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Azimuthal asymmetries at CLAS: Extraction of e?(x) and prediction of A
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The first information on the chirally odd twist-3 proton distribution functififx) is extracted from the
azimuthal asymmetnr , in the electroproduction of pions from deeply inelastic scattering of longitudinally
polarized electrons off unpolarized protons, which has been recently measured by the CLAS Collaboration.
Furthermore parameter-free predictions are made for the azimuthal asymnégfrideom scattering of an
unpolarized beam on a polarized proton target for CLAS kinematics.
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[. INTRODUCTION transversity distributiorh§(x) [1,2,15, the twist-3 distribu-
tion h(x) [1,2], and quark transverse momentum weighted

Experimental information on the chirally odd twist-3 pro- moments theredf7]. In Ref.[16] Hll-(z) was extracted from
ton distribution functione®(x) [1,2] from deeply inelastic the HERMES dat410,11], using forh?(x) andh?(x) pre-
scattering (DIS) would provide valuable insight into the dictions from the chiral quark soliton modgl7] and the
twist-3 structure of the nucleon. Being a spin-average distriinstanton model of the QCD vacuufh8].
bution, e*(x) can be accessed in experiments with unpolar- In this note we use the information ¢y (z) obtained in
ized nucleons. However, because of its chiral-odd nature anRef. [16] to extract information on the twist-3 distribution
twist-3 character it can enter an observable only in connece?(x) from the CLAS data[12,13. We estimate that the
tion with another chirally odd distribution or fragmentation CLAS and HERMES results fok, ; are not in contradiction
function, and with a power suppressithy/Q, whereQ is  with each other. Furthermore, we predict azimuthal asymme-
the hard scale of the process. So one naturally is led to studyies Ay for CLAS, which are under current study.
processes at modera@ to which e?(x) gives the leading
contribution. An observable, where®(x) appears as the IIl. THE TWIST-3 DISTRIBUTION FUNCTION  €%(x)
leading contribution, is the azimuthal asymmethy in
pion electroproduction from semi-inclusive DIS of polarized ~ The twist-3 quark and antiquark distribution functions
electrons off unpolarized protori$—8].! In this quantity €%x) ande%(x) are defined afl,2]
e?(x) appears in connection with the chirally afddodd L 0
“Collins” fragmentation functionH7?(z), which describes Ay — _f RPN VIS
the left-right asymmetry in fragmentation of a transversely e 2My) 27° (N #g( O[O 4R MIN).
polarized quark of flavom into a pion[6-9]. In the HER- _
MES experimenf, , was found consistent with zero within ed(x)=e9(—x), 1)
error barg[10,11]. More recently, however, the CLAS Col-

laboration reported the measurement of a nonZgrein a  \here[0\n] is the gauge link ana a lightlike vector. The
different kinematicg12,13. Q2 evolution ofe?(x) has been studied in Refd9-21. In

~ So the CLAS dat412,13 allow one—under the assump- he multicolor limit the evolution ofe®(x) simplifies to a
tion of factorization—to extract experimental information on Dokshitzer-Gribov-Lipatov-Altarelli-Parisi- (DGLAP)-type
e%(x) from DIS, provided one knowsl; . The first experi-  eyolution—as it does for the other two proton twist-3 distri-

mental indications tdd; came from studies oé"e~ anni-  pution functionsh?(x) andg2(x). In Ref.[22] the following
hilation [14]. The HERMES data on azimuthal asymmetriesconstraint one?(x) was giver?

Ay, in pion electroproduction from DIEL0,11] provide fur-
ther information orH7 (z). In these asymmetridd (z) en-
ters in combination with the chirally odd twist-2 nucleon 2| et ys stress that strictly speaking the inequality in €8y.could
be justified only if the “twist-2(Soffer inequality” 2|h{(x)|<(f§
+9%)(x) of Ref.[22] were saturatefP3]. In the following we will
Yn Axy the X(Y) denotes bearttarge} polarization.U means the  refer to the relatior(2) as “twist-3 lower bound,” keeping in mind
unpolarized and. the longitudinally (with respect to the virtual that it does not need to hold in general. In H&4] a bound based
photon momentumpolarized case. We use the notation[6f8], on the positivity of the hadronic tensor and the Callan-Gross rela-
with H7 (z) normalized to(Py,, ) instead ofM, . tion (and formulated in terms of structure functipngas discussed.
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e*(x)=2|g3(x)| — h3(x). 2) bag model, at an estimated low scale of about 0.4 GeV, the
saturation of the “twist-3 lower bound’(2) as e?(x)
At small x it behaves agsee Ref[23] for a more detailed =2g3(x)—h?(x) was observed26] [in the bag model

discussiop 2h3(x)=(f3+93)(x) holds; see footnote]2 Both the bag
0 model and the chiral quark soliton model pred&(x) to
e3(x) — Cyx %% ¢, 8(%), 3) havle a sizable valencelike structure at the corresponding low
scales.

with some constants, . The first term follows from Regge Finally, we mention that the twist-3 quark distribution
phenomenologg(x)~x~(“*1). However, the Pomeron resi- e%(x) and the unpolarized twist-2 quark distributiéf(x)
due is, as is known, non-spin-flip, and thus decouples frontoincide in the nonrelativistic limif23]
the chirally odde?(x). Therefore the smalk behavior of
e?(x) is determined by the lowest lying spin-flip trajectory,
i.e., the one with the scalar mesdg(980). With the usual ) i 1
slopea’~1 GeV ? this yields a rise likex %% The con- lim edx)=lim _f‘j(x)qué(x— §)- ©)
stantc, in Eq. (3) is proportional tom, /My due to Eq.(8) non refativistic non refativistic
below. The second term in E@3), the possibility of ad
function at x=0, has been recently discussed in Refs.
[23,25.

The first moment of ¢'+e%(x) is related to the pion-
nucleon sigma ternor

In that limit the current quark mass in E@) is to be inter-
preted as the “constituent quark” masg,= My . The sum
rule (7) is, however, strongly underestimated in this limit.

(o

N
1
mav

1
f 1dX(e”+ e)(x)= (4 lIl. THE COLLINS FRAGMENTATION FUNCTION

. The crucial ingredient for the extraction of the twist-3
wherem,, denotes the average mass of light quarks and  gjstribution functione®(x) from the azimuthal asymmetry
m o - Ay measured by CLAS is the knowledge of the Collins
UwN:ﬁWK%%ﬂL bath)|IN). (5)  fragmentation functiorh-lj. In this section we will first give
N a brief overview of what is presently known on this function

The pion-nucleon sigma term cannot be measured. Howeveflr,Om the DELPHI and HERMES experiments. Relying on

. - . . B J_
low energy theorems allow one to extract the value of thé/iS information we will make an estimate ¢f; for the
corresponding form factor at the so-called Cheng-Dasheffinématics of the CLAS experiment.

pointt:2m2 from pion-nucleon scattering amplitudes: The fragmentation functioi is responsible for a spe-
i cific azimuthal asymmetry of a hadron in a jet around the
5 (64=8) MeV Ref.[3], axis in the direction of the second hadron in the opposite jet
o(2mz)= (79+7) MeV Ref.[4]. ®  due to transverse spin correlation gfand g. It was the

measurement of this asymmetry, using the DELPHI data col-
The difference o(2m_)— o(0) [where o(0)=0,y] has lection[14], which provided the first experimental indication
been calculated in a dispersion-theoretical approach usingf H . For the leading particles in each jet of two-jet events,
chiral symmetry constraints and found to be 15 MESI. averaged over and k;, and over quark flavors, a “most

With m,,~5 MeV we obtain reliable” (because less sensitive to the unestimated system-
) atic erroj value of the analyzing power 0|f<Hi>/(D1>|
j dx(ev+e%) (x)~ 10. 7) =(6.3+2.0)% was found. Using the whole available range
-1 of the azimuthal angléand thus a larger statisticthe “more

o ) ~_optimistic” (and also more sensitive to the systematic ejrors
However, considering Ed3), this does not necessarily im- yajue for the analyzing power

ply that (e'+e%)(x) itself is large.
The second moment is proportional to the number of re-
spective valence quark, (for the protonN,=2 andNgy (HL)

=1) and vanishes in the chiral limig] —

A —(12.5+1.4% (DELPHI, extraction (10)
1

1 my
f dx xé*(x)=M—Nq. (8)
- N was also reported. The result in E4.0) refers to the scale

It should be stressed that the sum ruids (8) are exact. In M3 and to an averageof (z)=0.4[14].
particular, no interaction dependeffpure twist-3") func- Combining the informatior{10) for H with predictions
tions are neglectetsee Ref[2] for a detailed discussion for hf(x) andhi}(x) from the chiral quark-soliton modg17]

Model estimates foe?(x) have been given in the bag and the instanton model of the QCD vaculir8], it was
model[2,26] and the chiral quark-soliton modE27]. In the  possible to describe well the HERMES data on g,
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asymmetrie§10,11] in a parameter-free approafh6|. For
that a weak scale dependence of the analyzing pdh@r
had to be assumetd.

Furthermore, in Ref[16]—assuming the model predic-
tions [17,18 for the proton chiral-odd distributions—the
dependence of the favored pion fragmentation function
Hi(2) for 0.2<z<0.7 was deduced from HERMES data g==T q
[10,11]. The result refers to a scale of about 4 GeMd can
be parametrized in terms of the favored unpolarized pion
fragmentation functiorD,(z) as

FIG. 1. Kinematics of the procegp—e'hX in the lab frame.

1 _ —
Hi(z)=azDy(z), a=0.33+0.06, (1D We will use the resulf13) in the next section to gain infor-
(HL> mation one?(x) from the CLAS data.
S~ 10-(13.8:2.89% (HERMES, extraction (12) ,
(Dy) IV. THE AZIMUTHAL ASYMMETRY ~ ASn¢
The result in Eq(12) refers to(z)=0.41. The errors in Eqs. A. AS"¢ in the CLAS experiment

(12), (12) are due to the experimental error of the HERMES
data[10,11]. The use of the predictions for the proton trans-
versity distribution functions from[17,18 introduces a () - L
model dependence into Eqd), (12), which can be viewed (@rget. The cross sections ) for the procesep—e’ 7 X

as a “systematic error” and estimated to be around 20%. Thi/éré measured in dependence on the azimuthal apgle.,
z-averaged value in EG12) is close to the DELPHI resultin the angle between the lepton scattering plane and the plane
Eq. (10), indicating that the ratigH)/(D,) might indeed defined by the momenturg of the virtual photon and the

depend on scale only weakly. Note also that the HERMEé“omemlm“:h of the p|on.producecd'see. Fig. 1 The signs
data clearly favor a positive sign for the analyzing power. It(#) refer_ to the Ion_g|tqd|n<_':1l polarization of the ele_zctro_ns,
is noteworthy that a similar relation between the favoredV!th (+) if the polarization is parallel to the beam direction
fragmentation functionsd7(z) and D,(z) (even close nu- gnd (__) if antlparallel._LetR(Ph) be tr,]e momentum of the
merically) was found in a recent model calculatif2g)]. incoming protor(outgoing pion and|(1") the momentum of

In order to estimate the analyzing powg.)/(D ) for the incoming(outgoing electron. The relevant kinematical

the kinematics of the CLAS experiment we assume the rela\-/arlables are the center of mass energy squaredP

: : +1)2, four-momentum transfeg:=I — 1’ with Q%:=—q?, in-
tion found in Eq.(11) to depend only weakly on scale be- 4
tween HERMES( <)QZ>=2F)5 Ge\? yand élLAS (Q?) variant mass of the photon-proton systéf:=(P+q)?, and

=1.5 GeV (and to be valid up to a somewhat larger Xy, andz defined by

In the CLAS experiment a longitudinally polarized 4.3
GeV electron beam was scattered off an unpolarized proton

=<0.8). For the kinematics of the CLAS experiment (0.5 Q? Pq PP,
<z=<0.8 and(z)=0.61[12,13) we obtain in this way X::Fq' Y=57" z=:P—q. (14
1 .
<H_1>:(20i 4)% (CLAS, estimat. (13 In this notation the azimuthal asymmethy}*(x) measured
(D1) by CLAS is given by
‘ fdydzd;ssin¢[(1/sg*>)d4o<+)/dxdydzdz)—(1/sg*>)d4a<*>/dxdydzd/>]
AEIG¢(X): 1 y (15)
Ef dydzdp(d*o M /dxdydzdp+d*o{ ) /dxdydzdp)
|
Wheresff) denotes the modulus of the electron polarization. 1.0<Q?%Ge\?<3.0, 2.6=W/GeV<2.6. (16
When integrating ovey andz the experimental cuts have to
be considered12,13: B. ASN¢ in theory
0.15<x<0.4, 0.5<y=<0.85, 0.5<z<0.8, The cross sections entering the :':1symme>%r"§i{‘,"S (15)

have been computed in Refs/,8] at the tree level up to
order 1Q. Assuming a Gaussian distribution of quark trans-

3Such an assumption, however, seems not to be supported by stugerse momenta one obtains, for tA§\)* asymmetry in
ies of Sudakov suppression effe¢28]. Eq. (15),
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where(PZ, ) denotes the mean square transverse momentum B D —

of quarks in the nucleon antk?) that of the fragmenting PR U TR B
quarks. The latter is related to the transverse momentum of 0 01 02 03 04 05

the pion produced By(k?)=(PZ )/(z?). In the CLAS ex-

. U T
periment(Py,, ) =0.44 GeVe(Py, ) [12,13. FIG. 2. The combinatione(x)=[e"+ (1/4)e"](x) extracted

) L/ L from CLAS data[13] vs x at (Q?)=1.5 Ge\?. The error bars are
Equation(17) assumes factorization to hold, and for that Qdue to the statistical error of the data, and the bands show the

2 . .
large Q7 is a necessary condition. Apart from the generalsysiematic errors due to the CLAS data and the uncertainty of the
problem of factor_lzatlon of transvgrse momentum dependergnmyzing power in Eq(13). For didactic comparison the corre-
processes there is a subtle question of whether(Ef).can  sponding flavor combinations of?(x) and the “wist-3 lower

be applied to analyze the CLAS experiment whé@’)  pound” (though it does not hold in general; see footnojeae
=1.5 GeV* [12,13. Here we assume that this can be doneshown atQ?=1.5 Ge\2.

This assumption would receive a certain justification, if our
preditons, o e aSyTneNIdh, (see the nex seeton ibon funcionfi(s) are ploted i Fig. 2 We Sess
(Q?). We will have a more definite answer on that, however,the comparison is for |IIustrat|ye purposes: The “twist-3
only after future experiments performed at higi@# (e.g., lower bound” (2) does not hold in generdkee footnote P
COMPASS have constraineg®(x) such that a comparison and e%(x) and fi(x) are related to each other only in the
between results at the different scales—tak@igevolution ~ nonrelativistic limitfwhere they coincide; see E)].

into account—is possible. Note that the uncertainties &f;(z) in Eq. (11)—due to
the experimental error of the HERMES data and theoretical
C. The extraction of e¥(x) from CLAS data assumptions in their analysis—affect the overall normaliza-

Lo . . tion of the extractede(x). Its x dependence, however, is
Using isospin symme:ury and favoredjlavor fragmentatlonentirely due o the CLAS data.
D,=DY" =p¥" s pd7 —p¥r~q, (18) The extractece(x) is clearly larger than our estimate of
its “twist-3 bound” (2), and about two times smaller than
f3(x) at the scale of 1.5 GEV The result indicates also that
the large number in the sum rul@) may require a significant
contribution from the smalk region, which is interesting in
the light of the predictions in Eq3). When comparing the
model predictiond2,27] to the extracted result one has to
) ] ) ) keep in mind that the model results refer to low scales. It is
With the estimate of the analyzing pow3) and using the  othwhile mentioning that the bag model result &x) of
parametrization of Ref30] for f{(x), we extract from the Ref. [26] (evolved according to naive power counting to the

CLAS data[13] the result fore(x) shown in Fig. 2. For comparable scale ad?=1 Ge\) is in qualitative agree-
comparison the corresponding flavor combinations of thenent with the extracted(x).

“twist-3 lower bound™ of Eq. (2) and the unpolarized dis-

and the same relations fet; , in the expressiofil?) for the
azimuthal asymmetrnp$l}?, we see that the CLAS data yield

information on the flavor combination

1 —
e(x)=e"(x)+ Zed(x). (19

D. Af')% in the HERMES experiment
“Whether these relations hold exactly or only approximately de- _
pends on the chosen jet selection scheme, as does the question,In the HERMES experiment the asymmetAi'B‘l’ has

whether(k?) is a function ofz. Considering the large uncertainties peen measured with a longitudinally polarized 27.6 GeV
on both the experimental and theoretical sides, a discussion of j§ositron beam in the kinematical range

selection scheme dependence seems not appropriate here.
SWe use the “Wandzura-Wilczektype) approximations”g3(x)
= tdég?(£)/¢ andh?(x) = 2x [ Ld¢hi(£)/ £ which are justified by 0.023<x<04, 0.2y<085 02z<0.7,
results from the instanton QCD vacuum mof#8,31. For hi(x)
we use the model predictidd 7] and forg3(x) the parametrization
of Ref.[32]. 1<Q?%GeV?<15, 2<W/GeV. (20)
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FIG. 3. Predictions for azi-
muthal asymmetries}{*)(x) vs x
for different beam energies and the
corresponding kinematical cuts at
CLAS (with the convention that
positive target polarization is op-
posite to beam momentymThe
thick lines correspond toN(¢)

L _ L i =sin ¢, the thin lines correspond
-0.04 - 4 -0.04 -0.04 - . to W(¢)=sin2$. Hereby solid
—l 1 : —L ‘ L lines refer to #*, long-dashed
0 02 04 0.6 X 0 02 04 0.6 X 0 02 04 0.6 X lines tO’TTO, and short-dashed lines
tonm .

AP ®)

5.7 GeV beam
——

1 0.04
14 0.02

004 - [/~ - 0.04
0.02

< 0.02

Y - oF " e 0

-0.02 - -4 <0.02 - 1 -0.02

The following results, consistent with zero, for the totally prediction§ are shown in Fig. 3, for beam energies of 4.25
integrated asymmetries were foupdD]: GeV, 5.7 GeV, and 12 GeV, which are currently available or
proposed for the CLAS experiment.
sind, _+ _ Figure 3 demonstrates that the predicted CLAS asymme-

AU (77 ) vermes= — 0.005£0.008+ 0.004, tries are as large as the asymmetries measured by HERMES
[10,11]. Thus, with the high luminosity of the CLAS experi-
ment, a precise measuremeky ¢ and A5} % for 7" and
w0 is probably possible. Moreover, the CLAS kinematics for
the 12 GeV beam allows us to observe the change of sign of

In order to see that the HERMERO0] and CLAS[12,13  the Afj’,lf”(x) asymmetries ak=0.5. This change of sign is
data are compatible we very roughly “parametrize®(x)  due to different signs of the twist-3 and twist-2 contributions.
~(1/2)f3(x) at (Q?)=1.5 Ge\~. This estimate is consis- For HERMES kinematics the zero af7 %(x) lies outside the
tent with CLAS data [for the flavor combination coveredx range and is invisibl¢16,33.

(e"+(1/4)e%)(x); see Fig. 2 and describee?(x) suffi- The AJ!%(x) asymmetries for different pions cross each
ciently well for our purposes. We can assume this parametriother at a single pointsee Fig. 3 This interesting observa-
zation to be valid also at the scales in the HERMES experilion is due to the fact that only two of the three cross sections
ment, since evolution effects are small compared to thdor the production ofr ™, 7% and=~ are “linearly indepen-
crudeness of our “parametrization.” This allows us to esti-dent” because of isospin symmetry and favored flavor frag-
mateAfi{‘,¢(7r+)~0.008 andAfiﬂ¢(w‘)~0.007 for HERMES Mmentation. Thus, if two curves cross each other at some
kinematics, which is in agreement with the data in Ef). point, the third one necessarily goes through this point as

We conclude that the®(x) extracted from the CLAS experi- Wgrl]lgﬁ The exact positions of this point and of the zero of
ment (Fig. 2) is not in contradiction with HERMES data AuL"(X) depend on the beam energy and move to smaller
[10]. with the energy growth. The experimental check of this pre-

diction, especially at COMPASS energies, would give an ar-
gument in favor of the handbag mechanism of the asymme-
V. PREDICTIONS FOR A, ASYMMETRIES AT CLAS try with different signs of twist-2 and twist-3 contributions.
] ] . Our predictions are based on the assumption that factor-
In the HERMES experiment the azimuthal asymmetries,ation holds at the scales 1 G&¥Q?<9 Ge\? covered in
AYL? and A * in the production of chargefd0] and neu-  the CLAS experimenf12,13. It will be exciting to learn
tral [11] pions from a proton target have been measured agom the comparison of these predictions to future CLAS
functions ofx andz For 7" and «° sizableA}]* asymme-  data to what extent factorization holds. In particular, this will
tries have been observed, while the other asymmetries haygive valuable indications on the correct interpretation of the
been found consistent with zero within error bars. In Ref.data on theA |, asymmetry and the extraction of the twist-3
[16] the HERMES datg 10,11 were well described in a distribution functione(x) given in the previous section.
parameter-free approach, using fdr the DELPHI result
[14] [see Eq.10)], and for proton transversity distributions
the predictions from the chiral quark soliton modl&¥] and
the instanton model of the QCD vacuud8]. This approach We have presented the extraction of the first information
was used in Re{33] to make predictions foAy_azimuthal  of the chirally odd proton twist-3 distribution functiae?(x)
asymmetries for a deuterium target—which turned out tofrom the azimuthal asymmets, , in 7+ electroproduction
compare well to the datf34]. Here we predicAfl* and  from semi-inclusive DIS of polarized electrons off unpolar-
Af}[z"” for pion production from a proton target for CLAS in
an approach similar to Reff16], assuming that factorization
holds at the energies of the CLAS experiment and using our ®For explicit expressions for the azimuthal asymmetries and fur-
estimate for the analyzing power from E@13). Our ther details see Ref§16,33,35.

ii8¢(77_)HERMES: _0007__'_ OOlOt 0004 (21)

VI. CONCLUSIONS
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ized protons, which has recently been measured by CLASuture CLAS data would support the assumption of applica-
The flavor combinatior(e"+ (1/4)e%)(x) extracted in thex ~ Pility of factorization at the moderate scale.

region 0.15<x<0.4 refers to a scale of 1.5 GR\and is For a definite clarification of the question of whether the

sizable—roughly half the magnitude of the unpolarized dis-CLAS data have been interpreted here correctly, we have to
tribution function at that scale. But it is not large enoughait for data from future high luminositjneeded to resolve

to explain the large number for the first moment @ ( ]Ehe twist-3 effei:l experimgntsdperforg]edhat scales where
+e%)(x), related to the pion-nucleon sigma term, by contri- actorization is less questioned. Maybe the COMPASS ex-

butions from valence regions alone. periment at CERN could be one of them. Our predictions for

The extraction relies on the assumption of factorization COMPASS will be published elsewhere.

which might be questioned at th@? of the CLAS experi-
ment. To test this assumption, we have predicted azimuthal
asymmetried\y_ in pion electroproduction from DIS of un- We would like to thank H. Avakian for many very fruitful
polarized electrons off polarized protons for CLAS kinemat-discussions, and B. Dressler for providing the evolution
ics, which are under current study. The predictions are basecbde. A.E. is partially supported by RFBR grant 03-02-
on a parameter-free approach, which has been shown to d&6816 and INTAS grant 00/587 and the DFG and BMBF.
scribe well the corresponding data from the HERMES ex-This work has partly been performed under the contract
periment. A successful comparison of these predictions ttHPRN-CT-2000-00130 of the European Commission.
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