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Abstract We propose low-virtuality leptoproduction of open-charm, p↑l → D0 + X , as a probe of the gluon
Sivers function (GSF). At leading-order, this process directly probes the gluon content of the proton, making
detection of a trasverse single-spin asymmetry in the process a clear indication of a non-zero GSF. Considering
the kinematics of the proposed future Electron–Ion Collider, we present predictions for asymmetry using fits
of the GSF available in literature. We also study the asymmetry at the level of muons produced in D-meson
decays and find that the asymmetry is preserved therein as well.

1 Introduction

Sivers function is a transverse momentum dependent parton distribution function (TMD) which encodes
the correlation between the azimuthal anisotropy in the transverse momentum distribution of an unpolarised
parton and the spin of its parent hadron [1,2], ΔN fa/p↑(x,k⊥) ≡ f̂a/p↑(x,k⊥)− f̂a/p↓(x,k⊥). In collisions of
transversely polarised nucleons off unpolarised nucleons (or leptons), this anisotropy can lead to an azimuthal
anisotropy in the distribution of the inclusive final state, i.e a single-spin asymmety (SSA). The SSA for an
inclusive process A↑B → C + X is defined as

AN = dσ↑ − dσ↓

dσ↑ + dσ↓ (1)

where dσ↑ and dσ↓ represent the cross-section for scattering of a transversely polarized hadron A off an
unpolarized hadron (or lepton) B with A being polarised upwards and downwards respectively, with respect
to the production plane.

One of the two main theoretical approaches to discuss these asymmetries is based on factorisation in terms
of a hard-part and transverse momentum dependent parton distribution functions and fragmentation functions.
While TMD factorisation has only been formally established for two-scale processes, a lot of work has been
done on a TMD description of single hard-scale processes under the assumption of factorisation, in what
is generally referred to as the generalised parton model (GPM) approach [3,4]. In this work, we study the
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low-virtuality leptoproduction (Q2 ≈ 0) of open-charm as a possible probe of the poorly understood gluon
Sivers function (GSF), adopting the GPM framework. At the leading-order (LO) of this process, the production
of open-charm happens only via the photon–gluon fusion (PGF) process, making detection of a SSA in this
process a direct indication of a non-zero GSF.

In Sect. 2, we present the parametrisation of the TMDs that we have used. In Sect. 3, we present the
expressions for the SSA in p↑l → D + X as well as the results.

2 Formalism and Parametrisation of the TMDs

The denominator and numerator of the asymmetry (Eq. 2) are given by,

dσ↑ + dσ↓ = ED dσ p↑l→DX

d3 pD
+ ED dσ p↓l→DX

d3 pD
= 2

∫
dxg dxγ dz d2k⊥g d

2k⊥γ d3kD δ(kD · p̂c)

× C(xg, xγ , z,kD) fg/p(xg,k⊥g) fγ / l(xγ ,k⊥γ )
dσ̂ gγ→cc̄

dt̂
DD/c(z,kD) δ(ŝ + t̂ + û − 2m2

c)

and

dσ↑ − dσ↓ = ED dσ p↑l→DX

d3 pD
− ED dσ p↓l→DX

d3 pD
=

∫
dxg dxγ dz d2k⊥g d

2k⊥γ d3kD δ(kD · p̂c)

× C(xg, xγ , z,kD) ΔN fg/p↑(xg,k⊥g) fγ / l(xγ ,k⊥γ )
dσ̂ gγ→cc̄

dt̂
DD/c(z,kD) δ(ŝ + t̂ + û − 2m2

c).

For the unpolarised TMD PDF we use the standard Gaussian form:

fg/p(x, k⊥; Q) = fg/p(x, Q)
1

π〈k2⊥〉e
−k2⊥/〈k2⊥〉, (2)

with 〈k2⊥〉 = 0.25 GeV2. For the density of quasi-real photons in a lepton, we use a similar Gaussian form
as well, with the Weiszacker–Williams distribution for the collinear part and a Gaussian k⊥-spread of width
〈k2⊥γ 〉 = 0.1 GeV2. We also take the transverse-momentum-dependence of the FF to be Gaussian with a width

〈k2⊥D〉 = 0.25 GeV2. For the Sivers function, we use the parametrization [5]

ΔN fg/p↑(x, k⊥; Q) = 2Ng(x) fg/p(x, Q)

√
2e

π

√
1 − ρ

ρ
k⊥

e−k2⊥/ρ〈k2⊥〉

〈k2⊥〉3/2 ,

where 0 < ρ < 1. Ng(x) here parametrises the x-dependence of the GSF and is generally written as

Ng(x) = Ngx
αg (1 − x)βg

(αg + βg)
αg+βg

α
αg
g β

βg
g

. (3)

The requirement that the Sivers function satisfy the positivity bound |ΔN fg/p↑(x,k⊥)|/2 fg/p(x,k⊥) ≤ 1
∀ x,k⊥, implies |Ng(x)| < 1.

In this work, in order to demonstrate the efficacy of the suggested probe, we explore two choices for the
gluon Sivers function:

1. The Sivers function with the positivity bound saturated, viz., Ng(x) = 1 and ρ = 2/3.
2. The SIDIS1 and SIDIS2 extractions of the gluon Sivers function from Ref. [5], which have been obtained

using data on mid-rapidity pion production measured by the PHENIX experiment at RHIC [6].

The first choice, which we call the ‘saturated’ Sivers function, would give an upper bound on the magnitude of
the asymmetry for a fixed width 〈k2⊥〉 and ρ, and for a given choice of unpolarised gluon density. The parameter
ρ is set to 2/3 in order to maximize the first k⊥-moment of the Sivers function, following Ref. [7].

The SIDIS1 and SIDIS2 GSFs from Ref. [5] are the first (and so far, only) available extractions of the
GSF in a GPM framework. They were obtained by fitting to the PHENIX data on AN for inclusive pion
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Table 1 Parameters of the GSF fits from Ref. [5]

SIDIS1 Ng = 0.65 αg = 2.8 βg = 2.8 ρ = 0.687 〈k2⊥〉 = 0.25 GeV2

SIDIS2 Ng = 0.05 αg = 0.8 βg = 1.4 ρ = 0.576

Fig. 1 SSA from GSF fits of Ref. [5] at EIC as a function of xF (at fixed PT , left panel) and PT (at fixed η, right panel). Using
MRST2001LO PDF for collinear gluon density. Figure from Ref. [8]

production in the midrapidity region at RHIC. In their analysis, they used quark Sivers functions extracted
from semi-inclusive deep inelastic scattering data to account for the quark contribution to the asymmetry, AN .
The two GSF extractions differ in the choice of QSFs, as well as that of the fragmentation functions adopted
in the fitting process. As a result, they show very different x-dependencies, with SIDIS1 being larger in the
moderate-x region and SIDIS2 being larger in the low-x region. The fact that these widely different choices
for the GSF are consisten with the same data on AN underscores the utility of the process proposed by us for
determination of the GSF. The values of the parameters of the two GSF fits are given in Table 1.

3 Results

Figure 1 we show the asymmetries obtained using the SIDIS1 and SIDIS2 fits [5]. Since the fits were obtained
using MRST2001LO PDFs [9] for the collinear densities, to be consistent, we use the same. Both fits give
asymmetries much smaller than allowed by the positivity bound. Further the SSAs for SIDIS1 and SIDIS2
differ from each other substantially and thus offer discrimination between the two GSF extractions. While we
have not shown the plots here, we find that the probe is able to discriminate between the two fits at COMPASS
kinematics as well [8].

In Fig. 2, we show estimates for the maximum value of the magnitude of the asymmetry |AN | at the
Electron–Ion Collider (EIC), calculated by using the saturated gluon Sivers function. In case of the saturated
GSF, the x-dependence is determined only by the choice of unpolarised gluon densities. Therefore, in order
to demonstrate effects that uncertainties in the gluon densities might have on the probe, we have presented
results for three different choices of leading-order (LO) unpolarised PDFs, MRST2001LO, CTEQ6L [10] and
MSTW2008LO [11]. We find that the results are somewhat affected by the choice of PDF set, with the estimate
for the saturated asymmetry varying by up to 6% between CTEQ6L and MSTW2008. In general, with the large
centre of mass energy of the EIC, the general features of |Amax

N | are similar to those that had been observed in
calculations for pp collisions at RHIC [12,13], especially the azimuthal suppression of the asymmetry in the
backward hemisphere (xF < 0).
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Fig. 2 Variation of results for saturated GSF for different choices unpolarised gluon densities. We consider the MRST2001LO
(green, long-dashed), CTEQ6L (purple, short-dashed) and MSTW2008LO (red, dotted) gluon distributions

Fig. 3 SSA for decay-muons. Using MRST2001LO PDF for collinear gluon density. Figure from Ref. [8]

Since the experiments detect D-mesons through the muons produced in the decay, it is an interesting
question to ask, how much—if any—of the SSA present at the level of the D-mesons is transmitted at the level
of the detected muons? This has the advantage that the asymmetry measurement will not have the additional
errors due to D-meson reconstruction. The results for the SSA in the kinematics of the decay muons are
presented in Fig. 3 as a function of xFμ = 2PLμ/

√
s, with the muon transverse momentum PT μ = 1.5 GeV.

It appears that an azimuthal anisotropy in D production would be retained significantly in the decay-muons.
Peak values of the muon Aμ

N for all three choices of the GSF are close to those obtained for the meson.
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4 Conclusions

We find that an asymmetry of upto around 22% is allowed by the saturated gluon Sivers function at the EIC.
Further, asymmetry is significantly retained in the distribution of decay muons. We also find that the probe is
able to discriminate well between the two available phenomenological fits of the gluon Sivers function, both
of which were obtained using the same data on AN measured at PHENIX. Thus we see that this process offers
a good probe of the gluon Sivers function and can be of help in a global extraction of it.
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