
WIGNER FUNCTION

o In QM, we know that p and x are not compatible operators 
=> we cannot measure x and p at the same time

o So how can we define a joint probability for (transverse) position and 
(transverse) momentum?

o One possible interpretation: Wigner Function W

o Can rigorously calculate things like 

o Disadvantage: not guaranteed to be positive; oscillatory

o Limited usefulness to address our question
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TECHNICAL DETAILS OF THE WIGNER FUNCTION

corresponds to a point in 6-dimensional phase space. Similarly, for a fluid (an

infinite number of ”point particles”), just knowing the (probability) density

⇢(~r) doesn’t tell you its future state. You need to know also the flow which is

proportional to the momentum, i.e. you need the 6 dimensional phase space

density ⇢(~r, ~p).
For a particle, Hamilton’s equations of motion completely specify its trajec-

tory in phase space, whereas for a fluid, we can pick a (small) volume in phase

space and then Hamilton’s equation will tell us how it will evolve in the future.

Louville’s theorem states the following:

The volume occupied by a “fluid” in phase space is conserved if the Hamiltonian

is independent of time .

This theorem is for instance important for accelerator design and optics

(where one can reduce the spatial extend of a light beam, but only by simulta-

neously increasing its divergence).

Is it then possible to introduce a function ⇢(~r, ~p) ! W (~r, ~p) (Wigner function),

so that it gives the probability to find a particle with ~r and ~p? This seems

to be in conflict with QM, since one cannot measure momentum and position

with simultaneously with arbitrary position. However, it is still useful to have a

Wigner function that mimics some of the aspects of a true probability distribu-

tion, in particular for the calculation of expectation values (both of commuting

and non-commuting pairs of operators).

The Wigner function is now defined in 3-dim (3 coordinates and 3 momenta):

W (~r, ~p) =
1

(2⇡~)3
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but lets work on it in just 1-dim (1 spatial coordinate and 1 momentum):
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What should this function satisfy if it is to be taken as a joint probability

density?

• It should be real: W = W ⇤

This is already satisfied, for taking the complex conjugate gives

W (x, p) =
1
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and it is always possible to take x00
= �x0

, in which case we have W = W ⇤
.

• W (p, x) should be positive definite (Probability should range in 0 < ⇢ <
1).
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TECHNICAL DETAILS OF THE WIGNER FUNCTION II
This is not true, since Wigner function can also be negative, but we just ignore

this fact.

Integrate now the Wigner function over all momenta
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which is in fact the probability density in configuration space.

Integrate now the Wigner function over all coordinates
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this is not straightforward since  and  ⇤
also depend on x. Introduce, however,
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Figure 2. The oscillator WF for the 3rd excited state f3. Note the axial symmetry, the negative values, and the nodes.

a: Concise QMPS Version of September 10, 2013 36

These Wigner functions, fn, become spiky in the classical limit h̄ → 0; e.g., the ground
state Gaussian f0 goes to a δ-function. Since, for given fns, ⟨x2 + p2⟩ = h̄(2n + 1), these
become “macroscopic” for very large n = O(h̄−1).

Note that the energy variance, the quantum fluctuation, is

⟨H ⋆ H⟩ − ⟨H⟩2 = (⟨H2⟩ − ⟨H⟩2)− h̄2

4
, (50)

vanishing for all ⋆-genstates; while the naive star-less fluctuation on the right-hand side
is thus larger than that, h̄2/4, and would suggest broader dispersion, groundlessly.

(For the rest of this section, scale to h̄ = 1, for algebraic simplicity.)
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Figure 3. The ground state f0 of the harmonic oscillator, a Gaussian in phase space. It is the only ⋆-genstate with no
negative values.

Dirac’s Hamiltonian factorization method for the alternate algebraic solution of this
same problem carries through intact, with ⋆-multiplication now supplanting operator
multiplication. That is to say,

H =
1

2
(x− ip) ⋆ (x + ip) +

1

2
. (51)

a: Concise QMPS Version of September 10, 2013 37

EXAMPLE: HARMONIC OSCILLATOR
o Ground state:
o No correlation between x and p at all.
o Both are Gaussians with minimum width
o <x2p2>=<x2><p2> = ½.½ !2

o Higher excited states (yn)
o Both <x2> and <p2> increase by factor 2n + 1
o However, <x2p2> increases less so that 

correlation becomes negative:
o For 1st excited state, r = -0.667
o For 2nd excited state, r = -0.857
o For 3rd excited state, r = -0.923…

o Due to negative-going parts of Wigner Function

Wigner Function for HO ground state *)

Wigner Fnct for HO 3rd excited state
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Wigner Distributions:

3+2D map
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Wigner distributions

(x,~b?)
<latexit sha1_base64="JEin3+KLPc0yT7raGFHUUUxVRtQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWyFClKSLtRlwY3LCvYBTQiT6U07dPJgZlKsofgrblwo4tb/cOffOG2z0OqBC4dz7uXee/yEM6ks68sorKyurW8UN0tb2zu7e+b+QVvGqaDQojGPRdcnEjiLoKWY4tBNBJDQ59DxR9czvzMGIVkc3alJAm5IBhELGCVKS555VKnen2PsjIFi33MSEMlZxTPLVs2aA/8ldk7KKEfTMz+dfkzTECJFOZGyZ1uJcjMiFKMcpiUnlZAQOiID6GkakRCkm82vn+JTrfRxEAtdkcJz9edERkIpJ6GvO0OihnLZm4n/eb1UBVduxqIkVRDRxaIg5VjFeBYF7jMBVPGJJoQKpm/FdEgEoUoHVtIh2Msv/yXtes22avZtvdy4yOMoomN0gqrIRpeogW5QE7UQRQ/oCb2gV+PReDbejPdFa8HIZw7RLxgf38Fgk3A=</latexit><latexit sha1_base64="JEin3+KLPc0yT7raGFHUUUxVRtQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWyFClKSLtRlwY3LCvYBTQiT6U07dPJgZlKsofgrblwo4tb/cOffOG2z0OqBC4dz7uXee/yEM6ks68sorKyurW8UN0tb2zu7e+b+QVvGqaDQojGPRdcnEjiLoKWY4tBNBJDQ59DxR9czvzMGIVkc3alJAm5IBhELGCVKS555VKnen2PsjIFi33MSEMlZxTPLVs2aA/8ldk7KKEfTMz+dfkzTECJFOZGyZ1uJcjMiFKMcpiUnlZAQOiID6GkakRCkm82vn+JTrfRxEAtdkcJz9edERkIpJ6GvO0OihnLZm4n/eb1UBVduxqIkVRDRxaIg5VjFeBYF7jMBVPGJJoQKpm/FdEgEoUoHVtIh2Msv/yXtes22avZtvdy4yOMoomN0gqrIRpeogW5QE7UQRQ/oCb2gV+PReDbejPdFa8HIZw7RLxgf38Fgk3A=</latexit><latexit sha1_base64="JEin3+KLPc0yT7raGFHUUUxVRtQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWyFClKSLtRlwY3LCvYBTQiT6U07dPJgZlKsofgrblwo4tb/cOffOG2z0OqBC4dz7uXee/yEM6ks68sorKyurW8UN0tb2zu7e+b+QVvGqaDQojGPRdcnEjiLoKWY4tBNBJDQ59DxR9czvzMGIVkc3alJAm5IBhELGCVKS555VKnen2PsjIFi33MSEMlZxTPLVs2aA/8ldk7KKEfTMz+dfkzTECJFOZGyZ1uJcjMiFKMcpiUnlZAQOiID6GkakRCkm82vn+JTrfRxEAtdkcJz9edERkIpJ6GvO0OihnLZm4n/eb1UBVduxqIkVRDRxaIg5VjFeBYF7jMBVPGJJoQKpm/FdEgEoUoHVtIh2Msv/yXtes22avZtvdy4yOMoomN0gqrIRpeogW5QE7UQRQ/oCb2gV+PReDbejPdFa8HIZw7RLxgf38Fgk3A=</latexit><latexit sha1_base64="JEin3+KLPc0yT7raGFHUUUxVRtQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWyFClKSLtRlwY3LCvYBTQiT6U07dPJgZlKsofgrblwo4tb/cOffOG2z0OqBC4dz7uXee/yEM6ks68sorKyurW8UN0tb2zu7e+b+QVvGqaDQojGPRdcnEjiLoKWY4tBNBJDQ59DxR9czvzMGIVkc3alJAm5IBhELGCVKS555VKnen2PsjIFi33MSEMlZxTPLVs2aA/8ldk7KKEfTMz+dfkzTECJFOZGyZ1uJcjMiFKMcpiUnlZAQOiID6GkakRCkm82vn+JTrfRxEAtdkcJz9edERkIpJ6GvO0OihnLZm4n/eb1UBVduxqIkVRDRxaIg5VjFeBYF7jMBVPGJJoQKpm/FdEgEoUoHVtIh2Msv/yXtes22avZtvdy4yOMoomN0gqrIRpeogW5QE7UQRQ/oCb2gV+PReDbejPdFa8HIZw7RLxgf38Fgk3A=</latexit>

(x,~k?)
<latexit sha1_base64="lNdzmPbMuSw5Uh19+A/iNGc13qo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBluhgpSkC3VZcOOygn1AE8JketsOnTyYmRRDqL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7jx9zJpVlfRuFjc2t7Z3ibmlv/+DwyDw+6cgoERTaNOKR6PlEAmchtBVTHHqxABL4HLr+5Hbud6cgJIvCB5XG4AZkFLIho0RpyTPL1drjJXamQPHEc2IQ8UXVMytW3VoArxM7JxWUo+WZX84gokkAoaKcSNm3rVi5GRGKUQ6zkpNIiAmdkBH0NQ1JANLNFsfP8LlWBngYCV2hwgv190RGAinTwNedAVFjuerNxf+8fqKGN27GwjhRENLlomHCsYrwPAk8YAKo4qkmhAqmb8V0TAShSudV0iHYqy+vk06jblt1+75RaV7lcRTRKTpDNWSja9REd6iF2oiiFD2jV/RmPBkvxrvxsWwtGPlMGf2B8fkDdtWTTw==</latexit><latexit sha1_base64="lNdzmPbMuSw5Uh19+A/iNGc13qo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBluhgpSkC3VZcOOygn1AE8JketsOnTyYmRRDqL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7jx9zJpVlfRuFjc2t7Z3ibmlv/+DwyDw+6cgoERTaNOKR6PlEAmchtBVTHHqxABL4HLr+5Hbud6cgJIvCB5XG4AZkFLIho0RpyTPL1drjJXamQPHEc2IQ8UXVMytW3VoArxM7JxWUo+WZX84gokkAoaKcSNm3rVi5GRGKUQ6zkpNIiAmdkBH0NQ1JANLNFsfP8LlWBngYCV2hwgv190RGAinTwNedAVFjuerNxf+8fqKGN27GwjhRENLlomHCsYrwPAk8YAKo4qkmhAqmb8V0TAShSudV0iHYqy+vk06jblt1+75RaV7lcRTRKTpDNWSja9REd6iF2oiiFD2jV/RmPBkvxrvxsWwtGPlMGf2B8fkDdtWTTw==</latexit><latexit sha1_base64="lNdzmPbMuSw5Uh19+A/iNGc13qo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBluhgpSkC3VZcOOygn1AE8JketsOnTyYmRRDqL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7jx9zJpVlfRuFjc2t7Z3ibmlv/+DwyDw+6cgoERTaNOKR6PlEAmchtBVTHHqxABL4HLr+5Hbud6cgJIvCB5XG4AZkFLIho0RpyTPL1drjJXamQPHEc2IQ8UXVMytW3VoArxM7JxWUo+WZX84gokkAoaKcSNm3rVi5GRGKUQ6zkpNIiAmdkBH0NQ1JANLNFsfP8LlWBngYCV2hwgv190RGAinTwNedAVFjuerNxf+8fqKGN27GwjhRENLlomHCsYrwPAk8YAKo4qkmhAqmb8V0TAShSudV0iHYqy+vk06jblt1+75RaV7lcRTRKTpDNWSja9REd6iF2oiiFD2jV/RmPBkvxrvxsWwtGPlMGf2B8fkDdtWTTw==</latexit><latexit sha1_base64="lNdzmPbMuSw5Uh19+A/iNGc13qo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBluhgpSkC3VZcOOygn1AE8JketsOnTyYmRRDqL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7jx9zJpVlfRuFjc2t7Z3ibmlv/+DwyDw+6cgoERTaNOKR6PlEAmchtBVTHHqxABL4HLr+5Hbud6cgJIvCB5XG4AZkFLIho0RpyTPL1drjJXamQPHEc2IQ8UXVMytW3VoArxM7JxWUo+WZX84gokkAoaKcSNm3rVi5GRGKUQ6zkpNIiAmdkBH0NQ1JANLNFsfP8LlWBngYCV2hwgv190RGAinTwNedAVFjuerNxf+8fqKGN27GwjhRENLlomHCsYrwPAk8YAKo4qkmhAqmb8V0TAShSudV0iHYqy+vk06jblt1+75RaV7lcRTRKTpDNWSja9REd6iF2oiiFD2jV/RmPBkvxrvxsWwtGPlMGf2B8fkDdtWTTw==</latexit>

TMDs

(x,~k?,~b?)
<latexit sha1_base64="jcvr/NmA8hZ3FLDLh76Nyn6BEw4=">AAACCnicbVDLSsNAFJ3UV62vqEs3o61QQUrShbosuHFZwT6gCWEyvWmHTh7MTIoldO3GX3HjQhG3foE7/8Zpm4VWDwyce8693LnHTziTyrK+jMLK6tr6RnGztLW9s7tn7h+0ZZwKCi0a81h0fSKBswhaiikO3UQACX0OHX90PfM7YxCSxdGdmiTghmQQsYBRorTkmceV6v05dsZA8chzEhBJXvmL6qzimWWrZs2B/xI7J2WUo+mZn04/pmkIkaKcSNmzrUS5GRGKUQ7TkpNKSAgdkQH0NI1ICNLN5qdM8alW+jiIhX6RwnP150RGQiknoa87Q6KGctmbif95vVQFV27GoiRVENHFoiDlWMV4lgvuMwFU8YkmhAqm/4rpkAhClU6vpEOwl0/+S9r1mm3V7Nt6uXGRx1FER+gEVZGNLlED3aAmaiGKHtATekGvxqPxbLwZ74vWgpHPHKJfMD6+AU91mLU=</latexit><latexit sha1_base64="jcvr/NmA8hZ3FLDLh76Nyn6BEw4=">AAACCnicbVDLSsNAFJ3UV62vqEs3o61QQUrShbosuHFZwT6gCWEyvWmHTh7MTIoldO3GX3HjQhG3foE7/8Zpm4VWDwyce8693LnHTziTyrK+jMLK6tr6RnGztLW9s7tn7h+0ZZwKCi0a81h0fSKBswhaiikO3UQACX0OHX90PfM7YxCSxdGdmiTghmQQsYBRorTkmceV6v05dsZA8chzEhBJXvmL6qzimWWrZs2B/xI7J2WUo+mZn04/pmkIkaKcSNmzrUS5GRGKUQ7TkpNKSAgdkQH0NI1ICNLN5qdM8alW+jiIhX6RwnP150RGQiknoa87Q6KGctmbif95vVQFV27GoiRVENHFoiDlWMV4lgvuMwFU8YkmhAqm/4rpkAhClU6vpEOwl0/+S9r1mm3V7Nt6uXGRx1FER+gEVZGNLlED3aAmaiGKHtATekGvxqPxbLwZ74vWgpHPHKJfMD6+AU91mLU=</latexit><latexit sha1_base64="jcvr/NmA8hZ3FLDLh76Nyn6BEw4=">AAACCnicbVDLSsNAFJ3UV62vqEs3o61QQUrShbosuHFZwT6gCWEyvWmHTh7MTIoldO3GX3HjQhG3foE7/8Zpm4VWDwyce8693LnHTziTyrK+jMLK6tr6RnGztLW9s7tn7h+0ZZwKCi0a81h0fSKBswhaiikO3UQACX0OHX90PfM7YxCSxdGdmiTghmQQsYBRorTkmceV6v05dsZA8chzEhBJXvmL6qzimWWrZs2B/xI7J2WUo+mZn04/pmkIkaKcSNmzrUS5GRGKUQ7TkpNKSAgdkQH0NI1ICNLN5qdM8alW+jiIhX6RwnP150RGQiknoa87Q6KGctmbif95vVQFV27GoiRVENHFoiDlWMV4lgvuMwFU8YkmhAqm/4rpkAhClU6vpEOwl0/+S9r1mm3V7Nt6uXGRx1FER+gEVZGNLlED3aAmaiGKHtATekGvxqPxbLwZ74vWgpHPHKJfMD6+AU91mLU=</latexit><latexit sha1_base64="jcvr/NmA8hZ3FLDLh76Nyn6BEw4=">AAACCnicbVDLSsNAFJ3UV62vqEs3o61QQUrShbosuHFZwT6gCWEyvWmHTh7MTIoldO3GX3HjQhG3foE7/8Zpm4VWDwyce8693LnHTziTyrK+jMLK6tr6RnGztLW9s7tn7h+0ZZwKCi0a81h0fSKBswhaiikO3UQACX0OHX90PfM7YxCSxdGdmiTghmQQsYBRorTkmceV6v05dsZA8chzEhBJXvmL6qzimWWrZs2B/xI7J2WUo+mZn04/pmkIkaKcSNmzrUS5GRGKUQ7TkpNKSAgdkQH0NI1ICNLN5qdM8alW+jiIhX6RwnP150RGQiknoa87Q6KGctmbif95vVQFV27GoiRVENHFoiDlWMV4lgvuMwFU8YkmhAqm/4rpkAhClU6vpEOwl0/+S9r1mm3V7Nt6uXGRx1FER+gEVZGNLlED3aAmaiGKHtATekGvxqPxbLwZ74vWgpHPHKJfMD6+AU91mLU=</latexit>

PDFs
(x)

<latexit sha1_base64="JZdbKTIqvgMyQWyEZSBnna8B1M0=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hgQ+4o1JLExhITD0jgQvaWPdiwu3fZ3TOSC7/BxkJjbP1Bdv4bF7hCwZdM8vLeTGbmhQln2rjut1PY2Nza3inulvb2Dw6PyscnbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcjv3O49UaRbLBzNNaCDwSLKIEWys5FdrT5fVQbni1t0F0DrxclKBHK1B+as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztCFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbQbdc+te/eNSvMqj6MIZ3AONfDgGppwBy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A1+8ja8=</latexit><latexit sha1_base64="JZdbKTIqvgMyQWyEZSBnna8B1M0=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hgQ+4o1JLExhITD0jgQvaWPdiwu3fZ3TOSC7/BxkJjbP1Bdv4bF7hCwZdM8vLeTGbmhQln2rjut1PY2Nza3inulvb2Dw6PyscnbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcjv3O49UaRbLBzNNaCDwSLKIEWys5FdrT5fVQbni1t0F0DrxclKBHK1B+as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztCFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbQbdc+te/eNSvMqj6MIZ3AONfDgGppwBy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A1+8ja8=</latexit><latexit sha1_base64="JZdbKTIqvgMyQWyEZSBnna8B1M0=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hgQ+4o1JLExhITD0jgQvaWPdiwu3fZ3TOSC7/BxkJjbP1Bdv4bF7hCwZdM8vLeTGbmhQln2rjut1PY2Nza3inulvb2Dw6PyscnbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcjv3O49UaRbLBzNNaCDwSLKIEWys5FdrT5fVQbni1t0F0DrxclKBHK1B+as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztCFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbQbdc+te/eNSvMqj6MIZ3AONfDgGppwBy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A1+8ja8=</latexit><latexit sha1_base64="JZdbKTIqvgMyQWyEZSBnna8B1M0=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hgQ+4o1JLExhITD0jgQvaWPdiwu3fZ3TOSC7/BxkJjbP1Bdv4bF7hCwZdM8vLeTGbmhQln2rjut1PY2Nza3inulvb2Dw6PyscnbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcjv3O49UaRbLBzNNaCDwSLKIEWys5FdrT5fVQbni1t0F0DrxclKBHK1B+as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztCFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbQbdc+te/eNSvMqj6MIZ3AONfDgGppwBy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A1+8ja8=</latexit>

Impact parameter 
distributions

R
d~k?

<latexit sha1_base64="gelbPjZ+p96ewA9bTiHNOEH25GY=">AAACAnicdVDLSgNBEJyN7/iKehIvg4ngKexsEuNR8OJRwTwgG8LspJMMmZ1dZmYDYQle/BUvHhTx6ld482+cPAQVLWgoqrrp7gpiwbVx3Q8ns7S8srq2vpHd3Nre2c3t7dd1lCgGNRaJSDUDqkFwCTXDjYBmrICGgYBGMLyc+o0RKM0jeWvGMbRD2pe8xxk1VurkDgs+lyb1VYi7E38EDA87fgwqLnRyebdIKqTiVrFbLJ+TSqlkiVclpOxhUnRnyKMFrju5d78bsSQEaZigWreIG5t2SpXhTMAk6ycaYsqGtA8tSyUNQbfT2QsTfGKVLu5FypY0eKZ+n0hpqPU4DGxnSM1A//am4l9eKzG983bKZZwYkGy+qJcIbCI8zQN3uQJmxNgSyhS3t2I2oIoyY1PL2hC+PsX/k7pXJDarGy9/cbaIYx0doWN0igiqogt0ha5RDTF0hx7QE3p27p1H58V5nbdmnMXMAfoB5+0T5G6XEA==</latexit><latexit sha1_base64="gelbPjZ+p96ewA9bTiHNOEH25GY=">AAACAnicdVDLSgNBEJyN7/iKehIvg4ngKexsEuNR8OJRwTwgG8LspJMMmZ1dZmYDYQle/BUvHhTx6ld482+cPAQVLWgoqrrp7gpiwbVx3Q8ns7S8srq2vpHd3Nre2c3t7dd1lCgGNRaJSDUDqkFwCTXDjYBmrICGgYBGMLyc+o0RKM0jeWvGMbRD2pe8xxk1VurkDgs+lyb1VYi7E38EDA87fgwqLnRyebdIKqTiVrFbLJ+TSqlkiVclpOxhUnRnyKMFrju5d78bsSQEaZigWreIG5t2SpXhTMAk6ycaYsqGtA8tSyUNQbfT2QsTfGKVLu5FypY0eKZ+n0hpqPU4DGxnSM1A//am4l9eKzG983bKZZwYkGy+qJcIbCI8zQN3uQJmxNgSyhS3t2I2oIoyY1PL2hC+PsX/k7pXJDarGy9/cbaIYx0doWN0igiqogt0ha5RDTF0hx7QE3p27p1H58V5nbdmnMXMAfoB5+0T5G6XEA==</latexit><latexit sha1_base64="gelbPjZ+p96ewA9bTiHNOEH25GY=">AAACAnicdVDLSgNBEJyN7/iKehIvg4ngKexsEuNR8OJRwTwgG8LspJMMmZ1dZmYDYQle/BUvHhTx6ld482+cPAQVLWgoqrrp7gpiwbVx3Q8ns7S8srq2vpHd3Nre2c3t7dd1lCgGNRaJSDUDqkFwCTXDjYBmrICGgYBGMLyc+o0RKM0jeWvGMbRD2pe8xxk1VurkDgs+lyb1VYi7E38EDA87fgwqLnRyebdIKqTiVrFbLJ+TSqlkiVclpOxhUnRnyKMFrju5d78bsSQEaZigWreIG5t2SpXhTMAk6ycaYsqGtA8tSyUNQbfT2QsTfGKVLu5FypY0eKZ+n0hpqPU4DGxnSM1A//am4l9eKzG983bKZZwYkGy+qJcIbCI8zQN3uQJmxNgSyhS3t2I2oIoyY1PL2hC+PsX/k7pXJDarGy9/cbaIYx0doWN0igiqogt0ha5RDTF0hx7QE3p27p1H58V5nbdmnMXMAfoB5+0T5G6XEA==</latexit><latexit sha1_base64="gelbPjZ+p96ewA9bTiHNOEH25GY=">AAACAnicdVDLSgNBEJyN7/iKehIvg4ngKexsEuNR8OJRwTwgG8LspJMMmZ1dZmYDYQle/BUvHhTx6ld482+cPAQVLWgoqrrp7gpiwbVx3Q8ns7S8srq2vpHd3Nre2c3t7dd1lCgGNRaJSDUDqkFwCTXDjYBmrICGgYBGMLyc+o0RKM0jeWvGMbRD2pe8xxk1VurkDgs+lyb1VYi7E38EDA87fgwqLnRyebdIKqTiVrFbLJ+TSqlkiVclpOxhUnRnyKMFrju5d78bsSQEaZigWreIG5t2SpXhTMAk6ycaYsqGtA8tSyUNQbfT2QsTfGKVLu5FypY0eKZ+n0hpqPU4DGxnSM1A//am4l9eKzG983bKZZwYkGy+qJcIbCI8zQN3uQJmxNgSyhS3t2I2oIoyY1PL2hC+PsX/k7pXJDarGy9/cbaIYx0doWN0igiqogt0ha5RDTF0hx7QE3p27p1H58V5nbdmnMXMAfoB5+0T5G6XEA==</latexit>

R
d~b?

<latexit sha1_base64="eogyY6aozRrFtw7nz73cdT2Dm0c=">AAACAnicdVDLSgNBEJyNrxhfUU/iZTARPIXZxBi9Bbx4jGAekA1hdtJJhszOLjOzQliCF3/FiwdFvPoV3vwbJw9BRQsaiqpuurv8SHBtCPlwUkvLK6tr6fXMxubW9k52d6+hw1gxqLNQhKrlUw2CS6gbbgS0IgU08AU0/dHl1G/egtI8lDdmHEEnoAPJ+5xRY6Vu9iDvcWkSTwW4N/FugWG/60Wgonw3myOFSpkUyxeYFNxSpVQ6t4S4lVNSxm6BzJBDC9S62XevF7I4AGmYoFq3XRKZTkKV4UzAJOPFGiLKRnQAbUslDUB3ktkLE3xslR7uh8qWNHimfp9IaKD1OPBtZ0DNUP/2puJfXjs2/fNOwmUUG5BsvqgfC2xCPM0D97gCZsTYEsoUt7diNqSKMmNTy9gQvj7F/5NGseDaiK6LuerZIo40OkRH6AS5qIKq6ArVUB0xdIce0BN6du6dR+fFeZ23ppzFzD76AeftE+UzlxE=</latexit><latexit sha1_base64="eogyY6aozRrFtw7nz73cdT2Dm0c=">AAACAnicdVDLSgNBEJyNrxhfUU/iZTARPIXZxBi9Bbx4jGAekA1hdtJJhszOLjOzQliCF3/FiwdFvPoV3vwbJw9BRQsaiqpuurv8SHBtCPlwUkvLK6tr6fXMxubW9k52d6+hw1gxqLNQhKrlUw2CS6gbbgS0IgU08AU0/dHl1G/egtI8lDdmHEEnoAPJ+5xRY6Vu9iDvcWkSTwW4N/FugWG/60Wgonw3myOFSpkUyxeYFNxSpVQ6t4S4lVNSxm6BzJBDC9S62XevF7I4AGmYoFq3XRKZTkKV4UzAJOPFGiLKRnQAbUslDUB3ktkLE3xslR7uh8qWNHimfp9IaKD1OPBtZ0DNUP/2puJfXjs2/fNOwmUUG5BsvqgfC2xCPM0D97gCZsTYEsoUt7diNqSKMmNTy9gQvj7F/5NGseDaiK6LuerZIo40OkRH6AS5qIKq6ArVUB0xdIce0BN6du6dR+fFeZ23ppzFzD76AeftE+UzlxE=</latexit><latexit sha1_base64="eogyY6aozRrFtw7nz73cdT2Dm0c=">AAACAnicdVDLSgNBEJyNrxhfUU/iZTARPIXZxBi9Bbx4jGAekA1hdtJJhszOLjOzQliCF3/FiwdFvPoV3vwbJw9BRQsaiqpuurv8SHBtCPlwUkvLK6tr6fXMxubW9k52d6+hw1gxqLNQhKrlUw2CS6gbbgS0IgU08AU0/dHl1G/egtI8lDdmHEEnoAPJ+5xRY6Vu9iDvcWkSTwW4N/FugWG/60Wgonw3myOFSpkUyxeYFNxSpVQ6t4S4lVNSxm6BzJBDC9S62XevF7I4AGmYoFq3XRKZTkKV4UzAJOPFGiLKRnQAbUslDUB3ktkLE3xslR7uh8qWNHimfp9IaKD1OPBtZ0DNUP/2puJfXjs2/fNOwmUUG5BsvqgfC2xCPM0D97gCZsTYEsoUt7diNqSKMmNTy9gQvj7F/5NGseDaiK6LuerZIo40OkRH6AS5qIKq6ArVUB0xdIce0BN6du6dR+fFeZ23ppzFzD76AeftE+UzlxE=</latexit><latexit sha1_base64="eogyY6aozRrFtw7nz73cdT2Dm0c=">AAACAnicdVDLSgNBEJyNrxhfUU/iZTARPIXZxBi9Bbx4jGAekA1hdtJJhszOLjOzQliCF3/FiwdFvPoV3vwbJw9BRQsaiqpuurv8SHBtCPlwUkvLK6tr6fXMxubW9k52d6+hw1gxqLNQhKrlUw2CS6gbbgS0IgU08AU0/dHl1G/egtI8lDdmHEEnoAPJ+5xRY6Vu9iDvcWkSTwW4N/FugWG/60Wgonw3myOFSpkUyxeYFNxSpVQ6t4S4lVNSxm6BzJBDC9S62XevF7I4AGmYoFq3XRKZTkKV4UzAJOPFGiLKRnQAbUslDUB3ktkLE3xslR7uh8qWNHimfp9IaKD1OPBtZ0DNUP/2puJfXjs2/fNOwmUUG5BsvqgfC2xCPM0D97gCZsTYEsoUt7diNqSKMmNTy9gQvj7F/5NGseDaiK6LuerZIo40OkRH6AS5qIKq6ArVUB0xdIce0BN6du6dR+fFeZ23ppzFzD76AeftE+UzlxE=</latexit>

GTMDs
2D Fourier transform

(x,~k?,�+ = 0, ~�?)
<latexit sha1_base64="HsXAlm2HiW0ggQUTOQjxIUNA17A=">AAACG3icbVDLSgMxFM3UV62vqks3wVaoKGWmC3UjFHThsoJ9QDsOmfS2Dc1khiRTLKX/4cZfceNCEVeCC//GtJ2Fth64cHLOveTe40ecKW3b31ZqaXlldS29ntnY3Nreye7u1VQYSwpVGvJQNnyigDMBVc00h0YkgQQ+h7rfv5r49QFIxUJxp4cRuAHpCtZhlGgjedlSvvBwilsDoLjvtSKQkXldA9fk/uTSTpyZMLOP8142ZxftKfAicRKSQwkqXvaz1Q5pHIDQlBOlmo4daXdEpGaUwzjTihVEhPZJF5qGChKAckfT28b4yCht3AmlKaHxVP09MSKBUsPAN50B0T01703E/7xmrDsX7oiJKNYg6OyjTsyxDvEkKNxmEqjmQ0MIlczsimmPSEK1iTNjQnDmT14ktVLRsYvObSlXPkviSKMDdIgKyEHnqIxuUAVVEUWP6Bm9ojfryXqx3q2PWWvKSmb20R9YXz/eYZ7L</latexit><latexit sha1_base64="HsXAlm2HiW0ggQUTOQjxIUNA17A=">AAACG3icbVDLSgMxFM3UV62vqks3wVaoKGWmC3UjFHThsoJ9QDsOmfS2Dc1khiRTLKX/4cZfceNCEVeCC//GtJ2Fth64cHLOveTe40ecKW3b31ZqaXlldS29ntnY3Nreye7u1VQYSwpVGvJQNnyigDMBVc00h0YkgQQ+h7rfv5r49QFIxUJxp4cRuAHpCtZhlGgjedlSvvBwilsDoLjvtSKQkXldA9fk/uTSTpyZMLOP8142ZxftKfAicRKSQwkqXvaz1Q5pHIDQlBOlmo4daXdEpGaUwzjTihVEhPZJF5qGChKAckfT28b4yCht3AmlKaHxVP09MSKBUsPAN50B0T01703E/7xmrDsX7oiJKNYg6OyjTsyxDvEkKNxmEqjmQ0MIlczsimmPSEK1iTNjQnDmT14ktVLRsYvObSlXPkviSKMDdIgKyEHnqIxuUAVVEUWP6Bm9ojfryXqx3q2PWWvKSmb20R9YXz/eYZ7L</latexit><latexit sha1_base64="HsXAlm2HiW0ggQUTOQjxIUNA17A=">AAACG3icbVDLSgMxFM3UV62vqks3wVaoKGWmC3UjFHThsoJ9QDsOmfS2Dc1khiRTLKX/4cZfceNCEVeCC//GtJ2Fth64cHLOveTe40ecKW3b31ZqaXlldS29ntnY3Nreye7u1VQYSwpVGvJQNnyigDMBVc00h0YkgQQ+h7rfv5r49QFIxUJxp4cRuAHpCtZhlGgjedlSvvBwilsDoLjvtSKQkXldA9fk/uTSTpyZMLOP8142ZxftKfAicRKSQwkqXvaz1Q5pHIDQlBOlmo4daXdEpGaUwzjTihVEhPZJF5qGChKAckfT28b4yCht3AmlKaHxVP09MSKBUsPAN50B0T01703E/7xmrDsX7oiJKNYg6OyjTsyxDvEkKNxmEqjmQ0MIlczsimmPSEK1iTNjQnDmT14ktVLRsYvObSlXPkviSKMDdIgKyEHnqIxuUAVVEUWP6Bm9ojfryXqx3q2PWWvKSmb20R9YXz/eYZ7L</latexit><latexit sha1_base64="HsXAlm2HiW0ggQUTOQjxIUNA17A=">AAACG3icbVDLSgMxFM3UV62vqks3wVaoKGWmC3UjFHThsoJ9QDsOmfS2Dc1khiRTLKX/4cZfceNCEVeCC//GtJ2Fth64cHLOveTe40ecKW3b31ZqaXlldS29ntnY3Nreye7u1VQYSwpVGvJQNnyigDMBVc00h0YkgQQ+h7rfv5r49QFIxUJxp4cRuAHpCtZhlGgjedlSvvBwilsDoLjvtSKQkXldA9fk/uTSTpyZMLOP8142ZxftKfAicRKSQwkqXvaz1Q5pHIDQlBOlmo4daXdEpGaUwzjTihVEhPZJF5qGChKAckfT28b4yCht3AmlKaHxVP09MSKBUsPAN50B0T01703E/7xmrDsX7oiJKNYg6OyjTsyxDvEkKNxmEqjmQ0MIlczsimmPSEK1iTNjQnDmT14ktVLRsYvObSlXPkviSKMDdIgKyEHnqIxuUAVVEUWP6Bm9ojfryXqx3q2PWWvKSmb20R9YXz/eYZ7L</latexit>

GPDs

(x,�+ = 0, ~�?)
<latexit sha1_base64="DKE22meaBtCGjUCEWrYHUGIGRJM=">AAACDnicbVC7TgJBFJ3FF+Jr1dJmIpBgJGSXQm1MSLSwxEQeCbuS2eECE2YfmZklEsIX2PgrNhYaY2tt5984wBYKnuQmJ+fcm3vv8SLOpLKsbyO1srq2vpHezGxt7+zumfsHdRnGgkKNhjwUTY9I4CyAmmKKQzMSQHyPQ8MbXE39xhCEZGFwp0YRuD7pBazLKFFaapv5XOGhiLFzDVyR+9NLq4idIdBEaDsRiOgk1zazVsmaAS8TOyFZlKDaNr+cTkhjHwJFOZGyZVuRcsdEKEY5TDJOLCEidEB60NI0ID5Idzx7Z4LzWungbih0BQrP1N8TY+JLOfI93ekT1ZeL3lT8z2vFqnvhjlkQxQoCOl/UjTlWIZ5mgztMAFV8pAmhgulbMe0TQajSCWZ0CPbiy8ukXi7ZVsm+LWcrZ0kcaXSEjlEB2egcVdANqqIaougRPaNX9GY8GS/Gu/Exb00Zycwh+gPj8wf9n5mG</latexit><latexit sha1_base64="DKE22meaBtCGjUCEWrYHUGIGRJM=">AAACDnicbVC7TgJBFJ3FF+Jr1dJmIpBgJGSXQm1MSLSwxEQeCbuS2eECE2YfmZklEsIX2PgrNhYaY2tt5984wBYKnuQmJ+fcm3vv8SLOpLKsbyO1srq2vpHezGxt7+zumfsHdRnGgkKNhjwUTY9I4CyAmmKKQzMSQHyPQ8MbXE39xhCEZGFwp0YRuD7pBazLKFFaapv5XOGhiLFzDVyR+9NLq4idIdBEaDsRiOgk1zazVsmaAS8TOyFZlKDaNr+cTkhjHwJFOZGyZVuRcsdEKEY5TDJOLCEidEB60NI0ID5Idzx7Z4LzWungbih0BQrP1N8TY+JLOfI93ekT1ZeL3lT8z2vFqnvhjlkQxQoCOl/UjTlWIZ5mgztMAFV8pAmhgulbMe0TQajSCWZ0CPbiy8ukXi7ZVsm+LWcrZ0kcaXSEjlEB2egcVdANqqIaougRPaNX9GY8GS/Gu/Exb00Zycwh+gPj8wf9n5mG</latexit><latexit sha1_base64="DKE22meaBtCGjUCEWrYHUGIGRJM=">AAACDnicbVC7TgJBFJ3FF+Jr1dJmIpBgJGSXQm1MSLSwxEQeCbuS2eECE2YfmZklEsIX2PgrNhYaY2tt5984wBYKnuQmJ+fcm3vv8SLOpLKsbyO1srq2vpHezGxt7+zumfsHdRnGgkKNhjwUTY9I4CyAmmKKQzMSQHyPQ8MbXE39xhCEZGFwp0YRuD7pBazLKFFaapv5XOGhiLFzDVyR+9NLq4idIdBEaDsRiOgk1zazVsmaAS8TOyFZlKDaNr+cTkhjHwJFOZGyZVuRcsdEKEY5TDJOLCEidEB60NI0ID5Idzx7Z4LzWungbih0BQrP1N8TY+JLOfI93ekT1ZeL3lT8z2vFqnvhjlkQxQoCOl/UjTlWIZ5mgztMAFV8pAmhgulbMe0TQajSCWZ0CPbiy8ukXi7ZVsm+LWcrZ0kcaXSEjlEB2egcVdANqqIaougRPaNX9GY8GS/Gu/Exb00Zycwh+gPj8wf9n5mG</latexit><latexit sha1_base64="DKE22meaBtCGjUCEWrYHUGIGRJM=">AAACDnicbVC7TgJBFJ3FF+Jr1dJmIpBgJGSXQm1MSLSwxEQeCbuS2eECE2YfmZklEsIX2PgrNhYaY2tt5984wBYKnuQmJ+fcm3vv8SLOpLKsbyO1srq2vpHezGxt7+zumfsHdRnGgkKNhjwUTY9I4CyAmmKKQzMSQHyPQ8MbXE39xhCEZGFwp0YRuD7pBazLKFFaapv5XOGhiLFzDVyR+9NLq4idIdBEaDsRiOgk1zazVsmaAS8TOyFZlKDaNr+cTkhjHwJFOZGyZVuRcsdEKEY5TDJOLCEidEB60NI0ID5Idzx7Z4LzWungbih0BQrP1N8TY+JLOfI93ekT1ZeL3lT8z2vFqnvhjlkQxQoCOl/UjTlWIZ5mgztMAFV8pAmhgulbMe0TQajSCWZ0CPbiy8ukXi7ZVsm+LWcrZ0kcaXSEjlEB2egcVdANqqIaougRPaNX9GY8GS/Gu/Exb00Zycwh+gPj8wf9n5mG</latexit>

2D Fourier  
transform

∫dx

FormFactors
(Q2)



The unpolarized GPD H

H(x, 0,~b?) =

Z
d2�? H(x, 0, t) e�i~�?·~b? (t = �~�2

?)

Guidal et al., Rep. Prog. Phys. 76 (2013) 066202

steep in t 
wide in b⊥  

flat in t 
narrow in b⊥  

H
q(x, 0, b?)(fm

�2)

extrapolation from data⇠ = 0
<latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit><latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit><latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit><latexit sha1_base64="fxKAoPFKAgFPZRg5P/VFAwPAa48=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwXxAcoS9zSRZsrd37u6J4cifsLFQxNa/Y+e/cZNcoYkPBh7vzTAzL4gF18Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUQwbLBKRagdUo+ASG4Ybge1YIQ0Dga1gfDPzW4+oNI/kvZnE6Id0KPmAM2qs1C53n/g1ccu9YsmtuHOQVeJlpAQZ6r3iV7cfsSREaZigWnc8NzZ+SpXhTOC00E00xpSN6RA7lkoaovbT+b1TcmaVPhlEypY0ZK7+nkhpqPUkDGxnSM1IL3sz8T+vk5jBlZ9yGScGJVssGiSCmIjMnid9rpAZMbGEMsXtrYSNqKLM2IgKNgRv+eVV0qxWPLfi3VVLtYssjjycwCmcgweXUINbqEMDGAh4hld4cx6cF+fd+Vi05pxs5hj+wPn8AVpOjs4=</latexit>

HIm = H(⇠, ⇠, t)
<latexit sha1_base64="4y9Y8qjgne2Y98pYJCjjtD0w2KI=">AAACEXicbVDLSsNAFJ3UV62vqEs3wVaoICXpQt0IBTd1V8E+oAlhMp20Q2eSMDMRS8gvuPFX3LhQxK07d/6NkzQLbT1w4cw59zL3Hi+iREjT/NZKK6tr6xvlzcrW9s7unr5/0BNhzBHuopCGfOBBgSkJcFcSSfEg4hgyj+K+N73O/P495oKEwZ2cRdhhcBwQnyAoleTq9ZrNoJwgSJN26ib5g7PkhqXpVbtuP5CzrORpzdWrZsPMYSwTqyBVUKDj6l/2KEQxw4FEFAoxtMxIOgnkkiCK04odCxxBNIVjPFQ0gAwLJ8kvSo0TpYwMP+SqAmnk6u+JBDIhZsxTndnGYtHLxP+8YSz9SychQRRLHKD5R35MDRkaWTzGiHCMJJ0pAhEnalcDTSCHSKoQKyoEa/HkZdJrNiyzYd02q63zIo4yOALHoA4scAFaoA06oAsQeATP4BW8aU/ai/aufcxbS1oxcwj+QPv8AdsnnPE=</latexit><latexit sha1_base64="4y9Y8qjgne2Y98pYJCjjtD0w2KI=">AAACEXicbVDLSsNAFJ3UV62vqEs3wVaoICXpQt0IBTd1V8E+oAlhMp20Q2eSMDMRS8gvuPFX3LhQxK07d/6NkzQLbT1w4cw59zL3Hi+iREjT/NZKK6tr6xvlzcrW9s7unr5/0BNhzBHuopCGfOBBgSkJcFcSSfEg4hgyj+K+N73O/P495oKEwZ2cRdhhcBwQnyAoleTq9ZrNoJwgSJN26ib5g7PkhqXpVbtuP5CzrORpzdWrZsPMYSwTqyBVUKDj6l/2KEQxw4FEFAoxtMxIOgnkkiCK04odCxxBNIVjPFQ0gAwLJ8kvSo0TpYwMP+SqAmnk6u+JBDIhZsxTndnGYtHLxP+8YSz9SychQRRLHKD5R35MDRkaWTzGiHCMJJ0pAhEnalcDTSCHSKoQKyoEa/HkZdJrNiyzYd02q63zIo4yOALHoA4scAFaoA06oAsQeATP4BW8aU/ai/aufcxbS1oxcwj+QPv8AdsnnPE=</latexit><latexit sha1_base64="4y9Y8qjgne2Y98pYJCjjtD0w2KI=">AAACEXicbVDLSsNAFJ3UV62vqEs3wVaoICXpQt0IBTd1V8E+oAlhMp20Q2eSMDMRS8gvuPFX3LhQxK07d/6NkzQLbT1w4cw59zL3Hi+iREjT/NZKK6tr6xvlzcrW9s7unr5/0BNhzBHuopCGfOBBgSkJcFcSSfEg4hgyj+K+N73O/P495oKEwZ2cRdhhcBwQnyAoleTq9ZrNoJwgSJN26ib5g7PkhqXpVbtuP5CzrORpzdWrZsPMYSwTqyBVUKDj6l/2KEQxw4FEFAoxtMxIOgnkkiCK04odCxxBNIVjPFQ0gAwLJ8kvSo0TpYwMP+SqAmnk6u+JBDIhZsxTndnGYtHLxP+8YSz9SychQRRLHKD5R35MDRkaWTzGiHCMJJ0pAhEnalcDTSCHSKoQKyoEa/HkZdJrNiyzYd02q63zIo4yOALHoA4scAFaoA06oAsQeATP4BW8aU/ai/aufcxbS1oxcwj+QPv8AdsnnPE=</latexit><latexit sha1_base64="4y9Y8qjgne2Y98pYJCjjtD0w2KI=">AAACEXicbVDLSsNAFJ3UV62vqEs3wVaoICXpQt0IBTd1V8E+oAlhMp20Q2eSMDMRS8gvuPFX3LhQxK07d/6NkzQLbT1w4cw59zL3Hi+iREjT/NZKK6tr6xvlzcrW9s7unr5/0BNhzBHuopCGfOBBgSkJcFcSSfEg4hgyj+K+N73O/P495oKEwZ2cRdhhcBwQnyAoleTq9ZrNoJwgSJN26ib5g7PkhqXpVbtuP5CzrORpzdWrZsPMYSwTqyBVUKDj6l/2KEQxw4FEFAoxtMxIOgnkkiCK04odCxxBNIVjPFQ0gAwLJ8kvSo0TpYwMP+SqAmnk6u+JBDIhZsxTndnGYtHLxP+8YSz9SychQRRLHKD5R35MDRkaWTzGiHCMJJ0pAhEnalcDTSCHSKoQKyoEa/HkZdJrNiyzYd02q63zIo4yOALHoA4scAFaoA06oAsQeATP4BW8aU/ai/aufcxbS1oxcwj+QPv8AdsnnPE=</latexit>

The unpolarized GPD H

h~b 2
?(x)i =

R
d2~b?~b

2
? H(x, 0, b?)R

d2~b?H(x, 0, b?)

Dupré et al., PRD95(2017)011501
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As x      1, the active parton carries all the momentum  
 and represents the centre of momentum  

extrapolating  
in the unmeasured  

x-range

x-dependent transverse squared radius



Angular Momentum Relation (Ji’s Sum Rule)
X. Ji, PRL 78 (1997) 610

not directly accessible

 quark and gluon contribution to the nucleon spin

from DIS

•Requires extrapolation at t=0  

•Requires spanning x at fixed values of    (         is the most convenient) 

•Does not have an interpretation as angular momentum density as a function of x 
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SgLg
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Jg = Lg + Sg
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from DIS

J
q,g = 1

2

R 1
�1 dx x (Hq,g(x, ⇠, 0) + E

q,g(x, ⇠, 0))
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Lattice Calculations of Angular Momentum

without disconnected insertion

with disconnected insertion

connected insertions (CI)

disconnected  
insertions (DI)

Deka et al., PRD 91 (2015) 014505

Lu + Ld ⇡ 33%

Ju > 0, Jd ⇡ 0

(m⇡ = 330 MeV)
<latexit sha1_base64="QtawPM0l2sBAxkyhL5x2OxtWEMM=">AAAB+nicbZDLSgMxFIYz9VbrbapLN8FWqJsy0wq6EQpu3AgV7AXaYcikmTY0yQxJRiljH8WNC0Xc+iTufBvTdhba+kPg4z/ncE7+IGZUacf5tnJr6xubW/ntws7u3v6BXTxsqyiRmLRwxCLZDZAijArS0lQz0o0lQTxgpBOMr2f1zgORikbiXk9i4nE0FDSkGGlj+XaxXOF+P6ZX9bpThrekfebbJafqzAVXwc2gBDI1ffurP4hwwonQmCGleq4Tay9FUlPMyLTQTxSJER6jIekZFIgT5aXz06fw1DgDGEbSPKHh3P09kSKu1IQHppMjPVLLtZn5X62X6PDSS6mIE00EXiwKEwZ1BGc5wAGVBGs2MYCwpOZWiEdIIqxNWgUTgrv85VVo16qu4btaqXGexZEHx+AEVIALLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH4vWnJXNHIE/sj5/AAsqkdo=</latexit><latexit sha1_base64="QtawPM0l2sBAxkyhL5x2OxtWEMM=">AAAB+nicbZDLSgMxFIYz9VbrbapLN8FWqJsy0wq6EQpu3AgV7AXaYcikmTY0yQxJRiljH8WNC0Xc+iTufBvTdhba+kPg4z/ncE7+IGZUacf5tnJr6xubW/ntws7u3v6BXTxsqyiRmLRwxCLZDZAijArS0lQz0o0lQTxgpBOMr2f1zgORikbiXk9i4nE0FDSkGGlj+XaxXOF+P6ZX9bpThrekfebbJafqzAVXwc2gBDI1ffurP4hwwonQmCGleq4Tay9FUlPMyLTQTxSJER6jIekZFIgT5aXz06fw1DgDGEbSPKHh3P09kSKu1IQHppMjPVLLtZn5X62X6PDSS6mIE00EXiwKEwZ1BGc5wAGVBGs2MYCwpOZWiEdIIqxNWgUTgrv85VVo16qu4btaqXGexZEHx+AEVIALLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH4vWnJXNHIE/sj5/AAsqkdo=</latexit><latexit sha1_base64="QtawPM0l2sBAxkyhL5x2OxtWEMM=">AAAB+nicbZDLSgMxFIYz9VbrbapLN8FWqJsy0wq6EQpu3AgV7AXaYcikmTY0yQxJRiljH8WNC0Xc+iTufBvTdhba+kPg4z/ncE7+IGZUacf5tnJr6xubW/ntws7u3v6BXTxsqyiRmLRwxCLZDZAijArS0lQz0o0lQTxgpBOMr2f1zgORikbiXk9i4nE0FDSkGGlj+XaxXOF+P6ZX9bpThrekfebbJafqzAVXwc2gBDI1ffurP4hwwonQmCGleq4Tay9FUlPMyLTQTxSJER6jIekZFIgT5aXz06fw1DgDGEbSPKHh3P09kSKu1IQHppMjPVLLtZn5X62X6PDSS6mIE00EXiwKEwZ1BGc5wAGVBGs2MYCwpOZWiEdIIqxNWgUTgrv85VVo16qu4btaqXGexZEHx+AEVIALLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH4vWnJXNHIE/sj5/AAsqkdo=</latexit><latexit sha1_base64="QtawPM0l2sBAxkyhL5x2OxtWEMM=">AAAB+nicbZDLSgMxFIYz9VbrbapLN8FWqJsy0wq6EQpu3AgV7AXaYcikmTY0yQxJRiljH8WNC0Xc+iTufBvTdhba+kPg4z/ncE7+IGZUacf5tnJr6xubW/ntws7u3v6BXTxsqyiRmLRwxCLZDZAijArS0lQz0o0lQTxgpBOMr2f1zgORikbiXk9i4nE0FDSkGGlj+XaxXOF+P6ZX9bpThrekfebbJafqzAVXwc2gBDI1ffurP4hwwonQmCGleq4Tay9FUlPMyLTQTxSJER6jIekZFIgT5aXz06fw1DgDGEbSPKHh3P09kSKu1IQHppMjPVLLtZn5X62X6PDSS6mIE00EXiwKEwZ1BGc5wAGVBGs2MYCwpOZWiEdIIqxNWgUTgrv85VVo16qu4btaqXGexZEHx+AEVIALLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH4vWnJXNHIE/sj5/AAsqkdo=</latexit>

Consistent with recent lattice calculation at the physical pion mass 
C. Alexandrou et al., PRL 119 (2017) 142002



MORE ON TMDS:
Adding the spin

correlation between x and k⊥

correlation between x, k⊥ and spin

unpolarized TMD 

polarized quarks and/or polarized target 



First hints of sign change

sign change}
<latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit>

no sign change}
<latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit>

Drell-Yan 
@ COMPASS 
PRL 119(2017)112002 

p"p ! W±/Z
<latexit sha1_base64="LOg1rREYtgmYd1VZJaU6leb/U94=">AAACCnicbZC7TsMwFIadcivlFmBkMbRITCXpQsdKLIxFohfRpJXjuq1V27FsB1RFnVl4FRYGEGLlCdh4G9w2AxR+ydLn/5wj+/yRZFQbz/tyciura+sb+c3C1vbO7p67f9DUcaIwaeCYxaodIU0YFaRhqGGkLRVBPGKkFY0vZ/XWHVGaxuLGTCQJORoKOqAYGWv13OOS7AaJRErF91AGig5HZnFpdQPJz29LPbfolb254F/wMyiCTPWe+xn0Y5xwIgxmSOuO70kTpkgZihmZFoJEE4nwGA1Jx6JAnOgwna8yhafW6cNBrOwRBs7dnxMp4lpPeGQ7OTIjvVybmf/VOokZVMOUCpkYIvDioUHCoInhLBfYp4pgwyYWEFbU/hXiEVIIG5tewYbgL6/8F5qVsm/5ulKsVbM48uAInIAz4IMLUANXoA4aAIMH8ARewKvz6Dw7b877ojXnZDOH4Jecj2+5eJo3</latexit><latexit sha1_base64="LOg1rREYtgmYd1VZJaU6leb/U94=">AAACCnicbZC7TsMwFIadcivlFmBkMbRITCXpQsdKLIxFohfRpJXjuq1V27FsB1RFnVl4FRYGEGLlCdh4G9w2AxR+ydLn/5wj+/yRZFQbz/tyciura+sb+c3C1vbO7p67f9DUcaIwaeCYxaodIU0YFaRhqGGkLRVBPGKkFY0vZ/XWHVGaxuLGTCQJORoKOqAYGWv13OOS7AaJRErF91AGig5HZnFpdQPJz29LPbfolb254F/wMyiCTPWe+xn0Y5xwIgxmSOuO70kTpkgZihmZFoJEE4nwGA1Jx6JAnOgwna8yhafW6cNBrOwRBs7dnxMp4lpPeGQ7OTIjvVybmf/VOokZVMOUCpkYIvDioUHCoInhLBfYp4pgwyYWEFbU/hXiEVIIG5tewYbgL6/8F5qVsm/5ulKsVbM48uAInIAz4IMLUANXoA4aAIMH8ARewKvz6Dw7b877ojXnZDOH4Jecj2+5eJo3</latexit><latexit sha1_base64="LOg1rREYtgmYd1VZJaU6leb/U94=">AAACCnicbZC7TsMwFIadcivlFmBkMbRITCXpQsdKLIxFohfRpJXjuq1V27FsB1RFnVl4FRYGEGLlCdh4G9w2AxR+ydLn/5wj+/yRZFQbz/tyciura+sb+c3C1vbO7p67f9DUcaIwaeCYxaodIU0YFaRhqGGkLRVBPGKkFY0vZ/XWHVGaxuLGTCQJORoKOqAYGWv13OOS7AaJRErF91AGig5HZnFpdQPJz29LPbfolb254F/wMyiCTPWe+xn0Y5xwIgxmSOuO70kTpkgZihmZFoJEE4nwGA1Jx6JAnOgwna8yhafW6cNBrOwRBs7dnxMp4lpPeGQ7OTIjvVybmf/VOokZVMOUCpkYIvDioUHCoInhLBfYp4pgwyYWEFbU/hXiEVIIG5tewYbgL6/8F5qVsm/5ulKsVbM48uAInIAz4IMLUANXoA4aAIMH8ARewKvz6Dw7b877ojXnZDOH4Jecj2+5eJo3</latexit><latexit sha1_base64="LOg1rREYtgmYd1VZJaU6leb/U94=">AAACCnicbZC7TsMwFIadcivlFmBkMbRITCXpQsdKLIxFohfRpJXjuq1V27FsB1RFnVl4FRYGEGLlCdh4G9w2AxR+ydLn/5wj+/yRZFQbz/tyciura+sb+c3C1vbO7p67f9DUcaIwaeCYxaodIU0YFaRhqGGkLRVBPGKkFY0vZ/XWHVGaxuLGTCQJORoKOqAYGWv13OOS7AaJRErF91AGig5HZnFpdQPJz29LPbfolb254F/wMyiCTPWe+xn0Y5xwIgxmSOuO70kTpkgZihmZFoJEE4nwGA1Jx6JAnOgwna8yhafW6cNBrOwRBs7dnxMp4lpPeGQ7OTIjvVybmf/VOokZVMOUCpkYIvDioUHCoInhLBfYp4pgwyYWEFbU/hXiEVIIG5tewYbgL6/8F5qVsm/5ulKsVbM48uAInIAz4IMLUANXoA4aAIMH8ARewKvz6Dw7b877ojXnZDOH4Jecj2+5eJo3</latexit>

@ RHIC-STAR Coll. 
PRL 116(2016)132301 

⇡p ! µµX
<latexit sha1_base64="qzDk6ALFvLKCNLvGJVmFIK7fVIw=">AAACBXicbZC7TsMwFIYdrqXcAowwWLRITFXShY6VWBiLRC9SE1WO67ZWfZPtgKqoCwuvwsIAQqy8Axtvg9tmgJYjW/r0/+fIPn+iGDU2CL69tfWNza3twk5xd2//4NA/Om4ZmWpMmlgyqTsJMoRRQZqWWkY6ShPEE0bayfh65rfviTZUijs7USTmaCjogGJkndTzz8qRohCqSNPhyCKt5QOMeOoO7JR7fimoBPOCqxDmUAJ5NXr+V9SXOOVEWMyQMd0wUDbOkLYUMzItRqkhCuExGpKuQ4E4MXE232IKL5zShwOp3RUWztXfExnixkx44jo5siOz7M3E/7xuage1OKNCpZYIvHhokDJoJZxFAvtUE2zZxAHCmrq/QjxCGmHrgiu6EMLllVehVa2Ejm+rpXotj6MATsE5uAQhuAJ1cAMaoAkweATP4BW8eU/ei/fufSxa17x85gT8Ke/zBxOBl50=</latexit><latexit sha1_base64="qzDk6ALFvLKCNLvGJVmFIK7fVIw=">AAACBXicbZC7TsMwFIYdrqXcAowwWLRITFXShY6VWBiLRC9SE1WO67ZWfZPtgKqoCwuvwsIAQqy8Axtvg9tmgJYjW/r0/+fIPn+iGDU2CL69tfWNza3twk5xd2//4NA/Om4ZmWpMmlgyqTsJMoRRQZqWWkY6ShPEE0bayfh65rfviTZUijs7USTmaCjogGJkndTzz8qRohCqSNPhyCKt5QOMeOoO7JR7fimoBPOCqxDmUAJ5NXr+V9SXOOVEWMyQMd0wUDbOkLYUMzItRqkhCuExGpKuQ4E4MXE232IKL5zShwOp3RUWztXfExnixkx44jo5siOz7M3E/7xuage1OKNCpZYIvHhokDJoJZxFAvtUE2zZxAHCmrq/QjxCGmHrgiu6EMLllVehVa2Ejm+rpXotj6MATsE5uAQhuAJ1cAMaoAkweATP4BW8eU/ei/fufSxa17x85gT8Ke/zBxOBl50=</latexit><latexit sha1_base64="qzDk6ALFvLKCNLvGJVmFIK7fVIw=">AAACBXicbZC7TsMwFIYdrqXcAowwWLRITFXShY6VWBiLRC9SE1WO67ZWfZPtgKqoCwuvwsIAQqy8Axtvg9tmgJYjW/r0/+fIPn+iGDU2CL69tfWNza3twk5xd2//4NA/Om4ZmWpMmlgyqTsJMoRRQZqWWkY6ShPEE0bayfh65rfviTZUijs7USTmaCjogGJkndTzz8qRohCqSNPhyCKt5QOMeOoO7JR7fimoBPOCqxDmUAJ5NXr+V9SXOOVEWMyQMd0wUDbOkLYUMzItRqkhCuExGpKuQ4E4MXE232IKL5zShwOp3RUWztXfExnixkx44jo5siOz7M3E/7xuage1OKNCpZYIvHhokDJoJZxFAvtUE2zZxAHCmrq/QjxCGmHrgiu6EMLllVehVa2Ejm+rpXotj6MATsE5uAQhuAJ1cAMaoAkweATP4BW8eU/ei/fufSxa17x85gT8Ke/zBxOBl50=</latexit><latexit sha1_base64="qzDk6ALFvLKCNLvGJVmFIK7fVIw=">AAACBXicbZC7TsMwFIYdrqXcAowwWLRITFXShY6VWBiLRC9SE1WO67ZWfZPtgKqoCwuvwsIAQqy8Axtvg9tmgJYjW/r0/+fIPn+iGDU2CL69tfWNza3twk5xd2//4NA/Om4ZmWpMmlgyqTsJMoRRQZqWWkY6ShPEE0bayfh65rfviTZUijs7USTmaCjogGJkndTzz8qRohCqSNPhyCKt5QOMeOoO7JR7fimoBPOCqxDmUAJ5NXr+V9SXOOVEWMyQMd0wUDbOkLYUMzItRqkhCuExGpKuQ4E4MXE232IKL5zShwOp3RUWztXfExnixkx44jo5siOz7M3E/7xuage1OKNCpZYIvHhokDJoJZxFAvtUE2zZxAHCmrq/QjxCGmHrgiu6EMLllVehVa2Ejm+rpXotj6MATsE5uAQhuAJ1cAMaoAkweATP4BW8eU/ei/fufSxa17x85gT8Ke/zBxOBl50=</latexit>

sign change

no sign change



Wigner Distributions (WD) and GTMDs from 

Hatta, Xiao, Yuan, PRL 116 (2016) 202301 
Hatta, Nakagawa, Xiao, Yuan, Zhao, PRD 95 (2017) 114032 
Ji, Yuan, Zhao, PRL 118 (2017) 192004 

Exclusive dijet production in ep DIS (gluon GTMDs)

Bhattacharya, Metz, Zhou, PLB 771 (2017) 396

Exclusive pion-nucleon double Drell-Yan  
(quark GTMDs)

Exclusive double quarkonia production 
in nucleon-nucleon collisions (gluon GTMDs)

Bhattacharya, Metz, Ojha, Tsai, Zhou, arXiv:1802.10550

Boussarie, Hatta, Xiao, Yuan, arXiv: 1807.08697 

q

q1

q2
k −∆/2

k +∆/2

Exclusive dijet production in pA UPC (gluon GTMDs)
Hagiwara, Hatta, Pasechnik, Tasevsky, Teryaev, PRD 96 (2016) 034009


