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We analyze the cause of transverse single-spin asymmetries (TSSAs) in pion and direct photon
production from proton-proton (pp) collisions. Two main approaches are used to describe these
observables: collinear twist-3 (CT3) factorization and the Generalized Parton Model (GPM). We
argue that within the CT3 framework, the fragmentation term can describe very well TSSAs in
high transverse momentum charged and neutral pion production in pp collisions at the Relativis-
tic Heavy Ion Collider (RHIC). In addition, TSSAs in direct photon production can be a rich
source of information; namely, one can cleanly access the Qiu-Sterman function, test the process
dependence of the Sivers function, and distinguish between the CT3 and GPM formalisms.
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1. Introduction

Transverse single-spin asymmetries (TSSAs) (typically denoted AN) have been around for close
to 40 years [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13], with measurements performed at Argonne
National Lab, FermiLab, AGS, and RHIC. Large effects were found in these experiments that
initially contradicted the predictions of perturbative QCD (pQCD) in the 1970s, which stated within
the naïve collinear parton model that TSSAs should be extremely small [14]. However, it was
determined in the 1980s that this model was not sufficient to generate large effects; rather, one must
include collinear twist-3 (CT3) quark-gluon-quark correlations in the nucleon [15]. In the 1990s
this CT3 approach was worked out in more detail for proton-proton collisions [16, 17, 18, 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. Nevertheless, also in the 1990s it was put
forth that these TSSAs had another origin due to the transverse momentum dependence of partons
— see [30, 31, 32, 33, 34] and references therein. This approach, called the Generalized Parton
Model (GPM), involves the Sivers [35], Collins [36], and Boer-Mulders [37] TMD functions. (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 focus on the results from the CT3 framework and briefly
mention those of the GPM. In particular, we show how the CT3 fragmentation mechanism can give
a very good description of all high transverse momentum RHIC data on AN in p↑p→ π X both as a
function of xF and of PT . In addition, we analyze all quark-gluon-quark pieces of AN in p↑p→ γ X
and conclude that the Qiu-Sterman function dominates the asymmetry. We also demonstrate how
this observable allows one to test the process dependence of the Sivers function and distinguish
between the CT3 and GPM approaches. Finally, we summarize and give an outlook in Sec. 3.

2. Phenomenological Results for Aπ
N and Aγ

N

One of the main issues with TSSAs in p↑p→ π X (denoted Aπ
N), or any single-inclusive process,

is that one cannot disentangle distribution effects (i.e., those due to the incoming protons) from
fragmentation effects (i.e., those due to the outgoing pion). For many years within the CT3 frame-
work it was assumed that the Qiu-Sterman (QS) function TF , which is a certain quark-gluon-quark
correlator associated with the transversely polarized proton that has a model independent relation
to the the TMD Sivers function f⊥1T , was the dominant source of Aπ

N [19, 21]. However, a fit of
the QS function to Aπ

N data led to a result that was inconsistent with an extraction of f⊥1T from
semi-inclusive deep-inelastic scattering (SIDIS) data. This became known as the “sign mismatch”
crisis [38]. It was found that more flexible parameterizations of the Sivers function could not re-
solve the issue [39], which caused speculation that TF might not be the main cause of Aπ

N . In fact,
by looking at AN data on the target TSSA in inclusive DIS [40, 41], the authors of Ref. [42] argued
that the QS function could not be the dominant source of Aπ

N . Rather, fragmentation effects from
the outgoing pion, first completely calculated by two of the authors (A.M. and D.P.) [27], have the
potential to lead to large Aπ

N , as we first showed in Ref. [43]. We refer the reader to those two papers
for details on the theoretical and phenomenological analyses. The results of the latter are shown in
Fig. 1 (for Aπ

N vs. xF ) and Fig. 2 (for Aπ
N vs. PT ). One sees that we are able to describe all RHIC
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Figure 1: Fit results for Aπ0

N (data from [6]) and Aπ±
N (data from [8]). The dashed line (dotted line in the case

of π−) means Ĥℑ

FU switched off.
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Figure 2: Aπ0

N as function of PT at
√

S = 500GeV (data from [44]).

high transverse momentum Aπ
N data very well both as a function of xF and of PT . In particular, the

dashed curves in Fig. 1 highlight the importance of the quark-gluon-quark fragmentation correlator
Ĥℑ

FU , i.e., one does not find agreement with Aπ
N if Ĥℑ

FU = 0.
In the GPM, the part of Aπ

N coming from the transversely polarized proton enters through the
Sivers function, while the piece of the asymmetry coming from the outgoing pion enters through
the Collins function. Both of these effects have been analyzed recently [33, 34] by using the 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, this only
occurs because in the GPM the Sivers effect has the same sign as the data.1 This leads to a distinct
difference between the GPM and CT3 formalisms in their predictions for the TSSA in p↑p→ γ X
(see below).

The direct photon TSSA (denoted Aγ

N) has been investigated in Refs. [17, 21, 23, 45, 46, 47, 48,
49, 50, 51]. There are a few pieces of Aγ

N that enter from the side of the incoming protons2: (1) the
(soft-gluon pole (SGP) chiral-even) QS function, (2) soft-fermion pole (SFP) chiral-even quark-
gluon-quark functions, (3) SGP and SFP quark-gluon-quark chiral-odd functions, and (4) SGP

1In the CT3 framework 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.

2We will ignore the effects coming from fragmentation photons, which can be largely suppressed in experiments
using isolation cuts.
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Figure 3: Aγ

N vs. xF at
√

S = 200GeV (left) and
√

S = 510GeV (right) for fixed η = 3.5. The thick band is
our estimate for the error in the asymmetry based on the uncertainty in the Sivers function.

tri-gluon functions. The work in [47] already showed that (4) is negligible. The natural assumption
has been that (1) is dominant, but there is no reason a priori that (2), (3) cannot give a large
asymmetry. Therefore, in [51] we analyzed numerically (1), (2), (3) in order to determine what
is the main source of Aγ

N , 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 for this
observable 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.

PHENIX and STAR are currently measuring Aγ

N [52, 53, 54], and a clear signal of a nonzero
asymmetry from their experiments would provide a rich source of information. First, because the
QS function dominates Aγ

N , one should be able to cleanly extract this correlator in order to see if
it is consistent with the Sivers effect in SIDIS. Second, because we take the Sivers function from
SIDIS as our input for the QS function, one can learn about the process dependence of the Sivers
function [55], which is an important prediction from our current understanding of TMDs. That is,
a clear negative signal would be a strong indication of process dependence, while a clear positive
Aγ

N would be equivalent to not seeing a change in sign in the Sivers effect when going from SIDIS
to Drell-Yan (i.e., the Sivers function is universal in a strict sense). Finally, the GPM has also been
used to investigate Aγ

N , in particular the piece that comes from the Sivers function, and found that
the asymmetry is positive and on the order of 5-7% [34]. Thus, a clear signal from PHENIX and/or
STAR would allow one to distinguish between CT3 and GPM.

3. Summary and Outlook

Transverse single-spin asymmetries in single-particle production have been around for close
to 40 years, yet their origin still remains unclear. Within perturbative QCD, two frameworks have
been at the forefront to analyze AN : collinear twist-3 factorization and the Generalized Parton
Model. The former had been plagued in the past by the so-called “sign mismatch” crisis. However,
we have recently demonstrated that the CT3 fragmentation mechanism could be the main source
of Aπ

N , which also resolves this issue. Moreover, our analysis maintains consistency between the
spin/azimuthal asymmetries in pp collisions and those in SIDIS and e+e−. Within the GPM, Aπ

N
cannot be accounted for by either the Sivers effect or Collins effect alone, but rather needs the sum
of the two sources. However, the sign of the former agrees with the data, which is opposite to what
one finds in the CT3 formalism. This leads immediately to the two approaches giving opposite
predictions for Aγ

N . This observable, which PHENIX and STAR are currently measuring, can yield
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quite useful information. 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. The spin
community must continue to work towards an explanation of TSSAs both on the experimental and
theoretical/phenomenological sides. For example, one can look at Aπ

N in lepton-nucleon collisions
at HERMES, JLab, COMPASS, and 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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