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Overview
Quark TMD's Classical Gluon Fields

●  First-principles calculation simplifies the TMD's

●  Quark structure of an unpolarized heavy nucleus

●  Novel TMD mixing with predictive power



Leading TMD Quark Distributions
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Quark structure of a spin-½ hadron: TMD quark correlation function:
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Quark structure of a spin-½ hadron: TMD quark correlation function:

• Nontrivial staple-shaped 
gauge link

• Physical information 
about ISI / FSI



The Quasi-Classical Limit (MV Model)
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High charge densities enhance the probability 
of multiple scattering.

• A sufficiently heavy nucleus generates a 
classical (Yang-Mills) gluon field:
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High charge densities enhance the probability 
of multiple scattering.

• A sufficiently heavy nucleus generates a 
classical (Yang-Mills) gluon field:

High density defines a characteristic 
momentum scale

• Defines a transverse correlation length 
for  the gluon field

• Dynamical IR cutoff of nonperturbative 
physics



TMD's in the Quasi-Classical Limit

Light-front wave functions
of the nucleons

Quark correlator of 
a nucleon up to    

Gauge link calculated
in the MV model
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Quasi-Classical Factorization
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Nucleonic
TMD's  
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Nuclear
TMD's  

Nucleonic
TMD's  

Wigner Distribution
Of Nucleons

Gauge Link
(Classical)  



Polarized Nucleons in an Unpolarized Nucleus
The spin of the nucleon enters through             spin density matrices.  
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You can generalize S to a four-vector and boost out of the nucleon rest frame:



Polarized Nucleons in an Unpolarized Nucleus
The spin of the nucleon enters through             spin density matrices.  

The intermediate nucleon spin can either be: unpolarized (U), longitudinally-
polarized (L), or transversely-polarized (T).

Apr. 9, 2015 7 / 17Matthew D. Sievert

You can generalize S to a four-vector and boost out of the nucleon rest frame:



Symmetries of the Nucleus
Since the Wigner distribution is built from only light-front wave functions, it has 
a high degree of symmetry:

Apr. 9, 2015 8 / 17Matthew D. Sievert



Symmetries of the Nucleus
Since the Wigner distribution is built from only light-front wave functions, it has 
a high degree of symmetry:

• Discrete symmetries: P and T

Apr. 9, 2015 8 / 17Matthew D. Sievert



Symmetries of the Nucleus
Since the Wigner distribution is built from only light-front wave functions, it has 
a high degree of symmetry:

• Discrete symmetries: P and T

• Full 3D rotational symmetry in the rest frame (with non-relativistic motion)

Apr. 9, 2015 8 / 17Matthew D. Sievert



Symmetries of the Nucleus
Since the Wigner distribution is built from only light-front wave functions, it has 
a high degree of symmetry:

• Discrete symmetries: P and T

• Full 3D rotational symmetry in the rest frame (with non-relativistic motion)

• Gets integrated with other factors possessing 2D rotational symmetry about
the beam axis
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Parameterizing the Wigner Distribution
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From 3D rotational invariance, parity, and time-reversal invariance:



Parameterizing the Wigner Distribution

The Wigner distribution is integrated over 
impact parameters with the gauge factor, which 
possesses 2D rotational invariance:

• Without loss of generality, we can replace
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Parameterizing the Wigner Distribution

The Wigner distribution is integrated over 
impact parameters with the gauge factor, which 
possesses 2D rotational invariance:

• Without loss of generality, we can replace

The maximum spin-orbit structure of an unpolarized nucleus is then:
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From 3D rotational invariance, parity, and time-reversal invariance:



Spin-Orbit Structure in the Quark Distribution

In an unpolarized nucleus, the intermediate nucleons can only be 
unpolarized or transversely polarized
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Spin-Orbit Structure in the Quark Distribution

In an unpolarized nucleus, the intermediate nucleons can only be 
unpolarized or transversely polarized

Two leading-twist quark TMD's for an unpolarized nucleus:

Unpolarized quark distribution

Boer-Mulders function: (PT)-odd spin-orbit coupling
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Unpolarized Quark Distribution
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Unpolarized Quark Distribution

One channel builds up the unpolarized 
quark distribution of the nucleons:
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Unpolarized Quark Distribution

One channel builds up the unpolarized 
quark distribution of the nucleons:

Another generates transversely polarized 
nucleons with OAM, and their Sivers function 
builds up the unpolarized quark distribution:
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Boer-Mulders Distribution

Apr. 9, 2015 12 / 17Matthew D. Sievert



Boer-Mulders Distribution

One channel builds up the Boer-
Mulders function of the nucleons:
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Boer-Mulders Distribution

One channel builds up the Boer-
Mulders function of the nucleons:

Another channel generates transversely polarized 
nucleons with OAM, and their transversity or 
pretzelosity build up the Boer-Mulders function:
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OAM and TMD Mixing
The presence of            spin-orbit coupling induces nontrivial mixing between 
the nuclear and nucleonic TMD’s.      

Liang, et. al, Phys. Rev. D77 (2008)
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OAM and TMD Mixing

• If the gauge factor is replaced by 
unity, the mixing vanishes:

The presence of            spin-orbit coupling induces nontrivial mixing between 
the nuclear and nucleonic TMD’s.      

Liang, et. al, Phys. Rev. D77 (2008)
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Implications for an EIC

A measurement of the      dependence of the nuclear TMD’s which deviates from 
simple broadening of the corresponding nucleonic TMD is an indication of OAM. 
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Implications for an EIC

A measurement of the      dependence of the nuclear TMD’s which deviates from 
simple broadening of the corresponding nucleonic TMD is an indication of OAM. 

• If      and        are known, and      is measured, then the deviation of the 
nuclear distribution from the nucleonic one is directly proportional to            

• It would require extensive      coverage, but in principle such 
measurements are possible at a future Electron-Ion Collider (EIC).  

The same spin-orbit coupling                          is also responsible for the 
admixture of the transversity and pretzelosity into the nuclear Boer-Mulders 
function.

• Once             is measured from the admixture of the Sivers function into the 
unpolarized quark distribution, this provides a prediction for the amount of
admixture present in the nuclear Boer-Mulders function.

• In this way, measuring the mixing of TMD’s provides direct access to the 
orbital angular momentum present in the nucleus.
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Assumptions and Context

The assumptions that lead to the possibility of TMD mixing required only the 
high-density limit and the possibility of orbital nucleon motion.

Any kind of spin-orbit coupling, together with a dense medium, generically 
leads to TMD mixing of this kind.
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Assumptions and Context

The assumptions that lead to the possibility of TMD mixing required only the 
high-density limit and the possibility of orbital nucleon motion.

• The high-density limit is a genuine resummation of QCD.  It should be valid 
not only for a heavy nucleus, but for any hadronic system at high energies.

• The mixing present in a dense nucleus should also be present in a high-
energy proton.  There may also be additional mixing in the proton which is 
not present in the non-relativistic heavy nucleus.

• All of the real model dependence resides in the structure of the Wigner 
distribution, which is highly constrained by symmetry.

Any kind of spin-orbit coupling, together with a dense medium, generically 
leads to TMD mixing of this kind.

In a similar manner, one can imagine constructing the TMD’s of a dense 
proton from the calculated TMD’s of its valence quarks.  The proton should be 
highly relativistic and contain more structures than appeared here.
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Outlook and Ongoing Analysis
•  Use simple models for the Wigner distribution (static MV model, Gaussians) 
to generate analytic curves for the form of the TMD’s with or without OAM.
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Outlook and Ongoing Analysis
•  Use simple models for the Wigner distribution (static MV model, Gaussians) 
to generate analytic curves for the form of the TMD’s with or without OAM.

•  Add the explicit TMD’s of a quark target to build up a fully analytic form for
the TMD’s of the nucleus, using only QCD input.
➡  By varying the few parameters of the model (masses, charges,       )

this may be useful for fitting the TMD’s of the dense proton.

•  Apply this to all the leading-twist TMD’s of the nucleus (quark + gluon).

➡  A small number of spin-spin and spin-orbit coupling terms in the
Wigner distribution will be responsible for a large number of mixings.

➡  Once complete, this will provide a comprehensive profile of what 
complex spin-orbit structure can look like within QCD.

•  Also apply to the “GTMD’s” which generate both the TMD’s and the GPD’s

➡  The same spin-orbit couplings likely result in specific mixings in both 
the TMD and GPD sectors.
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•  The TMD quark distributions give additional
insight into hadronic structure, but they are
also sensitive to the gluon fields.
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Summary

•  The high-density limit greatly simplifies the 
interaction with those gluon fields, bringing
them into the perturbative regime.

•  The TMD structure of a heavy nucleus
factorizes into the nuclear wave function,
the nucleonic TMD’s, and the calculable
gauge factor.

•  Spin-orbit coupling in the nucleus results in
generic mixing of the TMD’s, with the same 

coupling responsible for multiple mixings. 

•  This opens new doors to access spin-orbit
structure in hadronic systems, both 

theoretically and experimentally.

Apr. 9, 2015 17 / 17Matthew D. Sievert

•  The TMD quark distributions give additional
insight into hadronic structure, but they are
also sensitive to the gluon fields.



Extra Slides



Non-Universality

The dependence on the direction of the gauge link violates universality.

• PT symmetry, for example, is an exact symmetry of the collinear PDF’s.

• But for the TMD distributions, PT symmetry alters the trajectory of the gauge 
link from future-pointing to past-pointing.

• The TMD distributions measured in Semi-Inclusive Deep Inelastic Scattering 
can differ by a sign from the ones measured in the Drell-Yan process. 

SIDIS

Future-
Pointing

Final-State
Interactions

DY

Past-
Pointing

Initial-State
Interactions



The McLerran-Venugopalan Model

•  The typical transverse momentum a projectile acquires 
from crossing the nucleus defines the saturation scale 

• In Feynman gauge, the classical field of each 
nucleon is localized along the      axis:

• The nucleons have a small but finite separation in      , so 
each nucleon’s color field is generated independently.

• When the projectile crosses the nucleus, it undergoes a 
random walk in the color space of the nucleons and in 

the transverse momentum the nucleon field delivers.



Gluon Saturation
• The inverse saturation scale defines a correlation length
in the transverse plane over which the color fields are 

correlated.

• The color fields over short distances is qualitatively 
different from the fields over longer distances:

➡  At short distances (large transverse momentum), the 
gluon field is correlated and matches the field of a 

single color source.

➡  Over long distances (low transverse momentum), the
gluon field is uncorrelated and screened.

• The saturation scale dynamically cuts off the gluon 
distribution in the IR.

• If the charge density is high enough that     
then the process can be calculated perturbatively.



Covariant Light-Front Perturbation Theory

Carbonell, et. al, Phys. Rept. 300 (1998)
A proper description of rotations in the light-front formalism 
requires “covariant light-front perturbation theory”

• To preserve Lorentz covariance, must rotate the quantization axis as well!

• In general, relativistic LFWF depend on the direction of the quantization axis.

• Keeps the quantization axis arbitrary instead of using the    axis .

➡ They do not possess 3D rotational invariance in the kinematic 
variables....



Nucleons with Non-Relativistic Motion

But in the non-relativistic limit             , the light-front quantization condition 
reduces down to the equal-time quantization condition:

➡ Nonrelativistic LFWF are equivalent to equal-time WF, which have no 
dependence on the special direction    .

If the nucleons move non-relativistically in the nucleus, then their WF do 
possess 3D rotational invariance in the nuclear rest frame!

In the non-relativistic limit:

where the vector quantities are

Carbonell, et. al, Phys. Rept. 300 (1998)
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