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In this letter, we show that it is necessary to include the full treatment of QCD evolution of
Transverse Momentum Dependent parton densities to explain discrepancies between HERMES data
and recent COMPASS data on a proton target for the Sivers transverse single spin asymmetry in
Semi-Inclusive Deep Inelastic Scattering (SIDIS). Calculations based on existing fits to TMDs in
SIDIS, and including evolution within the Collins-Soper-Sterman with properly defined TMD PDFs
are shown to provide a good explanation for the discrepancy. The non-perturbative input needed
for the implementation of evolution is taken from earlier analyses of unpolarized Drell-Yan (DY)
scattering at high energy. Its success in describing the Sivers function in SIDIS data at much
lower energies is strong evidence in support of the unifying aspect of the QCD TMD-factorization
formalism.

Conventional collinear perturbative QCD (pQCD),
when applied within its range of applicability, has proven
highly successful over the last three decades. Along the
way, it has illustrated the importance of evolution in re-
lating physical observables to the underlying fundamen-
tal quark-gluon QCD degrees of freedom. The classic ap-
plications of pQCD require parametrizations of collinear
parton distribution functions (PDFs), wherein all intrin-
sic transverse motion of the confined partons is neglected
inside the hard part of the collision. The PDFs con-
tain information about the non-perturbative structure of
the proton, and have clear operator definitions with well-
understood scale dependence (QCD evolution).

The next step in the development of perturbative
QCD is to achieve a similarly successful perturbative
QCD factorization treatment that takes into account the
emerging picture of the hadron as a three-dimensional
dynamical object composed of partons with their own
intrinsic motion. The details of hadron structure are
probed by new observables which are not well-handled
by standard collinear factorization. Namely, one is con-
fronted with concepts like the transverse momentum de-
pendent parton distributions (TMD PDFs), which, like
their collinear counterparts, describe the intrinsic non-
perturbative properties of the initial state hadron, but
also account for the intrinsic transverse momentum of
the bound state quarks.

Several existing experimental facilities, including
HERMES (DESY), COMPASS (CERN) and JLab, are
dedicated to the exploration of these distributions. Mor-
ever, the future 12 GeV JLab upgrade and a planned
Electron Ion Collider (EIC) will greatly expand knowl-
edge of hadron structure. Ideal observables for accessing
TMD effects are the Transverse Single Spin Asymmetries
(TSSAs). A particularly interesting TMD PDF that is
probed by TSSAs is the Sivers function, which will be the
topic of this article. The interpretation of the Sivers func-

tion is that it is the probability density for finding a par-
ton with a given transverse and longitudinal momentum
inside a transversely polarized hadron (usually proton)
target. That it arrises at leading power in pQCD is due
related to the time reversal and parity invariance prop-
erties of QCD. In polarized SIDIS, it gives a sin(φh−φS)
azimuthal modulation in the differential cross section, φS

and φh being the azimuthal angles of the initial trans-
verse hadron spin and the final state hadron transverse
momentum respectively.

Like the collinear PDFs, TMD PDFs also evolve with
scale, and to properly account for this it is imperative
to use a complete factorization treatment that incor-
porates TMD PDFs. The original treatment of TMD-
factorization was developed by Collins, Soper, and Ster-
man [1] in the context of e+e−-annihilation to back-to-
back jets and the unpolarized Drell-Yan process. These
treatments were later extended by Ji, Ma and Yuan to
semi-inclusive deep inelastic scattering in Ref. [2], and
to include polarization in Ref. [3]. The treatment of
Collins-Soper evolution was extended to the spin de-
pendent case by Idilbi et al in Ref. [4]. However, a
totally satisfactory treatment of TMD-factorization re-
mained rather incomplete for some time because of a
lack of well-defined definitions for the TMD PDFs and
FFs themselves [5]. The most commonly quoted defini-
tions suffer from spurious, unphysical divergences, and
it was unclear which objects were to be parametrized by
experiments and treated as universal in the sense of a
factorization theorem. Recently, however, a much more
complete TMD-factorization derivation in terms of well-
defined TMDs with individual evolution properties was
presented by Collins in Ref. [6]. In Refs. [7, 8] it was
further illustrated how to use this formalism to obtain
evolved TMDs from existing fits for unpolarized TMDs
and Sivers function.

A pressing phenomenological challenge is to obtain
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proper extractions of TMDs like the Sivers function,
such that very different experimental results can be com-
pared in a meaningful way. Existing extractions of the

Sivers function using the TSSA, A
sin(φh−φS)
UT , for the

Sivers effect have been performed using experimental
data at fixed scales utilizing Generalized Parton Model
concepts [9–14]. These fixed scale extractions provide
interesting information about TMD effects at the fixed
scales where they are performed; however, without a re-
liable way to evolve them to different scales, their predic-
tive power remains limited.

The purpose of this letter is to show that a proper
treatment of QCD evolution, using the results of [6–8],
is needed to explain an observed discrepancy between
HERMES and recent COMPASS SIDIS data, and thus to
demonstrate explicitly that the universality of the TMD
PDFs can be dramatically extended by the inclusion of
correct evolution.

Definitions and Notation: The differential cross
section for SIDIS, l(l) + N(P, S) → l(l′) + h(Ph) + X
is [15–17]

dσ

dxdydzdφhdφSPh⊥dPh⊥
=

α2y

4zQ4
Lµν2MWµν (1)

where Ph⊥ is the transverse momentum of the final state
hadron h, and where we utilize the standard kinematical
variables: q2 = −Q2, x = Q2/2P · q, y = P · q/P · l,z =
P · Ph/P · q. The TMD-factorization formula for SIDIS
in terms of well-defined TMD PDFs is [6]

Wµν =
∑

f

|Hf (Q2, µ)|µν

×

∫

d2pT d2KT δ(2)(zpT + KT − P h⊥)

× Ff/P↑(x, zpT , S; µ, ζF )Dh/f (z, KT ; µ, ζD)

+ Y (Ph⊥, Q) + O(ΛQCD/Q) , (2)

where all non-perturbative information is encoded in
the TMD PDF Ff/P↑ and the TMD FF Dh/f while
|Hf (Q2, µ)|µν is a perturbatevely computable hard func-
tion and the Y (Ph⊥, Q)-term gives the correct treatment
of the cross section high Ph⊥ ∼ Q in terms of collinear
factorization. As usual, the renormalization scale is set to
µ = Q. The parameters ζF , ζD, which are related to the
regularization of rapidity divergences, obey ζF ζD ∼ Q4.

Sivers asymmetry is defined in the following way:

A
sin(φh−φs)
UT =

∫

dφhdφs2 sin(φh − φs)(σ(φs) − σ(φs + π))
∫

dφhdφs(σ(φs) + σ(φs + π))
(3)

In terms of the structure functions, FUU,T and

F
sin(φh−φs)
UT,T , the Sivers asymmetry is [17]

A
sin(φh−φs)
UT (x, z, Ph⊥, y) =

A × F
sin(φh−φs)
UT,T (x, z, Ph⊥, y)

A × FUU,T (x, z, Ph⊥, y)
,

(4)

where A = (1 + (1 − y)2)/Q4 neglecting mass of the pro-
ton.

TMD-factorization formulas for the Sivers effect and
the unpolarized structure function are given in Ref. [18]

F
sin(φh−φs)
UT,T (x, z, Ph⊥, y) =

x

MP

∑

q

e2
q

∫

dbT

2π
bT J1(bT Ph⊥)

× F̃ ′ q⊥
1T (x, zbT ; Q, Q2)D̃q(z, bT ; Q, Q2), (5)

and

FUU,T (x, z, Ph⊥, y) = x
∑

q

e2
q

∫

dbT

2π
bT J0(bT Ph⊥)

× F̃1q(x, zbT ; Q, Q2)D̃q(z, bT ; Q, Q2) . (6)

As explained in Ref. [7], general solutions to the evolution
equations in coordinate space are expressible in terms of
non-perturbative functions to be fitted to data as,

F̃ ′ ⊥ f
1T (x, bT ; Q, ζF ) = F̃ ′ ⊥ f

1T (x, bT ; Q0, Q
2
0)

× exp

{

ln
Q

Q0
K̃(b∗; µb) +

∫ Q

Q0

dµ′

µ′

[

γF (g(µ′); 1)

− ln
Q

µ′
γK(g(µ′))

]

+

∫ µb

Q0

dµ′

µ′
ln

Q

Q0
γK(g(µ′)) − gK(bT ) ln

Q

Q0

}

. (7)

Note that it is the derivative F̃ ′q⊥
1T (x, bT ; Q, ζ) of the

QCD evolved coordinate-space Sivers function with re-
spect to bT that appears in the Eq. (7) for the evolved
Sivers function. Exactly analogous formulas hold for the
unpolarized TMD PDFs and FFs. γK and γF are per-
turbatively calculable anomalous dimentions, K̃(b∗; µb)
is the perturbatively calculable Collins-Soper kernel writ-
ten in terms of b∗ which is the prescription [1] we choose
to match perturbative and non-perturbative regions.

b∗ =
bT

√

1 + b2
T /b2

max

, µb =
C1

b∗
. (8)

The non-perturbative, scale independent function gK(bT )
describes the behavior of K̃(bT ; µb) in the non perturba-
tive region at large bT .

For this article we assume that Q is low enough that
we can neglect the Y -terms. Furthermore, in what fol-
lows we will use a Gaussian ansatz to parametrize the in-
put distribution F̃ ′ ⊥ f

1T (x, bT ; Q0, Q
2
0), though this means

that we are neglecting the region at larger Ph⊥ ≫ ΛQCD

where the TMD PDF can be expressed in terms of or-
dinary collinear functions with perturbative coefficient
functions. In Ref.[7] it was shown that a Gaussian ansatz
provides a reasonable description of the evolved Sivers
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FIG. 1: Comparison between HERMES [19] and COMPASS data [20] for Eq. (4) with a proton target. The solid lines are the
theoretical curves obtained from (a) a naive implementation of DGLAP evolution and (b) using the full evolution of Ref. [8]

function for the region of transverse momentum and av-
erage hard scale we are interested in. A number of groups
have parametrized the polarized and unpolarized TMD
PDFs and FFs within specific experiments at fixed scales
in terms of simple these Gaussian fits [9, 11–14], and
these should be used as the input functions for the evolu-
tion. In this paper we will use the latest parametrization
of Ref. [14] that uses the most recent data on Sivers asym-
metry from HERMES on proton target [19] and COM-
PASS on deuterium target [21].

Analysis and Discussion: New data for

A
sin(φh−φs)
UT (x, z, Ph⊥, y) from COMPASS on a pro-

ton target [20] at average hard scale 〈Q2〉COMPASS ≃ 3.6
GeV2 exhibit deviations from results obtained at the
HERMES experiment [19]. This is shown in the plots
in Fig. 1. As input distributions, we use the Gaussian
parametrizations of the Torino group [14], relevant for
low 〈Q2〉Hermes = 2.4 GeV2, typical for the HERMES
experiment. The analysis of Ref. [14] also utilizes data
from the COMPASS experiment which is only partially
overlapping with HERMES data [19] in terms of Q2.
The previous analysis was done at leading order in
QCD, neglecting QCD evolution of the TMDs, which
was not available at that time. However, the fact that
COMPASS data [21] were taken on a deuterium target
and that there were strong cancelations between the up
and down Sivers functions, it was possible to use both
data sets from COMPASS [21] and HERMES [19].

The x dependent asymmetry is not ideal to use for
the comparison since there are strong correlations be-
tween x and Q2. (Recall that Q2 ≃ xys.) However, z or
Ph⊥ dependent asymmetries are measured at almost the
same hard scales, namely 〈Q2〉Hermes ≃ 2.4 GeV2 and
〈Q2〉COMPASS ≃ 3.6 GeV2. We therefore focus on the
Sivers asymmetry as a function of z.

In absence of correct treatment of QCD evolution in
TMD case a common approach to including evolution in
the Sivers function was to directly apply the Dokshitzer-

Gribov-Lipatov-Alterelli-Parisi (DGLAP) evolution for
collinear functions to the TMD case [11, 13, 14] or com-
pletely neglecting effects of evolution [9, 12]. Such meth-
ods have frequently been applied in the past in the ab-
sence of a fully developed TMD-factorization treatment
with well-defined TMDs [9–14] and are justified for ex-
tractions performed at a fixed scale. As shown by the
solid lines in Fig. 1(a), using DGLAP evolution dramat-
ically fails to describe the evolution from the HERMES
data and the more recent COMPASS data.

In Fig. 1(b) we show the comparison using properly
evolved TMDs from of the full TMD-factorization ap-
proach as expressed in Eq. (7), where evolution effects
comes from the terms in the exponential. For gK we
use the functional form gK = 1

2g2b
2
T with g2 = 0.68

GeV2 due to Ref. [22], which was obtained by fits per-
formed using Tevatron Drell-Yan data. In Eq. (7) we use
C1 = 1.123 and bmax = 0.5 GeV−1. All anomalous di-
mensions and K̃ are calculated to lowest non-vanishing
order as in Refs. [6, 7].

In Fig. 1(b) we plot the asymmetry given in Eq. (4)
as a function of z, integrated over x, y and PT according
to the experimental cuts of HERMES and COMPASS.
Note that including QCD evolution leads to excellent
consistency between the HERMES and COMPASS data.
A critical observation is that the information about the
non-perturbative evolution contained in gK came from
the measurement of a totally different observable, at a
much higher energy scale [22] (unpolarized Drell-Yan
scattering at Tevatron energies). That the same gK suc-
cessfully describes the Q dependence of the TSSA at
HERMES and COMPASS provides important evidence
for the universality property of gK that is a prediction of
the TMD-factorization derivation.

It is also important to investigate how TSSAs depend
on the hard scale Q. This is only possible if one cor-
rectly accounts for QCD evolution for the TMD correla-
tion functions. To this end we show in Fig. 2 how Sivers
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FIG. 2: Sivers evolution in Q2 for the kinematics of COM-
PASS experiment.

TSSA depends on Q2 for the case of the COMPASS ex-
periment. It is interesting to note the following: even
though Refs. [7, 8] report a strong suppression of the
unpolarized TMDs and the Sivers function itself with in-
creasing Q2, the TSSA which is a ratio of cross sections
is not heavily suppressed. However, the QCD evolution
effects are still not negligible and therefore they must be
correctly accounted for in future phenomenological ex-
tractions.

There are a number of future experiments which will be
performed to better understand the structure of hadrons
through TMDs and GPDs. The future EIC, 12 GeV up-
grade of the JLab accelerator and the future RHIC Drell-
Yan program are only a few examples. The theoretical
aim is not only to explain the outcomes of these experi-
ments but also to make actual QCD predictions that can
be tested. TMD factorization theorems and QCD evo-
lution for TMDs are absolutely necessary ingredients to
make such predictions.

In this letter we have used QCD evolved unpolar-
ized and polarized TMD correlation functions to ex-
plain an evident discrepancy between latest HERMES
and COMPASS data on Sivers TSSA in SIDIS with a
transversely polarized proton target. The fact that we
have used two completely different sources of input for
the non-perturbative and perturbative evolution factors
is a strong indication of the validity of the predictions
of TMD factorization. We have also predicted how the
Sivers TSSA for the COMPASS experiment depends on
the hard scale. Our results demonstrate the importance
of including QCD evolution for TMDs if one wants to
correctly interpret and explain existing data and make
QCD predictions.

It is in our future prospects to investigate the Sivers
TSSA for the Drell-Yan process, perform global fits in-
cluding full NLO TMDs with coefficient functions incor-
porated, and investigate other asymmetries related to

the Boer-Mulders, transversity and Collins fragmenta-
tion unctions. For the global fits it is also crucial to
calculate the so called Y terms that match the TMD-
factorization formalism with the collinear factorization
formalism for the small bT region.

M. Aybat and T. Rogers thank Jefferson Lab for hos-
pitality. Authored by a Jefferson Science Associate, LLC
under U.S. DOE Contract No. DE-AC05-06OR23177.
T. Rogers was supported by the National Science Foun-
dation, grant PHY-0969739. M. Aybat acknowledges
support from the research program of the “Stichting voor
Fundamenteel Onderzoek der Materie (FOM)”, which is
financially supported by the “Nederlandse Organisatie
voor Wetenschappelijk Onderzoek (NWO)”.

[1] J. C. Collins, D. E. Soper, and G. F. Sterman, Nucl.
Phys. B250, 199 (1985).

[2] X.-d. Ji, J.-p. Ma, and F. Yuan, Phys. Rev. D71, 034005
(2005), hep-ph/0404183.

[3] X.-d. Ji, J.-P. Ma, and F. Yuan, Phys. Lett. B597, 299
(2004), hep-ph/0405085.

[4] A. Idilbi, X.-d. Ji, J.-P. Ma, and F. Yuan, Phys. Rev.
D70, 074021 (2004), hep-ph/0406302.

[5] J. C. Collins, Acta Phys. Polon. B34, 3103 (2003), hep-
ph/0304122.

[6] J. C. Collins, Foundations of Perturbative QCD (Cam-
bridge University Press, Cambridge, 2011).

[7] S. M. Aybat and T. C. Rogers, Phys. Rev. D83, 114042
(2011), 1101.5057.

[8] S. M. Aybat, J. C. Collins, J.-W. Qiu, and T. C. Rogers
(2011), 1110.6428.

[9] A. V. Efremov, K. Goeke, S. Menzel, A. Metz, and
P. Schweitzer, Phys. Lett. B612, 233 (2005), hep-
ph/0412353.

[10] W. Vogelsang and F. Yuan, Phys. Rev. D72, 054028
(2005).

[11] M. Anselmino et al., Phys. Rev. D71, 074006 (2005),
hep-ph/0501196.

[12] S. Arnold, A. V. Efremov, K. Goeke, M. Schlegel, and
P. Schweitzer (2008), 0805.2137.

[13] M. Anselmino et al., Eur. Phys. J. A39, 89 (2009),
0805.2677.

[14] M. Anselmino et al. (2011), 1107.4446.
[15] P. J. Mulders and R. D. Tangerman, Nucl. Phys. B461,

197 (1996), hep-ph/9510301.
[16] M. Diehl and S. Sapeta, Eur. Phys. J. C41, 515 (2005),

hep-ph/0503023.
[17] A. Bacchetta et al., JHEP 02, 093 (2007), hep-

ph/0611265.
[18] D. Boer, L. Gamberg, B. Musch, and A. Prokudin (2011),

1107.5294.
[19] A. Airapetian et al. (HERMES) (2009), 0906.3918.
[20] F. Bradamante (COMPASS) (2011), 1111.0869.
[21] M. Alekseev et al. (COMPASS), Phys. Lett. B673, 127

(2009), 0802.2160.
[22] F. Landry, R. Brock, P. M. Nadolsky, and C. P. Yuan,

Phys. Rev. D67, 073016 (2003), hep-ph/0212159.


