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Abstract. Dynamical breaking of chiral symmetry in QCD is caused by non-
perturbative interactions on a scale ρ ∼ 0.3 fm much smaller than the hadronic
size R ∼ 1 fm. This has important consequences for the nucleon structure such
as the prediction that the transverse momentum distribution of sea quarks is sig-
nificantly broader than the pT -distribution of valence quarks due to short-range
correlations between sea quarks in the nucleon’s light-cone wave function.

1 Introduction

Our knowledge of the internal quark-gluon structure of the nucleon is due to studies of inclu-
sive lepton-nucleon deep-inelastic scattering (DIS), Drell-Yan processes and other reactions
that are described in terms of universal, process-independent parton distribution functions. In
the infinite momentum frame parton distribution functions are interpreted as probabilities to
find partons of the flavor a = u, d, ū, . . . carrying the fraction x of the nucleon’s momentum
at a resolution scale µ associated with the hard scale of the process.

Transverse momentum dependent distribution functions (TMDs) are a natural extension
of this concept [1]. By taking into account the transverse motion of partons and spin-orbit
correlations, they provide unique insights in the 3D nucleon structure. TMDs are relevant for
the description of transverse (with respect to the hard momentum flow in the process) mo-
menta in the final state, e.g., transverse momenta of hadrons produced in semi-inclusive DIS.
On the basis of rigorous factorization theorems which determine their universality and evo-
lution properties [2–6] TMDs constitute powerful tools that allow us to significantly increase
the present understanding of the nucleon structure [7, 8].

The nonperturbative properties of TMDs are largely unknown. Many data [9–12] are well
described assuming Gaussian pT -dependence of TMDs [13, 14] which should be compatible
with high energy data after considering evolution [15, 16]. Quark models support approximate
Gaussian pT -behavior of valence quarks [17–20]. But much less is known about sea quarks.

The chiral quark soliton model [21], which was derived from the instanton model of the
QCD vacuum [22], is an effective theory which successfully and consistently accounts for sea
quark effects [23–30]. The model was recently applied to TMDs [31–33] and yields remarkable
predictions for the 3D nucleon structure at a low scale. The pT -behavior of valence quark
distributions (q−q̄) is governed by the inverse nucleon size R−1 ∼ 0.2 GeV and drop steeply at
large pT . The sea quark distributions q̄ are dominated by nonperturbative chiral–symmetry
breaking interactions and extend up to the scale ρ−1 ∼ 0.6 GeV. The new results and their
far-reaching phenomenological consequences are briefly reviewed.
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Figure 1. (a) Perturbative QCD preserves chirality of right-handed (R) or left-handed (L) quarks,
but nonperturbative effects can flip it [34]. (b) Effective degrees of freedom of the strong interaction
at different length scales. Dynamical chiral symmetry breaking occurs at the scale ρ.

2 Chiral symmetry breaking, and the 2 scale picture

The dominating feature of strong interactions at low energies is spontaneous chiral symmetry
breaking with the emergence of Goldstone bosons (pions) and a quark vacuum condensate [35].
A dynamical mechanism for that is due to nonperturbative QCD interactions caused by
topological gauge field configurations which can flip chirality, see Fig. 1a. This picture is
realized in the instanton vacuum model [22] where the average instanton size sets the short–
distance nonperturbative scale ρ ∼ 0.3 fm, whose existence is supported by independent
evidence [36–39]. The degrees of freedom at the scale ρ are Goldstone bosons, and effective
q, q̄ with a dynamically generated constituent quark mass M ∼ 350 MeV, see Fig. 1b.

Thus, hadron structure is determined by the interplay of two nonperturbative scales. The
longer distance scale R ∼ 1/M fixes the nucleon size and governs the dynamics of “valence
quarks” which is described, under varying assumptions, in quark models. Hence one naturally
expects typical transverse momenta of valence quarks to be 〈p2

T
〉val ∼M

2 at low initial scales,
and this what quark models yield [17–20]. In contrast to this, the dynamics of sea quarks
is governed by the shorter distance scale ρ which is the typical size of configurations in
which correlated q̄q-pairs are generated nonperturbatively, see Fig. 2. Hence, one expects
〈p2
T
〉sea ∼ ρ

−2 and this has recently been observed in the chiral quark soliton model [31–33].
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Figure 2. The two nonperturbative scales governing the structure of the nucleon: R = 1/M ∼ 1 fm
which sets the size of the nucleon and describes valence quark effects (a), and ρ≪ R which describes
short-range correlations in the nucleon and governs the dynamics of sea quarks (b).
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3 Chiral quark-soliton model

The instanton model describes the QCD vacuum as a strongly interacting, dilute ensemble
of instantons and anti-instantons in which light quarks acquire a dynamically generated con-
stituent mass M at small Euclidean momenta and chiral symmetry is dynamically broken.
The parameter (Mρ)2, which is proportional to the instanton packing fraction and is small
due to the diluteness of the medium, plays a crucial role in the derivation of this picture [22].
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Figure 3. f d̄−ū
1

(x) from χQSM [26] at the scale
Q2 = 54 GeV2 in comparison to the Fermilab E866
Drell–Yan analysis [40].

In leading order of the small parameter
(Mρ)2 the strong interaction is described
by the low energy effective theory formu-
lated in terms of q, q̄, πa degrees of free-
dom

Leff = ψ̄ (i∂6 +M exp(iγ5τ
aπa/Fπ))ψ .

The effective coupling between quarks and
Goldstone bosons is large, M/Fπ ∼ 4, and
the theory has to be solved nonperturba-
tively in a large-Nc expansion in which
the nucleon emerges as a chiral soliton,
i.e. an extended system of quarks and an-
tiquarks bound in a self–consistent back-
ground pion field. This is the chiral quark-
soliton model (χQSM) [21], which pro-
vides a basically parameter–free descrip-
tion of static nucleon observables, form
factors, and parton distribution functions
[23–25].

Results for parton distribution functions from the model refer to a low scale µ ∼ 0.6 GeV.
The precise matching of model q, q̄ degrees of freedom and QCD q, q̄ degrees of freedom at
the scale µ ∼ 1/ρ is highly non-trivial [24–26]. Flavor-nonsinglet quantities which do not
mix with gluons under leading-order evolution are less sensitive to details of the matching

procedure. Fig. 3 shows the model result for f d̄−ū1 (x) from [26] evolved to Q2 = 54 GeV2

which is in very good agreement with the Fermilab E866 Drell–Yan analysis [40]. Typically
χQSM results are found to agree within (10-30) % accuracy with phenomenology.

Among the most interesting predictions of the χQSM is that there is a large flavor asym-
metry also in the helicity sea [24, 25] which leads to specific predictions for the Drell-Yan
process [27]. Recent global QCD fits [41] and especially preliminary data from RHIC on W±

production data [42] support the prediction.

4 TMDs in the chiral quark-soliton model

Parton distributions can be obtained in the χQSM either starting from (i) QCD definitions as
nucleon matrix elements of quark light–ray operators [24], or (ii) their parton model definitions
as number densities of particles in a nucleon in infinite momentum frame [25]. Using (ii) as
definition for TMDs yields in leading order of the 1/Nc expansion [32]

fu+d
1 (x, pT ) =

MNNc
(2π)3

∑

n occ

φ̄n(~p)γ+φn(~p) , gu−d1 (x, pT ) =
MNNc
3(2π)3

∑

n occ

φ̄n(~p)γ5γ
+τ3φn(~p)
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from the χQSM at a low scale µ ∼ 0.6 GeV [32].
The constituent quark mass M = 0.35 GeV sets
the units.

where the sums go over “occupied states”
in the spectrum of the effective Hamilto-
nian, i.e. the bound state and the neg-
ative Dirac continuum, and we defined
γ+ = γ0 + γ3 and ~p = (~pT , xMN − En).
The corresponding sea quark TMDs are
given by similar expressions, and other fla-
vor combinations appear only at sublead-
ing order in the large-Nc expansion.

In Ref. [31] fu+d
1 (x, pT ) was stud-

ied numerically. In [32] fu+d
1 (x, pT ) and

gu−d1 (x, pT ) were evaluated analytically
using the “interpolation formula” which is
based on an expansion in gradients of the
chiral field U = exp(iπaτa/Fπ) and pro-
vides excellent approximations [24].

Fig. 4 shows a result for fa1 (x, pT ) from
[32]. Remarkably, valence and sea quark
distributions have significantly different
pT -behavior. At smaller pT valence quarks
dominate, at larger pT sea quarks.

This is in line with the expectations
that valence quark dynamics is dominated by the scale R such that 〈p2

T
〉val ∼ 1/R2, while sea

quark dynamics is governed by the scale ρ and 〈p2
T
〉sea ∼ 1/ρ2. Since ρ≪ R one is naturally

lead to the expectation, see the discussion in Sec. 2,

〈p2
T 〉sea ≫ 〈p

2
T 〉val

and the model results confirm this. Hereby is understood that the 〈p2
T
〉i quantify the “slopes”

of the respective distributions in Fig. 4 rather than definite nucleon matrix elements of QCD-
operators (this points deserves more detailed studies).

The results for ga1(x, pT ) are qualitatively similar. Interestingly, the pT -slopes of the sea

quark distributions f ū+d̄
1 (x, pT ) and gū−d̄1 (x, pT ) become equal in the region M ≪ pT ≪ 1/ρ

which can be understood as an instance of “restoration of chiral symmetry” [32].

5 Phenomenological implications

The different pT -behavior of sea and valence TMDs has interesting phenomenological con-
sequences. The separation of valence- and sea-quark effects is not straightforward though:
quarks (valence + sea) or antiquarks (sea) enter in processes, but not valence quarks.

Studies of charged kaon production in DIS at small x and large z could be insightful.
In fact, the production of negative kaons K− ∼ ūs is dominated by sea quarks struck from
the target (at large-z where favored fragmentation dominates over unfavored fragmentation).
In contrast to this, in the production of positive kaons K+ ∼ us̄ also valence quarks play
an important role. Hence, one can expect that the cross section for K+ production falls off
faster with transverse hadron momentum Ph⊥ than that for K− production [32]. This effect
could be measured at JLab 12 or a future EIC. Similarly promising insights could be due to
combining cross sections for charged pion production [32].
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Figure 5. Correlations of transverse hadron momenta in current and target fragmentation regions.
When a virtual photon (coming from the right) splits up a correlated q̄q pair, one expects correlations
of transverse hadron momenta in the current and target fragmentation regions.

The larger transverse momenta of sea quarks as compared to valence quarks are due
to short distance correlations of q̄q-pairs sketched in Fig. 2. The quantum numbers of the
correlated q̄q-pairs are scalar-isoscalar or vector-isovector. In principle it is possible to observe
such correlations, which are in analogy to short–range NN correlations in nuclei [43].

For instance, if in semi-inclusive DIS the virtual photon “breaks up” a pair of q̄, q which are
strongly correlated at the distance scale ρ, then both correlated particles will produce jets (or
hadrons) with opposite transverse momenta, see Fig. 5. The fragmentation process tends to
dilute the effect, and so does gluon radiation at too large rapidity separations. But under con-
trolled conditions the effect could be promising [32]. The partonic short distance correlations
observed in the chiral theory could have also important implications for the understanding of
multi-parton correlations which lead to multi-jet events in high-energy reactions [46].

Another interesting question is whether the model results can be used to inspire fit Ansätze
for TMDs [6]. Further dedicated studies are needed.

6 Conclusions

The unpolarized and helicity TMDs were studied in the χQSM. The valence quark results
agree qualitatively with other quark models and exhibit a roughly Gaussian pT -behavior. For
sea quarks the predicted pT -behavior is different with 〈p2

T
〉sea ≫ 〈p

2
T
〉val. This is true for both

the unpolarized and the helicity TMDs, fa1 (x, pT ) and ga1(x, pT ), but not necessarily for other
TMDs [28]. The present data are not sensitive enough [14, 15]. But the prediction could be
tested in charged pion or kaon production at JLab12 or a future Electron-Ion Collider [8].
Other interesting implications include transverse momentum correlations between target and
current fragmentation regions in DIS.
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While our results signal the importance of chiral symmetry breaking and the QCD vacuum
structure for TMDs, also open questions remain [32]. Why do parton model based approaches
[44, 47, 48] yield smaller 〈p2

T
〉 than the TMD approach? Is the contribution from the Wilson-

lines in TMDs [1] suppressed by the instanton packing fraction as it is for twist-2 parton
distributions [49]? These and further questions will be addressed in future work.
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