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d-u asymmetry and semi-inclusive production of pions in deep inelastic scattering
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We investigate ambiguities in the extraction of Em_asymmetry from semi-inclusive production of pions
in deep inelastic scattering. The role of several effects beyond the quark-parton model that Nzgfd to
* N:{+ and Ngfa&Ngf and may therefore cloud such an extraction is studied. The results are discussed in the
context of the recent HERMES data. We find that the interaction of the resolved photon with the nucleon
significantly modifies the observedtu asymmetry. The exclusive elastic productionofmesons plays a
similar role for the large= data sample. Our estimate shows a rather small effect of the spectator mechanism.
Nuclear effects in the deuteron also look potentially important but are difficult to estimate quantitatively.
Throughout the paper we make in addition several general remarks concerning semi-inclusive and exclusive
production of mesons.
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[. INTRODUCTION asymmetry. We investigate several effects beyond the stan-
dard parton model, mostly of nonperturbative nature, which
Since the New Muon CollaboratiotNMC) publication  give sizable contributions to the semi-inclusive production of
[1] on the Gottfried sum rule violation, the effect diu’  Pions and may cause the asymmetry of light antiquarks mea-
asymmetry was one of the most intensively discussed probs_ured in the recent eXpe“meﬁ] to not comm_de with thg
lems of nucleon structure in the 1990s. The effect is clearlyreal a'syr.nmetry.of quark distributions. In partlcglar, making
of a nonperturbative nature and was qualitatively explaine ua'(r;]tltﬁléa'\tjséusmatlons_, Wet focus on conclusions relevant
as due to the piofimeson cloud in the nucleor{for recent orthe experment.
reviews seg2]). In order to shed more light on the nature of

the Gottfried sum rule violation, two different Drell-Yan ex- Il. QUARK-PARTON MODEL APPROACH

periments were proposed and perforn{&#]. They mea- _

sured the ratiarpy /o,y . The integrated result for the asym- A. Extraction of the d-u asymmetry

metry from the more complete Fermilab experimé is The most general fivefold cross section for one-particle

fé[a—mdx= 0.09+0.02, to be compared with the NMC re- semi-inclusive unpolarized lepton-hadron scattering can be

sult: f3[d—U]dx=0.148+0.039. The NMC asymmetry ap- expressed in terms of four independent semi-inclusive struc-

pears slightly bigger. It was suggested recently by two of udure _functions(see, for instance{,lo]).. If the azimuthal cor-
that the difference can be partly due to large higher-twisfelat'on between the lepton scattering plane and the hadron
effects for the nonsinglet quantif2— F2 [5]. production plane is not studied, the number of independent

It was proposed in Refl6] how to use semi-inclusive structure functions reduces to two. Then the cross section can
production of pions to extract the asymmetry of light anti- P& Written as

guarks in the nucleon. This method was applied recently by do Aol

the HERMES Collaboration at the DESY¥p collider = 22x F1(x,Q%,2,p2 )

(HERA) [7] dx dQZdZ drﬁyi Q4X [y l( Q ph,J_
Recent results for semi-inclusive production of pions in +2(1—y)]—'2(x,Q2,z,pﬁ,L)], 1)

polarized photoproduction obtained at SLA& have shown

that spin asymmetry almost cancels for small transverse mo-

menta of the outgoing pions, which seems to be another notwherex, y, and Q? are standard deep inelastic scattering
perturbative effect. This result was interpreted as a large vedDIS) variables,py, , is the transverse momentum of the de-
tor dominance modelVDM) contribution [9] for small  tected hadron with respect to the momentum of the virtual
transverse momenta. Only at large transverse momenta majoton, and

the perturbative QCD processes reveal themselves and only

t_hen can one try to disentangle the pola_nzed_ quark Q|str|bu— P.p TRFE,

tions in the nucleon. At low photon virtuality, as in the 7= = )
HERMES experiment whergQ?)~2.3 Ge\#, similar non- P-g v

perturbative effects can be expected in the unpolarized case.

In the present paper we try to examine the semi-inclusivgs a relativistically invariant variable that in the target rest
production of pions in DIS as a source for measuringdhe  frame is the fraction of the virtual photon energgarried by
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D (2)=DZ (2)=D7 (2)=DZ (2)=Seq D_(2),
(7)

where S,oq4 is a reduction factor with respect to nonstrange
quarks/antiquarks. In calculations we shall @&g=1.01
Now, in the quark-parton modé#) using symmetry rela-
tions (5) and (6) one can combine semi-inclusive cross sec-
FIG. 1. Partonic mechanisms of pion producti¢a:direct frag-  tions for the production of positive and negative pions on
mentation of quark into a pior(p) fragmentation of quark into an proton and neutron targets and isolate a quantity sensitive to

intermediate hadronic resonance and its subsequent decay. the flavor asymmetry7]
the hadron. In the formula above, p,,, andq are the four- dX)—u(x) I2)[1-r(x,2)]-[1+r(X,2)]
momenta of the target nucleon, final hadron, and virtual pho- u(x)—d(x) = It ]+ [1+r(x2)]’ (8

ton, respectively.
If one is not interested in the transverse momentum disypere
tribution of the emitted hadron then the triple-differential

cross section can be written in a more compact way: 31+D_(2)/D.(2)
. D=5 15 2)b.2)
do dma” )
dxdQPdz . 0% [y=2xF1(X,Q%,2) and
2
+2(1_Y)f2(X1Q ,Z)]. (3) r(X’Z): NS:(X,Z)_N:::(X,Z)
In the quark-parton moddlQPM) only mechanisms shown Ny (X,2)=Ng (x,2)

in Fig. 1 are assumed. Usually in calculations one does not

distinguish diagramga) and (b). It is commonly believed is a ratio of differences of charged pion yields on proton and
that diagram(b) can be included effectively on the same neutron. It is straightforward to see that the fragmentation of
footing as diagram(@). We shall discuss later possible re- strange quarks/antiquarks cancels in the quan(ityz). It is
strictions of such an approach. also worth noting that the right-hand sid@HS) in Eqg. (8),

In the naive QPM the generalized semi-inclusive structurdormally dependent oz, gives a quantity independent af
functionsF; and %, are related by the Callan-Gross relation We wish to stress here that E(B) is the identity (truly
leaving only one independent structure function, which carindependent of quark distributions and fragmentation func-
be written as tions) valid only in LO parton model.

Thus semi-inclusive production of charged pions in DIS
N 5 5 5 allows us to determine the asymmetry of light sea quarks.
FYT(x,Q%2)= 2 €#xr(x,Q?)-Dy_(2), (4  However, this is on condition that the QPM works well, that
' is, one may neglect the influence of other possible mecha-
nisms. We shall discuss in the course of the paper if this is a

where the sum runs over the quark/antiquark flavérs reasonable assumption in the recent experiment.

=u,d,s; q; are quark distribution functions, ard;_, .(2)
are so-called fragmentation functiofikl].

Quite a number of fragmentation functions can be reduced
by the requirement of isospin symmetry and charge conjuga- It is a well-known fact that pions produced directly in the
tion: fragmentation process constitute only a fraction of all pions

registered in detectors. The contribution of pions coming
Dl’f(z):Ddf(z):Dgf(z):Duf(z) from the decay of heavier mesons is of the same order of
magnitude[12-14].
=D,(2) (5) Because the intermediate resonances originate from the
fragmentation of the struck quark, their contribution can be
for the favored fragmentation and included in an overakffectivefragmentation function. Mod-
ern analyses of fragmentation functions do not treat interme-
diate resonances explicitly, just include them effectively by
fitting total inclusive data. However, it is not clearpriori
=D (2) (6) v_vhether under_ a more detailed consideration such as effe_c-
tive treatment is correct and whether resonances do not dis-
gjrb the identity(8).

B. Intermediate resonances in the fragmentation

Dj (2=DZ (2)=DJ (2)=DZ (2)

u

for the unfavored fragmentation. For the strange/antistrang
fragmentation, in principle, a third type of fragmentation
function has to be assumed. In the following we shall assume

simply 1This appears to be not very important in practice.
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To treat the intermediate resonances explicitly we writecome to the conclusion that intermediate resonances do not
down the fragmentation function as a sum of two parts: aviolate Eq.(8), i.e., do not disturb the procedure of extraction
direct fragmentation componeffig. 1(a)] and a resonance of the d-u asymmetry.

componen{Fig. 1(b)]: However, one cannot avoid completely the explicit treat-
ment of intermediate resonances when modeling pion spec-
D;..=D¢ ..+ D p.m, (99  tra. The fragmentation functior(9) with the resonance com-
R ponentg10) do not obey the QCD evolution equation; this is

usually ignored in the current literature. It would be useful to
whereD; . is a fragmentation function of the direct frag- separate out the direct fragmentation contribution to the frag-
mentation of a quarkinto a pionw, D¢_ g, describes the mentation functions, which has a better chance of obeying
production of a pionr through an intermediate resonarRe the QCD evolution equations. However, to determine the
and the sum runs over all possible resonances. It is knowfiagmentation functions of the direct fragmentation one
experimentally that for pion production the vector mesonwould need to perform a combined analysis of fragmentation
intermediate states are the most important. For a not totto pions and into all other resonances having pionic decay
small z, neglecting for simplicity transverse momenta, thechannels. Such an involved experimental analysis has never
contribution of the resonand®to the fragmentation function yet been done.
can be approximated as

C. Choice of fragmentation functions

1. Z . .
B, .n(Z)- fR_’”(?’) dz, (10) In order to estimate the effect of nonpartonic components

on the extraction of tha—iasymmetry we need to fix frag-
mentation functions with which the main partonic term will
wherezo=max@z,,), z%. is the minimal possible of the  pe calculated.

resonanc®, D¢ . is a fragmentation function for the direct ~ Modern parametrizations of fragmentation functions are
fragmentation of a quark into a resonanc®, and fg ., fitted mostly to data frome*e™ collisions. Such analyses

Df—»R—mr(Z):f

29

describes the decay of the resonaft® pionic channels.  include leading- or next-to-leading-order QCD corrections
The fragmentation process transforms quarks with thésee, for instancé15—17). In contrast withe e~ collisions
third component of isospin the situation inep scattering is much less developed: less
experimental data, no QCD analysis.
1 u d Let us see how the existing parametrizations of fragmen-
19= izﬁ[ q tation functions behave iap collisions. We start the quanti-
d u tative estimations by comparing the existing fragmentation

functions with thez distributions of charged pions ep scat-

tering. In Fig. 2 we present (&)(da”+/dz+do”_ldz)
at dat& obtained long ago at Corndll9] [panel(a)] with ki-

3= il@{ W], nematics similar to the HERMES experiment, and the data
from EMC [20] [panel (b)] with slightly higher Q2. We

i.e., there are two initial and two final states of fragmentationshOW also the QPM predictions obtained with fragmentation

: ST functions from the fit toe*e™ data[16], from the fit to
with respect td 5. If the quark hadronization is driven by the 5 : ;
. 3+ X . e"e”, and photoproduction dafa1] that include QCD cor-
strong interaction(isospin symmetric then, in the case of . : ! . )
. : . . rections, and with fragmentation functions from the simple
direct fragmentation, one naturally obtains only two kinds of

fragmentation functions related by EdS) and (6). For the QPM f':fs to the ep Qata [2.2’2(1 Surprisingly the _a_d-
SO R : vanced” parametrizations give a much worse description of
resonance contributiorDf  _=3zD¢ g, if the sum

. o ) i ... _the data than simple ones do. However, simple parametriza-
comprisesall possible intermediate states and if in addmon,[-iPnS are limited to the relevant values QF

thhe 'So?p'tn IS Igor&ser::e;d in thetdtgca); of rtt.eson.ances, one st In principle the modern fragmentation functions used in
as only two kinds of fragmentation functions. e"e” [16] were obtained including QCD corrections, i.e.,
beyond the naive quark-parton model. The correct formulas
DEEE Dud g (7 (11)  for the cross section in DIS calculated including QCD cor-
R du ”’ rections are more complicated than QPM oh23,24. On
the other hand, the analysis of the HERMES experiniéht
and was performed based on simple QPM formulas, using Eq.

into measured pions with

DR=> Dud g (7). (12)

R du ' 2This quantity is practically independent of the quark distributions
used in the calculation becoming fully independent when limiting to
These functions correspond uniquely to the standard favoreglandd quarks only. Throughout the present paper the quark distri-
and unfavored fragmentation functions and fulfill the rela-butions from the GRV parametrizatidri8] shall be used in all
tions (5) and (6) needed to obtain the identif). Thus we calculations.
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'=;:]10§"\\‘“\""""""""" '\\"\"""""""""'
'U_J_-c F 00000 Cornell data 00000 EMC data
*e 2y 2 2y
5l (@)=2.8Gev (@")=20Gev* FIG. 2. Multiplicity distri-
~ L L bution of charged pions
ME: (Uo)(do™ Idz+do™ /d2)  in
DIS. Different sets of fragmenta-
tion functions are confronted with
01k L the Cornell[19] data with 2<Q?
TE : X ] <6 Ge\® and W~3-4 GeV
- — EMC parametrization S - — EMC parametrization \\\\ ] (Ieft pane} and the EMqZO] data
Field—Feynman \ | Field—Feynman R | with 20<<Q2><71 GE\IZ, de-
- — — Binnewies—Kniehl—Kramer g - — — Binnewies—Kniehl-Kramer N\ . A
ool b 7 IC.su‘lson—‘Wakely | I I'-l‘: A ICeu'lson—IWakely I I \\\}\ ] pendlng onz (rlght pane].
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Z Z

(8). Therefore in order to compare with those results we have The analysis above advocates the Field-Feynman param-
to stay at the QPM level too and ignore some inconsistencyetrization[22] as the only good representation of the avail-
Moreover, the QCD evolution of fragmentation functions able ep data in the HERMES kinematical region. This pa-
(included in the calculationchanges the pion multiplicity in  rametrization will be used in the following analysis.
agreement with the trend of experimental data and might
create the main part of th@? dependence even when used

10g

with QPM formulas. The whole effect of the inconsistency '

should, however, be clarified in the future.

In electron-position scattering the number of negative and
positive pions produced is identical. This is not the case for
epscattering. Here quark distributions in the proton, isospin-
asymmetric by their nature, allow us to distinguish between
the favored and unfavored fragmentation that is very difficult
to do, if not impossible, ire" e~ scattering. As can be seen
from Eqg.(8) such a separation is essential to our analysis. In
Fig. 3 we showz distributions of negativéupper pangland
positive (lower panel pions as measured by the European
Muon Collaboration EMC) [20]. Different sets of fragmen-
tation functions are confronted with the experimental data. A
surprisingly poor description of the data is obtained with
fragmentation functions frora*e~ scattering 16]. Not very
good agreement of the Field-Feynman parametrization is
most probably due to a differe@? here(~20 Ge\?) than
that where it was designg@2]. A correct QCD evolution
should resolve this disagreement. As will be discussed be-
low, both QPM-parametrizations give reasonable representa-
tions of the ratio of unfavored to favored fragmentation func-
tions, which is a more slowly QCD-evolving quantity.

The ratioD _(z)/D ,(z) directly enters formuld8) and,

as our analysis shows, the measuded asymmetry is very
sensitive to it. In Fig. 4 we display the ratio obtained from
the analysis of experimental data from EME5] and that
recently obtained by the HERMES Collaboration at DESY
[26]. The simple QPM parametrizationg2,20 provide a
reasonable description of the data. In contrast, the “ad-
vanced” fragmentation functiord.6,21] fail again. Is it due
to a different physics ir*e~ collisions than in DIS, or is it
due to QCD corrections, or is it due to something else? In
our opinion this is mainly due to the fact that thée~ data

E
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0.1F

ooooo EMC data
(@%)=20GeV?

0.1¢

0.01

- — EMC parametrization
Field—Feynman

- — — Binnewies—Kniehl—Kramer
Carlson—Wakely
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X
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0.2 0.4 0.6 0.8
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FIG. 3. (1b)(do™ /dZ) (upper panél and (1b)(da”+/dz)

are not sufficient to separate unambiguously the favored angower panel for ep scattering. The experimental data are taken
unfavored fragmentation functions. A QCD analysis of DISfrom [20]. The fragmentation functions used are the same as in the
fragmentation functions is called for. previous figure.
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1.0 LA A A d-u asymmetry also remains unknown. We shall discuss pro-
ee0ee LERVES (preliminary)] cesses shown in Fig. 5 one by one.
F Field—Feynman E
0.8¢ . ggﬁsgﬁﬁgﬁgyaﬁon ] A. Central VDM contribution
I — — Binnewies—Kniehl ] I
~Kramer Let us start from the VDM componefisee Fig. 5a)]. It
5 08 ] was shown that in the inclusive DIS incorporation of the
~_ ] VDM contribution and related modification of the partonic
| § component help to understand the behavior of structure func-
A 0.4 F ] tions F§ and Fg at smallQ? [27,28. This model was con-
] firmed by a recent analysis of th®@? dependence of the
1 world data for the structure function differened—F} [5].
02 ] The model for inclusive structure functiofa7,28 can be
] generalized to semi-inclusive production of pions:
o I J T N S R S .\\l\i\.‘i“:r-#: A fN—mr 2 _ Q2 E 2 2 D
00 02 04 06 08 10 2 "(XQN2)= G rap 4 EXA(x.QY) Di(2)
Z
_ _ Q? 1 oyne x(W)MY, )
FIG. 4. The ratio of unfavored to favored fragmentation func- —E — — 5 Qu(x,Q).
tions as a function of. The experimental data are from EM@5] ™V oy (QTHMY)
and from a preliminary, unpublished HERMES anal\j€6]. Re- (13
sults obtained with different parametrizations are shown for com-
parison. The second sum above runs over vector meddas’®, o,
¢, andQ),, is a correction factor that takes into account finite
I1l. NONPARTONIC COMPONENTS fluctuation times of the virtual photon into vector mesons for

02 for th . largex [28].
For small Q%, as for the HERMES experiment, SOme T4 inclusive cross section for pion production in vector

mechamgms of nonpartonlc orlgnt$ee., e.g., Fig. )5”‘33( meson p° w, ) scattering off the proton and neutron is not
become important. For instance, the virtual photon can |nterﬁ1

: L _ . nown experimentally. There is no model in the literature
act with the nucleon via its intermediate hadronic state. Suc at one can trust quantitatively but in analogy to the total
a mechanism is usually described within the vector domi- oy 10ss section the cross sectipN— =X can be esti-
nance model. The photon could also fluctuate into a pair o ated as
pions, where both or one of them interact with the nucleon.

In addition, some exclusive processes can produce pions di-g(popqﬂrx)%% [o(7 pomEX) + o(m p—mEX)],
rectly or as decay products of heavier mesons.

To our best knowledge none of such processes has beerb(pon_wxx)%% [o(m nomX)+ o(m n—7X)].
investigated in the literature. Their influence on the extracted

(14

Experimental data from the ABBCCHW Collaboration
[29] at p7,=8,16 GeV correspond approximately to the
range of the HERMES experimefif]. Unfortunately as it
often happens in high-energy physics there is only data for
proton targets. Using isospin symmetry for hadronic reac-
tions one can obtain corresponding cross sections on the neu-
tron from those on the proton by assuming

o(p’n—7X)=a(p’p— 7 X),

a(p’n— 7 X)=0o(p°p— 7" X). (15
These relations hold not only for the total cross sections but
also for differential ones independently of energy. From the

most complete data q,,=16 GeV[29] (W=5.56 GeV)
we get

FIG. 5. Nonpartonic mechanisms of pion production taken into z L0(7 " p— 7" X)+o(7m~ p—m7"X)]=38.65:0.29 mb,
account in this work{a) VDM contribution, (b) spectator mecha-
nism, (c) elastic production of the® meson and its decay. slo(m p—m X)+o(m p—=m X)]=31.80+0.22 mb,
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clearly different values. Although the bulk of the difference pO +Non+X
comes from the target-fragmentation region, which we are 0.16 —— ‘
not interested in, in the beam-fragmentation region it was TUr
also found o(7* p— 7 X)=14.8 mbto(m p— 7" X)
=19.0 mb[29] with almost equal cross sections for beam- i
like pions. 0.08
The situation in the semi-inclusive case is more compli- i
cated than for total cross sections. The experimental spectra -
for = p— =X contain components due to peripheral pro- g of
cesses that are, in general, specific, different for different =3
reactions. Peripheral processes from thép— =X and
m p— 7 X reactions do not contribute to th€p— 7= X i
reaction and should be eliminated; only nondiffractive com- -0.08
ponents of therp— X reactions should be taken into ac- i
count when modeling°-induced reactiond.This requires i
physically motivated parametrization of theN— 7X data. 016 Lt
Following these arguments we have parametrized the ex- 0 0.2 0.4 0.6 0.8 1
perimental differential cross sections for four different reac- X
tions 7+ p— =X from [29] as a sum of central and periph-
eral components

FIG. 6. 5‘,;?]_‘”i calculated from Eq(18) as a function of Feyn-
dor docen doPer manxg . The pion-proton cross sections were taken from the pa-
(16) rametrization described in Appendix A.

= + ,
dxedp?  dxedpi  dxedp?
where x; is the well-known Feynman variable. Details of considerably smaller. In the present calculation the photon-

this analysis will be presented elsewhere, a short sketch Proton CM energy was fixed at the average
. 1aly . P ’ RERMES valueW=5.0 Ge\2. In the paneka) we show a
given in Appendix A. Because the center of mé&s#/) en-

e S result of a calculation where the central VDM component
ergy of the ABBCCHW Collaboration is very similar to that L o . .
of the HERMES experiment, we believe that in the range c)ﬁirlscussed in this section is simply added to the main partonic

energy relevant for this experiment the functional form given agmentation component. In pand) the fragmentation
- g 2
in the Appendix is suitable. component in addition was rescaled by the fad@ov(Q

Finally, our analysis of experimental ddt29] combined *+Qp) [see Eq.13)] that is required for consistency of in-

. . . : lusive and semi-inclusive structure functions. The solid line
with the assumption of isospin symme shows that for ¢ X
the nondiﬁracti\?e componeFrJns s)t/ill o in both panels representsl{ u)/(u—d), i.e., the left-hand

o(p°p—m=X) # o (p°n— 7 =X). a7 central VDM
0.8 ——rrr -

In Fig. 6 we show a) standard QPM 1 b) modified QPM

o(p’p— 7 X) = a(pn— 7" X) 18 0.6 | —

=}

=

Q
12

0 =
50 T = + +
pn a(p’p— 7 X)+ o(p’n— 7 X)

|
|
|
NN N NTD
i ne
ooo0d
@m0
7z
P

for both positive and negative pions. An identical value of

the asymmetry is expected for thebeam and a similar one

for the ¢ beam. This automatically means practically the L 1 |

same result for photofreal or virtuaj-induced reactions that oL i\ 1 8, ]

proceed via hadronic intermediate states. We obtain rather T \\ 1 \\

large asymmetries, larger than for total photoproduction i N I N ]

cross sections on the proton and neutron. - ‘ N T ‘ N
Different cross sections on proton and neutron mean that 90 o * ° ° 194 ° 5

the VDM contribution modifies the RHS of E¢B) breaking % %

in that way the identity. In Fig. 7 we show a modification of

the measured quantityaeﬁ)/(u—d) due to the central FIG. 7. Th_e true(solid) and the modified by the central VDM
VDM component. In the HERMES experimefit] both Qz contribution @—u)/(u—d) calculated according to the LHS and

. . . RHS of Eq.(8), respectively, as a function of Bjorkenfor differ-
and W vary with Bjorkenx, but the change of energy is ent values ofz and typical HERMESW=5 GeV. The result in

panel(a) is obtained by a simple addition of the fragmentation and
the central VDM component&)ﬁzo in Eq. (13)]. The result in
3Some peripheral processes specific for flebeam will be in-  panel(b) is obtained with the rescaledQé:O.S GeV?) fragmen-
cluded explicitly in Sec. Il C. tation component, as described in the text.

(d-w/(u-d)
v
S
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side (LHS) of Eq. (8), calculated from the parton distribu- 10 ®

tions[18]. The dashed lines give the “experimental” quan-

tity (d—u)/(u—d) that is obtained with the RHS of E()

including partonic fragmentation calculated again with par-

ton distributions[18] and the central VDM mechanism. As 10

can be seen from the figure, the RHS of ER). clearly de- —

viates from the assumed partonic outcome. The effect is sur- %

prisingly large, especially for small* Thus, the quark flavor —
B
o

yp —>m X Ep=9.3GeV

BT T T TTTIT

Py

Ada , L,
A
AAA

asymmetry extracted from semi-inclusive experiments in the
simple QPM approach seems to be highly overestimated if
the VDM contribution is neglected.

The VDM effect discussed in this section is not com-

oL i
pletely new. A similar effect of the hadronic structure of the 10 g y ass44 SIAC data E
photon on the difference of semi-inclusive cross sections C // T :Ifaesitlit% p

T yp—atx— Typ—n—x Was already noticed long ago in real el.o® + ‘spectat.
photoproductiorf30]. Although in DIS the effect is smaller, T A

is, however, strongly modifies the measuted asymmetry. 0.0 0.2 0.4 0.6 0.8 1.0
Xp

B. Spectator mechanism FIG. 8. The invariant structure-functiof(xg) for the yp

. ) ) — @~ X reaction ande,,=9.3 GeV.
In both partonic and central VDM mechanisms the virtual

photon is totally absorbed and pions are produced in a com- g2 1 oK2

plex process involving many degrees of freedom. Such pion$7TI (z,k?)= em = |F(z,k2)|2,
are preferentially emitted at not very large valueszoThe T 64n” 2(1-2) [0-MZ (z,kT)]? *
peripheral processes are not included either in the partonic or (20

the central VDM component considered above and are ex- ) ) . )

pected to be important in the region of largevhere these Wherégem is the electromagnetig— 7" 7~ coupling con-
processes disappear. Let us consider first the spectat8faNt My is the invariant mass of the two-pion system,
mechanism depicted in Fig(#5. To our knowledge such a F(zk{) is a vertex form factor that accounts for the finite
mechanism has been never discussed in the literature of phgize of particles involved and off-shell effects. For other
ton induced reactions. We begin with the case of real phototechnical details sef81].

production where we can apply a technique fri@d]. For ~In Fig. 8 we show the result of our calculatiQdasr}(/azd
virtual photons withq?<0 the formalism is not well devel- line) with cutoff mass 1.5 GeV as in Ref31] for s
oped. =4.28 GeV corresponding to the experimental data from

The cross section for the spectator pians in real pho- ~ SLAC [33] with E,=9.3 GeV. The results are presented in
toproduction can be expressed as a product of the distribierms of the invariant single-particle structure funct{G]
tion of pions in the photonf(,+,,) and the off-shell total [S€e also Eq(A3) in Appendix Al. The energy in the pion-

cross section for scattering af* off the proton or neutron: ~Proton subsystem decreases with increasiagand we ob-
serve fluctuations due ts-channel 7N resonances. The

dagp‘ect i peaks. would be even more pronounced at smaller photon
4z ~fre(2) o [(1=2)s]. (19 energies and would disappear completely at larger photon
energies.
The contribution of the spectator mechanism calculated
. with reasonable values of the cutoff mass in the vertex form
At small 7N energiess,y~(1-2)s,y relevant for t+he factor is smaller than experimental data. A dominant fraction
spectator meChanism, there can be a difference betwgglh of pions produced at |argEF appears to be given by the
and o, P. Together with isospin symmetry of hadronic re- mechanism of elastip’-meson production and its subse-
actions this would lead to differehtgi andN™ | i.e., would ~duent decaydiscussed in detail in Sec. IINCBy the short-
break the identity(8). dashed Iln_e we present this contribution corresponding to the
cross section calculated as

To represent the total cross sectionsmof scattering off
nucleons we use cubic interpolation of the world experimen-
tal data[32]. The distribution functiorf ,+,, can be calcu-
lated using a technique similar to that outlined &1]: dz

dO-PO"’Ti 0 0t
:U(ypﬁp p)'féecay (Z)a (21)

where the explicit functional form of the decay function

0, =+ . . .
“We wish to remind the reader here that in the HERMES experifecay (2) €an be found in Appendix B. In the calculation
ment the photon virtuality for smak is only of the order of 1-2 we have used the experimental valeyp— p°p)=13ub,
Ge?, relevant forE,=9.3 GeV. The sum of both contributions
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(solid line) seems to be consistent with the largepart of 0 ) Q? )

the pion spectrum. Thus in real photoproduction the specta- 7%~ (X,Q%,2)= I2a Trn=pon(W,Q%) - T o (2).
tor mechanism becomes non-negligible only at laxgegor (22)
2).

In virtual photoproduction the situation is more compli- For not too smalk, where we expect the elastic mechanism

cated. The absolute normalization ©f-,,« should depend to be important, the decay functidno._. . can be easily cal-

&Tetg?rglrglj‘ﬁlsl,}t/ SL;E%EZO;% msg%z%%gzgz%:’rﬁ ?:éfgr'culated as sketched in Appendix B. At not too high energies,
1 *
where more than one particle is off mass shell. Empiricallyas for the HERMES experiment, one may expett” p

0 * 0 : H H
such cases are strongly damgdéd]. Also a naive use of a —pp)Faly nﬂp—n)_WhICh would |an}Jence the experi-
typical light-cone parametrization of the vertex form factorsmental result for thel-u asymmetry obtained from the RHS
[31] with the mass of the parent particle replaced by the®f Ed.(8). At high energy the pomeron-exchan@eo-gluon
virtuality of the photon leads to a strong suppression in com&xchangg Omechamsm d%mmates and one may expect
parison to real photoproduction. How strong this suppressioff (¥*P—p"p)=c(y*n—p"n). At low energy the ex-
is in comparison to the suppression of the elagfigroduc- ~ change of suobleadlng reggeoo@mark exchangecould lead
tion mechanism is not clear. For photon virtualities of thet0 o(¥*P—p"p)#a(y*n—p-n) due to isovector contribu-
order ofQ?~2—4 Ge\? we find that the elastip® contribu- tions. In real photoproduction the |sove_ctor.amplltude is
tion, discussed in detail in the next section, together with th&"OWn to be rather smalB5]. In DIS the situation may be
partonic component, totally accounts for the pion productiorfluite different. Assuming that the production is hard, i.e., of
cross sections at large leaving practically no room for the Perturbative nature, the longitudingf is predicted to be
spectator mechanisisee Fig. 16 domlnated by the quark-exchange mechanism at low photon

In summary, the spectator mechanism, while potentiallyenergies/36]. The HERMESy* b energy corresponds pre-
important in real photoproduction, is most probably negli-Cisely to the maximum of the production in the hard
gible in DIS. quark-exchange exclusive reactiofip— p’p [36—39. Al-

though there are no experimental data in this region, the data
C. Exclusive p meson production from EMC [40], NMC [41], and E66942] Collaborations in
the close neighborhood seem to be in rough agreement with
the calculation foro [36,37]. Different quark distributions
in the proton and neutron lead in this approach to different
. : : pP-production cross sections for proton and neutron targets,
The pion exclusive chann@igM =) contribute atz~1, \hich obviously leads to a different production rate of
i.e., outside of the range of the HERMES kinematics and WI||Charged pions in reactions on the proton and neutron. This in

be ignored in the following discussion. In contrast, the pions;rn modifies the RHS of Ed8) and the subsequent conclu-
from the decays of light vector mesons may be important in .

- Y P Tsions on thed-U asymmetry.
the context of thed-u asymmetry from semi-inclusive pion e could also try to understand elastic meson production
production. The production gf mesons 1 =p) seems to be

g ] ; > within the Regge phenomenolo§¥3,44. It is not obviousa
of particular importance. First, the’N channel is known to priori what is the kinematical range of applicability of either

be the dominaont exclusive channel TN scattering. Sec- {he quark exchange approach or the Regge phenomenology.
ond, becausg " decays predominantly into two pions this gejow we shall investigate elasti€’ production on the pro-
will produce pions with(z)~ 3. A detailed calculatiorisee  ton and neutron using both these approact@sthe Regge

Appendix B shows that the dispersion of the decay-pon approach andb) a QCD-inspired quark-exchange model.
distribution is large and therefore this effect has a chance of

being observed at large where the hadronization rate is
already much smaller. The next potentially important mecha- ) o
nism is the w meson M=w) production. However, the The cross section for neutralmeson electroproduction in

dominanto meson decay channel is the three-body systenih® HERMES kinematics is not known experimentally.
ata a0 ie. it is expected to contribute to the inclusive While for the proton target there are data in slightly different

pion distribution afz)~ %, i.e., in the region where the had- kinematical regions ok andQ2.[45], there is almost no data
ronization rate is large. Moreover, the cross section forthe fOr the neutron target. Only in one papet6] was thep®
channel is smaller than for the? channel. Below we shall production studied simultaneously for the proton and deu-
consider thep® channel only, which is probably the most t€ron data. The- and Q2-integrated result obtained there,
important.

The elastic p®-production contribution[diagram (c) in Tinconel ¥+ d—p°pn) =[(0.7-0.8)%0.2]- o(y* p—p°p),
Fig. 5] to the semi-inclusive structure functiqd) or (13)

The exclusive meson productigff N—MN’ is one more
mechanism not included in the fragmentation formalj&y.

(4)] and may also cloud the extraction of &l asymmetry.

1. Regge approach

can be written formally as does not exclude the difference between the proton and neu-
tron target. If the nuclear effects are completely ignored this
leads to
5These are not included in the spectator mechanism discussed
above where the final stadé=N was not taken into account. a(y*n—p°n)=[(0.4-0.6)=0.4]- o(y* p— p°p).
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However, in the present analysis we are interested end
Q?-dependent cross sections. The only electroproductior
data on the deuteron target with well-defined kinematics  °
were published irf41]. Such a limited set of the deuteron

po—electroproduction data

( ® - HERMES [d-u]/[u-d] data)

T g e

AHI
data does not allow us to determine the cross sectiononth A
neutron target forx and Q2 in the kinematical region we 10 :ZEBS
need. A possible way out would be to parametrize the protor B
data with a suitable, physically motivated parametrization in 10 = EMC
a possibly broad kinematical rangghere are rich data = vac";ﬁﬁ‘f?ﬁ’l’“m etal.

around the kinematical region of the HERMES experiment, 10~

. - X ® D.G.Cassel et al.
see Fig. 9 and use theoretical arguments and/or experimen:

< C. del Papaet al.

tal data for other reactions to determine the neutron cros: 10 P.Joos et al.
sections > J.T.Dakinetal. _
’ I'a NMC (A>1) (94) |

L e TN

In the present paper we shall parametrize the existing ex
perimental data for exclusive® production by means of the
following simple Regge-inspired reaction amplitude, similar
to that in Ref.[43]:

-5

FIG. 9. Experimental data points for exclusiy® production on
'V*(y* N—>p0N;t) the proton[45] and deuterorj41] (open squares For illustration
N the HERMES kinematics is shown in addition by large solid circles.
The thick solid lines show the limits for our Regge-inspired fit.

Ay
’
)\N<—)\

s
:{i'CP(t)<S_0

—1+i
+
E

2

A

€p
+

—1+i

s -1/2
.Cio(t)| —
sl )(So) exchange contribution estimated in this way can most prob-

V2
ably be neglected in the kinematical region considered here.
s| 2 It is interesting to notice that unlike for the neutgameson
Cw (D) S_o production the pion-exchange contribution cannot be ne-
glected for chargegp meson production due to lack of the
dominant isoscalar contributions. The discussion above fur-
On A ON v (23)  ther justifies the simple ansatz used in E2P).
In practical application we assume the sandependence
with “ +" and “ =" in front of the isovector(IV) contribu-  Of Cp, Cis, and Cyy and takeA=m,. The total y*N
tion for proton and neutron, respectively. The pomeron con=p°N cross section can be obtained as the integral
tribution is marked by and isoscalar reggeon contribution

X

P
m§+ Q2

. . . . . tm de'
by IS. The following normalization is assumed: U(W,Q2)=J am(t)dt. (25)
Ui

do 1 Ny o * 2 mn

= > AR (29 : :

dt  (2sy+1)N, NV Y There are many approximate or even incorrect formulas for

N ’\,'QNV the upper and lower integration limits in the literature. It is,
7 however, essential to use correct formulas for siall

wheresy, is the spin of the nucleon arid, is the number of The free parametetsn Eq. (23), i.e., €y, Cp, andCig
active helicity states of the virtual photon. +C,y have been fitted to the existing experimental data for

In the following we are interested in relatively loy* N the angle-integrated cross section fdt production on hy-
energies where in principle the pion-exchange mechanisrdrogen[45]. The slope parametd in the exponentiat dis-
could be important too. At low energies, just above resodribution was fixed at B=6 GeV 2 that is known
nances, the pion-exchange mechanism is known to be thexperimentally. In order to avoid poorly understood contri-
dominant mechanism for photoproduction af mesons butions of baryonic resonances we have limited our fit to
[47,48. It can be shown that due to the helicity structure of W>3 GeV. The simple form of the amplitude above is ob-
its amplitude the pion-exchange contribution does not interviously not adequate for larg®? where genuine hard QCD
fere with the diffractive contribution as far as the spin- processes take place. Consequently we have included in our
averaged cross section is considered, that is the piorfit only experimental data points wit9?<10 Ge\~. In Fig.
exchange contribution can be added incoherently in the cros together with all available® electroproduction data, we
section. BecausE o_, 0, ,<I',_, ;0. , the relevant coupling have shown these kinematical boundaries. The large filled
constantfipowz96w(mpz/[m§—mfr])I‘pm is rather small.

In order to estimate the corresponding cross section, one has

to make some plausible estimation for the vertex form fac- 6t js impossible to separate the isoscalar and isovector reggeon
tors. Assuming the form factors that lead to a good descripcontributions from the fit to the proton data only due to their iden-
tion of the w-photoproduction data, whilst neglecting other tical energy dependence.

mechanisms, provides a reasonable upper estimate of th€The results are rather stable against a small variatidh iofthe
pion-exchange contribution fop® production. The pion- rangeB=6+2 GeV 2
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aAnnnn H1 03
Sl ZEUS ‘ o
00000 KE6H I
ooooo EMC 0 Y yN-total =
fexdedrdy W.D.Shambroom et al. : Y\ — — YN—>pN ooooo ]
00000 [.Cohen et al. 0.2 o N T YN=>oN eeees
eeese D .(G.Cassel el al. g I &
annan Codel Papa et al < S
asssa P Joos et al. I
mmmmm NMC (4>7) 01: . )
C T i T T TTTT] T T T T TTTT] ] ’ L \‘\ i
- I s 5 i : |
o b4 19 (GeV) E ! E% |
B 3 0.0 P : SRLLLERSS
- : ] o 10 ° ® 100
- | . W [GeV]
1 g : E FIG. 11. The asymmetry,, as a function of center-of-mass
C | 7 energy. The thick solid line is obtained from the Regge parametri-
= B 7 zation adjusted to reproduce the empirical fit for total photoproduc-
3 1 ' tion (26) represented by the hatched band. The dashed and dotted
~ 10 3 : E lines correspond to a similar asymmetry gt and w production,
og* C | = respectively, and were obtained from our Regge parametrization.
? K B The experimental points are taken fr¢&0] and[51].
o, -2 g -
w10 7E ! E In our parametrization of the* p— p°p data the energy de-
=) F CF(D : P ] pendence of the pomeron- and reggeon-exchange contribu-
i | i 4 tions is slightly differen{see Eq(23)]. Extending the valid-
10 °k ® _ ity of Regg_e phenomenology to bpth real and vir_tual photons
B 3 we can write somewhat schematically the amplitude
i i A(v*N— y*N)
-4
10 ¢ 3 my) LA, (L f
& 7 =—m———|| >+ —=|P+| =+—
S AN | . (My+QH% [\ v val |\ %o 7a
P C 10 © ° 100 2
* a 2
W (GGV) YooY 2 @7
FIG. 10. The cross section foy*p—p°p as a function of for Compton scattering,
center-of-mass energy for selected values of photon virtuality. The
solid line is obtained from the VDM-Regge-inspired fit. The dashed . 0 m\z/ 1 1 1
line shows the cross section on the neutron target. The solid squares A(y*N—p'N)= m2+02 Qz % + % f iy_az
represent the NMC nuclear dafdl]. Please note that excef v P P @ 28)
=0.47, all other curves and experimental points are rescaled by 5,
5% 5% and 5. for exclusivep® photoproduction, and
circles denote the kinematical loci where the HERMES mZ 1 1 1
analysis of charged-pion semi-inclusive data was made. With ~ A(Y*N—oN)=———| —P+ —f+—a,| (29
My+Q°[Ye Yo o Vp0

the above cuts we get from the fi€,=1.57ub?GeV 1,

Cis+Cy=6.33ub"?GeV * and €,=0.102. The quality of  for exclusivew photoproduction. We have used the values of
the fit is shown in Fig. 10. The qorrespor)d|m§=2.34. 0 andy, from [49] and putm,=m,=m,. Please note

To separate the sui;s+C,y into the isoscalar and is- hatP, f, anda, corresponding to the reggeon-exchange am-
ovector parts one needs more information. The size of thgjitydes on the hadronic level are the same in all these reac-
isovectora,-exchange contribution was estimated long agotions. Different factors in front of these hadronic amplitudes
for total photoproduction cross sectidsee, for instance, give different strength of each contribution in different reac-
[35]). It was found empirically that the total photoabsorptiontjons, We have adjusted the relative strength of aheon-
cross section on the proton and neutron can be parametrizeghytion compared to thecontribution in the Compton scat-
at low energy as tering amplitudg(27) to reproduce the empirical low-energy
parametrization26) for o(yp) and o (yn). In Fig. 11 we

_ e -1/2
o= Cr (Crr Co))By L (26) compare 552" o ( Yp) ~ o Y VLol ¥9) + Trai(11)]
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elastic p° 2. QCD approach
06 R T For sufficiently largd Q? the elastic vector meson pro-
[P stenderd oPM ronic | b) modified. QPM ] duction can be calculated perturbatively in the formalism of
TI’ L e 2205 1 1 off-forward parton distribution§OFPD’s [36,38§]. It was ar-
5 04r oS T 1 gued that only the cross section for longitudinally polarized
< Foroywo 2708 TN 1 photons, where end-point contributions are suppressed, can
I/T—\) L= 7S - N ] be calculated reliably52]. The cross section for the exclu-
<02 TN 1.7 - \ ] sive reactiony] + N—V_+N can be calculated in the stan-
o N T 7 N 1 dard way as
i I/ A ]
T e T e dofy N1 1 S M0 2. (30
X X dt - 167T32 2 , |M)\N’)\"\‘(t)| 1 ( )

ANA

FIG. 12. The trugsolid) and the modified by the exclusiyé "
production @ —u)/(u—d) as a function of Bjorkencfor differentz  \yhere) and |, are helicities of the incoming and outgoing
and typical HERMESW=5 GeV. As in the central VDM case, in - y,cleons, respectively. The two zeros in the upper index row
panel (&) Qo=0 (standard partonic compongrand in panelb) ot the matrix element correspond to longitudinal photons and
Q=08 GeV* (rescaled partonic compongnt helicity O of the produced vector meson. The amplitude of

the two-quark exchange mechanism for vector meson pro-

given by the obtained parametrization with that from theduction was calculated for the first time [i86,38. The total
empirical fit. Shown is the band due to the uncertainties ofongitudinal cross section can be obtained by integrating Eq.
parameters fromi35] and the best representation of the em-(30) overt in the kinematically allowed interval.
pirical formula by our Regge parametrizatit2s). Although In the formalism first proposed by JB3], neglecting
we reproduce the empirical fit rather well, in our case there igransverse momenta of quarks in the nucleons and in the
a different relative strength of thieand a, contributions to ~ Vector meson, the leading-order amplitude reg8¥#
the Compton amplitude. This difference is caused by the

energy dependence of the pomeron exchange as opposed tQ o0 AL 1 Dy(z) 11

the constant assumed in the empirical 85]. g (0= 90 J,%21-2 2 f_l
Having fixed parameters in ER7) we can calculate the

corresponding proton-neutron asymmetry fSrand w pro- 1 1

X

— + -
duction:&ﬁi,ég’n, which are also showni!i;)r Fig. 11. We have X—&+ie xté—ie
shown in addition experimental results jot [50] andw [51] v ~ .,
photoproduction thatpare consistent with our parametrization. X (4mag HNOGEON(RTAN) 7 NP A),

While the asymmetry of the cross sections for eproduc- (3D
tion is similar to the Compton case, the asymmetry forghe
production is considerably largBrThe latter may also be whered,,(z) is the distribution amplitude an‘d‘hﬂ(x,g,t) is a
important in the context ofl-u asymmetry. However, the generalized function related to so-called skewed quark dis-
absolute normalization of the corresponding cross section fdfibutions in the nucleon. For the electroproduction (5f
the y*N— wN reaction is not well known, at least in the mesons we are interested in here, one gets
region of the HERMES kinematics. It is expected to be con-
siderably smaller than for thp0 production. 12 1
Although the difference of the cross sections for exclusive ~ HR (X&) = VIE HYN(x,£,t) + 3 HIN(x,&,t) |

p° production on the proton and neutron targets is small, the (32)
effect of this mechanism on the~u asymmetry is not neg-

ligible at all. In Fig. 12,_W9 show the corresponding modifi- The functions HYN(x, &) =up(x,&1) and HIN(x,&t)
cation of the quantity d—u)/(u—d) in the same way as =dy(x,&,t) are the nondiagonal, off-forward quark distribu-
before for the central VDM contribution. This modification tions. In this subsection we shall concentrate on the relative
may even be underestimated, as it is based on the Reggmagnitude of the cross sections fp? production off the
inspired parametrization of the cross section for tfien neutron and proton. Therefore the approximation relying on
— p°n reaction that overestimates tp& production on nu- the replacement of—x (i.e., using familiar diagonal quark
clei. This can be seen in Fig. 10 where the NMC experimendistributions seems sufficient for our present purpose. Con-
tal points lie below the Regge parametrization. sequently we shall take

8We have neglected here the pion-exchange mechanism that’lt is not clear at present how large the virtuality should actually
would decreaséy, at energiesV<5 GeV. be for the applicability of this formalism.
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v 4+N — p°+N (hard) [ - dp' ]
0.4 e ; T jand production
— — — valence quarks r K—
03l N e sea quarks ] x=04
: \ — total ]
- \ 4
~ 2 2 | 1
02k ~_ Q°=4GeV" - pzl‘
5 Tl T M
«© 0.1 ¢f ~ i . _x=008
| ~ i TTeSIzsszzziiiqg
~ E] 5 2
OO PP = Q2 [GeVz] 10
o1t | FIG. 14. 5;§n as a function ofQ? in the Regge(dasheyl and
] QCD inspired(solid) approaches for different fixed/=3, 5, and 7
. GeV (left pane) and different fixed Bjorken=0.05, 0.1, 0.2, and
70'21 2 5 10 2 5 100 0.4 (right panel.
W [GeV]

previous calculations the quark distributions in E@S8) and
FIG. 13. 5;,1 for quark-exchange mechanism as a function of(34) were taken from[18]. If only valence-quark distribu-
center-of-mass energy. The solid line includes both valence and s§g)ns gre taken into account, there is a relatively large asym-
quarks. For completeness we show also the asymmetry for valenGgetry petween the scattering off the proton and neutron tar-
(dashed lingand seadotted quarks exclusively. gets. The inclusion of sea quarks decreases the asymmetry,
which vanishes completely at large energymall x for a

HYN(x, &,t) =un(x)-D(1), fixed Q?). At the energy of the HERMES experimeki¥
aIN ~5 GeV there is about 7% asymmetry, i.e., about a factor of
HTR(X, &1) =dn(x)-D(t) (33 2 more than that in the Regge approach.

In Fig. 14 we compare the asymmetry obtained within the
Regge approach discussed in the previous section and within
u/N — T (). the perturbative formalism discussed here for fixgdleft
HT (&) Un(x)-D(), pane) and fixedx (right pane) as a function oQ?. There is
a substantial difference between the Regge approach, where
W is the variable relevant for the proton-neutron asymmetry,
and the QCD approach, where it is rather Bjorkethat
dependences. Thus the wholdependence will be contained controls the asymmetry._ In thg Regge approack i f|xgd
the asymmetry is practically independent@f and varies

in one universal functio (t), common for all flavors. We strongly for fixed Bjorkenx. In contrast, in the perturbative
shall try exponential and dipole form factors that provide a gy ) : ' P

good representation of experimental data for exclu$j9e ggp;%%cshOf:rtggeiofé?]rk\;’mgﬁ a?;mcrgﬁt[)ye Zrélgn\,\;?(?nlﬂyl:i
production. The factorized form has the advantage that th n P Y, 9-

total longitudinal cross section can be obtained analytically.(‘eL A(b). If the center-of-mass energy is fixed instead, Qre

In the present analysis we have neglected the tensc?repenc_ience .Of the rafio is much stronger. As can be seen

. 10 rom Fig. 14 in the QCD approach the asymmetry between
magnetic-typeE-terms (see[37)) © that may be expected to roton and neutron target becomes larger for larger photon
be important only at largé and lead therefore to a rather P 9 9 gerp

small contribution to the total cross section. Vlrt\ijae“tzéve calculated only longitudinal cross sections that
The integral in the amplitude given in E¢31) can be y ong

; 2 2 _
calculated in the standard way by splitting the integral into a;jigrr?g]?égn?:alsa;g?al.l Aitmsrg?tl;% %(:’htginrs]vﬁ rissen%rtoszsss?gle
real principle value and an imagina#yfunction. qually 1mp : 9 P

The cross section asymmetry defined as tp mal_<e_ a rigorous caIcuIaTuon forLthe trans_ve_rse Cross sec-
tions, it is natural to expeaf;, and o, to be similar. There-

for x>0 and

HIN(x,&,t)=—dn(x)-D(t) (34)

for x<0. The above ansatz assumes factorizatior anhdt

y*p—p%_ _y*n—pCn fore we expect that the asymmetry for longitudinal cross sec-
gL — O . .
5;L3n5 S— S— (35)  tions should be a reasonable estimate of the asymmetry of
al PP Py gy e the total (longitudinat-transverse) cross sections.

The description of the experimental data for exclugife

calculated according to Eq&30) and (31) is shown in Fig.  meson production by means of the hard mechartison dis-
13 as a function of photon-nucleon center-of-mass en#&/gy cussed heneis not as good as that by means of the Regge
for Q?=4 Ge\?, typical for the HERMES kinematics. As in approach. The absolute normalization of the cross section
depends on transverse momentum distributions of quarks in

the nucleon and in the producgedmeson[37] that are not
10as far as we know these terms have been never estimated in tHelly understood at present. Therefore we shall not calculate

literature. here the corresponding modification of the measuréd (
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—u)/(u—d). Such an analysis requires first of all a good de-
scription of the absolute value of the cross section. We ex-
pect, however, at least as big a modification as in the Regge

0.8

PHYSICAL REVIEW D 63 114005

nuclear effects

standard QPM

case.

3. Chargedp mesons

Above we have considered only neutral mesons.
Chargedp mesons can also be a source of charged pions due
to their decay mode~— = w°. Experimentally the cross
section for exclusive chargeo mesons is much less well = 0.4 AN
known than that for the neutralmesons. It can be estimated - N
within the QCD formalism of the OFPD’s approach as that ~=— - N .
sketched for neutrghb mesons using symmetry relations for [IUEEEEE RS N
the matrix element$39]. Because the cross section for ex- NG
clusively produced charged mesons depends on quark distri- - ~ NN i
butions in the nucleon differently than in the QPM formula NS 1
(4), the contribution of chargegp mesons will certainly " ~

ooo
OO0
=

/'U\O'6__
|
=S

-0.01
=-0.02
~— =~

~ 1 SN 1

e

|

|

|
xox o xy x

| ~
!

0.2 F

modify the d-U extracted by means of E¢8). Because the 5 10 2 5 7

result depends on the magnitude of the charged-meson pro-

duction that is rather difficult to predict in the QCD-type
calculations(off-diagonal effects, the choice of the scale of  FIG. 15. The trudsolid) and the modified by the nuclear effects

the running coupling constant, inclusion of transverse mo{d—u)/(u—d) as a function of Bjorken-for W=5 GeV and dif-
menta we shall leave the problem for a separate, more referent values of.

fined analysis.

IV. COMMENTS ON NUCLEAR EFFECTS

IN THE DEUTERON

So far we have followed the HERMES Collaboration and
neglected all nuclear effects in the deuteron, i.e., assumed

that

o(y*d—m5)=o(y* p—77)+o(y n—77).

0‘()/*D—>7Tt)—0'mea£)/*n—>77i)
=(1+x)o(y*p—77)—(1-k)o(y*n—m")
=o(y*p—7)—o(y* n—m7)+klo(y p—77)
+o(y n—7m)]. (39
In Fig. 15 we show the nuclear effects od~{u)/(u

(30 _g) for x=0.02,0.01,0.0-0.01-0.02, i.e., in the range
known from inclusive DIS. These effects are independent of

The theory of nuclear effects in semi-inclusive processes i$ p,y assumptior{37). Following the inclusive case, for small
less developed than in the inclusive case. Let us consider & ,es of Bjorkenx<0.1 a shadowing, i.ex>0 is expected

simple example of ar-independent relative nuclear effect of

size k, universal for bothw™ and =,

o(y*d—77)=(1-K)[o(y* p—77)+a(y*n—m7)].

Then the semi-inclusive cross sections for pion productior{n
on the neutron extracted from the deuteron target data are

Omead v N— Wt)

=o(y*d—=77)—a(y* p—77)

=(1-K)o(y* n—77)—ko(y* p—m7)

=o(y n—77)—klo(y* p—m7)

+o(y*n—m")],

i.e., biased by the assumed nuclear effedt the deuteron.
Thus the differences o(y*p—7=)—o(y*n—=m")

needed in Eq(8) are replaced by

which means that the asymmetry obtained when neglecting
nuclear effects is underestimatézbe Fig. 15

The shadowing leads to an effect opposite to that for the
resolved photon component discussed earlier in this paper.
(37) For somewhat largexr an antishadowing due to excess pions

is not excluded. For still largeta nuclear binding and Fermi

otion corrections come into play.
Summarizing, we have shown that even small nuclear ef-
fects, of the order of just a few percent, lead to considerable

consequences for thé-u asymmetry. Nuclear effects are
expected to bex and Q% dependent. In the present analysis
we have shown only a band of uncertainties due to nuclear
effects. A more precise determination of ther Q? depen-
dence requires a more microscopic calculation that goes be-
yond the scope of the present paper. This is, however, nec-

essary if thed-u asymmetry is to be extracted from semi-

inclusive data.
(39

V. CONSEQUENCES FOR THE HERMES EXPERIMENT

Having discussed each of the nonpartonic effects sepa-
rately we will now attempt to combine them and try to un-
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FIG. 16. Multiplicity distribution of the charged pions. Contri- i ¢
butions of different mechanisms are shown separately. The tota "\
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derstand their net effect on the measuckd asymmetry, 0.0 0.2 0.4 0.6 0.8 ZI'O

and the consequences of this for the HERMES {aja
Before a numerical estimation of the total nonpartonic g 17, @—u)/(u—d) as a function of for different bins ofx.

effect we would like to discuss briefly a subtle problem. Atthe experimental data are frof].

first sight it seems that fragmentation functions fitted to ex- o

perimental data effectively contain nonpartonic effects. This In Fig. 17 we show d—u)/(u—d) as a function of for

is most probably not true as nonpartonic components ardifferent bins of Bjorkenx (the averaged value ofis given

higher-twist effects, i.e., are strong? dependent in con- in the figurg. The data points are taken frofi]. The filled

trast to the leading twist. squares correspond to the data averaged avéhe QPM
In Sec. Il C we have selected the fragmentation functiong§z-independentprediction with leading-order quark distribu-
that describe the pionic yields well. There is a dar@e@ri-  tions from[18] is shown for reference by the solid line. The

ori that explicit inclusion of the nonpartonic effects dis- results of the calculation including partonic, VDM, and elas-
cussed in the present paper may worsen the description 6t p° contributions are given by the dashed lifith the
pionic spectra. In Fig. 16 we show the multiplicity of QPM contribution calculated in the standard waynd long-
charged pions as a function ofor (Q?)=2.8 GeV? (com-  dashed lindwith the QPM contribution modified as in Eq.
pare with the left panel of Fig.)2 Together with the corre- (13)]. As in the previous calculations the Field-Feynman
sponding Cornell datfl9] we show the contributions due to fragmentation functiong22] were used here.

different mechanisms separately. The contributions of non- As can be seen from the figure there is a significant dis-
partonic mechanisms are considerably smaller than the mairepancy between the assumed asymm@iRV prediction
partonic contribution, but, however, not negligible. If we add and that obtained from the RHS of E®) including nonpar-

all of them together we obtain the multiplicifghick short-  tonic effects(the difference between the solid and dashed
dashed ling over the experimental points. Another way to lines), especially for small values of Bjorken-The effect is
incorporate the partonic and nonpartonic components walsigger for the “modified-QPM” approach, i.e., for the more
proposed in Ref[28] for the inclusive case. As can be seenconsistent one. Consequently, nonpartonic effects must cause
from Fig. 16, extension of this model to the semi-inclusivea similar deviation of the shown experimental points from
case, i.e., rescaling of the partonic component as iNE3).  the real asymmetry. The nuclear effects most probably will
(thick long-dashed ling provides a very good description of introduce further deviation that is, however, difficult to esti-
the experimental multiplicities. This approach treats all con-mate numerically. A significaredependence casts doubts on
tributions explicitly, which is more consistent than the ap-the averaging ire at least in the whole range from 0 to 1.
proach mentioned above that includes them all effectivelyjHowever, as seen from the figure the experimental statistics
into fragmentation functions. It is also consistent with theand thez range of the HERMES experiment do not allow this
inclusive structure-function mod€28]. dependence to be identified.
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It is worth noting that the modification of the QPM result tained asymmetry differs from the real one.
depends strongly on the fragmentation function used to cal- Based on the analysis of hadronic data we have found that
culate the ratid)_,/D+. The Field-Fe_ynman_ fragmentation the interaction of the resolved hadronlike photon with the
funCtIO_nS used in the present analysis provide a gOt_Jd_repremcleon leads to an artificial enhancement of the measured
sentation of the data from both EMC and HERM&felimi- d-U asymmetry in the region of small We have found that

narw_(sie Fig. 4, i.e., are close to those used in extraction 0fthe effect of the spectator mechanism is rather small. Next,
the d—u asymmetry by the HERMES Collaboration. One e have investigated the elastic productiorpBfmesons by
should also remember that the effect of elapfigoroduction 5 yirtual photon on the proton and neutron targets based on
is model dependent, being generally larger in the hard progq gifferent models. Unequal cross sections for proton and
duction mechanism than in the Regge model. If we take OUpetron targets also lead to an artificial modification of the

Regge result at face value we argue thatdhe asymmetry
o .d-u asymmetry extracted based on QPM formulas. The ef-
ﬁ]x;ggted by the HERMES Collaboration Is rather overest|-fect found is opposite to the effect due to the resolved photon

The HERMES data points were obtained by calculatingcomponem' These two effects cancel only in anarrow range
the RHS of Eq.(8) and, as discussed in this papeiges of z. The net effect turned out to lzdependent invalidating
contain nonpartonic effects. The fact that these data point'éomev"hat averaging mas done receqtly if7].

roughly agree with the LHS of Eq8) calculated with lead- We suggest that instead of averaging over azbroad range
ing order(LO) Gliick-Reya-Vogt(GRV) quark distributions  ©f Zone could try to select the region pfx andQ“ depen-
[18] is a pure accident in our opinion. If in addition to the denb where the_ influence of nonpartonic effects is small.
partonic contribution one includes the nonpartonic effects théJnfortunately this can only be done at the expense of low-
agreement is slightly worsésee Fig. 17. This, of course, e€ring the statistics considerably. An optimal choice of kine-
does not mean that the nonpartonic effects are not presermatical cuts inx, Q% andz requires a more detailed study.
The used quark distributions are certainly not yet final andClearly, increasing of3? looks helpful. This could be real-
will be a subject of modifications in the future. We haveized by HERMES or by an yet-to-be proposed experiment
taken the GRV quark distributions to illustrate the relativefor COMPASS at CERN.

effect of nonpartonic processes rather than to describe the Nuclear effects, even small ones, may also cloud the ex-
HERMES data. In order to describe the data including thg,5ction of the trueT—Uasymmetry. To our knowledge, there

nonpartonic effects the asymmetry of light antiquarks shouldg , ejiaple estimate of such effects for semi-inclusive pro-
be decreased. This would lead to antiquark d'smbuuon%uction of pions

more cons_istent with the results of a recent Fermilab Drell- Although in the light of the present analysis the precise
Yan experimenf{4]. ) ) —_ . e . .
In the present analysis we do not attempt to correct th&lirect extraction ofi-u is rather d|ff|cu]t, t.he ;eml-!nclu5|ye
HERMES data for the effects discussed here. This requires @ata can be used for tests of parton distributions, in particular
separate analysis including efficiencies of the HERMES apthe difference betweed andu, provided nonpartonic and
paratus as well as knowledge of the many cuts used in theiuclear effects are understood and included in the analysis.
analysis. Finally we would like to point out that some of the effects
discussed in the present paper may also influence the extrac-
tion of the polarized quark distributions from semi-inclusive
VI. CONCLUSIONS production of pions in DIS. This will be a subject of a sepa-

. e . ate analysis.
Extraction of parton densities is one of the main goals 01‘r y

high-energy physics. It was proposed some time ago how to
use semi-inclusive production of charged pions to determine
both unpolarized and polarized parton densities in the nucle-

ons. Recently this idea was put into practice in both cases. \we are indebted to the members of the HERMES Col-
Such analyses assume implicitly the validity of the quark-jahoration for discussions of their recent results and details
parton model. In a recent paper of two of [l§ we have of their apparatus and analysis, in particular Alexander
shown a breaking of the parton model in inclusive DIS atBoriSSOV, Naomi MakinS, Pasqua”e di Nezza, Valeria Mu-
photon virtually Q? as large as 5—-7 Géywhich is bigger ciffora, and Manuella Vincter. We are also indebted to Kolya
than commonly perceived. The modern experiments analyzyikolaev for an informative discussion and pointing us to
ing semi-inclusive production of pions are performed in asome interesting references, Lech Mankiewicz for a critical
similar range of Q°. In general the situation in semi- remark, Andrzej Sandacz for pointing out some experimental
inclusive reactions can be even more complex and subtle. I§ata, unknown to us, for elastie® production, and Marc
the present analysis we have made a first attempt to dete{tanderhaeghen for a discussion of the details of their QCD-
mine the nonleading mechanisms. inspired calculation of the quark-exchange mechanism. Fi-

We have estimated a few effects beyond the quark-partofally we are indebted to Martin Kimber for a careful reading
model that may influence the extraction of tthar asymme-  of the manuscript. This work was partially supported by the
try from semi-inclusive production of pions in DIS. In the German-Polish DLR exchange program, Grant number POL-
consequence, when neglecting these the experimentally 0628-98.
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APPENDIX A: PARAMETRIZING THE  mp—mX T
SPECTRA IN THE PION HEMISPHERE

The mechanism of inclusive pion production in hadronic
reactions is in general not well understood. It is believed that
rather soft processes dominate. Some progress was made re-
cently in studying inclusive pion production in polarized
scatteringfor a review se¢54]). In proton-proton scattering
the largexg region depends on the flavor structure of the
outgoing pion. This part of the spectrum was explained, e.g.,
in the recombination mod¢b5], fusion model[56], and re-
cently in the meson cloud modg7-59. The centralmid-
rapidity) part of the spectrum seems to be flavor independent
[56]. 10° ABBCCHW collab. E

The inclusive spectra of pions in pion-nucleon scattering L pu=16GeV
are, in general, even less well understood. For beamlike I
pions the large¢: part of the spectra seems to be dominated B —
by diffractive processes due to pomeron or reggéan p°) 0 o2 04 0.6 0.3 1
exchanges. For both beam-like and beam-unlike spectra one X
may expect a non-negligible contribution from the decay of
mesons produced in peripheral processes p—p+X
—(7+ )+ X, dominated by pion exchange.

The most complete experimental data for the p
— =X reactions were collected by the ABBCCHW Col-
laboration at the CERN hydrogen bubble chamfg]. A

w

—_
(=]

f(x) [ub]

FIG. 18. An example of the quality of the parametrizatidg).
The experimental data points were scanned from Fig. [29h

we have tried different functional forms for the phenomeno-
logical flavor-dependent part called here the hard compo-

nent:
detailed analysis of ther"p— =X and 7~ p— 7~ X two-
dimensional spectri29] combined with a general under- (1_X|2:)phard
standing of the reaction mechanism have shown that the ¢ B p A2)
spectra of all the four reactior(@ x 10=40 spectracan be hard XF) = (1_ LBN) D mo
. . hard,,,
represented by the following six-component ansatz: Mm IXg
i Deot In the present schematic parametrization we have taken
do™ (1_ 773“) Soﬂ'e—Rsoﬂpi ap=1 andar=0.5, i.e., we have neglecteédiependence of
dxgd pf soft Dm IXEg the Regge trajectories. By comparison with the experimental
B 5 data we foundB,=Bg=B,=5.0 GeV 2. The extra factor
+ Chard Thard Xg) - e Bhard Xg in front of the diffractive components was added to ex-
. trapolate smoothly down tg:=0. We have found that pe-
ij 21202 -B ,pz . . .
+ Cen € F cen- @ eerbL ripheral production ofp mesons due to pion exchange and
B2 their subsequent decay constitutes a non-negligible source of
+CpXp(1—xg)*r- e "rhe charged pions. Inspired by the pion exchange model and
o \ap a—Bn2 consistently with the data we have fixed the relations be-
+CR'X|:(1 XF) R.e Rp} . . .
tween normalization constants for such different processes
+Cy - fo(xe)- &P, (A1) C/*~C, ~2C,*~2C/".
where the maximal rapidity)mas= Zmad(P>)- The functional form off ,(xg) has been taken from a sche-

Each of the components above corresponds to a distinébatic model calculation and one normalization paraméfer
physical mechanism, the first three to central processes anwas fitted to the two-dimensional spectra, which is possible
the last three to peripheral processes. By analogy wjth because this mechanism dominates the beam-unlike spectra
collisions [56] we have assumed one universdlavor-  atxg>0.7.
independentsoft component and allow for different normal- ~ The nature of the phenomenological very central, very
ization of flavor-dependent components, called here hard dugoft (Beer=20—30 GeV?) component is not clear. It was
to their transverse-momentum dependence. We have fourigtroduced only to describe the data. It is most probably as-
Bsoi=8.5 GeV 2 and By,—3.0 GeV ?), consistent with sociated with pions from the decay of nonperiphgrahe-
characteristic slopes of soft and hard processes. The parasens. We have found empirically approximately the same
etrization of the soft component gives a multiplicity that risesrelation for normalization constan®,,, as forC) .
with the energy in the entrance channel. Some models in the In Fig. 18 we present the quality of our fit for transverse-
literature predict a growth of the flavor asymmetric jagc- momentum integratesg-distributions for all four reactions
ond term in Eq.(Al)] with energy, some predict that it #=*p— 7=X. The results are shown in terms of the invariant
should stay almost constant. Therefore in the present papsingle-particle structure functigr29]
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APPENDIX B: p MESON DECAY FUNCTIONS L ssonsaHL y ]
o i ooooo HERMES y 1
In order to calculate the decay function in the most gen- r 2 ]
eral case, one needs to include off-diagonal elements of the 3+ y -
density matri60]. In the present paper we shall neglect the =~ T A ]
probably small off-diagonal effects. Then the decay function L
f(z) depends on the helicity of the paremtmeson. In the ol ‘}f% ]
general case of broad resonance it can be calculated as - % .
f)\(zﬂ'/p):J dmpp(mp)f dQ[fk(01¢)5{z(01¢)_Zﬂ'/p}]a 1 : /’ rqﬂ] :
(B1) [ ) @ff ]
| /@’ -
where f, (6,$)=Y1,(6,4)|? is the angular distribution of ety EIJ‘ e
pions in the rest frame gf andp(m,) is the spectral density. 8,1 1 10 100
The momentum fraction of a pion with respect to the parent Q2 (GeVZ)
p meson is
- - FIG. 19. Ry as a function of the photon virtuality. The experi-
_ Pz (mP) + pO(mP) ~1 (1+cosb) (B2) mental data are frorhi63—65 while the parametrizations are from
p m, 2 ' [62]. The long-dashed and the short-dashed lines correspond to the

o o 2- and 4-parameter fits, respectively.
which is independent ofn,. The last relation is due to the

smallness of the pion mass and must be corrected in the case . . -
of soft pions. In the approximation used in the present papei?CCordIng to the formalism of Schilling and WqB1]. For

the two integrals in Eq(B1) factorize and one easily gets syfficiently large energy,.whersechar!nel helicity conserva-
tion takes place, averaging over azimuthal angle, the effec-

6z2(1—2z) for A==*1 tive decay function can be approximated as

N2=13022-12 for a=0, 3

f1(2)+ eRY(Q2W)fy(z
where above is used instead af,, for brevity. f(z)~ al )1+6 Fz/((%z V\i) ol2) ,
€ Vi y

For the exclusive reactiop* N— p°N at high energy one
hasz=z,~z,,. For semi-inclusive production through
quark hadronization the decay functi@®1) must be convo-
luted with the fragmentation function into the meson
Dq-.,- Below we shall consider these two distinct casep of
meson production.

(B5)

where the polarization parametesr=e(sti,W,Q?) = (1
—y)/(1—y+Yy?/2) measures the degree of longitudinal po-
larization of virtual photons. The effective decay function

2 i 2
In inclusiveunpolarized production gf mesons one may fjii)eizgiggs gg?/ :d:(e ytLoNtiep%m)p/';g%Tg‘éﬁftrgg% e

gxpect approximately an equal population of different he“C'.'smooth dependence Bf, on W or x is not excluded priori.
ties due to the complexity of the poorly understood hadronl-We have taken the model parametrization R§(Q2 W)
zation process. Then the effective decay function, which i P '

L Srom [62] (the 4-parameter fitwhich, as shown in Fig. 19,
averaged ovep meson helicities, becomes adequately describes the experimental data fi@8y64. We
f(z)~3[2f.(2)+fo(z)]~const. (84)  show there also recent HERMES experimental {&f that
lie below the parametrization. Since the HERMES data were
In the most general case ekclusivep meson electropro- taken on the®He target this may be partially caused by
duction the angular distribution of pions can be obtainedpoorly understood nuclear effects.
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