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Sivers effect and the single spin asymmetry A y in p'p — hX processes
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The single spin asymmetry Ay, for large Py single inclusive particle production in p'p collisions, is
considered within a generalized parton model and a transverse momentum dependent factorization scheme.
The focus is on the Sivers effect and the study of its potential contribution to Ay, based on a careful analysis of
the Sivers functions extracted from azimuthal asymmetries in semi-inclusive deep inelastic scattering
processes. It is found that such Sivers functions could explain most features of the Ay data, including some

recent STAR results which show the persistence of a nonzero Ay up to surprisingly large P; values.
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L. INTRODUCTION

Among the leading-twist transverse momentum
dependent partonic distribution functions (TMD-PDFs,
often shortly referred to as TMDs), the Sivers distribution
[1-3] is most interesting and widely investigated. It
describes the number density of unpolarized quarks ¢
(or gluons) with intrinsic transverse momentum k | inside
a transversely polarized proton p!, with three-momentum
P and spin polarization vector S,

N 1 R R
Farp k)= fq/p(x ki) + EAqu/pI(X, k1)S-(PXky),
(1)

where x is the proton light-cone momentum fraction
carried by the quark, f,/,(x, k) is the unpolarized TMD
(ky = lky]) and ANf , i(x, k1) is the Sivers function.
P=P/|P| and k;, =k, /k, are unit vectors. Notice
that the Sivers function is most often denoted as

f ILT"(x, k) [4]; this notation is related to ours by [5]
2k

AVf (k) = — m—flj-rq(x, k). (2
P

A knowledge of the Sivers distribution allows a model-
ing of the three-dimensional momentum structure of the
nucleon [6] and, possibly, an estimate of the parton orbital
angular momentum [7].

All the available information on the Sivers function has
been obtained from SIDIS data, {N — €hX, and the study
of the azimuthal distribution of the final hadron % around
the y* direction in the y* — N center of mass (c.m.) frame.
This analysis is based on the TMD factorization scheme
[8-11], according to which the SIDIS cross section is
written as a convolution of TMD-PDFs, transverse mo-
mentum dependent fragmentation functions (TMD-FFs)
and known elementary interactions. Such a scheme holds
in the kinematical region defined by
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PT = kJ_ = AQCD < Q, (3)

where P7 is the magnitude of the final hadron transverse
momentum. The presence of the two scales, small P; and
large Q, allows one to identify the contribution from the
unintegrated partonic distributions (Py = k), while
remaining in the region of validity of the QCD parton
model. The study of the QCD evolution of the Sivers and
unpolarized TMDs—the so-called TMD evolution—has
much progressed lately [8,9,11-15], with the first
phenomenological applications [16-22].

The extraction of the Sivers functions from SIDIS data
can then be performed on a sound ground. This has been
done for the first time in Refs. [23-27], exploiting
HERMES [28] and COMPASS [29] data, and resulting in
a reasonable knowledge of the Sivers functions for u and d
quarks, although in a limited range of x values, x < 0.3.

Much literature has emphasized the special interest and
the peculiar properties of the Sivers effect. Trying to under-
stand its origin at the partonic level has related the possi-
bility of a nonzero Sivers function with final [30] or initial
[31] state interactions, respectively, in SIDIS and Drell-
Yan (D-Y) processes. This, in turn, induces a process
dependence of the effect itself. The most clear-cut conse-
quence is the prediction of an opposite sign of the Sivers
functions when contributing to single spin asymmetries
(SSAs) in SIDIS and D-Y processes [32]; as polarized
D-Y experiments have never been performed so far, such
a prediction has not been tested yet. Crucial information
might be available in the future from p'p experiments at
RHIC and Fermilab or from the COMPASS hadronic run at
CERN, with pions colliding on a polarized nucleon target.
The TMD factorization scheme, valid for SIDIS processes,
holds for D-Y as well, where the small and large scales are,
respectively, the total transverse momentum (g7) and the
invariant mass (M) of the leptonic pair.

In this paper we focus on another class of puzzling
results that strongly challenge our understanding of high
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energy strong interactions, that is the SSAs, usually
denoted by Ay, measured in p'p — hX inclusive reactions
and defined as

_ do' — dot

Ehdapt'lp_'hx
" do! + dot

ith doM =
W (o d3ph

G

N

and where T, | are opposite spin orientations perpendicular
to the scattering plane, in the p'p c.m. frame. Ay differs
from the SSAs of SIDIS and D-Y processes because in such
a case there is only one large scale in the process—the
transverse momentum Py of the final observed hadron—
and there is no small scale related to the intrinsic motions,
in both the distribution and fragmentation functions, which
are integrated over. The TMD factorization scheme used for
SIDIS and D-Y processes has not been proven in this case.

Large values of Ay have been measured for a long time
in many different experiments. The first ones were at a
relatively low energy [33—40], and the common expecta-
tion was that such asymmetries would vanish at higher
energies; however, data from RHIC at /s = 62.4 [41], 200
[42-46] or even 500 [47,48] GeV, still show puzzling
nonzero values of Ay.

Several approaches to understanding Ay, within QCD
and some sort of factorization scheme, can be found in the
literature. All of them, directly or indirectly, are related to
the Sivers function or other TMDs.

A QCD collinear factorization formalism at next-to-
leading power (twist-3) has been developed and used in
the phenomenological studies of Ay [49-57]. In this ap-
proach the spin effect is not embedded in a spin dependent
TMD, but the necessary phase for generating the nonvan-
ishing SSAs arises from the quantum interference between
an elementary scattering amplitude with one active col-
linear parton and an amplitude with two active collinear
partons. The SSAs are therefore proportional to some non-
probabilistic three-parton correlation functions, which are
convoluted with the product of amplitudes, rather than the
cross sections. These amplitudes are process dependent,
while the three-parton correlation functions are universal.

However, one can show that the twist-3 three-parton
correlation functions have a close connection with the & |
moment of the TMD-PDFs; in particular the quark-gluon
correlator is related to the first k; moment of the SIDIS
Sivers function [58]. It has recently been pointed out [59]
that the quark-gluon correlation functions, as obtained
from the Sivers functions extracted from SIDIS data
[23,24], indeed lead to sizable values of Ay, which agree
in magnitude with the measured ones, but with the wrong
sign (the so-called sign mismatch problem). A recent
analysis [60] of the spin asymmetry A for single inclusive
jet production in p'p collisions collected by the AyDY
experiment [61] does not show the same sign problem;
however, the measured asymmetry is very small.

An alternative, more phenomenological approach,
is based on the assumption of the validity of the TMD
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factorization also for p'p — hX processes [1,2,62-67];
it generalizes the usual collinear factorization scheme
[generalized parton model (GPM)] and the single inclusive
cross section is written as a convolution of TMD-PDFs,
TMD-FFs and QCD partonic cross sections. In that it
adopts the same scheme that holds for SIDIS and D-Y
processes with one small and one large scale. In this model
the spin effects are included in the TMDs, which are
supposed to be process independent.

More recently, a third approach has been proposed
[68,69], which assumes the TMD factorization as in the
GPM, but takes into account and absorbs the initial and
final state interactions, i.e. the process dependence of the
Sivers function, in the elementary interactions. In such a
scheme the cross section is a convolution of process-
independent TMDs with process-dependent hard parts;
these modified hard parts are very similar in form to those
in the twist-3 collinear approach. It turns out that this
modified GPM formalism leads to results and predictions
opposite to those of the conventional GPM [68].

In this paper we explore the possibility of understand-
ing the experimental results on Ay in p'p — hX pro-
cesses with the Sivers effect and within the generalized
parton model of Refs. [65-67]. The first phenomenologi-
cal applications of the Sivers effect [62,63,65] in had-
ronic interactions considered the Sivers function as a
free input, not constrained by SIDIS data. In Ref. [70]
it was shown that the use of the Sivers functions, as
extracted from SIDIS data, could in principle explain the
SSAs observed at RHIC, both in size and in sign. We
further pursue this study, with a careful analysis of the
SIDIS extracted Sivers functions, with their uncertain-
ties, and investigate whether such functions, assumed to
be process independent, can explain the data on Ay,
including the most recent ones. A similar study has
been recently completed [71] regarding the Collins
effect [72], with the conclusion that it cannot, alone,
explain all the available data on Ay.

II. SIVERS EFFECT AND Ay IN THE
GENERALIZED PARTON MODEL FORMALISM

The generalized parton model [65-67,71] can be con-
sidered as a natural phenomenological extension of the
usual collinear factorization scheme, with the inclusion
of spin and k; effects through the TMDs and the depen-
dence of the elementary interactions on the parton intrinsic
motions; it was actually first proposed, for unpolarized
processes, in Ref. [73]. In this approach the single spin
effect, do! # do?, originates from the TMDs; in Ref. [74]
and its correction [71] it was shown that the only non-
negligible contributions to Ay are given by the Sivers
TMD-PDF and the Collins TMD-FF,

_ |:d0'T - dO’l]SiverS + [da-T - do-l]Collins .

A
N do' + dot

&)
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The Collins contribution was studied in Ref. [71], while this paper is devoted to the Sivers effect.
In our GPM scheme the contribution of the Sivers effect to the numerator of Ay, for p!p — hX large Py processes, is

given by

dx,dx,d
[do! — doMspers = Z ’[M

2 2
abead 16T x,x,2%s

d’k &’k 1, dPp8(py - p)I(p1)8(S + 1+ 0)

1. N .
X ANfa/pT (xar kJ_a) Cos (¢a)fb/]7(be kJ_b) E[lM(l)P + |M(2)|2 + |Mg|2]ah—>cdDh/c(Zy pj_); (6)

where ANf, i(x,, k1,) is the Sivers function for parton a,
Egs. (1) and (2), which couples to the unpolarized TMD for
parton b, f},/,(x,, k1), and the unpolarized fragmentation
function Dy/.(z, p) of parton ¢ into the final observed
hadron 4. p | is the transverse momentum of hadron 4 with
respect to the 3-momentum p, of its parent fragmenting
parton. J(p ) is a kinematical factor, which at O(p, /E},)
equals 1. For details and a full explanation of the notations
we refer to Ref. [66] (where p | is denoted as k| ).

The phase factor cos (¢,) originates directly from the
k, dependence of the Sivers distribution [S - (Pxk 1),
Eq. (1)], while the M? are the three independent hard
scattering helicity amplitudes defined in Ref. [66], describ-
ing the lowest order QCD interactions. The sum of their
moduli squared is proportional to the elementary unpolar-
ized cross section dd??—¢4 that is

da.ab—»cd 1 1 3 ~ o
i 16w 2 ; M 2

The explicit expressions of 3 ;|M?|?, which give the QCD
dynamics in Eq. (6), can be found, for all possible elemen-
tary interactions, in Ref. [66]. The QCD scale is chosen as
Q= P;.

The denominator of Eq. (4) or (5) is twice the unpolar-
ized cross section and is given in our TMD factorization by
the same expression as in Eq. (6), where one simply repla-
ces the factor ANfa/l,r cos (¢,) with 2f,/,. In Ref. [70] it
was shown that such an expression leads to results for the
unpolarized cross section in agreement with data.

We can now use the information so far available on the
Sivers functions as extracted from SIDIS data and give some
realistic estimates for the Sivers contribution to Ay for
several single-inclusive large P particle production in p'p
collisions. More specifically, we will consider the Sivers
effect for inclusive pion, kaon, photon and jet production
and will see how much it can contribute to the available
experimental data on Ay. The analogue of Eq. (6) for direct
photon and inclusive jet production will be given below.

A. The Sivers functions in SIDIS
and p'p — hX processes

Let us start by considering the available information on
the Sivers functions and the procedure followed to obtain
them. The first extraction—from now on denoted as the

SIDIS-1 fit—was presented in Ref. [23], where the
MRSTO1 set for the unpolarized PDFs [75] and the
Kretzer set for the unpolarized FFs [76] were adopted.
An updated extraction of the Sivers functions—SIDIS-2
fit—was presented in Ref. [24]. In this case, the GRVIS set
for the unpolarized PDFs [77] and the pion and kaon FFs
by de Florian, Sassot and Stratmann (DSS) [78] were
considered. Notice that the use of different PDFs does
not make any relevant difference; therefore, in the follow-
ing, we will consider only the GRV98 set.

The main features of the parametrizations adopted in
those studies are the following: the analysis of SIDIS data
is performed at leading order, O(k | /Q), within the proven
TMD factorization approach for SIDIS, where Q is the
large scale in the process. A simple factorized form of the
TMD functions was adopted, using a Gaussian shape for
their k| dependent component. For the unpolarized parton
distribution and fragmentation functions we have

(k) = £
Farp k) = fgplx ,
a/p a/p 77<ki>
e PL/PD)
D : =D _,
h/q(Z pl) h/q(z) . pi)

)

where (k7) and (p3) have been fixed by analyzing the
Cahn effect in unpolarized SIDIS processes (see Ref. [79]):

(k) =0.25GeV?  (p])=020GeV>. (9
The recently introduced TMD evolution was not taken into
account, while we considered the DGLAP QCD evolution
of the collinear factorized part.

The Sivers functions, ANf o/ (x,k;), have been

parametrized as follows:

—kL /K

AVF i k) = 2N§(x>fq/p<x)h(meﬂ<7l>, (10)

where
(aq + lgq)(aq+ﬁq)

L . (1)
aqqﬁgq

N3(x) = Nix(1 — x)Pa

with [N3| = 1, and
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k
hk,) = 2e —Aj e kM (12)

With these choices, the Sivers functions automatically
fulfill their proper positivity bounds for any (x, k) values.
For the Q2 evolution of the Sivers function, as commented
above, we consider the unpolarized DGLAP evolution of
its collinear factor f,,,(x). Notice that in the SIDIS-1 fit we
actually exploited also a different (powerlike) functional
form for h(k,), still controlled by a single parameter,
leading to almost no differences in our results. In what
follows we will only use the functional form given in
Eq. (12).

To reduce the number of free parameters, some addi-
tional assumptions were adopted. Concerning the SIDIS-1
fit, we considered only u and d quark Sivers functions, with
flavor dependent o and 8 parameters. This amounts to a
total of 7 parameters:

Nw Ndr a,, &y, Bw Bdr M. (13)

In the SIDIS-2 fit, since we were aiming also at explain-
ing some large kaon SIDIS azimuthal asymmetries,
we tentatively included also the Sivers functions for anti-
quarks and strange quarks, ii, d, s and 5. To keep the
number of parameters under control we then assumed
flavor independent « and 8 parameters for the sea quarks
(@geqs Bsea)- Moreover, since the large x behavior of the
Sivers function could not, and still cannot, be constrained
by SIDIS data (see a more detailed comment below), we
also assumed a single flavor independent [ parameter,
equal for quarks and antiquarks. This amounts to a total
of 11 free parameters:

Nu’ Nd’ Nﬁr NJ’ Ns’ NE» ay, &g, Agen, B’ M. (14)

Notice that even with such a choice, our complete parame-
trization of the Sivers functions, Eq. (10), allows for further
differences among parton flavors, which are contained in
the usual unpolarized PDFs.

Both fits gave good results. Nevertheless it is worth
stressing the main differences in the two extractions, which
indeed play an important role in the present study. In fact, a
direct use of SIDIS-1 results in the computation of SSAs in
p'p — hX processes for RHIC kinematics, as presented in
Ref. [70], gave very encouraging results. Notice that at that
time the Collins effect was believed to be suppressed [74].
On the other hand, if we use the SIDIS-2 fit to compute the
same SSAs we would get too small Ay values, the reason
being the different 8 values coming from the two fits.

More generally, as discussed in the context of the Collins
SIDIS azimuthal asymmetries for the transversity distribu-
tions [71], a study of the statistical uncertainties of the best
fit parameters clearly shows that SIDIS data are not pres-
ently able to constrain the large x behavior of the quark
(u, d) Sivers distributions, leaving a large uncertainty in the
possible values of the parameter B. This is due to the
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limited range of Bjorken x values currently explored by
HERMES and COMPASS experiments, xz < 0.3. In this
respect the large xp results expected from JLab 12 GeV
experiments will be precious [80,81].

This uncertainty plays a crucial role when one tries to
study the SSAs in hadronic collisions starting from the
results obtained from SIDIS data, because the largest pion
SSAs are measured at large Feynman x values, xp = 0.3,
which implies x = 0.3.

To investigate the role of the Sivers effect in explaining
the large value of Ay in p'p collisions we should there-
fore carefully explore the large x behavior of the Sivers
functions. To this aim we follow the same strategy we have
devised in the recent study of the contribution of the
Collins effect to Ay, the so-called “‘scan procedure”
[71]. Here we summarize schematically its main steps
and motivations.

(i) The B, parameters, which control the large x
behavior of the TMDs and are largely undetermined
by SIDIS data, play instead an important role in the
computation of Ay, which is sizable mainly in the
large xr region. We can notice this explicitly by
comparing, as commented above, the different
implications on Ay of the SIDIS-1 and the SIDIS-2
fits. In our choice of the independent parameters it is
then natural to allow for a flavor dependence of S3,
limited, because of the relevance of the large x
region, to the valence quark contributions. More
explicitly, we only use the PDFs for u and d valence
quarks in the Sivers functions (10), and the contri-
bution of sea quarks and gluons is neglected in the
sum over partons in Eq. (6).

(i) We start the scan procedure by performing a prelimi-
nary 7-parameter [those of Eq. (13)] “reference fit”
to SIDIS data. This reference best fit will have a total
X* = x3. We then let the two parameters 3, and B,

vary, choosing them in the range 0.0-4.0 by discrete
steps of 0.5, and for each of the 81 pairs of fixed 8s
we perform a new 5-parameter fit to SIDIS data.

(iii) As a next step we select only those fits leading to a

X* such that y*> = x3 + A x2. Notice that, since the
reference fit and the scan fits have a different
number of free parameters, the selection criterion
is applied to the total y? rather than to the y? per
degree of freedom, x3 . The chosen value of A2
is the same as that used to generate the error band,
following the procedure described in Appendix A
of Ref. [24]. We find (for 217 data points) x3 =
270.51 and Ay? = 14.34. As expected from the
arguments given above, all 81 fits lead to accept-
able )(2 values for SIDIS data; this further confirms
the observation that the SIDIS data are not sensitive
to the large x behavior of the Sivers function.

(iv) We then compute, for each of the 81 selected
sets, the contribution of the Sivers effect to Ay,
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according to Egs. (4)—(6). We do that for pion and
kaon production in the kinematical regions of
the STAR and BRAHMS experiments at RHIC.
The corresponding results span the shaded areas
(scan band), which are shown in the figures of our
results. When compared with the experimental
available data, the scan bands show the potentiality
of the Sivers effect alone to account for the mea-
sured values of Ay in p'p — hX processes, while
preserving a fair description (quantified by A y?) of
the SIDIS data on the Sivers azimuthal asymmetry.

(v) We have considered in our scan procedure all
available SIDIS data [82,83], with the exception of
the recent ones by the COMPASS Collaboration off
a transversely polarized proton target [84]. As
shown in Refs. [16,17] the analysis of these data,
reaching higher Q? values, requires a careful use of
the proper TMD evolution, which is ignored here,
as a correct implementation of the TMD evolution
in p'p — hX large Py processes is so far unknown.
We have checked that the x3  of our fits would be
approximately (30-40)% worse for the SIDIS data
including the proton COMPASS results and no
TMD evolution.

(vi) We study the contribution of the Sivers effect to
the SSA Ay at RHIC energies only, although it
might contribute also to the (larger) SSAs measured
at lower energies [33—40]. The reason is that we
consider only the processes for which our GPM and
TMD factorization can reasonably well reproduce
the unpolarized cross section [70].

1. Results from the scan procedure

Some of our results for RHIC experiments are shown in
Figs. 1-4. We have computed Ay by adopting, as explained

0.2 T T T T T T
ot —a—
e
0.1p 1r i R
< L0 ==~~~ Ry RERREEEEE e~~~
01 1r R
0=2.3° 0=4.0°
02 0.2 0.3 0.4 01 0.2 0.3 0.4

FIG. 1 (color online). Scan band (i.e. the envelope of the 81
curves obtained with the scanning procedure) for the Sivers
contribution to the charged pion single spin asymmetries Ay,
at \/s = 200 GeV, as a function of x at two different scattering
angles, compared with the corresponding BRAHMS experimen-
tal data [44]. The shaded scan band is generated, adopting the
GRV9IS set of collinear PDFs and the Kretzer FFs, following the
procedure explained in the text.

PHYSICAL REVIEW D 88, 054023 (2013)

0-15 Ol T T T T T
T ——
o1} e p o
* .
PR I . :
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FIG. 2 (color online). Scan band (i.e. the envelope of the
81 curves obtained with the scanning procedure) for the Sivers
contribution to the neutral pion single spin asymmetry Ay, at
/5 =200 GeV, as a function of x; at two different pseudor-
apidity values, compared with the corresponding STAR experi-
mental data [45]. The shaded scan band is generated, adopting
the GRV98 set of collinear PDFs and the Kretzer FFs, following
the procedure explained in the text.

above, a single set of collinear parton distributions [77] and
two different sets for the pion and kaon collinear FFs
[76,78]; the results shown correspond to the Kretzer set.
Other results not shown are very similar and would not add
any significant information.

Let us start by considering the case of inclusive pion
production. This will also help a direct comparison with
the corresponding study on the potential role of the Collins
contribution to the same observable [71].

0.15

T[;O T T
01F 1+ ]
0.05F | S
[] [
O - == ] TR
0.05F 3 ]
XF = 028 XF = 037
- .'1 Il Il Il Il Il Il Il Il Il Il
0 15 2 25 3 35 15 2 25 3 35
P, (GeV) P, (GeV)
0-15 TC\O T
01F 1 ;
) + a ¥ +
005F , = 1 ;
n
0 e B e B
-0.05} I8 ]
Xg = 0.43 X = 0.50
- .1 Il Il Il Il Il Il Il Il Il Il
0 15 2 25 3 35 15 2 25 3 85
P; (GeV) P; (GeV)

FIG. 3 (color online). The same as in Fig. 2, but with the STAR
data plotted vs the pion transverse momentum, Py, for different
bins in xp, (xz) = 0.28, 0.37, 0.43 and 0.50.
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FIG. 4 (color online).
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Scan band (i.e. the envelope of the 81 curves obtained with the scanning procedure) for the

Sivers contribution to the neutral pion single spin asymmetry Ay, as a function of P; for different x; values at /s =
500 GeV, compared with the corresponding STAR preliminary experimental data at (xz) = 0.20, 0.28 [47]. The shaded
scan band is generated, adopting the GRV9S set of collinear PDFs and the Kretzer FF set, following the procedure explained

in the text.

In Fig. 1 the scan band for Ay, as a function of xp at
fixed scattering angles, is shown for charged pions and
BRAHMS kinematics, while in Fig. 2 the same result is
given, at fixed pseudorapidity values, for neutral pions and
STAR kinematics. We also give the scan band, as a func-
tion of Py at several fixed xy values, for STAR kinematics
in Fig. 3. All these results are given at \/s = 200 GeV. We
then consider the latest and interesting preliminary data
obtained by STAR at large P; and /s = 500 GeV [47],
and show our scan band in Fig. 4 for different values of xg.

From these results we can conclude that the Sivers effect
alone might in principle be able to explain the BRAHMS
charged pion results on Ay in the full kinematical range so
far explored, as well as almost the full amount of STAR 0
data on Ay. This is to be contrasted with the analogous
study of the Collins effect [71], with the conclusion that
such an effect alone cannot explain the observed values of
Ay in the medium-large x region.

This can be understood as follows. In the case of SSAs for
neutral pion production the Collins effect suffers from two
possible cancellations: the opposite sign between the u and d
quark transversity distributions and the opposite sign between
the favored and disfavored Collins FFs (necessary to build the
Collins FF for 7Y); instead, for the Sivers effect only a
cancellation between u and d flavors in the distribution sector
may play a role, as it couples to the unpolarized TMD-FF.

A further remark concerns the values of the 8 parame-
ters and the area spanned by the bands: the upper border-
lines of the scan bands for neutral and positively charged
pions correspond to the set of Sivers functions with 8, = 0
(up quark unsuppressed) and B8; = 4 (down quark strongly
suppressed), while the lower borderlines correspond to the
case where the values of B are interchanged. Notice that
larger values of B would not change this picture. For
negative pions the situation is just reversed since to get
the largest values, in size, of Ay (lower border) the down
quark should dominate (that is 8, = 0 and B, = 4).

The results obtained with a different choice of the
fragmentation functions (the DSS set) are qualitatively
very similar in the large xp regions. They are instead
smaller in size at smaller xj, due to the large gluon con-
tribution in the leading order (LO) DSS fragmentation
functions. They are not shown here.

The case of SSAs for kaon production would re-
quire a further study of the corresponding unpolarized
fragmentation functions, which represents an open issue
by itself and falls outside the purposes of this paper.
However, for completeness and a qualitative estimate, we
consider Ay for K= production as measured by the
BRAHMS Collaboration [44], with the kaon set of frag-
mentation function as given in Ref. [76]. Our results for the
scan band, compared with the data, are shown in Fig. 5.

The results in Figs. 1-5 show that the Sivers effect alone,
as computed in our GPM scheme, Eqgs. (4)-(6), and based

0.1 T T T T T T
K+D—I—¢ K' —0—
i
0.05 1r b
o ¥
< d i
O RN - o0O0000000a000000a000 SN N - O00000a00000a00a00000 NN
0=2.3

-0.05 1 1 1 1 1 1

FIG. 5 (color online). Scan band (i.e. the envelope of the 81
curves obtained with the scanning procedure) for the Sivers
contribution to the kaon single spin asymmetry Ay, as a function
of xg, at \/s = 200 GeV and a fixed scattering angle, compared
with the corresponding BRAHMS experimental data [44]. The
shaded scan band is generated, adopting the GRV98 set of
collinear PDFs and the Kretzer FF set, following the procedure
explained in the text.
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on the Sivers functions extracted from SIDIS data and
assumed to be universal, can be large enough to explain
alone the pion SSAs Ay observed at RHIC. One should not
forget that, indeed, the phenomenology of the Sivers effect
was originally generated in the attempt to explain the large
values of Ay observed by the E704 Collaboration [1,2,62].
However, the amount of uncertainty in the scan bands, due
to the lack of precise SIDIS data at large x, is still much too
large to draw any definite conclusions.

A full understanding of the SSAs in inclusive p'p — hX
processes should also take into account the contribution of
the Collins effect, which might be small, but not entirely
negligible. Rather than addressing the issue of a best fit of
SIDIS + Ay data with Collins and Sivers effects, which is
premature at this stage, we now adopt a more pragmatic
attitude. We wonder whether, among the 81 sets of parame-
ters that build up the possible results on Ay contained in the
scan bands, we can find some that give a good description
of all the data.

2. Results with a selected set of parameters
and its statistical uncertainty bands

Among the full set of curves produced by the scan
procedure, we have isolated the set leading to the best
description of Ay (actually one could find more than a
single set); we have then evaluated, as in Appendix A of
Ref. [24], the corresponding statistical error band. Our
results are presented in Figs. 6-9, respectively, for
BRAHMS 7~ data vs x; at fixed angles, for STAR 70
results vs xy at fixed pseudorapidities, for STAR 7° results
vs Py at different x values, and for BRAHMS K= data vs
xp at a fixed angle, all of them at /s = 200 GeV. The
corresponding values of the parameters are given in
Table I. From these results one can see that it is possible

0-2 + T T T T T T
UM stat. bands
T
01F AF .
o P L
<Z O b o e B I !! ,,,,,,,,,,,,,,,,,,,,,,,,,
-0.1F AF .
0=23 0=4.0
_02 | | | | | |
0.2 0.3 04 0.1 0.2 0.3 04
XF XF

FIG. 6 (color online). The Sivers contribution to the charged
pion single spin asymmetry A, compared with the correspond-
ing BRAHMS experimental data at two fixed scattering angles
and /s = 200 GeV [44]. The central lines are obtained adopting
the GRV98 set of collinear PDFs and the Kretzer FFs, with the
Sivers functions as in Egs. (10)—(12) with the parameters given
in Table I. The shaded statistical error bands are generated
applying the error estimate procedure described in
Appendix A of Ref. [24].
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015 T T T
stat. bands
0.1 - .
- 0.05
<
0
-0.05 r n=3.7 ]
0.2 0.4 0.6
Xg

FIG. 7 (color online). The Sivers contribution to the neutral
pion single spin asymmetry Ay, compared with the correspond-
ing STAR experimental data at two fixed pion rapidities and
/5 = 200 GeV [45]. The central lines are obtained adopting the
GRV98 set of collinear PDFs and the Kretzer FFs, with
the Sivers functions as in Eqgs. (10)—(12) with the parameters
given in Table I. The shaded statistical error bands are generated
applying the error estimate procedure described in Appendix A
of Ref. [24].

to find a set of Sivers functions for u# and d quarks that,
while describing well the SIDIS data, can also describe
fairly well, alone, the SSAs for pion production, as mea-
sured by both BRAHMS and STAR Collaborations at
200 GeV.

The preliminary STAR data at 500 GeV [47] deserve a
dedicated comment. Quite surprisingly, they show values

0.15

Ttlo T T T T T T T T T
01k 1 stat. bands
0.05 | 1k ]
z — * }
< — .
O L...m ] L J
-0.05F 1k ]
Xg = 0.28 Xg = 0.37
_01 1 1 1 1 1 1 1 1 1 1
15 2 25 3 35 15 2 25 3 35
P (GeV) Pt (GeV)
015 IO T T T T T T T T T
T ——
0.1F Ik ]
dewe b
0.05 \,.\* 1k ]
< -
o | b e .
stat. bands
-0.05 1k ]
Xg = 0.43 Xg = 0.50
01952 25 3 35 15 2 25 3 35
Pr (GeV) Pt (GeV)

FIG. 8 (color online). The same as in Fig. 7, but with the STAR
data plotted vs the pion transverse momentum, Py, for different
bins in xp, (xz) = 0.28, 0.37, 0.43 and 0.50.
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Xg Xg

FIG. 9 (color online). The Sivers contribution to the charged
kaon single spin asymmetry Ay, compared with the correspond-
ing BRAHMS experimental data at a fixed scattering angle and
/s = 200 GeV [44]. The central lines are obtained adopting the
GRV98 set of collinear PDFs and the Kretzer FFs, with the
Sivers functions as in Egs. (10)—(12) with the parameters given
in Table I. The shaded statistical error bands are generated
applying the error estimate procedure described in
Appendix A of Ref. [24].

of Ay of the order of a few percent, with a flat behavior as a
function of Py at fixed xp, up to Pr =7 GeV. Such a trend
is well reproduced by our set of chosen best parameters;
however, the computed magnitude of Ay is smaller than

0.1 T T T T T
gg m;:g 7= STAR preliminary
SIVERS effect xg=0.20 stat. band
- 0.05
<
0 L
2 3 4 5 6 7 8
P; (GeV)
01 e ‘ ‘
30 m;:d 7= STAR preliminary
SIVERS effect xg=0.28 stat. band
- 0.05
<

P; (GeV)

FIG. 10 (color online).
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data, as shown in Fig. 10, left plots. As the asymmetry is so
small, we have also computed the Collins contribution to
Ay, following Ref. [71]. It turns out that, for some sets of
the parameters, the Collins contribution has a similar trend
and magnitude as the Sivers one, as shown in Fig. 10, right
plots. Then, an appropriate sum of the two contributions,
according to Eq. (5), might well explain also this new
puzzling data.

Another cautious comment about the STAR data on Ay
at 500 GeV concerns the large value of their QCD scale,
Q? = P2. As we noticed for the COMPASS proton data, at
such values the TMD evolution might play an important
role. Our results should then be taken as an indication in
favor of a combined Collins + Sivers effect, rather than a
proof. Qualitatively, one expects from TMD evolution an
increase of the average <kﬁ_> value of the Sivers distribution,
which would help increase the corresponding value of Ay,.

B. SSAs for p'p — jet X and p'p — yX processes

In these processes no fragmentation mechanism is re-
quired, so that, within the GPM and the TMD factorization
approach, one can access directly the spin and k| proper-
ties of the partonic distributions. After integration over the
intrinsic azimuthal phases, only the Sivers effect survives,

0.1 T T T T T
:738 mﬁ:g 7= STAR preliminary
COLLINS effect  xg=0.20 stat. band
> 0.05
<
0 L
2 3 4 5 6 7 8
Pr (GeV)
0.1 T T
70 mrad s-me:

30 mrad - STAR preliminary

COLLINS effect  xg=0.28 stat. band

Left panels: the Sivers contribution to the 70 single spin asymmetry Ay vs the pion transverse momentum

P, for different bins in x, compared with the corresponding STAR preliminary data at /s = 500 GeV and (x;) = 0.20, 0.28
[47]. The central lines are obtained adopting the GRV98 set of collinear PDFs and the Kretzer FFs, with the Sivers functions as in
Egs. (10)—(12) with the parameters given in Table I. The shaded statistical error bands are generated applying the error estimate
procedure described in Appendix A of Ref. [24]. Right panels: the Collins contribution to the same Ay, computed according to
Ref. [71], choosing the Collins functions, among those of the scan band, which give the maximum contribution.
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0.05 T 0.1 T
7 stat. band stat. band  E—]
..... »... AyDY data
0.04 E
pp—jetX s =500 GeV n=3.25 0.08
0.03f

An
AN

0.02f g 0061 /
0.01} / i 0.04}
0 " " .

-0.01

pp—>yX Vs=200GeV n=35

20.02 . . . 0 . . .
0 0.2 0.4 0.6 0.2 0.4 0.6 0.8

Xg Xg

FIG. 11 (color online). Left panel: our estimate for the jet SSA Ay at /s = 500 GeV, as a function of x at fixed pseudorapidity
n = 3.25, compared with the AyDY data [48]. The central line is obtained adopting the GRV98 set of collinear PDFs, with the Sivers
functions as in Eqgs. (10)—(12) with the parameters given in Table 1. The shaded statistical error band is generated applying the error
estimate procedure described in Appendix A of Ref. [24]. Right panel: the same estimate as in the left panel for a direct photon, rather

than a jet, production at /s = 200 GeV and 5 = 3.5.

which is then best studied in these processes, as discussed,
e.g., in Refs. [65,85]. Notice that, for the same reasons, the
SSAs for inclusive jet or photon production can be used to
test the process dependence of the Sivers functions in a
modified generalized parton model with the inclusion of
initial and final state interactions [68,86] or within the
twist-3 approach [60].

! p—ijetX
[do’ — do' 3% =
Sivers 2
ahed 167°x,x,

The numerator of Ay for the inclusive jet production
can be obtained from Eq. (6) simply by replacing the
TMD fragmentation function, D /.(z, p,), with a factor
8(z—1)8%*(p,) (and identifying now the final hadron
momentum, pj,, with the jet momentum p. = pje).
More explicitly the numerator of Ay for inclusive jet
production reads

dx,d .
S [ k) Pk ,5G + i+ )
h)

1., N N
X AN it k1) €08 (Ba) o/ (o kip) LM + 1M1 + 1M ] e (15)

Notice that the elementary hard scattering interactions are
exactly the same as those for the inclusive hadron pro-
duction and the jet, at LO, is identified with the final
parton c.

Concerning the direct photon production the basic
partonic processes are the Compton process gq(g) —
v¢(g) and the annihilation process qg — 7yg. In this
case one can formally use the above equation replacing
the partonic unpolarized cross section, Eq. (7), with the
corresponding one for the process ab — yd (see also
Ref. [65]).

No SSA data are so far available for direct photon
production, while very recently some preliminary data
for inclusive jet production have been released by the
AnDY Collaboration at /s = 500 GeV [48]. The values
measured for Ay are very tiny, but very precise and might
indicate a nonzero asymmetry.

In the left plot of Fig. 11 we show our estimate, based on
the chosen best set parameters of Table I, for Ay(xy) in
p'p — jet X processes at a fixed pseudorapidity value and
/s =500 GeV, and compare it with the AyDY data [48].
In the right plot we give our corresponding estimates for

An(xp) in p'p — yX processes at a fixed pseudorapidity
value and /s = 200 GeV.

For consistency, in Fig. 12 we compare our
(leading order) computation of the cross section for jet
production as given by Eq. (15) where we replace the
factor ANf,, i cos (¢,) with f,/,, with the AyDY data at

/s = 510 GeV and fixed pseudorapidity n = 3.25.

TABLE I.  Our chosen set of seven parameters, Eq. (13), fixing
the u and d quark Sivers distribution functions, according to
Egs. (10)-(12). Among the 81 sets of the scan procedure, this set
gives the best description of the A data. The corresponding total
value of y? for the 217 SIDIS data points is 273.2, which is very
close to the best value X% = 270.5 of the reference set. The
statistical errors quoted for each free parameter correspond to the
shaded uncertainty areas in Figs. 6-9 and 11 and the left panels
of Fig. 10, as explained in the text and in the Appendix of
Ref. [24].

N, = 0.3573%
Ny = —1.00%924

M? = 0.447078 GeV?

a, = 0.0010:%¢ B. = 0.00
ay = 0247011 Ba = 1.00
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FIG. 12 (color online). Our computation of the unpolarized
cross section for jet production vs the jet energy, at /s =
510 GeV and fixed pseudorapidity n = 3.25, compared with
AyDY data [48].

III. CONCLUSIONS

The origin of the azimuthal asymmetries in SIDIS
processes is considered to be well understood and re-
lated to TMD-PDFs and TMD-FFs, via the QCD TMD
factorization scheme. Indeed, the measurement of such
asymmetries has been used to extract information on
the TMDs. A reasonable knowledge of the Sivers
TMD-PDF is by now available and confirmed by inde-
pendent groups [23-27]. However, because of the kine-
matical range of the data, this knowledge is limited to
the small x region, x < 0.3. The same TMD factorization
is expected to hold also in Drell-Yan and ete™ — h h X
processes.

The situation is not so clear concerning the oldest and
largest single spin asymmetries Ay measured in several
hadronic processes, in particular in p'p — hX. Because of
the presence of a single large scale—the P; of the final
hadron—one cannot extend to these processes the proof of
the QCD TMD factorization theorem, which requires the
presence of two separate scales, a large and a small one.
As explained in the Introduction, a twist-3 collinear and
factorized approach has been proposed [49-57], which
introduces new three-parton correlation functions, related
to the k| moment of the TMD-PDFs. However, it seems to
predict values of Ay opposite to the observed ones [59].
Thus, the true origin of the large values of Ay remains
obscure.

Among the first attempts to explain Ay [1,2,62-67], and
the unpolarized cross section [73], one should consider the
simple extension of the collinear QCD factorization to the
TMD case, the so-called GPM in which one assumes TMD
factorization and the universality of the TMF-PDFs and
TMD-FFs. Although such a factorization has not been
proven, it is worth exploring its phenomenological conse-
quences. In this paper we have studied, within the GPM,
the contribution of the Sivers effect to the single spin

PHYSICAL REVIEW D 88, 054023 (2013)

asymmetry Ay as measured by RHIC Collaboration
experiments. The Sivers functions are the same as those
that explain azimuthal asymmetries in SIDIS processes.
A similar analysis was performed in Ref. [71], concerning
the Collins effect.

Our results, limited to the contribution of the valence
quarks, to the SIDIS cases where the TMD evolution is not
expected to be relevant and to the pp — 7X large Pr
processes for which we can well reproduce the unpolarized
cross sections, are rather encouraging. For most pion data
the Sivers effect alone could explain the observed values of
Ay in magnitude and, in particular, in sign. This is in
contrast to other approaches, also related to the Sivers
effect, which seem to have severe problems [59,68] in
explaining the sign of the observed Ay.

We have performed our analysis by varying the parame-
ters of the Sivers functions that are not well fixed by the
SIDIS data, due to their limited kinematical range, obtain-
ing the so-called scan bands. In particular, we have let the
power (3 that fixes the large x behavior of the u and d quark
Sivers functions, (1 — x)#, vary between 0 and 4 in steps of
0.5. Thus, we have 81 different sets of Sivers functions;
each of them still fits well the SIDIS data. The bands,
which appear in Figs. 1-5, are the envelope of the 81
different curves, Ay(xp) and Ay(Py), obtained in our
GPM approach.

Then, among the explored sets of parameters, we have
chosen a particular one, which gives one of the best
descriptions of the Ay data. We have used such a set to
compute estimates for SSAsin p'p — jet X and p'p — yX
processes. Such measurements will further allow one to
discriminate between our approach and others. Predictions
for Ay in different processes and kinematical regions can
be easily obtained, if necessary.

While encouraged by the results of our analysis we
should avoid making definite conclusions at this stage.
This work shows that the GPM TMD factorization
scheme could explain at the same time the main features
of the SSAs measured in SIDIS and hadronic processes.
While such a scheme is well justified for SIDIS it can,
so far, only be considered as a phenomenological model
for hadronic processes, which needs further confirmation
or disproval from data and further theoretical work. Our
choice of the sets of parameters given in Table I is not
meant to be interpreted as the final best set of Sivers
functions. A full analysis, including TMD evolution, of
all data involving the Sivers effect—i.e. all the SSAs in
several different processes—would require much more
attention and work.
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