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LOW-Q NUCLEON SPIN STRUCTURE - 

A SHORT TRIP DOWN HISTORY LANE 

- Late 1800’s: First sightings of Spin 

 

- 1922-1926: Spin established 

 

- 1927-33: Proton spin and  

anomalous magnetic moment 

Zeeman, P. Over den invloed eener magnetisatie 

op den aard van het door een stof uitgezonden 

licht. Versl. Kon. Akad. Wetensch. Amsterdam 5, 

181–184, 242–248 (1896)  

Gerlach, W. & Stern, O.: Der experimentelle Nachweis der 

Richtungsquantelung im Magnetfeld. Z. Phys. 9, 349–352 (1922) 

Pauli, W.: Ü̈ber den Einfluß der Geschwindigkeitsabhängigkeit der 

Elektronenmasse auf den Zeemaneffekt. Z. Phys. 31, 373–385 (1925) 

 Uhlenbeck, G. E. & Goudsmit, S. A. Ersetzung der Hypothese vom 

unmechanischen Zwang durch eine Forderung bezüglich des inneren 

Verhaltens jedes einzelnen Elektrons. Naturwiss. 13, 953–954 (1925) 



SPIN STRUCTURE IN THE 

LAST 40 YEARS 
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Nobuo Sato, W. Melnitchouk, S. E. Kuhn, J. J. Ethier, and A. Accardi:”Iterative Monte Carlo 

analysis of spin-dependent parton distributions”, Phys. Rev. D 93, 074005 (5 April 2016). 

 

A. Deur, Y. Prok, V. Burkert, D. Crabb, F.-X. Girod, K. A. Griffioen, N. Guler, S. E. Kuhn, and 

N. Kvaltine: “High precision determination of the Q2 evolution of the Bjorken sum”, Phys. Rev. 

C 90, 012009 (July 2014).  



Many dedicated workshops 

RECENT HISTORY ON LOW-Q 

SPIN STRUCTURE 

COMPASS 
V. Andrieux, Spin2016 

… and still going strong 



Nucleon Spin Structure at Low Q:  

A Hyperfine View  ECT* July 2-6 2018 

So we have a plethora of 

data about nucleon spin 

structure…  

But what is the connection 

to atomic energy levels ? 



ENERGY LEVELS IN A 

HYDROGEN-LIKE ATOM 

1.) Gross Structure: Nuclear Charge → Energy levels 

 

      Wave functions: 
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1b.) “Fine Structure” = Relativistic 

(incl. spin-orbit) corrections 

 

1c.) QED corrections (Lamb shift) 

 

 

 

 

ENERGY LEVELS IN A 

HYDROGEN-LIKE ATOM 



2.) “Hyperfine Structure”  

Nuclear magnetic dipole moment 

 

 

 

 

 

ENERGY LEVELS IN A 

HYDROGEN-LIKE ATOM 

Dipole-Dipole interaction 



3.) Distribution of charge and 

magnetic moment over nuclear 

volume -> FORM FACTORS 

 

 

 

 

ENERGY LEVELS IN A 

HYDROGEN-LIKE ATOM 

Dominant effect: Proton rms charge radius 
3. The Charge Radius Puzzle

Lehmann '62
Hand '63

Frerejacque '66
Akimov '72

Murphy '74
Borkowski '74

Simon '80
McCord '91

Eschrich '01

Bernauer '10

Zhan '11

Wong '94

Rosenfelder '00

Sick '03
Blunden '05

Hill '10

Borisyuk '10

Sick '12

Lee '15 (World data)
Lee '15 (Mainz data)

Griffioen '15

Horbatsch '16

Bourzeix '96

Schwob '99
Melnikov '00

Arnoult '10

CODATA '02
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Figure I .4.: Collect ion of various proton charge radius determinat ions. A) elect ron-proton scat tering

experiments in red: Lehmann ’62 [116], Hand ’63 [117], Frerejacque ’66 [118], Akimov ’72 [119], Borkowski

’74 [120], Murphy ’74 [121], Simon ’80 [122], McCord ’91 [123], Eschrich ’01 [124], Bernauer ’10 [125], Zhan

’11 [126] (recoil polarimet ry); B) re-analyses of electron-proton scat tering data in dark red: Wong ’94

[127], Rosenfelder ’00 [128] (Coulomb correct ions), Sick ’03 [129], Blunden ’05 [130] (two-photon-exchange

correct ions), Borisyuk ’10 [131], Hill ’10 [132] (z expansion), Sick ’12 [133], Griffioen ’15 [134], Lee ’15 [135],

Horbatsch ’16 [136] (fit with chiral perturbat ion theory input for higher moments); C) elect ron-proton

scat tering fits within a dispersive framework in blue: Mergell ’96 [137], Belushkin ’07 [138], Adamuscin ’12

[139], Lorenz ’14 [140]; D) hydrogen and deuterium spect roscopy in orange: Bourzeix ’96 [141], Schwob

’99 [142], Melnikov ’00 [143], Arnoult ’10 [144]; E) muonic-hydrogen spectroscopy in green: Pohl ’10 [67],

Antognini ’13 [100]; F) CODATA recommended charge radii in black: ’02 [105], ’06 [106], ’10 [107], ’14

[99]. The green line is the predict ion from the latest muonic-hydrogen Lamb shift measurement [100] and

the gray line is the CODATA ’14 recommended charge radius [99].
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… and other 

”radii” like 

Zemach, Friar… 

Rp, Rz,… 



4a.) (Quasi-) Static two-photon effects: 

RCS, POLARIZABILITIES, … 

 

 

 

 

 

ENERGY LEVELS IN A 

HYDROGEN-LIKE ATOM 

Re-arrangement of charge and magnetization 

distribution inside proton due to external field 

Analog: Attraction between charge and dielectric 

4b.) (Deeply) virtual two-photon effects: 

VVCS, GENERALIZED 

POLARIZABILITIES, … 

Elastic  and Inelastic contributions 

(Intermediate excitations of the proton) 

Related to moments of (spin) structure 

functions through dispersion relations  

(sum rules) 

 

Dq 

HFS 

En 



Putting it all together – example HFS (courtesy K. Griffioen, W&M): 

 

 

 

ENERGY LEVELS IN A 

HYDROGEN-LIKE ATOM 

(21 cm) 

Measurements of form factors, 

(generalized) polarizabilities 

and (spin) structure functions 

at small Q2 are crucial. 

Recoil 

+… 



ELECTROMAGNETIC 

FORM FACTORS 

See talks by  

Jan C. Bernauer, 

Ashot Gasparyan, 

Aldo Antognini 

Rp, 

Rz,… 



OTHER JLAB RESULTS 
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TABLE IV: Experimental Result s. R is given along with it s
stat ist ical and systemat ic uncertaint ies. The last column (f ) is

the fract ional cont ribut ion from scat tering in the target end-
caps, along with the stat ist ical uncertainty; a 50% systemat ic

uncertainty is also applied. The cont ribut ion is negligible for
the coincidence set t ings. For Q2 = 0.474 GeV 2 , dummy mea-
surements were taken at all t hree sub-set t ings, and the range
of result s is given. †The final ent ry is the average of the four
low-stat ist ics point below Q2 = 0.3 GeV 2 .

Q2 R = µp GE / GM f

(GeV 2) (%)

0.215 0.8250 ± 0.0483 ± 0.0162 0.26(3)

0.235 0.9433 ± 0.0414 ± 0.0144 0.13(2)

0.251 0.9882 ± 0.0420 ± 0.0132 0.19(3)

0.265 0.9833 ± 0.0349 ± 0.0124 0.16(2)

0.308 0.9320 ± 0.0123 ± 0.0119 –

0.346 0.9318 ± 0.0098 ± 0.0108 –/ 0.40(2)

0.400 0.9172 ± 0.0109 ± 0.0105 0.65(4)

0.474 0.9225 ± 0.0160 ± 0.0127 0.4–0.6

0.246† 0.9465 ± 0.0204 ± 0.0137 n/ a

results from the Mainz cross sect ion measurements [40]
are 1–2% above the recoil polarizat ion measurements
from this work and the lower Q2 results from the re-
cent JLab E08-007 measurement [41], although they are
in agreement with the E08-007 results at higher Q2 val-
ues. One concern for the results extracted from the
Mainz cross sect ion measurements is the sensit ivity to
two-photon exchange (TPE) correct ions [15]. For the
kinemat ics of the Mainz experiment , these correct ions
are fairly small, <∼2%, but this is very large compared to
the stat ist ical (<∼0.2%) and systemat ic (<∼0.5%) uncer-
taint ies applied in the global fit to GE and GM . Thus,
if ignored, this could yield significant correct ions com-
pared to the quoted uncertaint ies. Coulomb correct ions
were applied using the prescript ion of McKinley and Fes-
hbach [57], which corresponds to the Q2 = 0 limit of
the Coulomb distort ion correct ion (the soft -photon ap-
proximat ion of the full TPE correct ions). However, over
much of the Q2 range of the experiment , applying the
Q2 = 0 correct ion is worse than neglect ing the correct ion
altogether, as the Coulomb correct ion changes sign at
Q2 ≈ 0.15 GeV2 [65]. An est imate of the impact of these
correct ions [66] suggests that an improved prescript ion
would decrease µpGE / GM extracted from the cross sec-
t ions by 1–3% for Q2 >∼ 0.1 GeV2 in a direct Rosenbluth
separat ion, although a morecompleteanalysis is required
to determine the impact on their global fit . Bernauer et
al., have examined the impact of these correct ions [67]
in more detail, although the TPE prescript ion they ap-
ply [68] is only valid up to Q2 = 0.1 GeV2. They find
that their ext racted value for µpGE / GM changesby more
than the total quoted uncertainty for all Q2 values up to
0.1 GeV2, and while they find smaller changes at larger
Q2 values, this is where the prescript ion is not expected

to be valid.
If the Coulomb correct ions bring the Rosenbluth [40]

ext ract ions into agreement with the recoil polarizat ion
data, there is st ill a small systemat ic disagreement be-
tween these and the polarized target measurements from
BLAST [56]. At this point , we are unaware of any the-
oret ical argument that would explain a difference be-
tween the results of the two different polarizat ion tech-
niques. This discrepancy can be further examined in
the second phase of the JLab E08-007 experiment [61]
which will make ext remely high precision measurements
of µpGE / GM down to Q2 ≈ 0.015 GeV2, allowing for
a comparison with the BLAST measurements using the
same basic technique.
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FIG. 5: (Color online) The proton form factor rat io
µp GE / GM vs. Q2 , compared to several low-Q2 models. The

curves shown are Miller ’s light -front cloudy-bag model calcu-
lat ion [69]; Boffi’s point -form chiral const it uent quark model

calculat ion [70]; Faessler ’s light -front quark model calcula-
t ion [71]; Lomon’s vector-meson dominance model [72]; the
dispersion analysis of Belushkin, Hammer and Meissner [73];
and the model of de Melo et al. [74].

Figure 5 shows the measurements compared to a set of
theoret ical curves. The first type of calculat ion is based
on the const ituent quark models, which was quite suc-
cessful in describing the ground state baryon stat ic prop-
ert ies. To calculate the form factors, relat ivist ic effects
need to be considered. Miller [69] performed a calcula-
t ion in the light -front dynamics including the effect from

Low Q2 GE
p/GM

p 

E08-007  

JLab Hall A 

G. Ron et al. 

Strange FFs 

HAPPEX III  

JLab Hall A 

Z. Ahmed et al. 

+ G0 Hall C 



THE PRAD 

EXPERIMENT AT JLAB 

14

Analysis – Event Selection

Event selection method

1. For all events, require hit matching 
between GEMs and HyCal

2. For ep and ee events, apply angle 

dependent energy cut based on 

kinematics
1. Cut size depend on local detector 

resolution 

3. For ee, if requiring double-arm 

events, apply additional cuts
1. Elasticity
2. Co-planarity

3. Vertex z
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MAINZ FORM FACTOR 

EXPERIMENTS 

J. C. Bernauer et al., 

PHYSICAL REVIEW C 90, 015206 (2014)  

B. S. Schlimme et al.  



MAINZ FORM FACTOR 

EXPERIMENTS II 

Initial State Radiation method 

(ISR) 

M. Mihovilovic et al., 
Physics Letters B 771 (2017) 194–198  



MAINZ - FUTURE 

MAGIX  

with 

MESA 



MUSE 

MUSE - Muon Scattering Experiment a t PSI

World ’s most powerful low-energy e/ ⇡ / µ-beam:

Direc t c omparison of ep and µp !

Beam of e+ / ⇡ + / µ+ or e− / ⇡ − / µ− on liquid H2 ta rget

Spec ies separa ted by ToF, c harge by magnet

Absolute c ross sec tions for ep and µp

Ratio to c anc el systematic s

Charge reversa l: test TPE

Momenta 115-210 MeV/ c ) Rosenb luth GE,GM

26

Pred ic ted performanc e

Absolute rad ius extrac tion

unc erta inties simila r to

c urrent exp ’s.

Differenc e: Common

unc erta inties c anc el!

−! fac tor two more

sensitivity

MUSE c an verify 7σ effec t with simila r significance!

40

Anticipated results 



POLARIZABILITIES 

Forward Compton Scattering amplitudes (real photons - RCS): 

f(n) = − a/M + [aE1+bM1] n2 + … (spin-independent) 

g(n) = − ak2/2M2 n + g0 n3 + … (spin-dependent 
 

Virtual Compton Scattering amplitudes (VCS, VVCS…): 

Generalized polarizabilities dependent on Q2 

Additional (longitudinal and transverse-longitudinal) polarizabilities 
 

See talks by  

Nikos Sparveris, 

Mohammed Ahmed, 

Pilippe Martel 



RCS:  

Higs@TUNL 

Experiment Accomplishment 

4He @ 61 & 85 MeV Most precise data on 4He Compton scattering to-date – Theoretical calculations 

underway to extract nucleon polarizabilities (published) 

Deuteron at 65 & 85 MeV Most precise (statistical & systematic) data with large angular coverage on total 

deuteron CS. Upon extraction of the elastic cross sections, these data will 

nearly double the deuteron CS database for the extraction of neutron 

polarizabilities 

Proton at 85 MeV Most precise proton CS data on Beam Asymmetry (S3) at low energies. 

Analysis underway to extract new proton polarizabilities using Low-Energy 

Expansion (LEX) as well as proton spin polarizabilities  

2H 

p 



RCS AT MAMI 

 

PRL 114, 112501 (2015)  

Measurements of Double-Polarized 

Compton Scattering Asymmetries and 

Extraction of the Proton Spin 

Polarizabilities  
arXiv:1611.03769v2 



VCS AT MAMI 

 

MAMI  A1/1-09 (vcsq2)   below threshold  data analysis ongoing 
 

MAMI  A1/3-12 (vcsdelta)   above threshold  data analysis ongoing 

MAMI   Preliminary  Result s 

Preliminary  vcsq2 
  

Preliminary  vcsdelta  
Data analyzed by 4 PhD students: 

2 independent measurements  
at Q2=0.20 (GeV/c)2   

Jure Bericic (Ljubljana Univ.) 
Loup Correa (Clermont-Fd Univ.) 
Meriem BenAli (Clermont-Fd Univ.) 
Adam Blomberg (Temple Univ.) 

vcsdelta: first measurement of the N->Δ  
C2 amplitude through the photon channel 

C2     

quark-core 

Sato Lee 
Phys. Rev. C 54,  2660 (1996)  
Phys. Rev. C 63, 055201 (2001)!!

!!
 

MAMI   Preliminary  Results 

PHYSICAL REVIEW C 92, 054307 (2015) 

Measurement of the beam-recoil polarization in low-
energy virtual Compton  
scattering from the proton  



Projected  Measurements 

E12- 15- 001 @  Jlab  

Current  plan is to take data in June 2019 

Measurements with SHMS & HMS in Hall C 

VCS AT JLAB  

AND ELSEWHERE 

vcsdelta: first measurement of the N->Δ  
C2 amplitude through the photon channel 

C2     

quark-core 

Sato Lee 
Phys. Rev. C 54,  2660 (1996)  
Phys. Rev. C 63, 055201 (2001)!!

!!
 

MAMI   Preliminary  Result s 

E12-15-001 @ Jlab  



SPIN STRUCTURE 

FUNCTIONS 

Real and virtual photons 

Sum rules 

See talks by 

Karl Slifer, Emanuele 

Pace, Jian-ping Chen, 

Marco Ripani,  

Mohammed Ahmed 

Dq  DG 
x->1 

OPE, twist >2 
Duality 

DS 



REAL PHOTONS: GDH 

 

PRL 94, 162001 (2005) 
Measurement of Helicity-Dependent 

Photoabsorption Cross Sections on the 

Neutron from 815 to 1825 MeV  

  

Mainz and Bonn 

…and a program to measure the GDH Sum Rule on 2H between 3 and 20 MeV at TUNL 

 



Traditional “1-D” Parton 

Distributions (PDFs)  
(integrated over many 

variables)  

q(x;Q2 ), h× H q(x;Q2 )

h= ±1

F1(x) = 1
2

ei

2

i

å qi (x) and F2(x) » 2xF1(x)( )

Parton model: 

g1(x) = 1
2

ei

2

i

å Dqi (x) and g2 (x) » -g1(x)+
g1(y)

y
dy

x

1

ò
æ

è
ç

ö

ø
÷

At finite Q2: pQCD evolution (q(x,Q2), Dq(x,Q2) 

⇒ DGLAP equations) and gluon radiation 

Jefferson Lab kinematics:                ⇒ target mass effects, 

higher twist contributions and resonance excitations 

 
 Non-zero 

 
 Further Q2-dependence (power series in      ) 

1

Qn

⇒ access to gluons. 

SIDIS: Tag the flavor of the struck quark with the 

leading FS hadron ⇒ separate qi(x,Q2), Dqi(x,Q2) 

VIRTUAL PHOTONS: 

Inclusive lepton scattering 

g2
WW 

Q2 » M 2

R=
F2

2xF1

4M 2x2

Q2
+1

æ

è
ç

ö

ø
÷-1, g2

HT (x) = g2(x)- g2

WW(x)

5/18/2016 Krishna P. Adhikari 2 

Inclusive Lepton Scattering & Structure Functions 
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- 

In the DIS limit, structure functions are directly related to  polarized and 
unpolarized quark distribution functions 



⇒ Landscape of SFs 
(depends on x and the resolution of the virtual photon ∼ 1/Q2) 

. 
. 
. 

W = final state invariant mass = M 2 + 1
x

-1( )Q2

• Elastic scattering 
(Whole system recoils, x = 1, W = M) 
 

• Resonances  
(x < 1, W < 2 GeV) 
 

• Valence quarks 
(x ≥ 0.3, W > 2 GeV) 

 

• Sea quarks, gluons 
(x < 0.3) 

 

• “Wee Partons” 
(x  0, Diffraction, 
Pomerons) 



Moments of spin structure 

functions 

ChPT 

GDH sum rule 

DIS 
pQCD 

operator 
product 
expansion 

quark models 
Lattice QCD? 

Q2  (GeV2) 1 

G1 

Related to matrix elements of local operators - in principle 
accessible to lattice QCD calculations 

Sum rules relate moments to the total spin carried by quarks in 
the nucleon and to the axial vector coupling gA of the nucleon 

At high Q2, can be expanded in a power series (higher twist, OPE) 

At low Q2, amenable to Chiral Perturbation Theory; constrained 
by GDH Sum Rule 

   

G1 Q2( ) = g1

0

1

ò x,Q2( )dx
Bjorken Sum Rule:  

   

G1
p

- G1
n =

gA

6
+  QCD corr.

   

G2 (Q2 ) = g2 (x,Q2

0

1

ò )dx (= 0) Burkhardt-

Cottingham Sum 

Rule 

d2 Q2( ) = 3 x2gHT

2 x,Q2( )
0

1

ò dx Twist 3 matrix 

element (color force)   

GDH Sum Rule: G1 Q2 ® 0( )®-
Q2

2M 2

k 2

4

…and g0, dLT 



JEFFERSON LAB IN PERSPECTIVE 

Past: 6 GeV 

Q2 = < 6 GeV2 

x > 0.1…0.6 

W = 0.9…3 GeV 

Now: 12 GeV 

Q2 = 1…13 GeV2 

x = 0.06…0.8  

W  < 4 GeV 

Q
2
 [
G

e
V

2
] 

x 



Experimental Hall A 

…plus 

transverse 

polarized 

proton 

target for 

g2p 

pol. 3He 

target 



Experimental Hall A 
E08-027: Measurement of g2p and the Longitudinal-Transverse Spin 

Polarizability 

  

E-06-014: Precision Measurements of the Neutron d2: Towards the Electric cE 

and Magnetic cB Color Polarizabilities 

  

E06-010: Measurement of Single Target-Spin Asymmetry in Semi-Inclusive Pion 

Electroproduction on a Transversely Polarized 3He Target 

  

E01-012: Spin Duality 

  

E99-117: Precision Measurement of the Neutron Asymmetry A1n at Large x using 

CEBAF at 6 GeV 

  

E97-110: The GDH Sum Rule, the Spin Structure of 3He and the Neutron using 

Nearly Real Photons 

  

E94-010: Neutron Extended Gerasimov Drell Hearn Sum Rule 

http://hallaweb.jlab.org/experiment/E08-027
http://hallaweb.jlab.org/experiment/E08-027
http://hallaweb.jlab.org/experiment/E08-027
http://www.jlab.org/exp_prog/proposals/06/PR06-014.pdf
http://www.jlab.org/exp_prog/proposals/06/PR06-014.pdf
http://www.jlab.org/exp_prog/proposals/06/PR06-014.pdf
http://www.jlab.org/exp_prog/proposals/06/PR06-014.pdf
http://www.jlab.org/exp_prog/proposals/06/PR06-014.pdf
http://hallaweb.jlab.org/experiment/transversity/
http://hallaweb.jlab.org/experiment/transversity/
http://hallaweb.jlab.org/experiment/transversity/
http://hallaweb.jlab.org/experiment/E01-012/
http://hallaweb.jlab.org/experiment/E01-012/
http://hallaweb.jlab.org/experiment/E01-012/
http://hallaweb.jlab.org/physics/experiments/he3/A1n
http://hallaweb.jlab.org/physics/experiments/he3/A1n
http://hallaweb.jlab.org/physics/experiments/he3/A1n
http://hallaweb.jlab.org/experiment/E97-110
http://hallaweb.jlab.org/experiment/E97-110
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Asymmetries Ds 

courtesy R. Zielinski, UNH 

PROTON EXP. – HALL A 
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lower beam energies, new 
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FROM EG4 
EG4 Proton Results: First moment  
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Experimental Hall C 

BETA detector 

Transverse and longi-

tudinal polarized p, d 

RSS: Q2 ≈ 1.3 GeV2  
in resonance region W < 2 GeV 

SANE: wide kinematic 

coverage; focus on g2 



The Spin Structure 
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SUMMARY 

 Low-Q Form Factors and Structure Functions: Long and 

distinguished program with many dedicated workshops in 

the past 

 RCS, VCS, DVCS (and in the future even VVCS): similarly 

vibrant community 

 Many new data coming out or to be taken soon 

  Significant reduction of the uncertainties on HFS and 

charge radius extraction due to nucleon/nuclear structure  

 Important need: Consistent and accurate models of FFs 

and SFs (including TPE) using all available data 

 …to be matched by new theoretical developments in cPT, 

effective theories, dispersion relation analysis and LQCD 


