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Abstract

We consider severa single spin asymmetries in inclusive p'p and p' p processes as higher twist QCD contributions,
taking into account spin and intrinsic k | effects in the quark distribution functions. This approach has been previously
applied to the description of the single spin asymmetries observed in p’ p — 7 X reactions and al its parameters fixed: we
give here predictions for new processes, which agree with experiments for which data are available, and suggest further
possible measurements. © 1998 Elsevier Science B.V. All rights reserved.

PACS 13.88.+ €; 13.85.-t; 12.38.-t

1. Introduction

In the last years a copious theoretical and experi-
mental activity has been devoted to the study of
single spin asymmetries (SSA) in inclusive particle
production at high energy and moderately large p;.
On theoretical grounds, at leading twist in massless
perturbative QCD, SSA at high energies and p; are
expected to be negligible. However, the presently
available experimental results seem to show that this
is not the case: at least in some kinematical regions
(namely, at large x and at moderately large p;)
sizeable SSA (up to the order of 30%-40%) have
been measured [1,2]. These experimental results have
prompted a renewed theoretical activity, focused at
the introduction in perturbative QCD schemes of
higher twist contributions, previously neglected,
which could play a crucia role in this context.

Severa single spin effects, relevant at different
steps of the inclusive hadronic production, have been
suggested in the literature. In Ref. s[3-5], for exam-
ple, quark transverse momentum effects have been
taken into account in the structure of the initial,
transversely polarized nucleon. A similar mechanism
has been proposed for the fragmentation process of a
polarized quark into the final observed particles[6,7].
Quark-gluon correlation functions and gluonic pole
contributions have also been considered as possible
origin of SSA in various processes [8-11]. Quark
orbital angular momentum and a simple (hon QCD)
elementary dynamics is used in Ref. [12].

In Ref. [5] we start from the QCD formalism for
polarized hard processes [13], with the inclusion of
the intrinsic transverse momentum of quarks inside
the polarized hadrons: this alows to introduce a
non-diagonal (in the helicity basis) distribution func-
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tion for these quarks, denoted by A f. Such distribu-
tion would be forbidden by time reversal invariance
for free quarks [6], but is alowed by initia state
interactions between the incoming hadrons, or by
quark-gluon correlations [8—11] or in chiral models
[14]. The only assumption is that the QCD factoriza-
tion theorem still holds in such cases. Our formal-
ism, whose results agree with those of Sivers [3,4],
allows then in principle to obtain sizeable values for
the SSA.

A simple phenomenological parametrization of
the new distributions was introduced, and all parame-
ters were fixed by fitting the data on SSA in inclu-
sive pion production in proton-proton collisions,
p"p— a X [1]. It was shown that a good descrip-
tion of the experimental data is indeed possible and
the resulting features of the new distribution turn out
to be physicaly plausible and well justified.

In this paper, equipped with a definite expression
for Ay f obtained by fitting the data on pion produc-
tion, we further apply our formalism to other pro-
cesses, both obtaining genuine predictions which can
be compared with data already existing and suggest-
ing possible future measurements and tests. The
systematic study of severa SSA alows to evaluate
the consistency and relevance of our approach, and
to isolate its contribution to SSA from other possible
sources of spin effects.

A preliminary, partial account of this analysis was
presented in [15].

The plan of the paper is the following: in Section
Il we recall and summarize our formalism and repeat
the fitting procedure which allows to fix all parame-
ters. Section |11, which contains the main results of
the paper, will be devoted to the application of the
model to several processes; numerical results will be
presented and discussed in details. Finally, in Section
IV we give some comments and conclusions.

2. The model

In general we shall consider the high energy, high
p;, inclusive process h](“h, — h, X, where h,,
h,, and h,; are hadrons; the apex 1(]) means that

hadron h, is transversely polarized with respect to
the scattering plane, in the same (opposite) direction
as p,, X p,, Some of the hadrons may be substituted
by other particles, like leptons or photons. In the
remaining of this section we deal with the process
p'p— 7 X; al results can be extended to other
processes, like those considered in the following
section, by simply adapting the formalism to the case
of interest.

The single spin asymmetry A, for the process
under consideration is defined as follows:

do' —do?

AN(XvaT):dO_T+dO.L’ (1)

where do "'V stands for the differential cross sec-
tion E, d¥ P P>"X/d3p_; x. =2p,/ Vs, where
p. is the pion longitudind momentum in the pp
cm. frame, and Vs is the tota c.m. energy. Of
course, other sets of kinematical variables could also
be used. Single spin asymmetries for other spin
directions are forbidden by parity invariance.

By allowing for spin effects in the distribution
function and still assuming the QCD factorization
theorem to hold, one can write [5]

2do ""PA\(Xe, Pr)

Y [d2k dx, dx, —
= X, dx, —
a,b,c,d e ° Tz

><ANfa/pT(Xa'kJ.a) fb/p( Xb)

dé‘_ab—wd

X —7

D2, (2

where do'"P is the unpolarized differential cross
section for the process under consideration; f,, , ,(x,,)
is the distribution function, inside the unpolarized
proton, of partons b with afraction x, of the proton
momentum; D_ ,(2) is the unpolarized fragmenta-
tion function for parton ¢ fragmenting into a pion
carrying afraction z of its momentum; dg 2°~ ¢ /dt
is the partonic cross section for the hard process
ab — cd.
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Ther.h.s. of Eq. (2) differs from the expression of
the unpolarized cross section do“"P in that the
unpolarized distribution function of parton a inside
the beam proton is replaced by a new, nonperturba-
tive function, depending on the intrinsic transverse
momentum of parton a,

ANfa/pT(XaikLa) = Z [ fa,)\a/pT(Xa'kLa)
)‘a

_fa,)\a/pT(Xw_ kJ.a)]

=213/P(x,k, ), (3

which gives the difference between the total number
of partons a, with momentum fraction x, and intrin-
sic transverse momentum k | . inside a proton with
spin 1 and a proton with spin | [notice that
far,/ pt (Xa— K ) =Ty pi (XK Q] This same
function is denoted by f,; in Ref. [16]. The symbol
13/P(x,,k , ,) has been introduced to show the non-
diagonal nature, in the helicity basis, of this new
quantity [5].

Eq. (3) explicitely shows that ANf, (XK, o)
vanishes when k , , — 0. Parity invariance requires
ANf to vanish when k, . is perpendicular to the
scattering plane (i.e. parallel to the proton spin), so
that

ANfa/pT(Xa’kLa)

=fa/pT(Xa'kia) _fa/pi(xalkLa) ~k, ,sing

(4

where ¢ is the angle between k,, and the 7
direction (normal to the scattering plane).

We notice that A™f, ,,1(x,,k , ) is an odd func-
tion of k, ,. This means that we cannot neglect the
k | , dependence of &l the other terms in the convo-
Iution integral, Eq. (2). We have to keep into account
k , , values in the partonic cross sections and the
differences of dynamical contributions from partons
with an intrinsic +k | , and those with an intrinsic
—k | o which leads to an overall value of Ay dueto
higher twist effects.

In fact Eq. (2) for A, can be rewritten as:

2do ""PAy(Xe.Pr)

1
= d?k | dx, dx, —
avg;,d’/‘ 1, Xa Xb Tz

><ANfa/pT(Xa!kJ_a) fb/p( Xb)

da_abﬂcd dé‘_abacd

XN—gr (k) - —g (kL)

XD, ,(2), ©)

where now the integration on k , runs only over
the positive half-plane of its components. The mo-
mentum fraction z is fixed in terms of x,, X, and
k, . by momentum conservation in the partonic
process.

The only unknown function in Eq. (5) is the
distribution AN, )+ (x,,k | ,), which, at least in
principle, is then measurable via the single spin
asymmetry Ay.

In order to perform numerical calculations, we
make some further assumptions which, while pre-
serving the basic physical ideas of our approach,
make computations easier to handle. Our first as-
sumption is that the dominant effect is given by the
valence quarks in the polarized protons. That is, we
assume ANfa/pT(xa,kLa) to be non-zero only for
valence u, d quarks: while it is natura to assume a
correlation between the proton polarization and the
k , of the polarized valence quarks, one does not
expect so for the sea quarks. Moreover, sea quarks
do not contribute much to the production of large X
pions. Secondly, we evaluate Eq. (5) by assuming
that the main contribution comes from k , , =kS ,
where, as suggested by Eq. (4), k%, lies in the
overall scattering plane and its magnitude eguals the
average value of (k2 )%=k’ (x,). This average
value — which sets an overall physical scale for the
transverse momentum effects — will in general de-
pend on x,. Estimates of this dependence have been
given in the literature [17]; it can be well represented
by the following expression (M being the proton
mass):

L 0 0.68 0.48
Mkm( Xa) =047 x%(1—x,) . (6)
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Theresidual x, dependencein AMf, ,+ not com-
ing from K9 , is taken to be of the simple form

Naxga(l_xa)ﬁar (7)

where N,, o, and B, are free parameters.
We then end up with the simple expression:

dekLaANfa/pT(Xa’kL a)

dé‘_ab—m:d dé‘_ab—wd
X df (kla)_ df (_kLa)l
k%, (Xa)
= N x) ™
da_abecd dé‘_abecd
x T(kia)—T(—k‘ia)l-

(8

where k9 (x,) is given by Eq. (6) and, choosing xz
as the scattering plane and z as the direction of the
incoming polarized proton, k9 = (k% ,0,0).

Egs. (5), (6) and (8) can be used to explain
measured single spin asymmetries and to give nu-
merical predictions for other single spin asymmetries
of interest, as we shall do in the sequel. Parametriza-
tions for the unpolarized partonic distributions are
available in the literature; similarly for the fragmen-
tation functions, for which, due to the increasing
experimental information available, a lot of progress
has been recently made. Finaly, the analytical ex-
pressions of the elementary cross sections for all
possible ab — cd partonic processes are well known;
we only need to take into account the corresponding
kinematical modifications due to the inclusion of the
transverse momentum for parton a.

In Ref. [5] the parameters appearing in the expres-
sion of ANf, , 1(Xak, 5), Egs. (7) and (8), were
fixed by fitting the available data on single spin
asymmetries for the p"p— 7 X process [1]. The
main result of Ref. [5] was indeed to show that it is
possible within such an approach to reproduce the
experimental data with physically reasonable values
of the parameters.

The precise values of the parameters depend on
the specific choice adopted for the distribution and
fragmentation functions. We have repeated here the
fitting procedure of Ref. [5] choosing the MRSG

o
1N
T
——
——
|

~O.6:“"""'I““l"“"

Fig. 1. Fit of the dataon Ay for the process p' p— 7 X [1], with
the parameters given in Eqg. (9); the upper, middle, and lower sets
of data and curves refer respectively to 7+, 7°, and 7.

parametrization [18] for the partonic distribution
functions, and the parametrization (BKK1) of Ref.
[19] for pion and kaon fragmentation functions. The
quality of the fit — see Fig. 1 — is quite similar to the
origina one, while the values of the parameters do
not change significantly:

Na aa Ba
u 3.68 134 3.58 (9)
d —124 076 414

Having fixed the values of the parameters we can
now give predictions for several other single spin
asymmetries, some of which have been measured;
this is the main purpose of the paper.

3. New results

In this section we consider a number of interest-
ing physical processes. The full set of such processes
and the corresponding experimental data, either
available now or, hopefully, in the near future, should
alow to assess the validity of our model. Unless
explicitely stated, we use the formalism, the sets of
distribution and fragmentation functions discussed
and the parameters derived in the previous section.
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3Lplpo7X

Recently the E704 Collaboration at Fermilab has
presented results on SSA for inclusive production of
pions in the collision of transversely polarized an-
tiprotons off a proton target [2]. The kinematical
conditions are the same as in the case of polarized
protons [1]. Within our model the connection be-
tween SSA with polarized protons or antiprotons is
very simple: since only valence quark contributions
are taken into account, we just have to exploit charge
conjugation relations for the |, _ distributions, i.e.
19/P=1Y/Pand 19/P=19/P |n particular, this means
that

Av(PTpom*)=Ay(pTp>77)
Av(PTp—o7%)=Ay(p'p—7°). (10)
Asit isshown in Fig. 2, this compares rather well

with experimental results, although our results for
7% and 7~ are somewhat too large.

32.p"(p") p— 7 X at fixed ¢, as a function of p;
From presently available experimental data it is
not possible to disentangle the behaviour of

Ay(Xg,pr) as afunction of xz and p; separately.
This might be crucia for the refinement of theoreti-

0.6 LI N N B B B I N I B L N B B

Y S N S B B

Fig. 2. Single spin asymmetries Ay for the process p' p— 7 X
[2]; the lower, middle, and upper sets of data and curves refer
respectively to 7+, 7%, and 7.

0.6 L I B
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Xp

Fig. 3. Single spin asymmetry for the process p'(p') p— v X;
experimental data, at | Xg| < 0.15 and 2.5< p; < 3.1 GeV /c, are
from Ref. [21]. The curves show our corresponding theoretical
predictions a p; =25 GeV /c; the solid curve refers to the
p"p— 7y X process, the dashed curve to the p' p— y X case.

cal models. The E704 Collaboration has published
results on SSA for the processes p'(p')p— 7° X
for |xz|<0.15, in the p; range 1.0 — 4.5 GeV /c
[20]. No sizeable value of A, was measured. The
results of our model are in good agreement with
these data: only at values of x. greater than ~ 0.3
sizeable effects for the SSA can be obtained.

33.p"(@E"N)p—oyX

Unfortunately, only few experimental data[21], at
Xe~0 and p; in the range 25— 3.1 GeV /c are
available for this process at present. We stress its
importance: possible origins of SSA arising in fina
quark fragmentation [6,7] are obviously excluded
here; in principle we could then directly test those
effects originating in initia state interactions and/or
from quark-gluon correlations.

The predictions of our model are presented in Fig.
3, asafunction of x.. We choose the same kinemat-
ical conditions as in the available experimental data
of E704 Collaboration [21]. Only two experimental
points a xg ~ 0, with huge errors, are available;
they are in agreement with our results, but, given the
large errors bars, we do not consider such an agree-
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ment as significant; further experimental data would
be most helpful.

Theoretical estimates for SSA in pTp— y X
were given also by Qiu and Sterman [8], who pre-
sented predictions for kinematical conditions similar
to those of E704 collaboration [21]. Their theoretical
model introduces higher twist distribution functions
arising from soft quark-gluon correlations: results are
given for two possible choices of these unknown
higher twist distributions. These results have a very
similar behaviour, as a function of X, when com-
pared with ours, Fig. 3. However, they are greater by
approximately a factor 2.

In Ref. [22] it has been argued that out of the two
parametrizations for the higher twist distributions
proposed in Ref. [8] the first one (which produces the
larger result for the asymmetry) should be disre-
garded, since it violates some required physical con-
straints. The second one should be multiplied by an
overall factor smaller that unity, leading to results on
SSA reduced by at least a factor two. These consid-
erations, if correct, reduce considerably the differ-
ence between the results of Qiu and Sterman and our
present results.

34.p"(P")p—- KX

It is interesting to investigate the inclusive pro-
duction of hadrons different from the pion. On one
hand, in fact, such new data would alow further
tests of our model and of the parametrization of the
|._ distributions; on the other hand, the study of
kaon production, for example, is interesting by itself,
due to the presence of valence s quarks and the
possibility of learning about the role of strange quarks
in fragmentation processes.

To study kaon production, we need information
on the corresponding fragmentation functions Dy .
The knowledge of kaon FF is more limited than in
the pion case and, to the best of our knowledge, only
a few parametrizations are available in the literature.
Let us briefly recall the main features of these
parametrizations, which will be used in the sequel:

i) Ref. [19] not only gives the set of fragmentation
functions (BKK1) used to fit the pion data, but also
gives parton fragmentation functions into kaons. Al-
though not the most recent one, it has the advantage
to give separate contributions from leading (vaence)

and non-leading (sea) parent quarks of the produced
meson, which allow to derive separate FF's for
positively and negatively charged mesons;

ii) The same authors have recently published a
more accurate parametrization (BKK2) [23], based
on a much richer set of experimental data. However,
this second set only gives FF either for the sum of
charged mesons (7" + #~, K™+ K™) or for neutral
(7°, K+ K°) mesons.

iii) Other sets of parametrizations for the sum of
charged pion and kaon FF have been given by Greco
and Ralli (GR) [24,25].

iv) Finaly, some most recent fragmentation func-
tions (IMR) can be found in Ref. [26].

Since the main contribution to the large xg pro-
duction of mesons comes from partonic processes
involving valence quarks from the initial nucleon
and in the final mesons, it is plausible to expect, for
kaons produced from polarized protons, the follow-
ing behaviour, in analogy to the pion case:

Ag(K") ~Ay(m) 5 AW(K®) ~Ay(77);
Ay(K™) ~Ay (K% ~0. (11)

This is clearly understood if we keep in mind the
flavour content of pions and kaons (7" = ud, 7 =
dt, m°=(un—dd)/V2; K*=us K =i, K°=
ds, K°=sd) and remember that we are assuming
that only 19 are different from zero for the incident
polarized proton.

Regarding K2 mesons, which are actually ob-
served in experiments, since o (KQ)
=[o(K®) + o (K®)] /2, using Eq. (1) we see that
the asymmetry for K2 is related to the asymmetries
for K® and K° by:

. a_unp(KO) _
An(K?) + ~B(KO) An(K?)
AN(Kg): Uunp( KO)
(12)

Since we have used the BKK1 set of FF's for
fitting the pion data, the first thing we can do is to
use the corresponding BKK1 FF's for the kaons,
keeping the same %% functions as obtained from
fitting the pion asymmetry data. Then, by inserting
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0.6 [
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-02 F -

0.4 [ -

Fig. 4. Predicted single spin asymmetries for the process p' p—
K X, with the set of kaon FF's BKK1 [19]; kinematical conditions
are the same as for the pion case, a py =1.5 GeV /c. The solid,
dashed, dot-dashed, double dot-dashed curves refer respectively to
the K™, K7, K% K& cases. Results for K® meson are very
similar to those for K~ case.

the Dy ,. given in Ref. [19] into Eq. (5) and using
Egs. (6), (8) and (9), we obtain predictions for kaon
SSA, in the same kinematical region as those ob-
served for pions [1,2]: they are shown in Fig. 4.

0.6

Y PP I R I B

Fig. 5. The same as for Fig. 4, but using the set of kaon FF's
BKK1 modified o that Dy ,sea = D/ vall Dr /sea/ D/ vat] (SE€
text for more details).

Surprisingly, the results for K~ and K° are very
different from what expected qualitatively, see Eq.
(11) and compare Figs. 1 and 4. A look at the
parametrization of the BKK1 FF's, D ,((2), for the
leading (valence) parent quarks (e.g. u quark inside
K*) and the non-leading (sea) ones (e.g. s quark
inside K*) helps to understand the origin of such a
discrepancy: in BKK1 FF the non-leading contribu-
tions are not suppressed, for high values of z, com-
pared to the leading ones, which is what one would
have expected on general grounds, leading to Eq.
(11). That the unexpected behaviour of Fig. 4 origi-
nates from this property of the BKK1 FF can be
confirmed in a simple way: if we take the valence
contributions of BKK1 kaon FF's, but rescale the
sea ones by assuming the same relative behaviour as
in the BKK1 pion case (that is, we redefine Dy /.,
=Dy ,,al Dy /sea/Dx /var D, then the results for kaon
asymmetries agree very well (see Fig. 5) with the
expected qudlitative behaviour, Eq. (11). Of course,
this simple example has no physica motivation, but
only clarifies the reason why kaon asymmetries in
Fig. 4 are so different from what expected. The redl,
physical origin of this discrepancy is in the be-
haviour at high z of non-leading vs. leading contri-

0.6 [T T L B

0.0 F
-0.2 | 4

-0.4 - ]

PP S

Fig. 6. Predicted single spin asymmetries for the process p' p —
(K* 4+ K™) X; kinematical conditions are the same as for the
pion case, a p; =15 GeV /c. The curves correspond respec-
tively to the set of kaon FF's BKK1 [19] (solid); BKK2 [23]
(dashed); GR [25] (dot-dashed); IMR [26] (dotted).
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butions in the BKK1 FF's. Indeed, results consistent
with Eq. (11) are found — as we shall show — when
using fragmentation functions for which the sea quark
contribution is suppressed with respect to the valence
one.

In Fig. 6 we give and compare results obtained
for Ay(K™+ K™) with the different sets of fragmen-
tation functions discussed above, i) to iv). This
asymmetry is related to the asymmetries for the
separate production of K* and K~ by

Ay(K*+K™)
R LS
n(KT) + SR An(K™)
= oK) : (13)
O_Unp(K+)

According to Eqg. (11) one would expect, at large X,
Ay(KT+ K7) = A (K"). All sets of FF yield simi-
lar results.

Finally, we show in Fig. 7 the predictions ob-
tained — again using the different sets of fragmenta
tion functions — for Ay(KQ). Contrary to the pro-
duction of charged kaons, in this case the results
strongly depend on the set of fragmentation func-
tions: sets which enhance the role, at large z, of
valence quarks give results in agreement with the

06 |

04 F -
AN C - - ]

02 [ - .

0.0 ==
—02 [ N -]

-0.4 [ o .

o6 b b e e

Fig. 7. Predicted single spin asymmetries for the process p' p —
K& X; kinematical conditions are the same as for the pion case, at
pr =15 GeV/c. Notations for the theoretical curves are the
same as in Fig. 6.

expectations of Eg. (11), whereas sets which allow a
large contribution from sea quarks give totally differ-
ent results, even in sign. A measurement of Ay (K2)
would then supply useful information.

We have also investigated possible contributions
from a non-zero |,_ distribution for the strange
quark inside the polarized proton. In principle, kaon
asymmetries should be quite sensitive to this distri-
bution. However, as we have checked explicitely, at
least in the kinematical region considered here, the
role of strange quarks is strongly suppressed. Thisis
because strange quarks come in any case from the
sea quarks in the proton, so that their (unpolarized
and, to a greater extent, polarized) distributions de-
crease at large x much faster than the distributions
of uand d quarks.

The values of the SSA for kaons produced with
polarized antiprotons, p’ p — KX can easily be de-
duced from those obtained with polarized protons by
applying simple charge conjugation arguments, in
analogy to Eg. (10); we have explicitely checked that
thisis the case.

4. Summary and conclusions

We have consistently applied a QCD hard scatter-
ing scheme, with the inclusion of some higher twist
effects, to the description of single spin asymmetries
(SSA) in p'p— = X, refining a previous [5] deter-
mination of a new k ; and spin dependent distribu-
tion function, introduced by several authors [3-5,16]
as a possible source of single spin asymmetries.

We have then used this distribution function to
compute severa single spin asymmetries in other
processes, namely p'po 7 X, p (P p—oy X
and p'(p") p— KX. Inthefirst two cases we have
no free parameters and our results are genuine pre-
dictions of the model: they turn out to agree with the
experimental data, although the data on SSA in vy
production are still rather qualitative with large er-
rors.

The SSA for the p’p— KX process are pre-
dicted to be large, and, for neutral kaons, their actual
value strongly depend on the set of fragmentation
functions used; experimental information would al-
low to discriminate between different sets of kaon
fragmentation functions. The main feature of the



478 M. Anselmino, F. Murgia / Physics Letters B 442 (1998) 470-478

quark fragmentation which influences the value of
the SSA is the relative importance of sea and valence
quark contributions.

Our scheme seems then to be a good phenomeno-
logical way of describing single spin asymmetries
within a generalization of the QCD factorization
theorem; of course, other effects [6,11], might be
present and play a smaller or larger role, depending
on the process considered. For example, SSA in vy
production or Drell-Y an processes [11] should mostly
originate from the mechanism used here or in Ref.
[8]; in other cases another or several other effects
might be active at the same time. A possible strategy
to isolate different origins of SSA in Deep Inelastic
Scattering has been discussed in Ref. [27]. More data
and more phenomenological calculations are needed.
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