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1. Introduction

Transverse single-spin asymmetries (TSSAs) (typically denoted Ay) are a spin phenomenon
that has been around for close to 40 years, first starting with measurements at Argonne National
Lab [1] and FermiLab [2] in the mid-1970s, FermiLab again in the early 1990s [3], and most re-
cently with AGS [4, 5] and RHIC [6, 7, 8, 9, 10, 11, 12, 13] at Brookhaven National Lab (BNL).
The large effects observed with these experiments have proven to be quite a challenge for pertur-
bative QCD (pQCD), which initially predicted extremely small TSSAs within the naive collinear
parton model [14]. However, in the 1980s it was shown that if one went beyond this model and
included collinear twist-3 (CT3) quark-gluon-quark correlations in the nucleon, substantial TSSAs
could be generated [15]. In the 1990s this CT3 approach was worked out in more detail for proton-
proton collisions, first for direct photon production [16, 17, 18] and then for pion production [19].
Over the last decade, several other analyses furthered the development of this formalism — see
[20, 21, 22, 23, 24, 25, 26, 27, 28, 29] and references therein. During the same time, another mech-
anism was also put forth to explain TSSAs in proton-proton collisions. This approach involves the
Sivers [30], Collins [31], and Boer-Mulders [32] transverse momentum dependent (TMD) func-
tions and became known as the Generalized Parton Model (GPM) — see [33, 34, 35, 36, 37] and
references therein. (We mention that, since most likely a rigorous factorization formula involving
TMD functions does not hold for single-inclusive processes (which have only one scale), the GPM
can only be considered a phenomenological model.) In Sec. 2 we look at the results from these
two formalisms, but focus mainly on those from the CT3 framework. In particular, we show how
the CT3 fragmentation mechanism can describe the most recent high transverse momentum RHIC
data on Ay in pT p — X very well both as a function of xr and of Pr. In addition, we demonstrate
that the so-called Qiu-Sterman function dominates Ay in p'p — yX and also allows one to test the
process dependence of the Sivers function and distinguish between the CT3 and GPM approaches.
Finally, we conclude and give an outlook in Sec. 3.

2. Phenomenological Results for A} and AK,

The causes of TSSAs in p!p — m X (denoted A}) can come from either the incoming protons
or the fragmenting pion, but neither of these effects can be disentangled from the other. For many
years within the CT3 framework it was assumed that quark-gluon-quark correlations within the
transversely polarized proton, embodied by the so-called Qiu-Sterman (QS) function 7r, were the
dominant source of A%, [19, 21]. However, a fit of the QS function to A} data led to a result that
was inconsistent with an extraction of a closely related function, the TMD Sivers function ILT’ from
semi-inclusive deep-inelastic scattering (SIDIS) data, and became known as the “sign mismatch”
crisis [38]. An attempt to resolve this issue through more flexible parameterizations of the Sivers
function proved unsuccessful [39], and, by looking at Ay data on the target TSSA in inclusive
DIS [40, 41], it was argued in fact that the QS function could not be the main cause of A} [42].
This led us recently to look at the impact of fragmentation effects from the outgoing pion [43]
based on the analytical calculation performed by two of the authors (A.M. and D.P.) [27], and we
refer the reader to those two papers for details on the phenomenological and theoretical analyses.
The results of the former are shown in Fig. 1 (for A}, vs. x¢) and Fig. 2 (for Ay vs. Pr). One
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Figure 1: Fit results for Aj’f,o (data from [6]) and Al’f,i (data from [8]). The dashed line (dotted line in the case
of 77) means I-AI?U switched off.
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Figure 2: Al’f,o as function of Py at v/S = 500GeV (data from [44]).

sees that we are able to describe all RHIC high transverse momentum A} data very well both as
a function of xg and of Pr. In particular, the dashed curves in Fig. 1 highlight the importance of
the quark-gluon-quark fragmentation correlator FI;’U, i.e., one does not find agreement with A%, if
A3, =0.

The GPM has also analyzed the contribution to A}, coming from the transversely polarized
proton through the Sivers effect [37] and from the outgoing pion through the Collins effect [36]
by using the associated TMD functions extracted from SIDIS and e*e~. While neither of these
sources alone seem to match all of the RHIC data, one may argue that their sum could give the
entire effect. However, keep in mind that in the GPM the Sivers effect has the same sign as the
data, while in the CT3 the Sivers-type (QS) piece, due to the sign mismatch, gives a contribution
that is opposite to the data (and in fact small in magnitude) if one uses the Sivers function from
SIDIS. We will see an immediate consequence of this observation when we now look at TSSAs in
p'p — yX (denoted A}\/,).

The direct photon TSSA has been investigated in Refs. [17, 21, 23, 45, 46, 47, 48, 49, 50, 51].
If one ignores fragmentation photons (as should be possible in experiments using isolation cuts),
then the only source of AK, comes from the side of the incoming protons. While one of these
pieces involves the (soft-gluon pole (SGP) chiral-even) QS function, there are also other contri-
butions, namely (i) soft-fermion pole (SFP) chiral-even quark-gluon-quark functions, (ii) SGP and
SFP quark-gluon-quark chiral-odd functions, and (iii) SGP tri-gluon functions. The work in [47]
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Figure 3: AK, vs. xp at v/S = 200GeV (left) and /S = 510GeV (right) for fixed n = 3.5. The thick band is
our estimate for the error in the asymmetry based on the uncertainty in the Sivers function.

already showed that (iii) is negligible. In [51] we analyzed numerically (i) and (ii) in order to de-
termine what is the dominant source of A,’(,, and we refer the reader to that paper for details on the
phenomenology. The results of this study are shown in Fig. 3 for typical RHIC kinematics. One
sees that the total asymmetry (solid line) is solely due to the (SGP chiral-even) QS function (dashed
line), where we have taken the Sivers function from SIDIS as our input.

Thus, from this observable one should be able to cleanly extract the QS function in order to
see if it is consistent with the Sivers effect in SIDIS. Also, since we take the Sivers function from
SIDIS as our input for the QS function, a clear negative signal would be a strong indication of the
process dependence of the Sivers function [52], which is an important prediction from our current
understanding of TMDs. In other words, a clear positive AK, would be equivalent to not seeing a
change in sign in the Sivers effect when going from SIDIS to Drell-Yan. In addition, the GPM
has also been used to investigate AK,, in particular the piece that comes from the Sivers function,
and found that the asymmetry is positive and on the order of 5-7% [37]. Thus, a clear signal
from PHENIX and/or STAR, who are currently measuring A}\/, [53, 54, 55], would allow one to
distinguish between CT3 and GPM.

3. Summary and Outlook

Transverse single-spin asymmetries continue to be a spin phenomenon whose cause is still not
fully understood. Two main frameworks have been used to analyze Ay: collinear twist-3 factoriza-
tion and Generalized Parton Model. We have demonstrated that the CT3 fragmentation mechanism
could be the main source of AY,. Through this explanation, one is able to resolve the so-called “sign
mismatch” between the Qiu-Sterman function and the Sivers function as well as maintain con-
sistency between the spin/azimuthal asymmetries in pp collisions and those in SIDIS and e*e™.
Within the GPM, A, could be explained as the sum of the Sivers effect and Collins effect. How-
ever, the sign of the former agrees with the data, which is opposite to what one finds in the CT3
formalism. An immediate consequence is that the two approaches predict opposite signs for AK,.
This observable, which PHENIX and STAR are currently measuring, could be a rich source of
information, as not only could one distinguish between the CT3 and GPM but also test the process
dependence of the Sivers function and cleanly extract the QS function. More experimental and
theoretical work must be done in order to understand this truly fundamental observable of TSSAs.
For example, one can look at A%, in lepton-nucleon collisions at HERMES, JLab, COMPASS, and
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a future Electron-Ion Collider [56, 57, 58, 59] or in high luminosity proton-proton collisions at the
proposed AFTER @LHC experiment [60, 61].
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