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Abstract 

Within the QCD-improved parton model and assuming the factorization theorem to hold in the helicity basis and for 
higher twist contributions, we show how nonzero single spin asymmetries in hadron-hadron high energy and moderately 
large JQ inclusive processes can be obtained, even in massless perturbative QCD, provided the quark intrinsic motion is 
taken into account. A simple model is constructed which reproduces the main features of the data on the single spin 
asymmetry observed in inclusive pion production in p p collisions. 

1. Introduction 

Single spin asymmetries in high energy and moderately large pa inclusive hadronic processes have recently 

received much attention, both experimentally [l-4] and theoretically [5-131. Whereas they are expected 
to vanish at leading twist in massless perturbative QCD, higher twist effects might still be important in 
the kinematical region of the available data and may give origin to nonzero values. Among the attempted 
explanations, quark-gluon correlations [S&13] and transverse ki effects in the quark distribution [6,7] or 

fragmentation functions [ 111 have been considered. 
We analyse here the large single spin asymmetries observed in the collision of transversely polarized protons 

off unpolarized protons, with the production of pions with PT values up to 2 GeV/c, 

pTp 4 TX. (1) 

Several experimental results are available for such processes [ 2-41 and show clear patterns in the dependence 
of the spin asymmetry 

AN = 
daT - d& 

dat + dal 
(2) 

on X,C = 2p~./&, where pi is the pion longitudinal momentum in the pp c.m. system, and fi is the total c.m. 
energy. The proton spin is perpendicular to the scattering plane and there exist data for yr* and $0; proton 
spin orientations parallel to the scattering plane would give, by parity invariance, zero single spin asymmetries. 
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A striking dependence of AN on pi which was reported at XF N 0 [3] is now believed, after a more careful 
analysis of the data [ 141, not to be observed anymore; AN( XF N 0) shows no sign of dependence on pr and 
remains consistent with zero in the whole range of pi explored so far, (0 5 pi 5 4) GeV/c [ 141. 

Some previous data [ 15-171 seem to be in disagreement with the findings of Refs. [l-4,14] ; in particular, 
they do not show sizeable values of AN for r- [ 16,171, show strong pi dependencies for &’ [ 151 and rTT+ [ 171 
and have contradictory results on XF dependencies [ 16,171. However, all these data come from experiments at 
much smaller energy (proton beams of 13.3, 18.5 or 24 GeV/c) than those of Refs. [l-4,14] (200 GeVlc) 
and we do not consider them here because they might be outside the range of applicability of perturbative 
QCD. 

The usual QCD description of large pr inclusive production is based on the factorization theorem, according 
to which the cross-section for the production, say, of a large or pion in the collision of two protons is given by 
the convolution of an elementary cross-section with the number densities of quarks and gluons inside the protons 
(distribution function) and the number density of pions inside a quark or gluon (fragmentation function). The 
elementary cross-section contains all the dynamical and quantum-mechanical information on the constituent 
interaction, whereas the distribution and fragmentation functions are phenomenological ways of modeling the 
non-perturbative long distance physics: they can be measured in other processes and their large e2 evolution is 
given by perturbative QCD. 

We know that the above hard scattering scheme works well for unpolarized processes and indeed it has been 
tested in many experiments. It has also been generalized to the polarized case [ 181, so that it may be applied 
to the description of several processes involving polarized hadrons [ 191; however, the existing spin data do not 
allow yet a definite test of its validity. 

In Section 2 we adapt the formalism of Refs. [ 9,181 to the case of the single spin asymmetry (2). In order 
not to obtain a zero result higher twist effects have to be introduced; this can be done at different stages and 
several suggestions or attempts have been proposed in the literature [6-l 1,20,21]. Single spin effects in the 
elementary reactions alone are bound to be proportional to a,mq/fi [ 221, where mq is the quark mass, and are 
then expected to be negligible at high energies, even taking constituent quark masses into account [ 6,20,21]. 
Spin effects might then be present in the distribution or fragmentation functions: the former has been suggested 
by Sivers [ 6,7] and the latter by Collins [ 93, whose idea has been further developed and applied in Ref. [ 111. 
Qiu and Sterman [ 81 have used both higher order elementary interactions and higher twist distribution functions 
to predict a sizeable single spin asymmetry in large pi direct photon inclusive production, prp --) yX. 

The approach we describe here is equivalent, although derived in a different way, to the suggestion of Refs. 
[ 6,7] and supports it; we then discuss (Section 3) a simple model which implements the idea and gives very 
good agreement with the data. The approach of Refs. [6,7] has been criticized in Ref. [9] on the ground 
of violating the time reversal invariance of QCD. This is true only at leading twist order, if soft initial state 
interactions between the colliding protons are neglected, which need not be the case in Sivers or our model; 
we will further comment on this in Section 2. A short conclusion is given in Section 4. 

2. The single spin asymmetry in the hard scattering scheme 

Let us then consider the process ( 1) , supposing the initial protons moving along the z-axis and choosing xz 
as the production plane; the incoming proton is polarized parallel (T) or opposite (1) the J-direction so that, 
in the helicity basis, 

li)=-$Cl+)+il-)L 

I 1) = $+, -iI->>. (4) 
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According to the QCD factorization theorem the differential cross-section for the hard scattering of a polarized 
proton with spin r (and similarly for spin 1) on an unpolarized target proton, resulting in the inclusive production 

of a pion with energy E, and three-momentum pa, pTp --) n-X, can be written as [ 9,18,19] 

E,&PTP’“x 

d3p, 
w; c c /dx,dq,i 

a,b,c,d A,,A$A .A A'.A b' C' C' d 

where falpT (x0) is the number density of partons a with momentum fraction x, inside the poIarized proton 

[similarly for fb/p(xb) ] and pT!rAi (x,) is the helicity density matrix of parton a inside the polarized proton 

pt. The &Ac,Ad;A,,A,‘~ are the helicity amplitudes for the elementary process ab -+ cd; if one wishes to consider 

higher order (in as) contributions also elementary processes involving more partons should be included. 

D ‘$ (z ) is the product of fragmentation amplitudes 

&A: D = a/c 
XAx 

DAx;A, D;x;A; 3 (6) 

where the 
$ 

stays for a spin sum and phase space integration of the undetected particles, considered as 

a system X. ‘I%: usual unpolarized fragmentation function Ddc( z ), i.e. the density number of pions resuIting 
from the fragmentation of an unpolarized parton c and carrying a fraction z of its momentum is given by 

D,/,(z) = ; c D$(z) . 
4 

(7) 

For simplicity of notations we have not indicated in Eq. (5) the Q2 scale dependencies in f and D; the variable 
z is related to x, and xb by the usual imposition of energy momentum conservation in the elementary 2 + 2 

process [ 231; we have skipped, for the moment, some spin independent kinematical factors ’ , but we explicitly 
kept the factor l/2 to remind that an average has been taken over the helicities of the unpolarized parton b 
(quark or gluon) . 

Eq. (5) holds t 1 d’ a ea mg twist and large pi values of the produced pion; the intrinsic kl of the partons have 

been integrated over and collinear configurations dominate both the distribution functions and the fragmentation 

processes; one can then see that, in this case, there cannot be any single spin asymmetry. In fact, total angular 
momentum conservation in the (forward) fragmentation process [see Eq. (6) ] implies A, = A$ this, in turns, 

together with helicity conservation in the elementary processes, implies A, = AL. If we further notice that, by 

parity invariance, D>;: does not depend on h, and that CA,,A,,A\, J&~A~,A~;A,,A,/~ is independent of A, we remain 

with CA PA,,A~ - 
“/pT - 1. M oreover, in the absence of intrinsic k~_ and initial state interactions, the parton density 

numbers”fa,pT (x,) cannot depend on the proton spin and any spin dependence disappears from Eq. (5), so 

that 

daPTP+X _ dadP’Tx = 0. 
(8) 

Eq. (5) can be generalized with the inclusion of intrinsic kl [ 91 and this can avoid the above conclusion; 
for example [9], the observation of a nonzero kl of a final particle C with respect to the axis of the jet 
generated by parton c does not imply any more h, = A: and allows a nonzero value of the asymmetry 

’ JZq. (5) holds as au equality if the elementary amplitudes are normalized so that (l/4) ~AO,,r,,A,,A~ Ifi,tO,~b,~c,~d I* = (l/r)(dC/-ldf). 
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daPT” -+r,kl X _ dgPylP+,kl X (9) 

The above asymmetry (9) is related to the so called Collins [ 11,24,25] or sheared jet [ 261 effect; it requires 
the measurement of the azimuthal angle 4 of the outgoing hadron around the jet axis, but, apart from a small 
sin 4 dependence, it is a leading twist effect and it depends on some non-perturbative quark fragmentation 
analysing power. When integrating over the azimuthal angle the effect might not entirely disappear because 
of some 4 dependence in the elementary parton interaction. This idea was exploited in Ref. [ 111 where, 
essentially, the parton c is produced in the forward direction and the final hadron PT is due to its transverse k~_ 
inside the jet. One cannot expect such a model to work at large pr. 

Another possible kl effect, suggested by Sivers [ 6,7], may originate in the distribution functions. To see how 
this comes out from the general scheme we rewrite Eq. (5) taking into account the parton intrinsic momentum 
in the number density fOlp: 

& &P’P+~X 

d3p, 
N ; c c /d2kl,dxa dq, $ 

a.b,c,d A,,A~:A,,;A,,A~:A, 

where f denotes the kl dependent number density. 
We can now argue, as in the previous case when no kl was taken into account, that angular momentum, 

helicity and parity conservation eliminate all dependencies on the parton helicities in Eq. (10); however, 
a dependence on the hadron spin may remain in faalpf (x,, kl,), analogously to the Collins effect in the 
fragmentation process. Then one has [ 6,7] : 

E, daPTP--‘~X & &P’P+X 

&, - d3p, 
N; c c 

a2b.c.d A,,A,;A,,A, 

/d2k~,dnadxb; 

x [.fo,pt(x,, kl,) - +fo,p~(xo9 kl,)] fb/p(xb) I~A,.A,:A,,A,)~ D+-(Z) . (11) 

Several comments are now in order. 
There is a new quantity which appears in Eq. ( 11): 

AN_foipT (x,, kl,) = c [_fo,A,,pd&~ kh) - _fc~,A~,p~ (x,, h,)] 

A!. 

(12) 

(13) 

where .faa,A,~p~L1’ (x,, kl,) is the number density of partons a with helicity &, momentum fraction x0 and 
intrinsic transverse momentum kl, in a transversely polarized proton [with spin t or 1 according to Eq. (3) or 
(4)]. Eq. (13) follows from Eq. (12) by rotational invariance and explicitly shows that ANf,ipr (x, kl) = 0 
when kl = 0. 

This new quantity can be regarded as a single spin asymmetry or analysing power for the pf -+ a + X 
process; if we define the polarized number densities in terms of distribution amplitudes as 

(14) 

then we have, in the helicity basis, 
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z 2 I$&, k_Lo) . (15) 

Eq. ( 15) simply follows from Eqs. ( 12) and ( 14) via Eqs. (3) and (4) and shows the non-diagonal nature, 
in the helicity indices, of 1!! ( x,, kl, ) . 

Collins [ 91 has argued that a nonzero value of $!(x, kl) is forbidden by the time reversal invariance of 
QCD; his argument is based on the analysis of the non-diagonal matrix elements of the leading twist quark 
operator $y’q?, whose diagonal matrix elements are related to the distribution functions f4iP(x, kl). For such 
operator his argument is correct and indeed time reversal invariance forces the matrix elements between proton 
states with different helicities to be zero. In a more physical language this amounts to say that single spin 
asymmetries for the process pr -+ qX are forbidden by parity and time reversal invariance, which is true. 
However, as we said, initial state interactions (like soft gluon exchanges) between the incoming protons must 
certainly occur, and, at least in cases in which their neglect gives a zero result, one should consider them and 
relate the distribution functions to the inclusive cross-section for the process pip2 -+ qX; single (transverse) 
spin asymmetries are then certainly allowed (as the problem we are studying here confirms) via time reversal 
invariant scalar quantities like &fiVpvpf‘pTqPsy. 

These soft gluon and initial state interactions which correlate partons from different hadrons and allow a 

nonzero value of It’! can only survive at higher twist; it has been shown [ 181 that at leading twist-2 the proof 
of the factorization theorem for the unpolarized case - with the cancellation of all soft gluon contributions - 
holds for the polarized case as well. Eq. ( 1 l), as it will be shown in the next section, only gives higher twist 

contributions; assuming a nonzero value of Iye in the factorized structure of Eq. ( 11) amounts to assume the 
validity of the factorization theorem beyond leading twist. 

In the operator language this approach has been advocated by Qiu and Sterman [8] who use generalized 
factorization theorems valid at higher twist and relate nonzero single spin asymmetries in pp collisions to the 
expectation value of a higher twist operator, a twist-3 pat-ton distribution, which explicitly involves correlations 
between the two protons and combines quark fields with a gluonic field strength. However, they still consider 
only collinear partonic configurations so that, in order to obtain nonzero results, they have to take into account 
the contributions of higher order elementary interactions. 

Our function ZT?(x,,, kl,) introduced in Eqs. (15) and (12) can be considered as a new phenomenological 
quantity which takes into account the non-perturbative long distance physics, including initial state interactions, 
and plays, for single spin asymmetries in pp collisions, the same role plaid by the distributions functions 
fa,,,(xa) in unpolarized processes. This function is zero in the absence of parton intrinsic motion, but, for 
kl # 0, allows nonzero single spin asymmetries even taking into account only lowest order perturbative 

QCD interactions among the constituents. Measurements of the asymmetries supply information on IT!, like 
measurements of unpolarized cross-sections supply information on faiP. 

In the next section we introduce a simple parametrization of Z$, based on our knowledge of the distribution 
functions, and show that it can reproduce with good accuracy the data on the single spin asymmetry 

3. A simple phenomenological model 

(16) 

Inserting Eqs. (11) and ( 15). with the proper kinematical factors [23], into Eq. (16) yields 
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AN = Ca,b,c,d s dxadxb d2ha t$!% xa,kd fb/&b) WldMdl &/,(z>/z 
&b,c,d j-dxadxb .f~/~(Xa) fb/p(xb) (d&-l@ &/,(z)/z ’ 

(17) 

where d&/df is the unpolarized cross-section for the elementary constituent process ab --+ cd; notice that the 
dependence on kl, has to be kept into account in such a quantity, otherwise the numerator of Eq. (17) would 

vanish upon integration over kl, due to the fact that ZT’!(x,, kl,) is an odd function of kl,, see Eq. ( 13). 
The constituent momentum fraction z carried by the pion can be expressed in terms of x, and .Xb by requiring 
energy-momentum conservation in the elementary scattering. 

All quantities appearing in Eq. (17) are either theoretically or experimentally known, with the exception of 

the new quantity Z$! (x~, kla), which, in principle, is measurable via the single spin asymmetry AN. However, 
in order to give an estimate of AN and see if we can obtain reasonable values within our approach, we 

parametrize here I$!’ in a most simple way. 

We assume that the dependence of I‘$! on kl, is sharply peaked around an average value ky, = (ki,)‘/2, 

value which may depend on x,; the xa dependence of IT’! which does not originate from the kl, dependence 
is taken to be of the simple form 

N,x?(l -Xa)D”, 

so that we approximately have 

(18) 

s de di? 
d2b I+- (xc,, k.L,) -_;(kl,) = s alp d2kd+- (~a, kla) 

d& 

dt 
;I?-(+kd - $+d 

(k.L,)x>O 
I 

,. 
a $$+ko,,) - g(-kO,,) , 1 (19) 

where M is a hadronic mass scale, M N 1 GeVlc. A numerical estimate of kl,/M can be found in Ref. [27] 
and can be accurately reproduced by the expression 

k” 
A = 0.47 x;,6s( 1 _ &48, 
A4 

which we adopt in our calculations. Such value of kt, enters in the computation of [d&/d? (kl,) - 
d&/dt^( -kl,)]; notice that such a quantity is U(kl/m) [6], hence the contribution of Eq. 19 is a higher 
twist one. 

In order to give numerical estimates of the asymmetry (17) we still need explicit expressions of the 
unpolarized distribution functions, fa,$lp, and the fragmentation functions, D,,/,. At this stage we have only 
considered contributions from u and d quarks inside the polarized proton, which certainly dominate at large 
X’F values, that is a = u,d in the numerator of Eq. (17). Instead, we have considered all possible constituents 
in the unpolarized protons, with kl = 0, and all possible constituent fragmentation functions. We have taken 
jy,B,g/p from Ref. [ 281, Dlr/q,B from Ref. [ 291 and D,/, from Ref. [ 301. Given the very limited pi range of 
the data we have neglected the QCD Q2 dependence of the distribution and fragmentation functions. 

By using Eqs. ( 19) and (20) into Eq. ( 17), together with the unpolarized f*,b/p and D,/, functions, 
we remain with an expression of AN still dependent on a set of 6 free parameters, namely N,, cam and pa 
I: a = u, d), defined in Eq. ( 18). We have obtained a best fit to the data [ 21, shown in Fig. 1, with the values of 
the parameters shown in Table 1. As the experimental data [2] cover a pi range between 0.7 and 2.0 GeV/c 
we have computed AN at a fixed value pr = 1.5 GeV/c. Our asymmetry decreases with increasing pi and 
increases at smaller pr; however, we do not expect our approach to be valid at pi smaller than, say, 1 GeV/c. 
We will further comment on the pr range of our computation in the conclusions. 
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Table 1 

N&I ffa Pn 

u 5.19 2.19 4.15 

d -2.29 2.11 4.70 

-0.6 - 
0 0.2 0.4 0.8 0.8 1 

XF 

Fig. 1. Fit of the data on AN [ 21, with the parameters given in 

Table 1; the upper, middle and lower sets of data and curves refer 

respectively to r+, ?y” and r-. 

Notice that the values (Table 1) are very reasonable indeed; actually, apart from an overall normalization 

constant, they might even have been approximately guessed. The exponents (Y&d and &,d are not far from the 

very naive values one can obtain by assuming, as somehow suggested by Eqs. ( 15) and ( 14), that Z$!(X,) N 

Jfa,+lp.+(xa)f~.-lp.~~x~~~ where fa,+c-),p,+(x,) denotes, as usual, the number density of quarks with the 

same (opposite) helicity as the parent proton. Also the relative sign and strength of the normalization constants 

N, and Nd turn out not to be surprising if one assumes that there might be a correlation between the number 

of quarks at a fixed value of kl, and their polarization: remember that, according to W(6), inside a proton 

polarized along the j direction, Py = 1, one has for valence quarks P; = 2/3 and Pf = - l/3. 
It might appear surprising to have approximately opposite values for the 7r+ and 7rTT- asymmetries, as the data 

indicate, and a large positive value for the ?r”; one might rather expect AN N 0 for a d. However, this can 

easily be understood from Eq. ( 17) which we simply rewrite, for a pion 7f, as Ai = Ni/Di, if one remembers 

that from isospin symmetry one has: 

h/c = ; (D+/c + Q-/c) . 

Eq. (17) show that the relation (21) also holds for fl and V”, so that 

,;=N++N- =A+ 

v++D- N 

(21) 

(22) 

It is then clear that Ai cv -Ai implies A% pu 0 only if V- ^J V+, i.e. if the unpolarized cross-sections 

for the production of a rTT- and a r+ are approximately equal. This is true only at XF N 0. At large XF the 
minimum value of x, kinematically allowed increases and the dominant contribution to the production of & 
and 7r- comes respectively from f,,lP( x,) and fdlp(&) [see the denominator of Eq. ( 17)]. It is known that 
fdlp(xa)/ fu,p(x,) + 0 when x, 4 1; this implies that V-/V+ decreases with increasing XF, so that at 
large xF we have ‘F/V+ < 1 and A$!, 2 A:( 1 - 2V-/Vi) N A $. Such a trend emerges both from the 

experimental data and our computations. 



M. Anselmino et al. /Physics Letters B 362 (I9951 W-172 171 

4. Conclusions 

We have applied the QCD hard scattering approach, based on the factorization theorem in the helicity basis, 
to the description of single spin asymmetries in inclusive production of pions, with pi values in the 1 to 2 
GeV/c range, in the scattering of polarized protons off unpolarized ones. Such region of pi is a delicate one; 
even if we assume, somewhat optimistically, that the hard scattering scheme is suitable for the description of 
these processes, we expect that, due to the moderate pr values, higher twist contributions may still be sizeable 
and important. Indeed, the leading twist contribution to the single spin asymmetries is zero and the large 
experimental data should be explained via non-leading terms. 

In evaluating them one has to assume that the factorization theorem still holds at higher twist level; moreover, 
one can only take into account a few out of the many higher twist contributions and corrections to the simple 
hard scattering formulae. Here, we have considered the role of the parton intrinsic kl in the initial polarized 
proton [ 6,7], while neglecting other possible effects due, e.g., to transverse k~, in the fragmentation process. 
In this our model can only be regarded as a phenomenological approach to the description of the otherwise 
mysterious large single spin asymmetries. Further application of the same model should test its validity. 

We have shown how single spin asymmetries can be different from zero and originate from lowest order 
perturbative QCD interactions, provided some non-perturbative and intrinsic kl effects are properly taken into 
account. In the helicity basis, suitable for the use of the factorization theorem, this non-perturbative long distance 

information is contained in the function I:‘!(,, kl), which has a simple parton model interpretation in the 
transverse spin basis, Eqs. (12)-( 15). 

Detailed data on single spin asymmetries in p p inclusive interactions would yield information on I$! (n, k_~), 

similar to the information gathered on the unpolarized structure functions; a knowledge of Z$! from some 
process could then be used to predict spin effects in other processes. Here we have shown how a simple 

and realistic parametrization of t$! can easily explain the data on single spin asymmetries for the process 
p’p -+ TX at large energy and pr N 2 GeV/c. Our model clearly exhibits the observed increase with XF, at 
fixed PT values, of the magnitude of the asymmetries. A more detailed application of our approach to other 
processes, like pTp ---) n-X, ptp + yX and rpT + TX is in progress [ 3 11: this should help in assessing the 
relevance and importance of our estimates. 
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