hadrons are
above the resonance region, avoiding potential final state
interactions that could modify some of the results. Quantity
x is on the same plot, and x is above 0.26 and 0.31 for

FIG. 9. This time for the z°: Four contributions, with differing
input photon polarizations, to isolated pion production. For z°
production, F%,, becomes quite prominent.

4 L 4
W (non-7t hadronic, in GeV)

3 L 4

ol y'p->m X 1

E, =22 GeV, 6,=5°, Q°= 3 GeV?

1+ ]

x (quark momentum fracM ]

ol |
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

pry (GeV)

FIG. 10. The upper curve here shows the invariant mass in GeV
of the unobserved hadronic system accompanying the pion.
For p,, < 1.6 GeV, this mass is above the resonance region
(taking the boundary as 2 GeV). Recall that for these kinematics,
if the CZ distribution amplitude gives the correct normaliza-
tion, isolated pion production exceeds VMD production for
Pr1L 2 1.3 GeV. The lower curve shows the quark momentum
fraction x, which ranges from 0.25 to 0.52 as p, | ranges from 1.3
to 1.6 GeV.

p.. = 1.3 and 1.4 GeV, respectively. Hence any relevant
measurements would be mainly in the valence quark
region.

VI. COMMENTS ON EXTRACTING PDF AND DA

Upon establishing a region where direct pion production
dominates, one may use the process as a tool to clarify
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FIG. 11. Ratio of the transverse cross sections for pion
electroproduction, at the selected kinematics, for the SR and
asymptotic DAs.

aspects of proton and pion structure. The direct pion
production cross sections are generically given as a quark
pdf in the proton (or other chosen target) times a g> and ¢
dependent integral involving the pion’s (or in the future,
other meson’s) distribution amplitude time known and well
determined kinematic factors, roughly

do = f,(x) - Ji(¢*/1) - kinematic factors. ~ (49)

By making suitable kinematic choices, one can isolate
the x dependence of the pdf or the differences in J; due to
different choices of the DA. For the virtual photon sub-
process, there are 4 kinematic variables, two for the
photon(v = E, and ¢*) and two for the pion (for example,
E, and 6, in the lab frame). One can fix three linear
combinations of the variables stated and vary a fourth to see
sensitivities to the pdf and DA. As a side remark, the White
Paper regarding 22 GeV electrons at JLab [21] emphasizes
the ability to obtain extensive multidimensional data, so
free choices in data analysis should abound. We shall note a
few examples.

For studying the u# quark valence pdf, a plot already
shown, Fig. 7, provides a good beginning. This plot has E,,
Q?, and 6, fixed. Plot of Fig. 11 shows how the integral
changes when switching between pion DA and another;
more explicitly it shows the ratio of doy/d’p, calculated
for two different DAs and plotted for the same kinematics
as Fig. 7. The normalization changes, but the curve is
nearly flat. That means that the shape of the experimental
curve for o7 is determined by the shape of the ¢, (x) pdf.
The curve actually shown in Fig. 7 was calculated using the

2.0 1
=
7 L__/’_
< 15 1
3
L
g 1.0 Transverse structure function ratio 1
= y'p- X
-}
TS 05 E,=22.GeV, E;=12.GeV, x=0.5 1
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OO 1 1 1 1
2 4 6 8
Q% (GeV?)
6 T T T T
Longitudinal structure function ratio
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Y p- X
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Fuu,.(SR) /Fyy,.(asy)
w

0 1 1 1 1
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Q® (GeV?)

FIG. 12. Ratios of the transverse cross sections (upper panel)
and longitudinal cross sections (lower panel) for z* electro-
production, at these kinematics, again for the SR and asymptotic
distribution amplitudes.

GRSV parton distribution. Data will pick out whatever
parton distribution is correct.

To learn more about the pion DA, one can search for
other suitable kinematics, for example fixing x and also
fixing E, and E,, which one can check also fixes 7.
Choosing Q7 as the remaining variable allows significant
variation in the argument of J, (¢?/t) and leads to the ratio
plots for different DAs shown in Fig. 12. The result for the
transverse cross section is relatively flat and hence not so
interesting, but the result for the longitudinal case show a
significant variation as g> goes from 0 to approximately .
Hence, there is an opportunity to distinguish different DAs.
With enough data an actual inversion of J; (¢*/t) to obtain
¢.(y) could be assayed.

Some corresponding plots for the z° case are in Fig. 13.
Here the transverse cross section appears to be the more
shape sensitive.
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FIG. 13. Ratios of the transverse cross sections (upper panel)

and longitudinal cross sections (lower panel) for z° electro-
production, at these kinematics, again for the SR and DAs.

VII. FINAL REMARKS

We have calculated direct, or isolated, isolated pion
electroproduction from proton targets, by methods easily
extended to other hadronic targets. We have showed that in
electroproduction at moderate energies the isolated pion
process is dominant over a significant region of high
momentum pions.

We have also noted that the calculation is proportional to
the parton distribution functions at high momentum frac-
tion and the meson’s distribution amplitude, with other
factors entering the calculation known and established.
Hence the measured cross sections can allow us to learn the
pdfs and DAs more precisely. We have shown by example
that there are kinematic choices that will allow learning the
shape of the quark pdf whatever the meson’s DA, and other
choices that will gather information about the meson’s DA
whatever the quark distribution function. These examples
also show the value of data over a wide kinematic range,
including data with transverse and longitudinal contribu-
tions separated.

The perturbative QCD mechanism for direct pion pro-
duction in SIDIS considered here is closely related to a
short-range part of the scattering amplitude for exclusive
electroproduction of pions at high transferred momenta,
and is of interest to the studies of generalized parton
distributions of a nucleon [22-25].

There are further investigations that can follow upon the
present work that we will plan to investigate. These include,
but may not be limited to, the effect of radiative corrections,
particularly including electron bremsstrahlung that affects
the relation of the meson’s transverse momentum to the
internal photon’s direction [7]; the inclusion of target
proton (or other target) polarization, so that there are 18
structure functions instead of five, and performing the
corresponding calculation for direct rho meson production,
which in turn leads to high transverse momentum dipion
production.
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