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A phenomenological description of single transverse spin effects in hadron-hadron inclusive processes is
proposed, assuming a generalized factorization scheme and PQCD hard interactions. The transverse momen-
tum k, of the quarks inside the hadrons and of the hadrons relative to the fragmenting quark is taken into
account in distribution and fragmentation functions, and leads to possible nonzero single spin asymmetries.
The role ofk, and spin-dependent quark fragmentations—the so-called Collins effect—is investigated in
details inp' p— 7X processes: it is shown how the experimental data could be described, obtaining an explicit
expression for the spin asymmetry of a polarized fragmenting quark, on which some comments are made.
Predictions for other processes, possible further applications, and experimental tests are discussed.
[S0556-282(99)06415-2

PACS numbes): 13.88+e, 12.38.Bx, 13.85.Ni

[. INTRODUCTION takes into account soft initial-state interactions among the
colliding hadrong2]. A similar suggestion for the possible

Understanding the kinematics and the dynamics of therigin of single spin asymmetries was later made by Collins
quarks inside the hadrons is a challenging and interestinfs], concerning transverse momentum effects in the fragmen-
problem. In simple quark-parton models the quarks inside &ation of a polarized quark. A first simple application of this
fast hadron are assumed to be collinear; i.e., their momentumdea was given if7].
is parallel to the momentum of the hadron. This assumption Qju and Stermari8,9] have proven that a generalized
works well for unpolarized processes such A$B—C  factorization theorem holds in QCD with twist-3 distribution
+X which are computed, at large energy and momentumynq/or fragmentation functions, which take into account ini-
transfer pr, by the usual convolution of distribution and 51 or final-state interactions. Recentljl0] they have
fragmentation functions with a hard perturbative elemema%omputed—using a simple model for a new twist-3 correla-

Interaction, accorqllng to Q.CD factorlzano_n theore{r;'cil. tion function—single spin asymmetries far' p— X and
However, in polarized reactions, the contribution of trans-— . )

verse intrinsic momenta often turns out to be crucial in unP' P— 7X processes. Their approach establishes a sound the-
derstanding the experimental results. oretical basis for simple phenomenological applications: a

In Ref.[2], we proved how the large single spin asymme-New quantity is introduced for valenceandd quarks which
tries represents a correlation between these quarks inside a polar-
ized proton and an external gluonic field; a simple parametri-
zation of the new function is fixed by fitting data and some
= 7 (1)  predictions for other observables are given.
ol+da!  2dgU"P In this respect the computation of RELO] is similar to
that of Ref.[2]: also in the latter a new quantity was intro-
measured ip'p— 7X by the E704 Group at Fermildl8],  duced for valencel andd quarks, a quantity which requires
can be accounted for by introducifg and spin depen- some initial-state interactions between the colliding hadrons
dences in the distribution functions of quarks inside the ini-in order not to be forbidden by time-reversal invariance, and
tial polarized protondc'-! stands for the differential cross the assumption that a factorization scheme still holds; a
section E,Td3crpT'lp_’”X/d3p7,; Xg=2p. /s, wherep, is simple parametrization was given and fixed by fitting the
the pion longitudinal momentum in thep c.m. frame, and €Xperimental data, and predictions were subsequently made
Js is the total c.m. energy. The proton spin is “up” or for other processefgl]. o
“down” with respect to the scattering plané: (|) is the The main difference is tha.t in Sivers and our approach
direction parallel (antiparalle] to p,iXp,. Other sizable [2,4,.5—based on thNe QCD improved garton model—the
single spin asymmetries have been explained or predicted ReW quantity, called\ ™f5p1(Xa K, a) 0or 2157 (x4 K, 5), has
Ref. [4]. a partonic intgrpretation: itis thAe difference between the den-
The original suggestion that the intrinsic of the quarks  sity numbersf,;,i(Xa,K, 5) andfgp1(Xa,K, 5) of partonsa,
in the distribution functions might give origin to single spin with all possible polarization, longitudinal momentum frac-
asymmetries was made by Sivéfg; such an effect is not tion x,, and intrinsic transverse momentukn,, inside a
forbidden by QCD time-reversal invarianp@| provided one transversely polarized proton with spjnor | :

do'-do! do'—do!
AN(XE,pT)= d =
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AN 1 (Xa Ky 2) =T arpi(Xa Ky o) = Farpl (Xa K, ) A closely related function is ﬂengteq by; in Refs.[11,14
A A and its correspondence with"D is discussed in Refl13].
=fap(Xa,Kia) —Tapi(Xa,—Kia), (2)  Again we expect

where the second line follows from the first one by rotational

. . . N .

|nva.r|anc;e. 'Nothe thah fa,pT(xa',kla) vanlsh.es wheik, 5 AND a1 (2,k, 1)~k 1y Sin B, (5)
—0; parity invariance also requirés"f to vanish when the

proton transverse spin has no component perpendicular to

Kia, sO that where g is the angle betweek, ,, and the] direction.
AN o1 (Xa K, 2) ~K, 4 Sina, 3) We first discuss here the role of the above functions, Egs.
(2) and (4), in generating single spin asymmetries in the
where« is the angle betweek, , and the] direction. large pr inclusive production of particlesA! +B—C+ X,

ANf by itself is then a leading twist distribution function, within a phenomenological QCD factorization model; we
but itsk, dependence, when convoluted with the elementaryive explicit expressions for the single spin asymmetries tak-
partonic cross section, results in twist-3 contributions toing into account the leading-order contributions of parton
single spin asymmetries. This same functi@p to some  transverse momenturiec. I). In Sec. Ill we assume that
factorg has also been introduced in RéL1ll—where itis  only Collins effect is active—the analogous work for the
denoted byf;—as a leading twisT-odd distribution func-  Sjvers effect was performed in Ref&,4—and show that it
tion. In Ref.[12] the relation betweef;; and twist-3 corre-  can explain existing data op'p— X, with some possible
lation functions is explained and an evaluation of single Spif‘problems at the largest- values; we obtain an explicit ex-
asymmetries in Drell-Yan processes, originating from a glupression for the function given in E@4). Such a function is
onic background and the so-called gluonic poles, is giventhen used to predict other single spin asymmetries in Sec. IV,
The exact relation betweeA™f and fiy is discussed in  \hile further comments are made and future applications,

Ref.[13]. " _ with attention to planned experiments, are discussed in
A function analogous ta\™f ;/,1(X,,K, 5) can be defined gec v/

for the fragmentation process of a transversely polarized par-
ton [6], giving the difference between the density numbers

Diya1(z K n) @andDyyai(z,k, ) of hadronsh, with longitudi- Il. SINGLE SPIN ASYMMETRIES IN QCD PARTON
nal momentum fractioz and transverse momentukn,, in- MODEL

side a jet originated by the fragmentation of a transversely

polarized parton with spirt or |: We write the differential cross section for the hard scat-

tering of a polarized hadroA' off an unpolarized hadroB,

ANDya1(Z,K, 1) =Dryat (2K, ) — Dhyal(z.K, 1) resulting in the inclusive production of a hadrﬁ:mvith en-

A A ergy E¢ and three-momentump., A'+B—C+X, in a fac-
=Dyat(z,k p) = Dpat(z,— k). (4  torized form, as

Ecdo”'B-CX 1 dx, dx
oloTsCS—:E > > fa—?zdzkladzkibdzkic
d°pc SR VWA VN VAP U SRR 167s
alAl 4 2 ~ Sk 2NN
Xp)\ )\'fa/AT(XarkLa)fb/B(XblkLb) M)\ AN A M)\’ NN D)\C N (kaLC)' (6)
a @ c d a b ¢y arty c ¢
|
If we choose thez axis as the direction of motion ok' In our expression6) we have explicitly shown thd,
andxz as the scattering plane, then thelirection is along dependence in the parton distribution and fragmentation. The
they axis. usual number density of partomasinside hadrorA is given

The above expression is proven for collinear configurapy
tions, according to the QCD factorization theorem: we as-

sume here its validity also when taking into account the par- PR

ton transverse motion. There is no demonstration of the fa/A(Xa):f A7k, a fajai(Xa Kia)-

factorization theorem in such a case, and &j.has to be

considered as a plausible phenomenological model. Notice that whilef ;4(X,) cannot depend on the parent had-
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ron spin,fa,Ax(xa,kLa) can, provided some soft initial-state D; the variablez is related tox, andx, by the usual impo-
interactions are taken into accoyat5]. sition of energy momentum conservation in the elementary 2

7 . . .
Pi/Aw(Xa) is the helicity density matrix of partoa in-  — 2 process, which reads, in the collinear case,~ (Xat
a'a +X,U)/X2XpS, Wheres,t,u are the Mandelstam variables for

side the polarized hadroA. The My a i o 'S are the  the overall proces8 B—CX, whereass, t,u are those for the
helicity amplitudes for the elementary process—cd:; if elementary processab—cd. A similar expression holds
one wishes to consider higher-ordén «) contributions, When takingk, into account. The elementary process ampli-
then elementary processes involving more partons shouldes are normalized so that

’

~N N
also be includedD}\C ;, (z,k, ¢) is the product ofragmen-

c'¢c do 1 1 R 5
tation amplitudedor the c—C+ X process EZ 16782 45 = |M%C Ay r 'xb| NG
a'b’c’d
b =% b D @
SRV APRLRRLS VR The cross sectioda! is readily obtained from Eq6) by
XAx changingl into | ; in absence ok, , collinear configurations

. . and helicity conservation in the perturbative QCPQCD
whe.re thd:mx stands for a SP'” sum aqd phase-space Ir'teélementary processes do not allow any single hadron spin
gration of the undetected particles, considered as a system dependence and it would resultder' = do [15]. With non-

The usual unpolarized fragmentation functibg,c(z), i.€.,  zero k, instead, spin dependences might still remain in

the density number of hadrosresulting from the fragmen- 2 : : )
tation of an unpolarized partanand carrying a fractioa of If;{gégadté\?L andfor in the fragmentation process of a po

its momentum, is given by We specialize now Eq6) to the case op'p— 7X pro-
1 N cesses; we keep only the leading contributionis,ini.e., we
Dcxc(Z):§ > fdzklc D ¢ ’AC(z,klc). (8)  consider parton transverse motion only in those functions
Ao c’c which  would otherwise be zero[ANfa,pT(xa,OLa)
=ANDy,21(2,0,,)=0] or integrate to zero, and neglect it
We shall neglect in Eq(6), due to the limitedQ® range of  elsewhere. From Eq(6), after some straightforward but
its application, théunknown Q2 scale dependencesfrand  lengthy algebra, one then obtains, foip— 7X:

' , ande ) N ~ ab—cd
do'—do Za’bzyc'd fT fd klA fa/pT(Xa,kL)fb/p(Xb)T(Xa,xb,ki)Dﬂ-/c(Z)
+J d?k] Pa/pTfa/p(Xa)fb/p(Xb)ANN&ab_'Cd(Xa1Xb,ki)ANDw/c(Z,ki)]- (10

Equation(10) is worth some comments. . A A
The second line of Eq(10) represents the Sivers effect: D;,;=$ Dy .+ DY .- (12)
this expression ofic!—do! is the one used in Ref$2] X X
and [4] to fit the data[3] on Ay, Eqg. (1), and to
obtain an explicit functional form foxA’\'fu,p and ANfd,p, is a purely imaginary quantity, by parity invariance.
Eq. (2). palp’ = j pi"’,T is the polarization of partoa inside the

_The third line of Eq.(10) represents the Collins effect: ,nqyersely polarized protgsi: it is twice the average value
this expression oflo’ —do is the one we are going to use ot the 1 component of the parton spin. In this part only
in the sequel to fit the data ohy and to obtain an explicit collinear configurations are taken into accouP® might
expression for somAaND ., defined in Eq(4). Notice that depend orx, %ut we will assume that. at Ieast'for Ia?gg

valence quarks, it is constant. The prodE’é‘prfa,p(xa) is

AND_,(zk!)=2ImD}, (12) the transversity distribution, often denoted Byq(x,) or
hl(xa) [16]-
Anno (Xa s Xp ,k!) is a double spin asymmetry for the el-
where[see Eq.(7)] ementary process:
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- ’ Of course, both effects—in distribution and fragmentation
ANNU(Xaixb,kJ_) . . . .
functions—might be at work at the same time and be in
doalb—cld  gralb—cld different proportions responsible for the observed asymme-
= a - ai tries. By considering only one effect at a time we can obtain

the maximum possible values faf and AND; such func-
R tions could then be used in processes where only one of them
Mo\ a0 MZ, can be at work to produce single spin asymmetries, and see
d b whether or not they give results in agreement with data. For

iy oMt 1. (13) example, in prompt photon productioAB— yX [4] and

T PR Drell-Yan processesA'B— u ™ 1~ X, only ANf can be ac-

_ _ . tive, whereas in semi-inclusive deep inelastic scattering
The division of Eq.(10) into two separate pieces, corre- (DIS), /p'—/ =X, only AND should contribute because

zﬁgr}?;g%qéﬁfgne;ﬁ\;ﬁlr?/éﬂtgnzp'g ?:? dﬂgefgsk;neg;ﬁglgﬁg/olga d[nitial—state interactions in lepton-proton interactions are sup-
ing terms ink, ; the structure of Eq(10)—uwithin its range pressed by powers afer, [17]. More data are expected in

of validity—remains unchanged also at higher ordekin the future, from running or planned experiments at HERA,

and one should only add the appropriatedependences in Jefferson Lab, and the r.elat|V|st|c heavy ion .COII'dRH!C);
all terms a richer and more precise amount of experimental informa-

tion might also allow a simultaneous determination of both
ll. SINGLE SPIN ASYMMETRIES IN  p'p— X AN andAND by using the full Eq.(10).
AND COLLINS EFEECT There is another reason tlo exp]ore here the effecmé'“dij
alone. As we said, the functiak™f is bound to be zero if the
In Refs.[2] and[4] we have consideredNf as the only  incoming hadrons are treated as free plane-wave states
possible source of single spin asymmetriepip— X pro- [6,12]; this conclusion may be avoided by invoking soft
cesses and have obtained an explicit expression for it, biitial-state interactions, different from those taken into ac-
fitting the experimental data. This expression M¥f has  count in the proof of the factorization theorem, together with
been used in Ref4] to compute the values % for p'p the assumption that one can still use the factorized f@m
— X, in agreement with data, and to predisy, for p'p  (see also Ref18]). The same does not apply to the fragmen-
—KX, not yet measured. tation process, which requires anyway final-state interac-
We consider herdND as the only possible source of tions; it might be—and this has to be determined
single spin asymmetries and see if we can get an equallgxperimentally—that the Collins effect is the main origin of
good description of the data, obtaining an explicit expressioringle spin asymmetries.
for it, to be used in other processes. We will find that this is e consider then the last line only of E4.0) to compute
possible, with some difficulties, and shall comment on it ata | Eq. (1), for p'p— ==X processes:
the end of this section.

dx de ~
do'—do! :a;:d f%dzkipa/,ﬂfa/pT(Xa)fb/p(xb)ANN‘Tab_)Cd(Xa:XbvkL)ANDq-r/c(zrkL) (14
and
N o dx, dx, dg2b—ed
do'+dot =2do""P=2 2 f fa/p(xa)fb/p(xb)—"(xa’Xb)D'n'/c(Z)' (15)
ab,c,d A dt

Let us consider Eq14) and notice thaAND _,.(z,k, ), Eq.(4), is an odd function ok, : this means that we cannot neglect

the k, dependence of the other terms, and have to take into acéouwalues inAyno??~°9. Equation(14) can then be
written as

dx, dx N R
do'—do' = E fa—bdsz Pa/pT fa/pT(Xa) fb/p(xb) ANDW/C(kaL)[ANNO'(Xa:XbykL)_ANNO'(Xavxby_kl)]y

a,b,c,d Tz

(16)

where now the integration ok, runs only over one half- In order to perform numerical calculations, we make
plane of its components. The only unknown functions in Eq.some further assumptions, following Refg&] and[4]. Our

(16) are pa/P’ and AND _,.(z,k,), which, at least in prin- first assumption is that the dominant effect is given by the
ciple, are then measurable via the single spin asymmdgiry  valence quarks in the polarized protons. That is, we assume
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PP’ to be nonzero only for valence andd quarks: it is kE(Z)
natural to assume a smaller polarization for sea quarks M
which, moreover, do not contribute much to the production

of largexg pions. Secondly, we evaluate H46) by assum- with M=1 GeV/c?.
ing that the main contribution comes fl’dKTj:kE where, as The residuat dependence iaND ;. not coming fron‘kf
suggested by Eq5), k? lies in the overall scattering plane is taken as a simple power behavior, so that

and its magnitude equals the average value (kf)'?
=k%(2). This average value does in general dependzon
The z dependence of the transverse momentum of charged
pions inside jets was measured at the CERN:~ collider
LEP[19]. We have made a fit to their data points. The resulwhereN., a., andg, are free parameters.

=0.612°%"(1-2)°%, (17)

k?(2)
M

AND(z,k%) = N, z% (1—2z)Pe, (18)

is shown in Fig. 1 and corresponds to the curve Thek, integration then produces the simple expression:
f A2k, AND 1e(z, K )[Ane ™o ke ) = Ao —k, )] = kfhf,z) N 2°(1=2) L Ano (k)
— A= KD)], (19
|
wherek?(z) is given by Eq.(17). P jq=PH/P /pUe’ 23)

Exploiting isospin and charge conjugation invariance and
assuming that a largepion is mainly generated by the frag-
mentation of a quark which can be a valence quark for the

. ! . u/pT .
pion, one can express all functiofik8)—one for each flavor Is a meaningful f_ree parametd?. s assumgd to be 2/3.
c—in terms of a single one In the unpolarized cross section we take into account all

leading-order QCD processes involving quarks and gluons.

k% (2) Expressions for the unpolarized partonic distributions and
AND,(z,k?)=N M z*(1-2)%. (200 fragmentations can be found in the literature; we have cho-
sen, as in Ref.[4], the Martin-Roberts-Stirling set G
In fact (MRSG) parametrization20] for the partonic distribution

" o functions, and the parametrizatiofiBinnewies-Kniehl-
ATD e+ p(z.k))

=AND +/5(z,k?)=AND - j5(z,k?)

0.5
:AND”_/d(Z’k?.):ANDvaI(Z’kE) (21 ' ! ! T T T

0.45
and
0.4
ANDWOIU(ZIKS) 0.35
=AND ,0/4(2,k%)=AND ,0/5(z,k?) 03
1 ) 0.25
=AND Lojg(z k) =5 AND (2 KD). (22 -
0.2
Notice thatAND _,. can be different from zero only for 015
polarized quarks, i.e., quarks resulting from processls ’
—cd for which Ayyo is not zero. These are the processes: 0.1 ff
99—qq9, 4q'—qq9’, 49—qd, qg—aq, andgqg—qg, and 0.05 b . - - . -
the corresponding\ o can be computed from E@13). 0 0.2 0.4 0.6 0.8 1
As initial polarized partons, like we said before, we con- z
i ap! 0N intringi ;
sider onlyu and d valence quarks. The value &*" is  FIG. 1. The pion intrinsic average transverse momerkfirin a
taken as a free parameter: given the overall normalizatiofet as a function of. The diamonds are the data from Abreual.
factor N contained inAND,,, only the relative value [19], the continuous line is our fit, as given by Ed7).

054027-5



M. ANSELMINO, M. BOGLIONE, AND F. MURGIA PHYSICAL REVIEW D 60 054027

Kramer set 1BKK1)] of Ref.[21] for quark fragmentation ing data forp' p— 7=° processef3]; in our computation the
functions into pions. These fragmentation functions are sufp; of the produced pion in thp p c.m. frame has been fixed
ficiently well established and constrained by data; other set® py=1.5 GeVk, the average transverse momentum of the
available in the literature have similar largdehaviors and data. We obtain that tha D, function which best fits the
do not change significantly the quality of the fit and thedata is given by Eq917) and(20) with

conclusions which follow.

Equations(14) and (15) contain now known functions— N=—022
the unpolarized distribution and fragmentation functions,
computable elementary dynamickr/dt and Ayyo—and =233 for z<0.07742 (24)

unknown functions-AND _,. and pap! _ parametrized in a
simple way, Eqs(17), (20—(22), and(23), in terms of the

four parameterd, «, B, andPq. B=0.24
We have computed\, Eqg. (1), as a function oz in
terms of these parameters and have compared with the existhd
|
AND,(z,k%)=—2D,(2)=—2%1.102z" }(1-2)*? for z>0.97742, (25

where z=0.97742 is the value at whichAND,,(z,k?)|  to the fact thatk?(z)—0 whenz—1, Eq. (17). We can
=2D,4(2). Dya(2) is taken from Ref[21]. The best fit obtain the best results only by lettidd'D(z,k?) be as large
value of P4 turns out to be as possible wher—1; i.e., we have to saturate the neces-

sary inequality:
Puq=—0.76. (26) yneq y

The corresponding fit is shown in Fig. 2. The fit is quali- |AND(z,k?)|<2D(2). (27
tatively good and satisfactory—one should not forget that we
are considering an extreme situation, with only the Collins . ‘AN 0 .
. - . In Fig. 3 we plot the ratidA™D ,k7)/2D,4; it shows
effect taken into account and a simpte dependence in '9. & We b ! val(Z,K1)/2Dval; | W
AND(z,k,); however, the last points at large values seem
difficult to fit. In our computatiorAy—0 whenxg—1, due

the elementary left-right asymmetry, in the fragmentation of
a transversely polarized valence quark,

0.6 T T . . AN _ D g1 (2.k?) =D yqu(z,k?) 08
/ == ~ )
" Bl (2K0) + D g (2.K?)
0.4
] ] L 1
0.2
Ay 0
02
§§ T IAD(z)!
04k % J 2 D(z)
'06 (] L i 1
0 0.2 0.4 0.6 0.8 1
XE
1 1 1 1
FIG. 2. Single spin asymmetry for pion productiop! p 0 0.2 0.4 0.6 0.8 1

— o X. The data points are the E704 experimental single spin z
asymmetried3] for =+ (diamond$, #° (squares and = (tri-
angles. The solid line is our best fit forr*, the dashed line forr°, FIG. 3. The ratio betweefpAND,,| and twice the valence un-
and the dotted line forr~, obtained under the assumption of the polarized fragmentation functioB, Eq. (28), as a function ofz
Collins effect only. Notice that| AND|/2D=1 for z=0.97742.
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0.25 metry in the splitting of a transversely polarized proton into
a valence quark,
- AN fq/pT(X,kf)_fq/pL(X,kf) B Aqu/p(X,ki)
/ f z - i)
v fq/pT(X’k?_)_*—fq/pl(Z,k?_) 2fq/p
0.15 .
N
JATI1 as obtained from Ref4] for u andd valence quarks.
2 f(X) 0.1

By comparing Figs. 3 and 4 we see that a small elemen-

tary left-right asymmetryAD‘,d,p in the proton distribution
alone allows one to fit the data oy [3,4]; instead, one

needs a much biggéat largez) left-right asymmetry@\,'\‘,,q in

the quark fragmentation alone in order to fit the same data.
Moreover, the fit obtained here with the Iarééi,q might
show some difficulty at the largest values. If such a dis-
X crepancy should be confirmed by further data it would be a
significative indication towards the importance of spin and
FIG. 4. The ratio betweeh&”fvad and twice the valence unpo- k, dependences in distribution functions.

larized distribution functior, Eq.(29), as a function ok. The solid We also notice that in the simple model proposed by Col-
line refers tou quarks and the dashed line doquarks. Notice that lins for AND [6], one finds thaﬁ’;‘r,q—>0 whenz—1: such a

H N
in both caseA™f/2—0 for x—1. model could not explain the observed valuesAgf.

) The reason for the different results due solehAttf [2,4]
which is needed to fit the datbﬁ.\ﬁ,q| has to reach the maxi- or AND (this paper can be qualitatively understood by look-
mum value 1 at large; smaller values would give too small ing again at Eq(10) and it turns out to be very interesting, as
values ofAy at largexg . it is due to the different dynamical contributions in the two

This was not the case when relying only on the Siverscases: let us compare Ed.9) with its analog for the Sivers
effect[2,4]. In Fig. 4 we plot the value of the left-right asym- contribution, obtainable from the second line of EX) [4]:

0.05

~ ab—cd ~ ab—cd 0( a) ~ab—cd ~ ab—cd

ki (x
jdzklANfa/pmxa,kl) (k) m—e—(k) |= Naz72(1=2)8 — (k) ~——=—(=KD)|.

M
(30

In the expression foAy Egs. (19) or (30) have to be predict single spin asymmetries in other processes.
divided by the unpolarized cross section which contéjis Recently the E704 Collaboration at Fermilab has pre-
andda/dt. Now, it turns out that not onIyANN[r is smaller sented results on single spin asymmetries for inclusive pro-
thanda/dt, but also the cancellation between the two termsduction of pions also in the collision of transversely polar-
in square brackets is stronger Ao, Eq. (19), than for  ized antiprotons off a proton targg22]. The kinematical

do/dt, Eq.(30). This explains why fitting the data requires a conditions are the same as in the case of polarized protons
much bigger value ofAND|/2D than|ANf|/2f. [3]. Within our model the connection between single spin
We finally comment on the value found f@,4 which ~ a@symmetries with polarized protons or antiprotons is very

might be surprising: in S(), for example, one hag/e' simple: since only valence quark contributions are taken into
/3 and PP i/3 o t,hatP __s 'We find here ccount, we just have to exploit the charge conjugation rela-
- - ) ud— — &-

: S L tions (21) and (22) for the AND and similar ones for the
that, indeed, ther andd valence quark polarizations inside a _ . )
polarized proton have opposite signs, but thpolarization ~ P*" - In particular, this means that we should expect
is, in magnitude, slightly bigger than the polarization,
Eq. (26).

IV. APPLICATION TO OTHER PROCESSES, p'p—aX
AND p'p—KX !Notice that, due to a mistake in the writing of the paper, the
values ofN, given in Eq.(9) of Ref.[4] are wrong and have to be
We now apply theAND,,(z,k?) we have obtained by muiltiplied by a factor 4; the fit to the data, Fig. 1 of REd],
fitting the E704 experimental data on pion production, toremains the same.
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eventual role of strange polarized quarlend antiquarks
could only be studied within a more refined model for the
AN(EP* 7 =Ay(p'p— 7). (31) tran;\gsrsely polarized d.istri.bution functions,h_l(x)

Our results are shown in Fig. 5, and indeed they agree:P fp(X), where contributions fromg=s and s are.

with Eq. (31). The experimental data are in very good agree-'”C|Uded' HoweveTr, we have checked that, even assuming a

ment with our predictions forr* and somewhat smaller than large value ofP*P" and takingA™Dys=A"D,,4, the con-

our predictions form® and 7~, although the overall agree- tribution of strange quarks ty is negligible at large, as

ment is good. The expectatiofl) are essentially based on fsp(Xa) is small at largex, values.

charge conjugation invariance and the dominance of certain Figure 6 shows the results we obtain # in the pro-

elementary dynamical contributions and it is difficult to seeduction of either charged or neutral kaonk,"(+K™)/2 and

how they could not be true; we expect that further data boti{K°+ K°)/2, respectively. The positive values Af; refer to

on p'p—mX andﬁp—> X should lead to a better agree- charged kaons, while the negative ones to neutral ones: the

ment with Eq.(31). values obtained are large for all sets of unpolarized fragmen-
We consider now the case where charged and neutral k&ation functions, whose features are further discussed in Ref.

ons are detected in the final stapgép— KX; the kinematical ~[4]. Notice that the different sets of fragmentation functions

conditions are the same as for the other processes. Lackingddve qualitatively similar results, contrary to the findings of

determination oAND(z,k?) for the fragmentation of quarks Refs.[4], where, for neutral kaons, the results show a strong

into kaons we assume that thé'D, are the same fdK and dependence on the choice of the fragmentation functllons.

7 production, up to a different normalization factor which L&t us stress once more that these resultKfproduction

An(p'p—7T)=Ay(plp—77),

we fix by imposing, for valence quarks, are rather qualitative and are based on the simple assumption
about the form ofANDK,q(z,kE), Eq.(32); nevertheless, they
ANDK/q(ZikE) (N) clearly show howAy might be large and measurable also for

(82 p'p—KX processes and its measurement should give more
information about the Collins effects in the fragmentation of
a polarized quark into a kaon.

AND, (2 k%) (Ng)

where(N,,)= [5dz Dhg(2). We have used unpolarized kaon
fragmentation function sets from Ref21,23-25 and have
computed the appropriate normalization fac{déc)/(N )
for each set. Single spin asymmetries in inclusive hadron production
We should keep in mind that here only largevalence can be explained within QCD; they are twist-3 effects which

quarks from the initial pOIaI’ized proton are taken into acC-can be |arge and measurable in ﬂnﬁrange of few Ge\W.
count: this means that contribution from strange quarks from

the polarized proton sea are completely neglected and the 0.8

V. COMMENTS AND CONCLUSIONS

1 ] 1 I
production of kaons is through nonstrange quarks only. The
0.6
04 T T ] 1
0.4
0.3
0.2
0.2
0
AN
0.1 02
AN 0 -0.4
-0.1 -0.6
\A
0.2 0.8 | \ -
L ] [] 1
03 0 0.2 0.4 0.6 0.8 1
XE

FIG. 6. Single spin asymmetry, as predicted by our médéh
Xg Collins effects only, for the production of charge@ipper curves
- and neutral(lower curve kaons, K*+K™)/2 and K°+K%/2,
FIG. 5. Single spin asymmetry for pion production jn p respectively. The solid lines correspond to the BKK1 set of unpo-
— 7 X. The data points are the E704 experimental single spirarized fragmentation functiorj21], the dashed lines correspond to
asymmetrieg22] for =+ (diamonds$, #° (squarey and 7~ (tri- the BKK2 set[23], the dotted lines to the GR sg24], and the
angles. The solid line is the result of our modgtith Collins effect  dashed-dotted lines to the IMR d&45]; see Ref[4] and text for
only) for 7", the dashed line forr®, and the dotted line forr . further detalils.
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Several possible origins—leading to the introduction of newprocesses in which only one of the two effects is expected to
basic functions—have been discussed in the literature, butlge active: in semi-inclusive DIS/p'—/hX, and in y*p!
clear and comprehensive understanding has not been reachegh X, initial-state interactions are suppressed by higher
yet: more theoretical and experimental work is still necespowers ofaem and single spin asymmetries should originate
sary. only from the fragmentation of a final polarized qu4g8].

In this paper and previously in Reff2] and[4] we at- |t would be very interesting to have data on such processes.
tempt a consistent phenomenological description and compu- on the other hand, processes such padl— yX and
tation of single spin asymmetries based on the QCD partoRN— " .~ X could exhibit single spin asymmetries only
model and the introduction of fundamental spin asymmetriegj e to spin- and, -dependent distribution functiorjg] or
at the quark level, both in the splitting of polarized prOtO”Squark-gluon correlation§8,12,29; also data on these pro-
into quarks, Eq(2), and in the fragmentation of polarized cegses would be of great help.
quarks into hadrons, E¢4). The link between this approach A comprehensive phenomenological description and a
and other approaches based on the introduction of partophysical understanding of subtle single spin effects, within
correlation function$10,26 and/or gluonic polefl2] has to  perturbative QCD and a simple factorization model, seems
be clarified. As suggested by Ratcliff26] the data might jngdeed possible; more data should allow the determination of
also be analyzed using a general parametrization of the pafew basic distribution and fragmentation functions, allowing
tonic correlators. _ genuine predictions for new processes and a deeper knowl-

In Ref. [2] we showed how the so-called Sivers effecteqge of the nucleon structure and the hadronization mecha-
alone could account for data gky and we derived an ex- nism. More theoretical work, towards a true generalization of
plicit expression for the functiod"f; here we have shown the factorization theorem to include transverse momenta, is

that also the Collins effect—with some more difficulties— also needed and mlght be motivated by our phenomeno'ogi_
can account for the same data, and we have obtained &/ study.

explicit expression for the functioAND. We have also in-
troduced a general formalism which includes both effects,
Eq. (10).

Their relative importance has to be established by further
experimental data; single spin asymmetries could be mea- We are grateful to Piet Mulders for many interesting dis-
sured in the near future at the Jefferson Lab, DES¥col-  cussions; M.B. acknowledges support from the EU-TMR
lider HERA[27], and RHIC. Of particular interest are those program, Contract No. FRMX-T96-0008.
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