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Scattering

Most of what we know about the world comes from scattering 
experiments.  The qualities of light give very different pictures 
of the same object.  

Rouen Cathedral, Claude Monet, ~1893
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• The only thing we can measure is a cross section.
• But by separating kinematics from nucleon structure, we can identify robust, 

experimentally determined objects, the structure functions:

• Thus, FT, FL, g1, g2(x,Q2) can be extracted for all x, Q2.
• Experiment tells us where these can be interpreted in 

terms of parton distribution functions (PDFs) in pQCD 
and where complications show up.

• PDFs are known only through model fitting of structure 
functions. 

• The same holds for transverse momentum dependent 
distributions (TMDs) and generalized parton 
distributions (GPDs)

θ 

Lorentz invariants:
q•q = -Q2

p•q/M = ν
(p+q)2 = W 2

(k+p) 2 = s
-q•q/(2p•q) = x
p•q/p•k = y = (ν/E)lab
Eh/ν = z
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• Structure functions have a 
simple interpretation in the 
parton model

• Realistically, we measure 
convolutions of PDFs that are 
extracted through NLO QCD 
analyses
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F2
p(x,Q2) and g1

p
 (x,Q2)
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Parton Distribution Functions
Fits to all the world’s data yield the probability distributions for 
finding a quark or a gluon with momentum fraction x at scale Q2.

CTEQ fits
area gives <x>i
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Q2 evolution is used to 
determine Δg

DSSV fits

Large uncertainties 
remain

deFlorian, Sassot, Stratmann, Vogelzang
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• Significant contributions from x<0.001
• ΔG vanishes with increasing Q2

• At Q2=4 GeV2, Lz = 0.474 (large)
• Errors on ΔG are still very large
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• Any confined quark must have transverse momentum
• Therefore, colinear PDFs cannot give the whole story
• Transverse momentum is related to Lz

• There has been much recent work trying to understand 
transverse momentum distributions (TMDs)
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Cahn, Phys. Lett. B78(1978)269

• Parton model for electron-quark scattering
• Transverse momentum-dependence at higher twist

k:  incident electron
k’: scattered electron
p:  incident quark
p’: scattered quark

y = (E-E’)/E {fractional energy transfer} 
p⊥ = quark transverse momentum
φ = azimuthal angle of struck quark

Azimuthal moment
suppressed by 1/Q
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 Bacchetta, et al., JHEP 2(2007)093

 Leading Twist

Sub-Leading Twist
(extra factor of 1/Q)

 0 (i.e. R=σL/σT=0)

AUL =  {UL terms} / {UU terms}
ALL =  {LL terms} / {UU terms}
                     etc.
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The Sivers structure 
function

Unpolarized structure 
function; integrates to 
F1(x,Q2)

Unpolarized 
fragmentation function; 
integrates to D1(z,Q2)

Polarized structure 
function; integrates to 
g1(x,Q2)

The Collins 
fragmentation function

And there are more...
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Red: T-odd Yellow box: 
chiral-odd

Black: survive pT 
integration

Helicity

Sivers
Transversity

Pretzelocity

Boer-Mulders

Worm Gear
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from Bacchetta

transverse nucleon spin

longitudinal nucleon spin

transverse quark spin

longitudinal nucleon spin

transverse quark momentum
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 Bacchetta, PRD78(08)074010

Boer-Mulders



14 November 2011 KPH 2011

& Diquark Spectator Model

17

Sivers

 Bacchetta, PRD78(08)074010
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 Bacchetta, PRD78(08)074010
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Transversity

 Bacchetta, PRD78(08)074010
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Artru, Acta Phys. Polon. B39(1998)2115

• Imagine that the qq pair is created in a 3P0 spin 
state with vacuum quantum numbers JPC=0++

• Quark spins are opposite the orbital ang. mom. L=1
• Pion (with no spin) acquires transverse momentum
• This simple model breaks down if the fragmentation 

string does not conserve J (i.e. if there are torques)

X

Struck quark

π

pT
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Leading Twist TMDs Sub-Leading Twist TMDs

Sub-Leading Twist FFsLeading Twist FFs
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Drell-Yan

SIDIS

e+e- Annihilation

qT=pT+pT

qT=zpT+kT

qT=kT+kT
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 Artru, ZPC73(1997)527

Bravar, PRL77(1996)2626 FNAL E704

ϕ is angle between beam polarization axis and the normal to the production plane
Collins effect gives the right trend to explain the large asymmetries seen

200 GeV beam
Pπ > 40 GeV/c
0 < p⊥ < 1.5 GeV/c



14 November 2011 KPH 2011

& Collins Fragmentation

24

Seidl, PRD78(08)032011 (Belle)

• e+e-→ππ
• A12: Ratio cancels QCD radiative and 

acceptance effects
• CM energy ~10.5 GeV; L=550 fb-1

Anselmino, AIPCP1149(09)465 [Fits]



14 November 2011 KPH 2011

& Kinematic Coverage

25

Q
2  (

G
eV

2 )
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Anselmino, AIPCP1149(09)465 [Fits]
Diefenthaler, arXiv:0706.2242 [HERMES]
Alekseev, arXiv:0802.2160 [COMPASS]

Notation is not yet standard!

proton deuteron
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Airapetian, PRL103(09)152002

K > π
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Jin Huang, Hall A, Jefferson Lab, arXiv1108.0489 
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Worm Gear
Collins

COMPASS

I. Savin, DIS2010
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Kaons
are 
different

Rith PoS(ICHEP 2010)169

Contalbrigo, DIS2011
HERMES
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Asymmetry is 
consistent with zero

A. Bressan, IWSS10

S. Gliske, APS2009
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eg1-dvcs data
PT dependence → µ0 ≠ µ2

CLAS
eg1-dvcs

•π+ (red) 

•π- (blue) 
•π0 (green)

Very Preliminary

Do Not Quote
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• Aghasyan, PLB704(11)397 (CLAS) 
Airapetian, PLB648(07)164 (HERMES)    
Avagyan, SpinPhysProc(03)239 (π+)

• AULπ°(π+)  for an unpolarized H2 target
• Beam: 5.8 (CLAS) & 28 GeV (HERMES)
• Q2>1; 0.4 < z < 0.7
• Similar results at different Q2s
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Helicity

Cahn 
Effect
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 Breitweg, PLB481(2000)199 (ZEUS)

• FUU for charged-hadron SIDIS
• <x>=0.022; <Q2>=750 GeV2; 0.2<y<0.8; 0.2<z<1
• Data fit well to a + b cosφ + c cos2φ
• Both <cosφ> and <cos2φ> ≠ 0 at high Q2

• <cosφ> at leading-order comes from QCD 
Compton scattering (  γ*q →qg)

• <cos2φ> at leading-order comes from photon-
gluon fusion ( γ*g → qq )

• Non-pert. <cosφ> from LT interference
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What PANDA can measure with a transversely polarized proton target

Arnold, PRD79(09)034005
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 Bacchetta, PRD69(2004)074026

 Leading Twist

Sub-Leading Twist
(extra factor of 1/Q)
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HERMES
JHEP06(08)017

AUL is positive
but small

ALU for π+π- in the CLAS e1f experiment.  Analysis by Silvia Pisano (Frascati/Roma Tor 
Vergata).  Clear sinϕ and sin2ϕ asymmetries.

Prelim
inary 3 bins in x
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Vossen, PRL107(11)072004 (Belle)

e+e-→π+π-



• Beam time: February to September 2009 
• ~6 GeV Polarized electron beam (Pb~85%)
• Frozen 15NH3 target (Pt~75%)
• CEBAF large acceptance spectrometer 

(CLAS) plus Inner Calorimeter 
• ~19 billion electron triggers on NH3 target 
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EG1-DVCS at JLab

6

Hall B

Hall BHall B

x
π+ π- π0

0

0.6

0.1

Q2 (GeV2) 6
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π+

π-

π0

ALL ALU

AUL

Very Preliminary

Do Not Quote
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π+ ALU 

vs. ϕ

Measurements with φ moments in 2 independent variables!
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Very Preliminary

Do Not Quote

•π+ (red) 

•π- (blue) 
•π0 (green)
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•π+ (red) 

•π- (blue) 
•π0 (green)

Very Preliminary

Do Not Quote
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•π+ (red) 

•π- (blue) 
•π0 (green)

Very Preliminary

Do Not Quote
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•π+ (red) 

•π- (blue) 
•π0 (green)

Very Preliminary

Do Not Quote
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•π+ (red) 

•π- (blue) 
•π0 (green)

Very Preliminary

Do Not Quote
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• In order to truly understand the nucleon, we will need 
to explore transverse momentum distributions (TMDs)

• The formalism is complicated and the number of 
useful objects many

• However, objects like the Collins Fragmentation 
function show up in many different measurements.

• If these objects prove to be universal, we will have a 
bright future in the next decade measuring them 
using eN, NN, and e+e- reactions.

• Although TMDs are sensitive to spin-orbit 
correlations, there is no easy, intuitive way to connect 
them to Lz.


