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The big questions

● What are TMDs?
● Why are they useful?
● How can they be measured?
● Status of existing measurements
● Prospects for future measurements
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Background: Wigner distributions

● Holy grail: To measure/calculate the complete nucleon 
wavefunction ψ(rg, ru, ru, rd, rd, spins, ...)
– 3D (position or momentum), complex-valued

● ψ is mathematically equivalent to the Wigner 
“quasiprobability” distribution W(rg, pg, ru, pu, …)
– 6D (position and momentum), real-valued
– Not a true probability distribution (due to uncertainty 

principle), but similar in nature

● ψ/W encode all information on nucleon structure
● Unfortunately, we can’t measure them directly

– Only lower-dimensional projections



4

Nucleon structure “family tree”

● Integrate 6D W over longitudinal 
coordinate z to get 5D “GTMD”
– Generalized TMD
– Infinite-momentum frame:

z is irrelevant

● Integrate GTMD over transverse 
coords, get 3D TMD

● Can further integrate TMD over 
transverse momenta to get 
familiar 1D PDF

For the pedantic: GTMD is actually Fourier transform of (z-integrated) W. Δ is “conjugate 
momenta” of transverse coordinates b

T
 (not the same as transverse momenta k

T
!)
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Family tree, again

(z-integrated)
GTMDs not shown; can 
be obtained by taking 
Fourier transform of W 
with respect to b

T
.
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Eight different TMDs

● Nucleon can be un-, longitudinally, or transversely polarized

● Likewise, our scattering process/measurement can be sensitive 
to different initial polarizations of the scattered parton

● Altogether, 8 TMDs per quark species, another 8 for gluons:
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Why study TMDs?

● Tomography: 3D imaging of 
nucleon in momentum space
– Complimentary to GPDs: 3D in 

position space

● Orbital angular momentum’s 
role in nucleon spin
– kT correlated w/ nucleon spin

● Correlation of parton spin with 
orbital ang. mom.
– Contribution of sea quark, gluon 

polarization to nucleon spin

● Another handle on nucleon 
flavor structure
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How to measure TMDs?

● Ordinary inclusive DIS won’t 
work
– Only measure outgoing lepton: 

not enough info

● Option 1: Semi-inclusive deep 
inelastic scattering (SIDIS)
– Measure lepton + one outgoing 

hadron

● Option 2: Drell-Yan
– E.g., πp → l+l-XX’

● Need polarized beam/target 
to disentangle the 8 TMDs

● Today’s focus is SIDIS
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SIDIS kinematics
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SIDIS cross section
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SIDIS cross section
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SIDIS cross section
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TMD extraction

● For SIDIS, key is to measure azimuthal modulation
– Angle between outgoing hadron pT and nucleon spin

● Different “harmonics” associated with different 
structure functions, e.g., FUU

cos(2φ)

● Each F is in turn a convolution of a TMD with a FF 
(previous slide)

● Take data at various energies and polarizations → 
disentangle and extract the TMDs
– All 8 extractable with sufficient luminosity and kinematic 

reach (future electron-ion collider?)
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Experimental landscape

● Modern (incomplete) TMD information from:
– HERMES @ DESY (1995-2007)
– COMPASS @ CERN-SPS (2002-present, SIDIS 2012)
– 6GeV CEBAF @ Jlab (~2004 – 2012, all three halls)

● Under construction:
– 12 GeV CEBAF

● The future: Electron-ion collider (all 8 TMDs!)
– Either MEIC @ JLab or eRHIC @ BNL
– Needed to extend to higher Q2, lower x → Probe sea 

quark and gluon TMDs
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HERMES @ DESY
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HERMES @ DESY
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HERMES @ DESY
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HERMES: Example data
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COMPASS @ CERN
Unpolarized muons/mesons 
on fixed target (proton or 
deuteron, possibly polarized)
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COMPASS @ CERN
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CEBAF @ JLab
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CEBAF @ JLab
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CEBAF: Example data
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The future? MEIC @ JLab
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The future? eRHIC @ BNL
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Conclusions

● TMDs…
– ...complement the 3D structure revealed by GPDs
– ...provide unique insight into orbital angular 

momentum and spin-orbit coupling of partons
– ...have been partially measured, but current fixed-

target experiments are limited in reach
– ...can be measured, at proposed EIC, to 

unprecedented precision, in all 8 forms, for all 
valence and sea quarks/gluons
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