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Motivation

2
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Can we devise analogues of hadron structure
 observables that can be studied in a 

low-energy framework?

YES!
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QCD → QED bound states 

                GeV → MeV physics 

                protons → atoms 



Atomic Compton scattering
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Unpolarized TMD PDF e/A

Sivers TMD PDF e/A

Transverse spin
of target

Transverse 
momentum
of “parton”



Single-spin asymmetries
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See also https://inspirehep.net/literature/1410100 (review for asymmetries in pp collisions)

Need different mechanism: 
non-perturbative 
→ Sivers effect

1976 19912002 2008

https://inspirehep.net/literature/1410100


Outline of 
the content

1. The Sivers effect and Wilson 
lines

2. Atomic Compton scattering

3. Atomic bound states

4. Results
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1. The Sivers effect and 
Wilson lines 
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Quark TMD PDFs in a proton
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The symmetries of QCD play a crucial role in this classification



Quark TMD correlator
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Implications of time reversal symmetry
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Trivial …

There is no Sivers 
function!

Where is the problem ?



Gauge invariant quark correlator
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GAUGE INVARIANT!

Eventually the correlator and the (TMD) PDFs depend on 
the gauge link and its path in spacetime

See Collins book



Gauge links for TMD PDFs
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Future pointing (SIDIS) Past pointing (Drell-Yan)



Implication of time reversal symmetry (again)
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Time-reversal even

Time-reversal odd

Sign-change relation for the Sivers function:
a striking consequence of the symmetries of QCD



Do we really need QCD in the proof ?
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In this proof, nothing would change if we 
considered U(1) symmetry instead of SU(3) !

We’d consider QED bound states and Wilson 
lines: a QED-induced Sivers effect !



Why considering a QED-induced Sivers effect ? 
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CONS: 

not a strong interaction … a QED structure effect 
might be extremely weak and difficult to measure

…

PROS: 

- QED is Abelian and perturbative at low 
energies: the PDFs for QED bound states are 
calculable

- QED measurements are extremely precise: 
up to 11 significant figures for alpha

- The sign change relation, a feature of the 
geometry of gauge theories, could be tested 
with low energy experiments



2. Atomic Compton scattering 
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Compton scattering
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Atomic Compton scattering
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Kinematics?

Cross section?



Atomic Compton scattering: kinematics
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Atom

photon

Transverse momentum imbalance

keV electron momentum

atomic binding (eV) MeV photon beam



Atomic Compton scattering: cross section
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“free” Compton 
scattering

Unpolarized TMD e/A distribution

Sivers TMD e/A distribution



3. Atomic bound states 
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Ionized Helium-4
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+
Hydrogen-like system:

Scalar nucleus,
only one “parton” (the electron)

Tool: 
Quantum mechanics 

(Schrodinger equation)



Electron wavefunctions
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Eigenfunctions of L2, Lz, S2, Sz
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We want to mimic the case of the proton: 

Separable solutions

Total spin of the atom

Electron OAM

Electron spin



Eigenfunctions of J2, Jz
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Eigenfunctions of J2, Jz
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Then one needs to rotate the polarization from the z to the y axis



A spectator model-like approach
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https://inspirehep.net/literature/789754 

atom

electron

Scalar 
nucleus

(spectator)

Wilson line: Coulomb interaction

https://inspirehep.net/literature/789754


4. Results 
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Unpolarized vs Sivers TMDs
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Unpolarized vs Sivers TMDs
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Ratio pol./unpo.: 2 to 4 orders of magnitude depending on the x value



Electron collinear distribution
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Number sum rule: 
only one parton



First moment of the Sivers function
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Position of the peaks

Position of the node



First moment of the Sivers function
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Burkardt sum rule



The observable
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Position of the peaks

Position of the node



Conclusions and outlook
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We have devised a QED analogue of the Sivers effect in QCD

As the QCD one, it probes the symmetries of the theory: the same conceptual 
relevance

It might be possible to test the sign change relation with much simpler 
experimental devices

We need atomic physicists to measure this

There are certainly ways to improve the treatment from the theoretical point of 
view.



Backup 
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Similarity with the photon-jet case
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Time reversal symmetry
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The action on the quark field is the one that leaves the QCD lagrangian invariant under 
time reversal transformation ( symmetry )

←  let’s consider this definition



Existing work in this direction
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Electron and photon in a dressed electron: Sivers function is zero

Target: a dressed electron, not a bound state

https://inspirehep.net/literature/1390132 

https://inspirehep.net/literature/1390132


From Schrodinger to LF wavefunctions
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https://inspirehep.net/literature/1841546 (Paul Hoyer) 

Bohr 
momentum: 

https://inspirehep.net/literature/1841546


A spectator model-like approach
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QED gauge-link 
contribution

Sum over electron 
chirality states

Change to light-cone 
coordinates for a 

non-relativistic system



Analytic results: unpolarized
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Analytic results: Sivers
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Unpolarized vs Sivers TMDs

46



Electron collinear distribution
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Isolating the Sivers function
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