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Nuclear physics is the study of the structure of matter

atom: 10-10 m nucleus: 10-14 m nucleon: 10-15 m

- Most of the mass and energy in the universe around us comes from nuclei and 
nuclear reactions.

- The nucleus is a unique form of matter in that all the forces of nature are present :
(strong, electromagnetic, weak).



QCD: still unsolved in non-perturbative region

• 2004 Nobel prize for ``asymptotic freedom’’
• non-perturbative regime QCD ?????
• One of the top 10 challenges for physics!
• QCD: Important for discovering new physics beyond SM
• Nucleon structure is one of  the most active areas

Gauge bosons: gluons (8)



Nucleon Structure

• Charge and magnetism 
(current) distribution

• Spin distribution   
• Quark momentum and flavor 

distribution
• Polarizabilities
• Strangeness content
• Three-dimensional structure
• ……
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Electric polarizability (αE) Magnetic polarizability  (βM)
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• Both are fundamental structure constants of nucleons
• In elastic nuclear Compton scattering, the incident real photons act as an 

external electromagnetic field applied to a nucleon

Nucleon electromagnetic polarizabilities

“Stretchability” “Alignability” 
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(Graphs credited to P. Martel)

F. Hagelstein et al. / Progress in Particle and Nuclear Physics 88 (2016) 29–97 33
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Fig. 2.1. Naive view of the proton, consisting of a pion cloud and a quark core, placed between the plates of a parallel plate capacitor. The left (right) figure
shows the capacitor discharged (charged).
Source: Plot courtesy of Phil Martel.

Fig. 2.2. Naive view of the proton, consisting of a pion cloud and a quark core, placed between the poles of a magnet. The left (right) figure shows the
external magnetic field turned off (on).
Source: Plot courtesy of Phil Martel.

quark core. In the case of themagnetic dipole polarizability �M1, the diamagnetic contribution of the pion cloud is competing
against the paramagnetic contribution of the quark-core excitation, see Fig. 2.2. The two contributions are largely canceling
each other, leaving the nucleon with a relatively small magnetic polarizability, cf. Section 2.4 for details.

Other intuitive pictures of the nucleon polarizabilities emerge in quark models [72–76], the Skyrme model [77–82],
and the Nambu–Jona-Lasinio model [83]. All of them point out the large paramagnetic contribution due to the nucleon-to-
�(1232)M1 transition.

While for the atoms the polarizabilities are of order of the atomic volume, the nucleon being much tighter bound (nearly
99% of its mass coming from the binding force) has polarizabilities which are about three orders of magnitude smaller than
its volume. It is customary to use the units of 10�4 fm3 for the dipole polarizabilities of the nucleon.

The critical electric field strength needed to induce any appreciable polarizability of the nucleon can be estimated as the
ratio of the average energy level spacing in the nucleon to the size of the nucleon, i.e., Ecrit. ⇡ 100 MeV/(e fm) = 1023 V/m.
Static electric field strengths of this intensity are not available in a laboratory, andwill never be available. However, a classical
estimate of the electric field strength of a 100MeV photon Compton scattering from the nucleon is approximately 1023 V/m.
Given the absence of static e.m. fields of the required immensity, the CS process is currently the best available tool for
accessing the nucleon polarizabilities experimentally, cf. Section 4.

In the rest of this section we introduce the nucleon polarizabilities and discuss their calculation from first principles. We
shall focus on describing the efforts to compute the nucleon polarizabilities in lattice QCD and chiral EFT. In the latter case,
calculations of the CS observables will be discussed too.

It is worthwhile noting that is a number of sophisticated theoretical approaches, other than lattice QCD and chiral EFT,
applied to the nucleon polarizabilities and low-energy CS. They include: the fixed-t dispersion relations [84–87], effective-
Lagrangian models with [88–91] and without [92–94] causality constraints, the Dyson–Schwinger equation approach to
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Lepton scattering: powerful  microscope!
• Clean probe of hadron structure
• Electron point-like particle, electron vertex is 

well-known from quantum electrodynamics
• One-photon exchange dominates, higher-order 

exchange diagrams are suppressed 
• One can vary the wave-length of the probe to view 

deeper inside the hadron
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1
137

!!

 

q = k - k'= (
"!
q ,w)

Q2 = -q2
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Virtual photon 4-momentumResolution  µ h/Q
–Q ≈ 20 MeV     l ≈ 10 fm   nucleus
–Q ≈ 200 MeV   l ≈ 1 fm    nucleon
–Q≈  2 GeV        l ≈ 0.1 fm inside nucleon
–Q≈  20 GeV      l ≈ 0.01 fm  quark

Using electron scattering as example



Electron-nucleon (Nucleus) scattering
• Low Q2 elastic scattering, x=1=Q2/2mw
• As Q2 increases inelastic effects dominates
• As Q2 further 
increases, 
deep-inelastic
scattering off quarks
inside

Electron energy transfer

m: mass of the nucleon



1960:  Elastic e-p scattering

Nobel Prize 
In Physics 1961

Robert Hofstadter

"for … and for his thereby achieved discoveries 
concerning the structure of the nucleons"

Form factors ! Charge distributions

Otto Stern

Nobel Prize 
In Physics 1943

"for … and for his discovery of the magnetic 
moment of the proton".

1933:  Proton’s magnetic moment

g 6= 2

1969:  Deep inelastic e-p scattering

Nobel Prize in Physics 1990
Jerome I. Friedman, Henry W. Kendall, Richard E. Taylor

"for their pioneering investigations concerning 
deep inelastic scattering of electrons on 
protons …".                    slide credit: Jian-Wei Qiu

1974: QCD Asymptotic Freedom

Nobel Prize in Physics 2004
David J. Gross, H. David Politzer, Frank Wilczek

"for the discovery of asymptotic 
freedom in the theory of the strong 
interaction".

What is inside the proton/neutron?
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Lepton Scattering  ----- A powerful tool 
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Universal Parton Distribution

Drell-Yan and DIS cross sections are well described 
by Next-to-Leading Order QCD

DIS Drell-Yan



Spin as a knob 
• Spin Milestones: (Nature)

! 1896: Zeeman effect (milestone 1)
! 1922: Stern-Gerlach experiment (2)
! 1925: Spinning electron (Uhlenbeck/Goudsmit)(3)
! 1928: Dirac equation (4)
! Quantum magnetism (5)
! 1932: Isospin(6)
! 1935: Proton anomalous magnetic moment
! 1940: Spin–statistics connection(7)
! 1946: Nuclear magnetic resonance (NMR)(8)
! 1971: Supersymmetry(13)
! 1973: Magnetic resonance imaging(15)
! 1980s: “Proton spin crisis”
! 1990: Functional MRI (19)
! 1997: Semiconductor spintronics (23)
! 2000s: “New breakthrough in spin physics”? Pauli and Bohr watch 

a spinning top





Brief Introduction on polarized targets and beams

• Dynamical nuclear polarization (DNP)

• Atomic Beam Source Method (ABS)

• Optical pumping technique



About 88%
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Polarized proton and “neutron” targets



6	February	2019 8

Target Group

Brute force polarization

!56 =
+ ↑ − + ↓
+ ↑ + + ↓

= tanh
µ4
>?

At equilibrium the populations of the Zeeman levels will obey a Boltzmann distribution.

+ ↑ +⁄ ↓ = exp
−2µ4
>?

The polarization will approach thermal equilibrium with a 1/e time constant called t1, 
the spin-lattice relaxation time.

T = temperature

Thermal equilibrium
polarization, spin ½

! E = !56 1 − e-5 5F⁄
t1 depends on the temperature and the magnetic field.
Nuclear t1 can be VERY LONG.  It’s usually determined by 
paramagnetic impurities.

6	February	2019 7

Target Group

Brute force polarization
The simplest method to polarize the spins is to use the Zeeman Effect and leverage the 
interaction between the magnetic field and the nuclei’s magnetic moment,   1⃗ 3 4

B=0
B�0

The Zeeman interaction tends to orient (polarize) the magnet moments.

Oscillating EM fields produced by atomic vibrations (phonons) tends to randomize 
(de-polarize) the magnetic moments.  Characterized by lattice thermal energy kT.

Eventually an equilibrium state is reached – thermal equilibrium (TE) polarization.
6	February	2019

9
Target Group

Brute force polarization
! = tanh

µ ⋅ 4
>?

maximize B
minimize T Polarization in a 5 Tesla field

Disadvantages:
• Requires very large magnet
• Low temperatures mean low luminosity
• Polarization can take a very long time

Advantages:
• Works for almost any material
• Easy to explain

Notice that it’s much easier to 
polarize electrons!!  1e ~ 1000 1p

Dynamic Nuclear Polarization

Adapted from C. Keith’s Lecture at ODU



7	February	2019
11

Target Group

Dynamic nuclear polarization
• Implant target material with paramagnetic impurities ~ 1019 e- spins/cc
• Polarize the electrons in the radicals via brute force
• Use microwaves to “transfer” this polarization to nuclei

The dipole-dipole interaction between the electrons and 
nearby nuclear spins permits transitions in which both spins flip.
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Adapted from C. Keith’s 
Lecture at ODU



From COMPASS website



Polarized 
proton/deuteron target

• Polarized NH3/ND3 targets
• Dynamical Nuclear Polarization 

• In-beam average polarization
70-90% for p
30-40% for d

• Luminosity up to
~ 1035 (Hall C)
~ 1034 (Hall B)

Adapted from C. Keith’s Lecture at ODU



a series of sextupole magnets and RF transitions, described below. The sextupole

magnets also serve to focus the polarized beam into the storage cell, where the electron

scattering occurs. The gas target is monitored from a small sampling hole below the

holding cell. The relative intensity of the molecules and of the two atomic spin states

in the sampling beam are measured using a gradient dipole and three compression

tubes with ion gauges.

IG 1

V14

V15

IG 3

IG 4

IG 5 IG 6

C1

V11

SP12

SP13

Ch.3 − 6pole top

ligit
Target chamber

Analyzer chamber

Ch.4 −6pole bottom

Ch.2 − Skimmer

IG 2

Ch. 1 − Nozzle

Dissociator

Figure 2-5: Schematic of the Bates Atomic Beam Source (ABS).

The atomic states are filtered by two sets of sextupole magnets. As the beam

69

moment of the electron is three orders of magnitude larger than the nuclear magnetic

moment; thus, adiabatic RF transitions are also needed to polarize the atomic beam in

a specific state. In a static magnetic field, the degeneracy of the hyperfine multiplets

of the hydrogen atom is broken. The energy splitting increases linearly with the

magnetic field until near the critical field Bc = Ehf/gµB = 507 Gauss, where hyperfine

coupling is broken. Ehf is the separation of hyperfine mutliplets at B = 0, and

g ⇡ 2 is the electron gyromagnetic ratio (Eq. 2.1). The energy levels of hydrogen

and deuterium are shown in the Breit-Rabi diagrams of Fig. 2-7. The addition of

a time-varying RF field of frequency h⌫ = �E will cause a resonance between two

hyperfine states separated by energy �E, and the spin will oscillate between these

two eigenstates. To ensure an e�cient transition even for atoms spending di↵erent

amounts of time in the transition region, a gradient magnetic field is added along the

path of the atomic beam. This guarantees that adiabatic passage between two states

occurs exactly once, resulting in close to 100% e�ciency.
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Figure 2-7: Breit-Rabi diagram of the energy levels of hydrogen (left) and deuterium
(right) in the presence of a magnetic field.

There are three types of RF transitions (SFT, MFT, WFT) characterized by �F ,

�mF , the direction of the RF field, and the strength of the static field. An RF field

parallel to the static field induces a �-transition (�mF = 0), while a perpendicular

field induces a ⇡-transition (�mF = 1). Strong field transitions (SFT) are charac-
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terized by �F = 1, while medium and weak field transitions (MFT, WFT) exchange

states among the same hyperfine multiplet (�F = 0). Only the MFT and WFT are

used to polarize hydrogen.

In strong magnetic fields where B � Bc, the nuclear and electronic spin states

decouple, and the nuclear spin is a good quantum number: mI = 1
2 for states |1i, |4i,

and mI = �1
2 for states |2i, |3i. However if the holding field is not strong enough,

there is a residual hyperfine interaction which lowers the polarization of states |2i

and |4i. Therefore, our experiment was carried out using single state injection of the

pure states |1i and |3i, which do not mix via the hyperfine interaction. State |3i is

prepared through the series of sextupole filters and RF transitions
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where ni are the initial population density of each state. For state |1i injection, the

last transition (⇡13) is omitted; this is the only di↵erence between the preparation of

the two target polarization states. The WFT requires a lower gradient field, improving

the transition e�ciency; therefore asymmetry in the intensity and polarization of the

two target states is expected to be small. Indeed this was observed in measurements

of the target false asymmetry (Sec. 3.4.6).

The atomic beam is injected into a cylindrical storage cell, which increases the

target thickness in comparison to a pure atomic beam. The inlet of the storage cell is

also a cylinder with approximately the same conductance as either half of the storage

cell. The cell is cooled to about 100 K. The experiment was commissioned with a

40 cm long storage cell, while the the production data were taken with a 60 cm cell.

There are transverse and longitudinal coils wound around iron yokes above and

below the scattering chamber to create a holding field of arbitrary direction. The spin

orientation of the target is adjusted by varying the current in each set of coils. Data

were taken at two spin angles, � = 47.2� and � = 31.4�. After the production run, the
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Atomic Beam Source Method for H/D

C. Crawford thesis, Ph.D. MIT (2005);
E. Steffen and W. Haeberli, Rep. Prog. Phys. 66,
1887 (2003)



HERMES Polarized H/D target –
Atomic Beam Source

A. Airapetian et al., NIMA, 540, 68-101 (2005)



Laser-Driven Polarized H/D Target

J. Seely et al., PRA 73, 062714 (2006);
B. Clasie et al., PRA 73, 020703(R) (2006)



H. Gao

Polarized 3He Targets Pioneered at MIT-Bates 
Spin-exchange optical pumpingMetastability-exchange            

optical pumping

C.E.Woodward et al.,  PRL 65, 698 
(1990) 

H. Gao et al.,  PRC 50, R546 (1994)

J.-O. Hansen et al., PRL74, 654 
(1995)

A.K.Thompson et al., PRL68, 2901(1992)

MIT-Bates

Taken in June 93
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Spin structure of the nucleon
!1980s: “Proton spin crisis”  (original EMC result from CERN)



Impressive experimental progress in QCD spin 
physics in the last 30+ years

" Inclusive spin-dependent DIS  
➥ CERN: EMC, SMC, COMPASS
➥ SLAC: E80, E142, E143, E154, E155
➥ DESY: HERMES
➥ JLab: Hall A, B and C

" Semi-inclusive DIS
➥ SMC, COMPASS
➥ HERMES, JLab

" Polarized pp collisions
➥ BNL: PHENIX & STAR
➥ FNAL: POL. DY

" e+e- collisions
➥KEK: Belle
➥BaBar
➥BESIII

Adapted from Z. Meziani’s
Ji, Yuan and Zhao, Nature Review Physics 3, 65 (2021) 23



Global Analysis: Polarized PDF
Global analysis of spin-dependent parton distribution functions

J.J. Ethier et al. (JAM Collaboration), Phys. Rev. Lett. 119, 
132001 (2017). 24

(μ2 =1 GeV2)



Measurement of the gluon polarization Δg at RHIC

D. de Florian et al,
PRL 113 (2014) 012001

E. Nocera et al,
NPB 887 (2014) 276

Dominates 
at high pT

Dominates 
at low pT

ʃdxDg(x,Q2=10GeV2) = 0.20+.06
-.07  

0.05

1

ʃdxDg(x,Q2=10GeV2) = 0.17+-0.06
0.05

0.2
NNPDFpol1.1

DSSV++

Phys. Rev. Lett. 115 (2015) 092002Phys. Rev. D 90 (2014) 012007

25

Surrow et al  on sea quark spin
from W production at RHIC

Results from PHENIX , 40% gluon to 1/2
ʃdxDg(x,Q2 = 1 GeV2) = 0.5+-0.4

0.001

0.8
JAM15
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This result will reduce the uncertainty of gluon 
polarization for xT > 0.05 if included in global fits

Helicity PDFs: ΔG
PRD 103 (2021) L091103

Newly published results:
! Largest 200 GeV longitudinally polarized 

pp dataset (2015); improved both statistical 
and systematic uncertainties

! Include jet and di-jet ALL : constrain gluon 
polarization for xT > 0.05

Di-jets: Much narrower ranges of 
initial state partonic momentum 
fraction tested; different topologies 
enhance sensitivity of the data to 
selected x



Proton Spin From Lattice QCD
Lattice QCD calculation of quark and gluon angular momentum contributions to proton spin

C. Alexandrou et al., Phys. Rev. Lett. 119, 142002 (2017).
27

Ju+d+s=0.408(61)stat(48)syst

JN=0.54(6)stat(5)syst

(MS=2 GeV)
Jg=0.133(11)stat(14)syst

Lu+d+s=0.207(64)stat(45)syst

Y.-B. Yang et al., Phys. Rev. Lett. 118, 102001 (2017).



Jaffe-Manohar, 90
Ji, 96

~40% -- RHIC Spin data
at Q2 = 10 GeV2With larger

uncertainty

The incomplete nucleon:  spin puzzle

C. Alexandrou et al., PRL
119, 142002 (2017).

(MS = 2 GeV)Lattice QCD

Net effect of partons’
transverse motion?

Orbital Angular 
Momentum of quarks 

and gluons
Little known

Gluon helicity
Start to know

Quark helicity
Best known



The Incomplete Nucleon: Spin Puzzle
[X. Ji, 1997]

Orbital angular momentum of quarks and gluons 
is important



Orbital motion - Nucleon Structure from 1D to 3D 

[Bacchetta’s talk (2016)] H. Gao

Generalized parton distribution (GPD)
Transverse momentum dependent parton distribution (TMD)



Nucleon Structure from 1D to 3D & orbital motion  

Generalized parton distribution (GPD)
Transverse momentum dependent parton distribution (TMD)
Image from J. Dudek et al., EPJA 48,187 (2012)

5-D Wigner distribution

X.D. Ji, PRL91, 062001 (2003);
Belitsky, Ji, Yuan, PRD69,074014 (2004)



Experimental paths to GPDs

cliparts.co

 Deeply Virtual Compton Scattering (DVCS)
 Deeply Virtual Meson Production (DVMP)
 Time-like Compton Scattering (TCS)
 Double DVCS

Accessible in exclusive reactions, where all final 
state particles are detected.  

Trodden paths, or ones starting to be explored:

DVCS
TCS

DDVCS DVMP

Virtual photon 
space-like

Virtual photon 
time-like

One time-like, one space-like virtual photon
Slide from Daria Sokhan



Access GPDs through Hard Processes

H. Gao

Deeply Virtual Compton Scattering (DVCS)

Interference with Bethe-Heitler (BH) process gives 
access to real and imaginary part of DVCS amplitude 

e.g.:

Access different GPDs

Alternative processes: deeply virtual meson production (DVMP), 
double DVCS, timelike Compton scattering (TCS)…
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→ Access to quark orbital angular momentum with GPDs

Quark Angular Momentum
Ji’s sum rule:

H. Gao
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More recently, a new family of distributions has emerged that arise by integrating the Wigner 
distributions over the spatial position of the parton [3-3].  These structure functions, known as 
transverse momentum distributions (TMDs) hold information on the quark/gluon intrinsic 
motion in a nucleon, and on the correlations between the transverse momentum of the quark, and 
the quark/nucleon spins.  They offer a unique opportunity for a momentum tomography of the 
nucleon, complementary to the spatial tomography of GPDs.  TMDs can be measured in Semi-
Inclusive Deep Inelastic Scattering (SIDIS), in which the nucleon is no longer intact and one of 
the outgoing hadrons is detected.  We next describe Spatial and Momentum Tomography in 
more detail. 

Spatial Tomography of the Nucleon 

Spatial densities (form factors) and longitudinal momentum densities (parton distributions) have 
in the past encapsulated our knowledge of the structure of the nucleon.  GPDs have 
revolutionized how to characterize nucleon structure.  GPDs impart a unified description of the 
response of the nucleon to scattering processes in which a short±distance probe interacts with a 
single quark in the nucleon.  They describe the correlation between the spatial distribution of the 
quarks and its longitudinal momentum fraction, that is how the spatial shape of the nucleon 
changes when probing quarks of different wavelengths. 

It is now recognized that DVCS and DVMP are the most powerful processes for providing the 
necessary observables to perform the spatial tomography of the nucleon for each constituent 
flavor.  Mapping the vector GPDs H(x, ȟ, t) (nucleon non spin-flip) and E(x, ȟ, t) (nucleon spin-
flip) in their momentum fraction of the struck quark x, longitudinal momentum fraction 
transferred to the quark 2ȟ and transverse momentum transferred to the nucleon t, offers access 
to a three-dimensional  image of the nucleon (with two dimensions in transverse space and one in 
longitudinal momentum) and to the complex dynamics of the constituents.  Furthermore, as a 

 
Figure 3.2: Model dependent constraints on the total angular momentum carried by up 
quarks  versus that carried by down quarks . The two overlapping bands are results from 
one DVCS experiment on a unpolarized neutron target at Jefferson Lab the other a 
HERMES DVCS experiment on a transversely polarized proton target. The colored boxes 
represent several calculations within lattice QCD and within quark models including a 
model dependent approach based on SIDIS data [3-5]. 

Image from J. Dudek et al., EPJA 48,187 (2012)



Quark polarization

Unpolarized
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Leading-Twist TMD PDFs

f1 =

f 1T
^ =

Sivers

Helicity
g1 =

h1 =
Transversity

h1
^ =

Boer-Mulders

h1T
^ =

Pretzelosity

Nucleon Spin

Quark Spin

g1T =

Trans-Helicity

h1L
^ =
Long-Transversity

Probed with transversely polarized targets 
HERMES, COMPASS, JLab E06-010



Quark polarization
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TMDs – confined motion inside the nucleon

Nucleon Spin
Quark Spin

Transversely Polarized 
Nucleon TMDs ST: Nucleon Spin

sq: Quark Spin
k⊥: Quark Transverse Momentum
P: Virtual photon 3-momentum

(defines z-direction)

Relevant Vectors
Transversity

• h1T (h1) = g1 (no relativity)
• h1T tensor charge (lattice
QCD calculations)
• Connected to nucleon beta decay and EDM

Sivers

• Nucleon spin - quark orbital
angular momentum (OAM)
correlation – zero if no OAM (model
dependence)

Pretzelosity

• Interference between components 
with OAM difference of 2 units (i.e., 
s-d, p-p) (model dependence)

• Signature for relativistic effect



Access TMDs through Hard Processes

Partonic scattering amplitude

Fragmentation amplitude

Distribution amplitude

proton

lepton lepton

pion
Drell-Yan

BNL
JPARCFNAL

proton

proton lepton

antilepton

EIC

SIDIS

electron

positron

pion

pion
e–e+ to pions 1 1(SIDIS) (DY)h h^ ^= -

BESIII

1 1(SIDIS) (DY)q q
T Tf f^ ^= -
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Fragmentation Functions
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COLLINS FFs IN ()(*

• Access spin dependence and pT dependence (convolution or in jet) without 
PDF complication

• Made possible by B-factory luminosities 25

quark-1 
spin

quark-2 
spin

z1,2  relative pion pair

momenta

q2

j2
z2

p+

q1

z1

j1

p -

Cross-section ()(* → ℎ/ℎ[ ℎ/ ℎ[ + r
∝ ./: ./

: + 9/: 9/
:cos v/ + v[

•First non-zero independent measurement of the Collins effect for pion 
pairs in e+e- annihilation by Belle Collaboration @  √s ∼ 10.6 GeV 
(PRL 111,062002(2008), PRD 88,032011(2013)) leads to first 
extraction of transversity (Phys.Rev. D75 (2007) 054032 ) from SIDIS 
and e+e-

• Confirmed by BaBar @  √s ∼ 10.6 GeV (PRD 90,052003 

(2014);  PRD 92,111101(R)(2015) for KK and Kπ)
• Measured at BESIII @ √s = 3.65 GeV (PRL 116,42001(2016))

Workshop on Novel Probes of the Nucleon Structure in SIDIS, 
e+e- and pp (FF2019), chaired by Anselm Vossen and Harut
Avagyan https://www.jlab.org/indico/event/308/



Lepton Scattering  ----- A powerful tool 

tagging the struck quark through leading 
hadrons 
(semi-inclusive DIS)

to image in 3-momentum space
8 New TMD PDFs 
f1(x,kT), .. h1(x,kT)



Semi-Inclusive Deep Inelastic Scattering Kinematics

42

lepton: l

lepton:l’

q

Nucleon: P, M
W

lepton:l
lepton:l’

q

quark: k quark: k’

Figure 2.5: Kinematic variables of the DIS are shown in the left panel. l and l′

are the 4-momentum of the incoming and outgoing leptons, respectively. P is the 4-
momentum of the nucleon with mass M , and W is the invariant mass of the recoiling
system X. The exchange is a virtual photon, whose 4-momentum is q = l − l′. The
right panel shows the fundamental process, where the lepton is interacting with a
quark inside the nucleon. The quark’s original 4-momentum is k = xbj · P in the
light-cone frame.

2.3 Probing the Nucleon Structure – Experimental Methods With
Electromagnetic Probe

The electromagnetic probe is one of the most important tools to study the nucleon

structure. In particular, the high-energy lepton-nucleon deep inelastic scattering

(DIS) plays an essential role in revealing the partonic degrees of freedom of the

nucleon.

2.3.1 Deep-Inelastic Scattering

The DIS process is illustrated in Fig. 2.5. The filled circle represents the internal

nucleon structure. The kinematic variables are defined as the following:

• The lepton’s energy loss in the nucleon rest frame, or the energy it transfers

into the nucleon system:

ν = El − El′ =
q · P
M

(2.8)
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• 4-momentum transfer squared of the virtual photon. 8

Q2 = −q2 (2.9)

• xbj is the fraction of the nucleon’s momentum carried by the struck quark

k = xbj · P in the parton model and in the light-cone frame.

xbj ≡ x =
Q2

2Mν
(2.10)

• The fraction of the lepton’s energy transfer in the nucleon rest frame.

y =
El − El′

El
=

q · P
l · P (2.11)

• W is the mass of the recoiling system.

W =
√

(P + q)2 (2.12)

• The center-of-mass energy squared of the lepton-nucleon system.

s = (l + P )2 (2.13)

Fig. 2.6 shows the differential cross section spectrum of a typical inclusive lepton

scattering off a light nuclear target. The spectrum includes elastic scattering e+A →

e+A, quasi-elastic scattering e+N → e+N , the resonance e+N → e′+N r, where the

N r represents one of the resonance states of nucleon, and finally the DIS e+q → e+q,

where q represents the struck quark.

8 Intuitively, it sets the energy scale of the process and designates the spatial resolution of the
virtual photon.

29

q

q̄

γ∗ l+

l−

Drell − Y an Process

T ime

l± l±

q, q̄

q, q̄

DIS Process

Figure 2.11: Left Panel: Drell-Yan Process with quark-antiquark E&M annihila-
tion; Right Panel: DIS Process.

2.3.3 Semi-Inclusive Deep Inelastic Scattering

Compared to the inclusive DIS, where only the scattered lepton is detected, the

semi-inclusive DIS (SIDIS) detects both the scattered lepton and the leading hadron

simultaneously. Although the fundamental scattering process of the SIDIS is the

same as that of the DIS, the detection of the leading hadron offers additional in-

sights into the nucleon structure that are otherwise unattainable. High momentum

fragments of the deep-inelastic nucleon breakup may statistically tag the underlying

quark flavor structure. Fig. 2.13 shows the comparison between the DIS and SIDIS

processes.

In addition to the kinematic variables defined in Sec. 2.3.1, the following variables

are also needed to describe the SIDIS process in the rest frame of the nucleon:

• Transverse momentum of the detected hadron PT :

PT =
!q · !Ph

|!q| (2.32)

• Ratio of the energy carried by the detected hadron and the energy of the virtual
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Figure 2.12: Proton-induced Drell-Yan production from experiments NA3 [109]
(triangles) at 400 GeV, E605 [110] (squares) at 800 GeV, and E772 [111] (circles) at
800 GeV. The lines are absolute NLO order calculations for p + d collisions at 800
GeV using CTEQ4M PDFs [112]. Figure is from Ref. [107].

photon in the rest frame of the nucleon:

z =
P · Ph

P · q
(2.33)

• Missing Mass W ′:

W ′ =
√

(q + P − Ph)2 (2.34)

• φh (Fig. 2.14) is the angle between the scattering plane and the hadron plane.
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