
Ⅱ-5. Hadron Physics (Theory)

- 106 -

RIKEN Accel. Prog. Rep. 47 (2014)

Twist-3 fragmentation and transverse single-spin asymmetries†

D. Pitonyak∗1

Transverse single-spin asymmetries (TSSAs) in in-
clusive hadron production (denoted by AN ) have been
the subject of intense study since the late 1970s. These
are defined as

AN =
dσ(�S⊥) − dσ(−�S⊥)

2 dσunp
, (1)

where dσ(�S⊥) (dσ(−�S⊥)) is the cross section with
transverse spin �S⊥ oriented “up” (“down”) and dσunp

is the unpolarized cross section. Experiments have
measured large effects for these observables (with the
most recent results from proton-proton collisions at
RHIC1–3)), which contradict the prediction of the näıve
collinear parton model4). However, a framework us-
ing twist-3 multi-parton correlators can potentially de-
scribe these large TSSAs5–7).

The assumption for many years was that the so-
called soft-gluon pole (SGP) piece dominates over
the other contributions7,8). This part involves the
non-perturbative twist-3 Qiu-Sterman (QS) function
TF (x, x)6,7), which was extracted several years ago8).
However, a later analysis revealed that this extraction
of TF (x, x) does not satisfy the model-independent re-
lation with the Sivers function extracted from semi-
inclusive deep-inelastic scattering (SIDIS) off a trans-
versely polarized proton: the two different extractions
disagree in sign9). This “sign mismatch” crisis has led
to a reexamination of whether the QS function is the
most significant part of TSSAs in inclusive hadron pro-
duction — see, e.g., the recent discussion10). The focus
has now shifted to whether a contribution involving
twist-3 fragmentation functions can resolve the “sign
mismatch” and provide the dominant effect.

The complete analytic result for the twist-3 frag-
mentation term in the single-spin dependent cross sec-
tion for p↑p → hX was given for the first time by the
present author and A. Metz11):
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See the paper11) for more details. In particular, Ap-
pendix A of the aforementioned reference contains the
hard scattering coefficients Si in (2).

The piece in (2) also involves two independent non-
perturbative functions: Ĥ(z) and Ĥ�

FU (z, z1). (The
function H(z) can be written in terms of the other
two.) In principle one has information on Ĥ(z)
through its relation to the Collins function in SIDIS.
One must then parameterize the unknown function
Ĥ�

FU (z, z1) and see if a fit to the data1–3) is possible.
We propose the following form for this (3-parton) frag-
mentation correlator that is consistent with its support
properties:

Ĥ�
FU (z, z1) = Nzα(z/z1)β(1 − z)δ(1 − z/z1)γ

×D1(z) D1(z/z1) , (3)

where D1 is the unpolarized fragmentation function.
We are in the process of carrying out a numerical study
of AN in p↑p → πX using (3). This will be an impor-
tant step towards solving an almost 40 year problem
of what causes large TSSAs in inclusive hadron pro-
duction from proton-proton collisions.
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Polarized fragmentation functions and electron-positron annihilation†

D. Pitonyak∗1

Electron-positron annihilation into (possibly polar-
ized) hadrons, where one or more hadrons are identi-
fied, gives one access to fragmentation functions (FFs),
which embody the process of a parton forming a
hadron, and they contain important information about
the strong interaction in the non-perturbative regime.
(These are analogous to parton distribution functions
(PDFs) that look at partons inside of hadrons.) Such
experiments have been run by both the Belle Collab-
oration at KEK in Japan and the BABAR Collabora-
tion at SLAC in the US. In order to have a complete
framework to analyze FFs in electron-positron annihi-
lation, one must write the cross section in a general
form involving structure functions, which can then be
calculated (for small transverse momentum of the ex-
changed boson) in terms of twist-2 transverse momen-
tum dependent (TMD) FFs. For the future Interna-
tional Linear Collider (ILC), it is also beneficial to have
complete results for polarized leptons including elec-
troweak effects. Given its similarity to Drell-Yan, one
should also be able to transcribe such results to that
reaction, which would be useful for double-polarized
Drell-Yan experiments at RHIC.

Here we extend earlier works1–5) in order to address
these issues. The cross section for the reaction e+e− →
hahb X is given by
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where one has leptonic tensors Lµν and hadronic ten-
sors Wµν for γ-exchange, Z-exchange, and their in-
terference. As the present author, M. Schlegel, and
A. Metz discuss in detail6), one can write down the
first term in (1) in terms of 72 structure functions us-
ing electromagnetic gauge invariance, hermiticity, and
parity (see Eq. (3.21) of 6)). The second and third
terms are more involved due to the fact that one no
longer has the parity constraint. Nevertheless, one can
calculate these terms (as well as the first) within the
parton model at twist-2. The result leads to 128 struc-
ture functions (see Eqs. (4.34), (4.35) and Appendix A
of 6)). Where relevant, we have checked our results
with those in1–4). Thus, we have for the first time a
complete framework for the study of TMD FFs within
e+e− → hahb X including electroweak terms and the
† Condensed from the article arXiv:1310.6240 [hep-ph] sub-
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polarization of all particles.
We also note that if we make the replacements

(4P 0
a P 0

b dσ/d3 �Pad3 �Pb)e+e− −→ (4l0l′ 0dσ/d3�l d3�l ′)DY ,
za (zb) → xa (xb), and Nc → 1/Nc, the structure func-
tions associated with unpolarized leptons for the pure
electromagnetic case are the same as those given in
Drell-Yan5) with the TMD PDFs replaced by their
TMD FF analogues. The only additional change one
must remember is that ha (hb) in the e+e− case has a
large minus- (plus-) component of momentum, whereas
for Drell-Yan one normally uses the reverse convention.
Along the same lines, one can easily transcribe the re-
sults in Appendix A of 6) to obtain the relevant ex-
pressions for Drell-Yan when one allows the qq̄ pair to
annihilate into a Z-boson. Thus, we have for the first
time full results for double-polarized Drell-Yan that
include electroweak effects, which would be needed if
such experiments were conducted at RHIC.

We would finally like to highlight a structure func-
tion that appears in 6) for first time:

Gcos 2φ,ew
UU =

∑
q

Fq−
5 (s)Cq

ew

[
w3 H⊥

1 H̄⊥
1

]
, (2)

where Fq−
5 (s) is a prefactor that is nonzero if Z-

exchange is included, Cq
ew[· · ·] is the convolution of a

weight w3 and the Collins function H⊥
1 . One could ac-

cess (2) at a future ILC and extract the Collins func-
tion. This result could then be checked against the
Collins function that has been obtained recently from
Belle and BABAR data7). Given that the ILC would
have around two orders of magnitude higher center-of-
mass energy than Belle and BABAR, such an analysis
would also be an important test of the TMD evolu-
tion formalism and its application to phenomenology,
which has been of recent interest.
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