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Transverse Momentum Dependent Distributions (TMDs) describe the spin structure of the pro-

ton. At leading twist spin structure of spin-1/2 hadron can be described by 8 TMDs. TMDs

reveal three-dimensional distribution of partons inside polarised nucleon. Experimentally these

functions can be studied in polarised experiments using Spin Asymmetries in particular Single

Spin Asymmetries (SSAs). We discuss transversity that measures distribution of transversely po-

larised quarks in a transversely polarised nucleon and Sivers distribution function that describes

distribution of unpolarised quarks in a transversely polarised nucleon.
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Spin Structure of the Proton and TMDs A. Prokudin

Transverse Momentum Dependent distribution functions (TMDs) depend on two independent
variables: fraction of hadron momentum carried by parton,x, and intrinsic transverse momentum
of the parton,pT .

The quark-quark distribution correlation function is defined as [1, 2]

Φi j(x,pT ) =

∫

dξ−d2ξT

(2π)3 eip·ξ 〈P,SP|ψ̄ j(0)U
n−

(0,+∞) U
n−

(+∞,ξ ) ψi(ξ )|P,SP〉
∣

∣

∣

∣

ξ+=0
(1)

with p+ = xP+, P+ = (P0 + P3)/
√

2 is the big component of proton’s momentum.U is the gauge
link (Wilson line) that assures color gauge invariance of the correlatorΦi j.

Corresponding distribution functions can be obtained by projecting the correlator onto the full
basis ofγ matricesΦ[Γ] = 1

2Tr[ΦΓ]. At leading twist (expansion inP+) the spin structure of the
proton can be described by 8 TMDs (see [1, 2] and references therein):

Φ[γ+](x, p2
T ) = f1(x, p2

T )−
ερσ

T pT ρST σ

M
f⊥1T (x, p2

T ) , (2)

Φ[γ+γ5](x, p2
T ) = SL g1L(x, p2

T )− pT ·ST

M
g1T (x, p2

T ) , (3)

Φ[iσα+γ5](x, p2
T ) = Sα

T h1(x, p2
T )+ SL

pα
T

M
h⊥1L(x, p2

T )

− pα
T pρ

T − 1
2 p2

T gαρ
T

M2 STρ h⊥1T (x, p2
T )−

εαρ
T pTρ

M
h⊥1 (x, p2

T ) (4)

here the projections are done with respect to the quark’s polarisation,Φ[γ+] is distribution of unpo-
larised quarks,Φ[γ+γ5] is distribution of longitudinally polarised quarks andΦ[iσα+γ5](x, p2

T ) is the
distribution of transversely polarised quarks.

A powerful tool to study the spin structure is measurement ofspin asymmetries in the SIDIS
processℓP(SP) → ℓ′hX . A number of structures can be measured in DIS processℓP(SP) → ℓ′X or
in SIDIS with two detected hardonsℓP(SP) → ℓ′h1h2X .

In case of SIDIS processℓP(SP) → ℓ′hX two scales exist: virtuality of the photonQ2 and
transverse momentum of the produced hadronPhT with respect to the lepton scattering plane. If
the produced hadron has low transverse momentumQ2 >> P2

hT ≥ Λ2
QCD then Transverse Momen-

tum Dependent factorisation theorem [3] is valid. The crosssection is written as convolution of
TMDs dσ ℓP(SP)→ℓ′hX ∝ ∑q e2

q fq ⊗ dσ ℓq(sq)→ℓ′q′(sq′ ) ⊗Dq/h , where⊗ stands for convolution of the
transverse momenta. Experimentally TMDs can be measured using SSA on transversely polarised
target defined asAUT ∝ σ↑−σ↓

σ↑+σ↓ . Let us describe some of TMDs.
Transversity
Transversity distributionh1(x, p2

T ) [4] describes distribution of transversely polarised quarks inside
a transversely polarised nucleon. Tensor charge measures net transverse polarisation of quarks

δT q =
∫ 1

0
dx(h1q(x)−h1q̄(x)). (5)

Transversity is a chiral-odd quantity and thus cannot be measured in DIS. In SIDIS transversity
can be measured together with chiral-odd fragmentation function H⊥

1q(z,k
2
T ) the so-called Collins

fragmentation function [5], the asymmetry isAsin(Φh+ΦS)
UT ∝ ∑q e2

qh1q ⊗H⊥
1q.
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Figure 1: Left panel: extraction of tensor charge [10] compared to models [11]. Right panel: transversity
for u andd quarks [10] compared to models [11].

The “golden” channel to measure transversity is double spinasymmetry in future Drell-Yan
experiment with polarised proton and anti-proton beams, product of transversities can be measured
[6] ANN ∝ ∑q e2

qh1q/Ph1q̄/P̄.

Existing experimental data from HERMES, COMPASS and BELLE collaborations [7, 8, 9]
allow extraction of transversity [10]. In Fig. 1 we plot tensor charge and transversity distributions
compared to models. As can be seen from Fig. 1 the extraction and models agree qualitatively
on theu and d quark transversities, but the experimental precision is still not good enough to
discriminate among models.
Sivers distribution function
f⊥1T (x, p2

T ) is the so-called Sivers function [12], it describes correlation between orbital angular
motion of quarks and the spin of the protonερσ

T pTρST σ . This function exists due to the presence
of Final State Interactions of the struck quark and the remnant of the nucleon after the interaction,
the corresponding asymmetry isAsin(Φh−ΦS)

UT ∝ ∑q e2
q f⊥1T ⊗D1q .

This function obeys a modified universality, it changes signfrom SIDIS to Drell-Yan [13]

f⊥1T (x, p2
T )SIDIS = − f⊥1T (x, p2

T )DY , (6)

the prediction of change of sign based on color gauge symmetry and parity and time reversal in-
varianceP,T of strong interactions. Experimental test of this relationis very important for our
understanding of QCD.

The first moment of Sivers functionf⊥(1)
1T (x) =

∫

d2k⊥
k2
⊥

2M2 f⊥1T (x, p2
T ) is related [14] to twist

three Qiu-Sterman matrix elementTF(x,x) [15]

TF(x,x) = f⊥(1)
1T (x) . (7)

Twist three matrix elements are ingredients of collinear QCD to describe spin asymmetries and
the formalism is valid at highPhT >> ΛQCD. The Sivers function describes the asymmetry at low
values ofPhT ≥ ΛQCD.

In Fig. 2 we plot Sivers function extracted from the experimental data [17, 8] a three dimen-
sional parton distribution atx = 0.01, as can be seen from Fig. 2 the distribution of partons in a
transversely polarised hadron has dipole deformation.
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Figure 2: Left panel: three dimensional parton distribution. Right panel: extraction of Sivers function [16].

Conclusions
Transverse Momentum Dependent distributions describe spin structure of the proton. Experimental
data from HERMES, COMPASS and BELLE collaborations allow extraction of transversity and
Collins fragmentation functions. Sivers functions foru andd quarks were extracted from HERMES
and COMPASS data. Future experimental data from JLab will widen exploredx region and refine
precision of extraction of TMDs.Q2 range at Electron Ion Collider will allow to check evolution
of asymmetries, widePhT range will allow to measure asymmetries in both regions where TMD
and collinear QCD factorizations are valid.
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