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The proton is not so ordinary

2

… but the proton is not as well known as one may think!

Image: Courtesy of Brookhaven National Laboratory. 
Cover design: Charlotte Gurr.

https://www.nature.com/natrevphys/volumes/3/issues/1 

An everyday object made of 
protons, neutrons and electrons…

Only ~4% of the matter of the 
universe is nowadays considered 

to be “ordinary” - made of 
Standard-Model particles 

How big is the 
proton?

Does the 
proton decay?

Why is the 
proton so 

heavy?

Where does the proton 
spin come from?

Do the partons inside the proton 
undergo orbital motion?

What is the multi-
dimensional proton picture 

in transverse-momentum 
and position space?

https://www.nature.com/natrevphys/volumes/3/issues/1
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The Spin of the Proton

3

1987/88
quark 
spin

How do quarks and gluons conspire to 
produce the spin-1/2 proton spin?

orbital angular momenta 
of quarks and gluons

½ = ½ΔΣ + ΔG + L

quark spin 
gluon spin

Spin crisis 
Spin puzzle

3 valence quarks +sea + gluons + 
orbital angular 

momentum
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Scattering as 
probe of internal 

structure

Chapter 1: deep-inelastic scattering

Proton 

structure
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Rutherford scattering

• 1908 ff Geiger–Marsden experiments (also called Rutherford gold-foil experiments) 
→ 1911 Rutherford atomic model

6

• Rutherford scattering formula does not consider spin  
(→ helicity & total angular momentum conservation) 
and recoil of the atomic nucleus.

impact 
parameter

θ
scattering 

angle
E

incident 
energy

E’
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Reminder: elastic lepton-proton scattering

• E’ and θ are uniquely correlated 

• At fixed beam energy E, there is 1 free parameter 

• Invariant masses unchanged, proton is not excited

7

θk

q

k’

P
W

elastic condition

(all follow from conservation of 
4-momenta)
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Refining Rutherford’s formula

8

- classical Coulomb potential  
- geometric considerations 

standard Mott cross section: helicity must be conserved and 
thus 180° scattering forbidden (assuming spinless target)

“Improved” Mott cross section 
with taking into account recoil 

and form factor

The form factor F(q2) encodes the 
information about the geometrical 

shape of the object that is scattered off. 
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[SLAC, J. B. Bellicard et al.: PRL 19 (1967) 527]

Form factors encoding the geometrical shape

First minimum ↔ radius / 
extension of nucleus 

If F(q2) does not depend on q2, the 
scattering happens on a point-like 

object without extension.

spatial and momentum 
information connected via 

Fourier transform
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Scattering off a particle with spin ≠ 0: magnetic interaction

• Previously, classical Rutherford scattering (electric Coulomb force only)  
→ new term cos2(θ/2) in Motte cross section to respect total angular 
momentum- and helicity conservation 

• Now + magnetic interaction → new term sin2(θ/2). 

• The magnetic interaction is associated with a flip of the nucleon spin. 

10

• So far, we have neglected the interaction 
of the lepton electric current with the 
nucleon’s magnetic moment. 

•  If there is spin≠0, there is magnetic 
interaction. Magnetic moment:

Scattering off a target with spin 
introduced an additional magnetic 

term in the cross section.
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Electric and magnetic form factors of the nucleon (elastic)

11

electric and magnetic form 
factors of the nucleon 

measured in elastic lepton-
nucleon scattering

Rosenbluth formula

L. Andivahis et al., Phys. Rev. D 50, 5491 (1994)

slope →GM 

intercept →GE

Rosenbluth 
separation
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Leaving the elastic regime…

12

elastic peak
inelastic excitations 

(resonances) 
do
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“resonance region”“DIS regime”

→E’
←W

increase invariant 
mass W2 of 

hadronic final 
state (or decrease 

energy of 
scattered lepton)

deep-inelastic: 
proton breaks up
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Deep-inelastic scattering (DIS)

13

X = hadronic final state with invariant mass W,  
which is not the proton 

Proton is excited (Δ resonance etc.) → inelastic, 
or fragments in a hadronization process → deep inelastic 

(usually categorized by Q 2 > 1 GeV2) 

proton

lepton

θk

q

k’

P WX

DIS - 2 independent kinematic parameters:  
E‘ and θ, or x and Q2, or... 

 
New is the excitation energy of the system X, which 

is not fixed by the scattering angle θ any longer.

x<y<1

elastic: W 2 = M 2

inelastic: W 2 > M 2x < 1

x = 1

♄/√Q2 is a measure for the 
resolution of the virtual photon 

probing the nucleon. The number of 
resolved partons grows with rising Q2.

x-Bjorken = Q 2 / 2Mν = measure 
of inelasticity
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DIS off the unpolarized proton

14

(from measuring scattered lepton, 1-photon exchange)

• Form factor ⇒ structure function in DIS 

• For a spinless (spin 0) target, F1 ≡ 0. 

• For a pointlike target, F2 does not depend on Q2.

There are two structure functions 
(F1, F2) parameterizing the 

unpolarized spin-1/2 nucleon.
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The first lessons from DIS experiments

15

SLAC, late 1960’s

F2(x, Q2) is in first order 
independent of Q2.  (Scaling)

Nucleons have a substructure 
of point-like constituents.

The point-like constituents of 
the proton have spin-1/2.

Callan-Gross relation expected 
for spin-1/2 Dirac particles
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The quark-parton model (~1969, Feynman & Bjorken)

16

= impulse approximation = valid as long as 
the duration of the photon-parton interaction 

is so short that the interaction between the 
partons themselves can be safely neglected = 
true because the interaction between partons 

on short distances is weak

assuming impulse approximation + neglect 
parton masses + neglect transverse 

momenta (“collinear”) + Q 2 >> M 2 :  i.e., the 
nucleon  moves very fast in the 

longitudinal direction. A popular such 
choice is the Breit frame, where the photon 

transfers 0 energy

DIS as incoherent sum of elastic 
scattering processes of leptons off quasi-

free point-like partons in the proton.

Bjorken-x can be interpreted as the 
longitudinal momentum fraction carried 

by the struck quark in the DIS process. 
 

The nucleon moves very fast in the 
longitudinal direction (→) 

No transverse parton momenta
proton

electron

virtual photon

cross section =

P

xP

[FE Close, The quark parton model, lRep. Prog. Phys., Vol. 42, 1979]

Probabilistic interpretation of F2(x) 
with momentum probability 

distributions f (x):
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Parton distributions in the proton

17

valence u-quarks

valence d-quarks

sea quarks

gluons 
(scaled down)

DESY  HERA  
(H1, ZEUS experiments)

About half of the longitudinal 
proton’s momentum is carried by 

particles that have neither electric nor 
weak charge: gluons.

from neutrino-induced DIS

proton = 1 quark

proton = 3 quarks

gluons smear out distribution

add sea quarks and gluons 
at small x

Valence quarks carry large 
fractions of the proton’s 

longitudinal momentum. 

Sea quarks carry small 
fractions of the nucleon’s 
longitudinal momentum. 
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F2 over a wide range of x and Q2

18
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[HERMES, JHEP 05 (2011)]

• Reminder of Bjorken scaling: at first glimpse, F2(x=fixed) is 
independent of Q2, which we interpreted as DIS is happening 
on point-like quarks. 

• If one measures however over a wider range of x and Q2, it 
becomes apparent that F2(x=fixed) has a mild Q2 dependence: 
scaling violation. (This does not mean quarks are not pointlike!) 

• Partons constantly interact with each other, reshuffling 
momentum.   
[DGLAP equations 1977, Dokshitzer–Gribov–Lipatov–Altarelli-Parisi] 

• small x: F2 rises with rising Q2.  
Due to gluon splitting, more quarks with small momentum 
can be resolved.  
 
large x: F2 falls with rising Q2.  
Due to gluon radiation, there are fewer quarks with large 
momentum fraction and more with smaller momentum 
fraction.

Because of QCD radiative 
effects, F2 has a mild Q2 

dependence (scaling 
violation)
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(x, Q2) coverages for spin-dependent scattering

19

EIC yellow report, arXiv:2103.05419 

fixed-target experiment HERMES / 
DESY with 27.6 GeV positron beam

Overview: current and future experiments
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Polarizing beams 
and targets

Chapter 2: spin-dependent scattering (longitudinal)

Longitudinal 

spin structure 

of the nucleon



Spin in DIS, pp and DY                                                                                                                                                                                                                                                       C. Riedl (UIUC) - September 2021

Going polarized

21

(vector) polarization of an polarized ensemble:

P =
N! �N 

N! +N 
=

7� 3

7 + 3
= 40%

unpolarized ensemble:

De-polarizing effects can cause a certain fraction 
of the spins to be randomly oriented, resulting in 

a polarization <100%. 

Spins are randomly oriented. Effective polarization = 0.  
(you will always find two that cancel each other, ideally.)

The fascination of the world of spin…
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HERA ep collider at DESY

22

- HERA retired June 30, 2007 
- Self-polarized e+ and e- beams of 27.6 GeV  
(proton beam of 920 GeV not employed by HERMES) 

- At HERMES: longitudinal beam polarization  
- Lepton helicity switched every few months

Beam
Direction

Polarimeter

Transverse
Polarimeter

pe

Spin RotatorSpin Rotator

Longitudinal

Comparison of rise time curves
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]

Transverse Polarimeter

Longitudinal Polarimeter

Sokolov-Ternov effect: 
self-polarization of leptons in 

storage ring via a small 
asymmetry in the emission of 

spin-flip synchrotron radiation.
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HERMES 
polarized gas 

target

23
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Target Gas Analyzer and 
Breit-Rabi Polarimeter: 

monitoring systems

Atomic Beam Source: generation 
of target polarization 

- microwave dissociator 
- series of sextupole magnets and high-
frequency transitions to select desired 

hyperfine states
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electron spin
electron-deuteron  

spin quantum number nuclear spin

Stern-Gerlach 
separation of 

hyperfine states 
(Breit-Rabi diagram  

for deuterium)

Polarization:  
longitudinal: ~85% 
transversal: ~75%  

fast/frequent spin reversal
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e+ / e- beam 

27.6 GeV Gas target  

internal to lepton ring

H, D H

H, D, He, 
N, Ne, Kr, 

Xe

HERMES @

24

Target Spectrometer

1995-2007

HERA @ DESY

p

e
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HERMES setup 1998-2005

25

✦ Tracking detectors for reconstruction of charged-particle kinematics 
✦ PID detectors for Particle IDentification: lepton-hadron separation & 

RICH for hadron discrimination  
✦ Magnet for momentum reconstruction 
✦ DIS trigger: signal in scintillator hodoscopes  

& energy deposit in calorimeter  
& HERA clock coincident signal

Hadron / lepton ID using 
conditional probabilities and combining 

the responses of 4 PID detectors

[HERMES PRD 71, 012003 (2005)]

efficiency of electron ID: 98-99 % 
hadron contamination in lepton sample <1%
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CERN SPS muon beam & COMPASS polarized solid target

26

1

1

2

2

3

3

4

1 m
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6

6

7

7

7

8

8

9

9 He-4 gas-liquid separator

5

10

Pulse tube cryocooler10
4

He-3 precooler
Microwave cavity
Target cells
Target holder
Magnets

80 K Thermal radiation shields
4.2 K Thermal radiation shields
Dilution refrigerator

• Polarization achieved by  Dynamic Nuclear Polarization (DNP) 
- dilution refrigerator: ~60mK 
- dipole magnet (transverse): 0.5T 
- solenoid (longitudinal): 2.5T 
- microwave system 

• Polarization determined with  Nuclear Magnetic Resonance (NMR)

hadron decay section 
(~ 600m)

π± ➝ µ±⇆

M2 hadron 
absorber

SPS 
protons

conversion target

400 GeV
(π, K, p)+/-

M2 beam line

muons 160 / 200 GeV

hadrons 190 GeV 
neg. beam: 97% π, 2% K, 1% anti-p

up to 108 particles/s

⇆
~400m

T6

NH3: ammonia beads, 6LiD: deuterated lithium 
dilution factor ~ 0.22 (NH3), 0.5 (LiD)

⇐ ⇐
π-

J=0

μ- νμ

J = total angular momentum =  
L (orbital angular momentum) + S (spin) 

direction of momentum

⇐ direction of spin

right-handed 
(positive helicity)

left-handed 
(negative helicity)

And many more: the 
polarized BNL-RHIC 

proton beams, the 
polarized electron beams 

at JLab-CEBAF, the 
polarized targets at JLab, 

Fermilab, LHC-spin… 
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COMPASS @

27

LHC

SPS

CERN 
North 
Area

Switzerland 

France 

Geneva 
airport

Lake 
Geneva

COMPASS with target polarization: 
SIDIS: polarized muon beams of 160/200 GeV 

-  d→ (6LiD): 2002-2006 
- p→ (NH3): 2007, 2011 

- d↑ (6LiD): 2002-2004, 2021/22  
- p↑ (NH3): 2006/07, 2010 

Drell-Yan: pion beam of 190 GeV  
- p↑ (NH3): 2015 /18

beam
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Data productions (example COMPASS)

28

Read out all detector planes (>300) 
& write to disk at CERN:  

Data AcQuisition = DAQ

Calibration: 
physical energy 

deposits in detectors

Alignment: 
spatial hits in 

detectors
Tracking 

code 
(CORAL)

track 
reconstruction

DSTs  
(skimmed Data Summary Trees) 

factor 5-10 reduction

raw 
data

User analysis

GEANT4 
Toolkit for the simulation of the 

passage of particles through matter 
http://geant4.web.cern.ch 

detector efficiency maps

CPU 
intensive 

part

MC (Monte Carlo simulation)RD (Real Data)

mySQL DB

If coincident signal in 
trigger detectors: 

a charged-particle trajectory
Simulations of the 

detectors play a central role in 
understanding subtle detector effects 

and removing background events 
from the data sample. 

Physics event generator 
signal & background  

Example PYTHIA: generation of high-
energy physics events 

http://home.thep.lu.se/Pythia 

with material from the COMPASS collaboration,  
Riccardo Longo and April Townsend (both UIUC)

Production system (e.g., PanDA)

Data quality 

Period 1 Period 2

http://geant4.web.cern.ch
http://home.thep.lu.se/Pythia
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Longitudinal spin structure function g1(x, Q2)

29

Spin-dependent part of the DIS cross section when 
lepton and proton are longitudinally polarized (LL): (1γ*-exchange approximation)

θlepton

γ*

X

→→

proton⇒
⇒

(Leading order QCD.  Sums run over quarks and anti-quarks.) g2 has no transparent interpretation in the QPM (related to transverse degrees of freedom)

Probabilistic interpretation in the (simple) quark 
parton model (QPM) with quark densities:

⇒ proton spin direction 
→ lepton spin direction 
→ quark spin direction

⇒⌇

→

→
γ*

(analogous picture for negative beam helicity)

⇒⌇

→

→
γ*

Virtual photon (spin 1) can 
only be absorbed by quark 

(spin 1/2) with  opposite 
spin orientation: probes 

quark helicity

Two spin structure functions g1(x,Q2) & g2(x,Q2) are needed 
to describe the longitudinally polarized proton in addition to 

the spin-independent structure functions F1(x,Q2) & F2(x,Q2).
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Longitudinal double-spin asymmetry A||

30

Ak =
1

hPBPzi
beam, target 
polarizations

Asymmetry in normalized count 
rates for anti-parallel vs. parallel 

beam/target spin configurations:

• Now considering also next-to-leading order (NLO) QCD  
with Q2-dependent g1(x, Q2) 

• Access to g1(x, Q2) via measured virtual-photon asymmetry A1,  
here neglecting small contribution from the interference between transverse  
and longitudinal amplitudes. D(y) = depolarization factor of virtual photon 

• Use input parameterizations from world data:  
- F2 proton  
- For deuteron result: F2 neutron / F2 proton 
- R = longitudinal / transverse virtual-photon absorption cross section 
- and others

QCD-improved Callan-Gross relation:

with
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Spin Structure Function of the nucleon

31

Contribution of the quark spin  
to the nucleon spin (HERMES result):

�⌃
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[HERMES Phys. Rev. D 75 (2007) 012007]
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assume that 
deuteron integral 
Γ1=∫ dx g1(x,Q2) 

saturates for x<0.04

With full QCD 
analysis (modified 
minimal subtraction 

scheme):
ΔC = Wilson coefficients, a3/8/0 = axial charges related to hadronic matrix elements, ωD = D-state admixture of deuteron wave function

To get contribution of quark 
spins to nucleon spin, one 
needs to integrate the spin 
structure function over x:  

Γ1=∫ dx g1(x,Q2)

-

HERMES, COMPASS et al. spin 
structure function

[COMPASS PLB 781 (2018) 464]

[COMPASS PLB 769 (2017) 034]
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A glimpse of radiative corrections

32

Atrue = Aobs ·
�
1 + �U

j!i

�
� �P

j!i

�[U]P
j!i

[Un]Polarized background 
migrating from bin j to i from 

simulated smearing matrix

• “Internal bremsstrahlung”: due to QED radiative corrections  

• “External bremsstrahlung”: due to detector smearing = emission 
of photon due to the interaction of the particles with the detector 
(or target) material.  

• Bigger effect for electrons compared to muons

Example: unfolding of kinematic bin migrations from HERMES inclusive 
asymmetries (electron beam - muons radiate less)

Radiative corrections can play an important 
role in the measurement and the interpretation 

of the result: they cause kinematic “smearing”
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Tensor structure function of the deuteron

33

Deuteron

ProtonNeutron

Electron

Fie
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M
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Figure 1.1: The deuteron can align its spin only to the top (left picture) or to the
front/back (right picture) with respect to the magnetic holding field; the scatter-
ing electron finds the constituents in different spatial arrangements, respectively.

is tilted to the back or to the front (then the proton covers part of the neutron, or vice versa),
and in another shape, when its spin is aligned to the top (then the two partners reside beside
each other in the deuteron). This is manifested in a different reflection pattern, respectively.
To make all deuterons tilt their spin in the same direction (then one obtains what is called
polarization), one builds a strong magnetic field around them.

The HERMES group was the first in the
world to determine this difference in the re-
flection pattern between “spin to the front
or to the back” and “spin to the top” at en-
ergies at which the quark pattern is probed.
For this purpose, a well-contrived division
of labor between the hard- and software
subgroups as well as post-processing of the
measured data has been necessary in order
to guarantee the result to be free from any
disturbing effects. This result, the so-called
tensor structure function of the deuteron, is
displayed in the figure on the right hand
side in dependence on the momentum frac-
tion of the deuteron (x) which is carried by
the struck quark. Theorists explain the steep
rise of this structure function for small val-
ues of x with the picture that the scatter-
ing particle can then take the chance to first
scatter off the proton and afterwards off the
neutron, being then sensitive to the spatial
alignment of the two.
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⇒→ ⇒→g1 = 

b1 = →2 ⇒→ ⇒→

• For a spin-1 hadron, the parameterization of spin-dependent DIS cross section 
requires additional 4 structure functions: b1, b2, Δ, b3 

• b1 as “border crosser” between  nuclear and quark physics, and unieque 
observable: while accessible only in DIS, b1 probes the spin of the embedding 
hadron. Access to information on nuclear binding effects at parton level 

• Diffractive double scattering: Probe deuteron as spin-1 object and  not as 
compound of two spin-1/2 objects

m=-1m=+1
vector 

polarization

tensor 
polarization
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b1d vs. g1d

34
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[HERMES Phys. Rev. Lett. 95 (2005) 242001]

3.6 Final results of tensor asymmetry and structure function

YD
83$"#/7'"8

Figure 3.42: Theoretical prediction for bd
1 from Ref. [17] in comparison to the

measured values (statistical error bars only). The plot is taken from the reference.
The dotted and dashed curves correspond to the Bonn OBE and Paris potential,

respectively.

GeV2) is estimated, which is not ruled out by the observed value of bd
2(x = 0.01, Q2 =

0.51GeV2) = 0.0035±0.0017(stat) (Tab. D.15). In Ref. [40], the tensor structure func-
tion bd

2 = !3
2AzzF d

2 was predicted to rise and then fall again in the range 0.01 < x < 0.4.
Fig. 3.44 shows the comparison between the predicted behavior and the measurement

of the tensor structure function and asymmetry. The estimated magnitude of bd
2 at

x = 0.01 does not reach the order of magnitude of the observed value bd
2 = 0.0035 (see

Tab. D.15).
The estimate of Azz " O(1%) for x # 0.03 ! 0.02 which was made in Ref. [45] also

in the context of nuclear shadowing induced by double scattering processes, however
without explicit calculation, is in agreement with the measurement.
Fig. 3.45 compares vector and tensor asymmetries (structure functions) as extracted

from Hermes deuteron data [101], [75] to each other. For small values of x < 0.05,
the ratio of the spin structure function and the spin-averaged function gd

1/F
d
1 $ A!/D

drops down to zero, in contrast to the tensor asymmetry bd
1/F

d
1 = !3

2Azz which does
not vanish in that kinematic region. This finding is somewhat surprising as the ten-

sor asymmetry originates from a rather small binding correction in the deuteron wave
function. Nevertheless, the impact on the extraction of g1/F1 from a deuteron tar-

92

double-scattering model

Double-scattering model: J. Edelmann, G. Piller and W. Weise, Z. Phys. A357 (1997) 129, Phys. Rev. C57 (1998) 3392

HERMES tensor structure function of the deuteron
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Semi-inclusive DIS to constrain quark flavors

Dqh(z) = fragmentation 
function (FF) = 

probability of quark 
with flavor q to fragment 

into hadron h

35

so far: inclusive measurement = detection of only the scattered beam lepton

now: semi-inclusive measurement = detection of some of the hadrons 
produced in the fragmentation process, in addition to the scattered lepton

later: exclusive measurement = detection of entire final state

SIDIS

σ

X

lepton

proton
PDF

FF

hadrons

Leading hadron originates with large probability from 
the struck quark, z = Ehadron / ν 

measured asymmetry, assuming factorization:
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Hadron PID with RICH

36

HERMES example (discrimination 2 GeV < p < 15 GeV)

n=1.03

C4F10 

n=1.0014

[Akopov, Aschenauer, et al., NIM A 479 (2002) 511]

Dual-radiator RICH (Ring 
Imaging Cherenkov detector) for 
pion / kaon / proton discrimination 

Aerogel and C4F10 gas with different 
refraction indices

14.6 GeV electron1.5  GeV π-

5.5  GeV K+

(HERMES) 
Hadron ID:  
pions ~ 98% 
kaons ~ 88%   

protons ~ 85%

HERMES RICH
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Flavor-separated quark helicity distributions

37

With purity = conditional probability that a hadron of type h observed in the final 
state originated from a struck quark of flavor q (unpol  beam/target)

HERMESHERMES

HERMES

[HERMES PRD 71, 012003 (2005)]

-

[COMPASS PLB 680 (2009) 217–224]

COMPASS

Fragmentation 
function 

parameterizations  
needed as input

comparison with: 
chiral quark soliton  model (χQSM) 

meson cloud model

HERMES & COMPASS longitudinal asymmetries valence quark region
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RHIC at BNL

38

(p→ + p→ ), (p↑ + p↑),  
(p↑ + heavy ion), +heavy-ion 

collisions 

Center-of-mass energy for pp 
collisions:  
√s = 62, 200, 500/510 GeV  
 
Alternating spin configurations bunch by bunch 
(spacing ~100 ns) and fill by fill (typical duration 
~8 hrs)

Long Island, New York
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PHENIX and STAR at RHIC

39

STAR 
large acceptance

Rapidity  
(wrt polarized beam):

PHENIX 
high resolution & high rate 

Jet= collimated 
spray of stable 

particles
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Flavor asymmetry of the polarized sea

Longitudinal single-spin asymmetry AL in 
weak-boson production

40

STAR & PHENIX W+/W- 
longitudinal single-spin asymmetries

[NNPDF Collaboration Nucl. Phys. B887, 276 (2014)]

From global analysis: strong 
evidence for flavor-symmetry 

breaking in the polarized 
sector

-

With inclusion of 
recent results from 

2013 STAR data

Recent data improve NNPDF fits 
obtained from global set of longitudinally 

polarized DIS and collider data.  
NNPDF methodology: Neural-Network-

based Monte-Carlo approach. 

with [PHENIX PRD 98 (2018) 032007]
[STAR PRD 99 (2019) 051102]

Opposite to the flavor asymmetric sea in the unpolarized 
sector (from SeaQuest Drell-Yan and RHIC pp data): 

momentum

⇐ spin
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Gluon helicity Δg(x,Q2) from pp

41

-

PHENIX and STAR longitudinal double-spin asymmetries

Direct access to Δg because 
dominant at RHIC:

[PHENIX PRD 102 (2020) 3, 032001]

Possible production channels: 
- Charged pion 
- Isolated direct photon 
- Inclusive jet 
- Dijets  
- …

Global QCD fits indicate non-zero 
positive gluon-spin contribution 

Δg(x,Q2) to the proton spin in the RHIC 
kinematic range (0.05 < x < 0.2)

[STAR PRD 103 (2021) L091103] 

qg

gg
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Gluon helicity from fixed-target experiments

• Selection of high-pT hadrons: 
to enhance processes involving gluons, 
transverse momentum is the hard scale 

• Complex pQCD analysis

42

-

HERMES and COMPASS double-spin asymmetries

with [HERMES JHEP 08 (2010) 130][COMPASS EPJC 77 (2017) 209]

✗ DIS leading order (LO) 
= not sensitive to Δg

✗ QCD-Compton = 
next-to LO (NLO) = 
not sensitive to Δg 

✓photon-gluon-fusion = 
NLO = sensitive to Δg 

COMPASS

HERMES

Combining all experiments (collider and fixed target):

improvement in pol1.1 mainly due to STAR 2009 dijet data

[NNPDF NPB 887 (2014) 276-308]

Global extraction
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Quick recap: longitudinal proton structure

• Spin composition of the proton: ½ = ½ΔΣ + ΔG + L

• Experimental results from inclusive and semi-inclusive DIS and pp experiments: 
 
- The quark spins contribute 1/4 to 1/3 to the spin of the proton 
- The gluon spins contribute some positive amount in the currently covered range 

• Is there a substantial contribution from ΔG or Δq at very low values of x-Bjorken? 
Electron Ion Collider 

• Where is the remaining spin coming from?  
Do quarks and gluons have orbital angular momentum? 

43
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Deeply Virtual 
Compton 

Scattering

Chapter 3: generalized parton distributions

Deeply Virtual 

Meson 

Production
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Generalized Parton Distributions

45

Form Factors
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Hard exclusive reactions

• x, ξ: longitudinal momentum fractions of probed quark  
- skewness ξ ≃ xB / (2-xB) in Bjorken limit 
(Q2 large & xB, t fixed) 
- average momentum x: mute variable,  
not accessible in DVCS & DVMP. Is not x-Bjorken! 

• t: squared 4-momentum transfer to target

46

p p’

e

e’

*a a

E~, H~H, E, 

jx+ jx-

t

d, /    q, t, l    a

ℓ

ℓ’

Deeply Virtual Compton  
Scattering (DVCS) 

Deeply Virtual  
Meson Production (DVMP) 

`p ! `p�

`p ! `pM

Q2

exclusive measurement = detection of entire final state 
(or assumed to be known)

Standard channels to access 
generalized parton 

distributions are DVCS & 
DVMP
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Experimental access to GPDs

47

some of them are related to transverse-
momentum-dependent PDFs (TMDs)

GPDs
flips nucleon 

helicity
conserves 

nucleon helicity

does not depend 
on quark helicity E H

depends on 
quark helicity E H

~ ~

JP=1−  
vector mesons 

JP=0−   

pseudoscalar  
mesons 

JP=1−  
photon 
(DVCS)

Different exclusive final-state 
particles allow to probe different 

GPDs

From HERMES & JLab-6 & HERA to COMPASS & JLab12 & RHIC to the EIC 

4 chiral-even GPDs  
(quark-helicity conserving)

+ 4 chiral-odd GPDs  
(quark-helicity flipping)

@
le

ad
in

g t
wi

st
 fo

r a
 sp

in
-½

 ta
rg

et

F1(x)

g1(x)

forward limit 
ξ→0, t→0
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Jefferson Lab
Newport News, Virginia 

 
Polarized electron beam of high intensity 

6 or 11 GeV energy (for Halls A, B, C)

CEBAF
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COMPASS GPD measurements 2016/17

49

NH2 target 2.5m

Long recoil detector CAMERA  
Time-of-flight detector (ToF) between 2 

rings of scintillators 
- 24 inner and 24 outer scintillators 

- ToF resolution 300 ps 
- pmin=260 MeV  

0.06 GeV2 < -t < 0.8 GeV2

ECal0 
to extend angular 

acceptance for photons

ECal1 & ECal2 ☛

CAMERA 4m

μ+←

μ−→

γ
p

μ

GPDs in the valence region from DVCS 84

Fig. 41 compares the (xB,Q2) domains that are explored or will be explored by

JLab 12 GeV, HERMES, COMPASS and H1/ZEUS regarding the DVCS and DVMP

processes. This illustrates the complementarity of all these facilities, the near future

belonging to the JLab 12 GeV and COMPASS facilities. In the following two sections,
we show some examples of what is expected to be achieved with the JLab 12 GeV facility

and in the third one a comparison of the predictions for the various models presented

and discussed in sections 3 and 4 for COMPASS kinematics.

JLab6GeV

JL
ab12G

eV

HERMES

x
B

2

0.1 0.2 0.3 0.4 0.5 0.6

2

4

6

8

Q

COMPASS

Figure 41. (xB ,Q2) domain explored by JLab 12 GeV, HERMES and COMPASS
regarding the DVCS (the limits take into a W >2 GeV cut and an approximate
estimation of the luminosity of each facility).

5.1. Hall A

While the CLAS12 detector will explore a wide phase space region for the DVCS process,
the DVCS program in Hall A will be to focus on some specific kinematics and make

precision measurements. In terms of systematic uncertainties, we recall that the typical

momentum resolution of the Hall A arm spectometers is of the order of 10!4 (compared

to 10!2 for CLAS12) and that, in terms of statistics, the luminosity that can be reached

in Hall A is of the order of 1038cm!2s!1 (compared to 1035cm!2s!1 for CLAS12). In

particular, before thinking of extracting GPDs or CFFs out of DVCS data, it is of the
utmost importance to ensure that the “handbag” formalism is applicable, in particular

at the relatively low Q2 values that can be reached at JLab. One of the signatures to be

looked for is the scaling behavior of the CFFs, i.e. the property that they don’t depend

on Q2 at leading-twist.

The preliminary tests of scaling carried out at 6 GeV by the Hall A collaboration

are encouraging (see Fig. 13) but are limited in the Q2 range (between 1.4 and 2.4

160 GeV
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Selection of exclusive data sample

50

E00-110 EXPERIMENT AT JEFFERSON LAB HALL A: . . . PHYSICAL REVIEW C 92, 055202 (2015)

channel thresholds owing to the different calibration of each
block). Also, if the !2 of a fit by a flat line b was below an
equivalent energy of !2

0 ! 40 MeV, no pulse was fitted and the
signal was discarded. Finally, if two pulses were found with a
relative arrival time smaller than 4 ns, the algorithm returned
the best single pulse fit because two-pulse results proved to be
unstable in those cases.

The wave-form analysis of the PA ARS data used the
same algorithm, but with slightly different parameters. Energy
thresholds were set to !2

0 ! 2 MeV and !2
1 ! 15 MeV to best

fit the much smaller recoil proton energies in the detector.
Owing to the high counting rate in the detector, only 30 ARS
samples were used for the fit. Also, time windows to search for
pulses were set to "20 ! t1,t2 ! 20 ns around the expected
event signal.

Overall, the wave-form analysis of ARS signals increases
the energy resolution in the DVCS calorimeter by a factor
of 2–3 (depending on the background level) with respect to
results obtained integrating the signal in a 60-ns window. We
found about 8% of events in the calorimeter with some pileup
from accidentals.

2. Clustering algorithm

The algorithm used to separate clusters in the electromag-
netic calorimeter is based on a cellular automaton, as described
in Ref. [52], and uses only pulses arriving within a ["3,3] ns
interval. This coincidence time window is more than 6 times
the time resolution of the detector (!0.8 ns). For each cluster
found, the total photon energy E is taken to be the sum over
the deposited energy Ei in each of the cluster blocks,

E =
!

i

Ei, Ei = CiAi, (20)

where Ai is the signal amplitude collected in block i and Ci its
calibration coefficient. The impact position xclus is calculated
as the sum of blocks positions xi weighted logarithmically by
the relative energy deposition in each of them [53]:

xclus =
"

i wi xi"
i wi

,

(21)
with wi = max{0,W0 + ln(Ei/E)}.

The parameter W0 allows a further tuning of the relative weight
between blocks: As W0 # $ the weighting becomes uniform
regardless of the energy deposited in each block, whereas
small values of W0 give a larger relative weight to blocks
with large energy deposition. The value of W0 fixes the energy
threshold for blocks to be taken into account in the position
determination: Blocks with a relative energy deposition less
than e"W0 are neglected in the calculation.

Because the calorimeter was placed at 1.1 m from the 15-
cm-long target, the incidence angle of particles on the front
face of the calorimeter could therefore vary by significant
amounts: Corrections owing to the vertex position in the target
needed to be applied. Furthermore, the electromagnetic shower
does not begin at the surface of the calorimeter, but at a certain
depth as shown in Fig. 8. This depth is, to first approximation,
independent of the incident particle energy. Taking these two
effects into account, the position xclus given by Eq. (21) is

FIG. 15. (Color online) Squared missing mass M2
X associated

with the reaction ep # e"X for Kin2. Total events for Kin2 are rep-
resented as inverted black triangles, the estimated #0 contamination is
represented as green diamonds, the distribution after the subtraction
of accidentals and # 0’s is shown as blue open circles. Finally, it
is compared with the normalized DVCS Monte Carlo (described
in Sec. IV E) shown as a red solid line. To remove unnecessary
uncertainties owing to low-missing-mass-squared accidental events,
we apply a cut requiring a missing-mass squared higher than 0.5
GeV2/c4 for all kinematics.

corrected by

xcorr = xclus

#
1 " a

$
L2

vc + x2

%
, (22)

where Lvc is the distance from the vertex to the calorimeter
and a is the distance of the electromagnetic shower centroid
to the calorimeter front face, taken along the direction of its
propagation. The algorithm depends on two parameters W0
and a, which have been optimized to W0 = 4.3 and a = 7 cm
by Monte Carlo simulation and real data from the elastic
runs, where a 2-mm position resolution ($ ) at 1.1 m and
4.2 GeV was measured, compatible with the one obtained
from Monte Carlo simulations. Position resolution when two
partially overlapping clusters are present is slightly worse than
in the case of a single cluster: Simulated data show in this case
a 4-mm spatial resolution.

C. Event selection

The ep # ep" events are selected among the calorimeter
one-cluster events. A software energy threshold of 1.1 GeV
was applied to calorimeter clusters, slightly above the hard-
ware threshold of !1 GeV. Fiducial cuts were used to discard
events hitting blocks at the edges of the calorimeter. Figure 15
shows the ep # e"X missing-mass-squared distribution of
the data. Accidental coincidences were estimated by analyzing
events in ["11,"5]- and [5,11]-ns time windows, the same
width as the coincidence clustering window but shifted in time
(see Fig. 16). The use of two intervals to estimate the accidental
sample reduces its statistical uncertainty.

Neutral pion decays with only one photon reaching the
calorimeter form an important source of background to the
DVCS sample. This background is subtracted using #0 events
where the two photons are detected in the calorimeter. For each

055202-11

Hall-A DVCS: eγ 
detection

Transverse target spin asymmetries in exclusive ⇢
0 muoproduction 7
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Fig. 2: The Emiss distribution in the range 2.4 (GeV/c)2
< Q

2
 10 (GeV/c)2, together with the signal

plus background fits (solid curve). The dotted and dashed curves represent the signal and background
contributions, respectively. In the signal region -2.5 GeV < Emiss < 2.5 GeV, indicated by vertical dash-
dotted lines, the amount of semi-inclusive background is 35%.

vector meson with respect to the virtual photon direction, p
2
T < 0.5 (GeV/c)2, the energy of the ⇢

0 in
the laboratory system, E⇢0 > 15 GeV, and the photon virtuality, Q

2
< 10 (GeV/c)2. An additional cut

p
2
T > 0.05 (GeV/c)2 is used to reduce coherently produced events. As explained in Ref. [20] we use p

2
T

rather than t. After the application of all cuts, the final data set of incoherently produced exclusive ⇢
0

events consist of about 797000 events. The average values of the kinematic variables are hQ2
i = 2.15

(GeV/c)2, hxBji = 0.039, hyi = 0.24, hW i = 8.13 GeV, and hp2
T i = 0.18 (GeV/c)2. In order to correct

for the remaining semi-inclusive background in the signal region, the Emiss shape of the background is
parameterised for each individual target cell in every kinematic bin of Q

2, xBj , or p
2
T using a LEPTO

Monte Carlo (MC) sample generated with COMPASS tuning [28] of the JETSET parameters. The h
+
h
�

MC event sample is weighted in every Emiss bin i by the ratio of numbers of h
±
h
± events from data and

MC,

wi =
N

h+h+

i,data (Emiss)+N
h�h�
i,data (Emiss)

N
h+h+
i,MC (Emiss)+N

h�h�
i,MC (Emiss)

, (7)

which improves the agreement between data and MC significantly [20].

For each kinematic bin, target cell, and spin orientation a signal plus background fit is performed,
whereby a Gaussian function is used for the signal shape, and the background shape is fixed by MC
as described above. The fraction of semi-inclusive background in the signal range is 22%, nevertheless
the fraction strongly depends on kinematics and varies between 7% and 40%. An example is presented
in Fig. 2. The background corrected distributions, N

sig
k (�,�S), are obtained from the measured distri-

butions in the signal region, N
sig,raw
k (�,�S), and in the background region 7 GeV < Emiss < 20 GeV,

N
back
k (�,�S). The distributions N

back
k (�,�S) are rescaled with the estimated numbers of background

events in the signal region and afterwards subtracted from the N
sig,raw
k (�,�S) distributions.

After the described subtraction of semi-inclusive background, the final sample still contains diffractive
events where the recoiling nucleon is in an excited N⇤ or D state (14%), coherently produced ⇢

0 mesons
(⇠ 5%), and non-resonant ⇡

+
⇡
� pairs (< 2%) [20]. We do not apply corrections for these contributions.

3














FIG. 2: The polar and azimuthal angles of the decay !+ of the
"0 in the "0 rest frame. The positive z-axis is taken opposite
to the direction of the residual proton, while the angle # is
defined with respect to the hadron production plane.

erage e!ciency of 98% and a hadron contamination of
less than 1% by using the information from an elec-
tromagnetic calorimeter, a transition-radiation detector,
a preshower scintillation counter, and a Ring Imaging
Čerenkov detector. Events were selected in which only
one lepton and two oppositely charged hadrons were de-
tected.

In the event selection, the following kinematic con-
straints were imposed: Q2 > 1 GeV2, W 2 > 4 GeV2,
and !t! < 0.4 GeV2. Here !Q2 is the squared four-
momentum of the exchanged virtual photon, W the in-
variant mass of the virtual-photon proton system, and t!

the reduced Mandelstam variable t! = t ! t0, where !t0
is the minimum value of !t for a given value of Q2 and
the Bjorken variable xB . The average value of W 2 for
the exclusive !0 sample was 25 GeV2. The condition on
t! was applied to reduce non-exclusive background.

An exclusive event sample was selected by constraining
the value of the variable

"E =
M2

X ! M2

2M
, (1)

where MX is the missing mass and M the proton mass.
The measured "E distribution, which includes con-
straints on the invariant mass of the produced hadron
pair as discussed below, is shown in Fig. 3. The peak
around zero originates from the exclusive reaction. Ex-
clusive events were selected by the requirement "E < 0.6
GeV. This resulted in a total number of 7488 events. The
background from non-exclusive processes in the exclusive
region was estimated by using a Pythia6 Monte Carlo
simulation [15, 16] in conjunction with a special set of
Jetset fragmentation parameters, tuned to provide an
accurate description of deep-inelastic hadron production
in the Hermes kinematic domain [17, 18]. The simula-
tion gave a very good description of the "E distribution
in the non-exclusive region. The background fractions
in the exclusive region varied between 7% and 23%, de-
pending on the value of Q2, xB , or t!, with an average
over all selected data of 11%.
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FIG. 3: The !E distributions of the measured yield (num-
ber of counts within the acceptance divided by the inte-
grated luminosity) (dots) and a Monte Carlo simulation with
Pythia6 of the non-exclusive background normalized to
the same integrated luminosity (histogram). The kinematic
cuts and the requirements 0.6 GeV < M!! < 1.0 GeV and
MKK > 1.04 GeV were applied. The selected exclusive re-
gion is indicated by the dashed area.

The invariant mass of the two-hadron system M!!

was determined assuming that both hadrons are pions.
Resonant "+"" pairs, i.e., pairs produced in the decay
!0 " "+"", were selected by the condition 0.6 GeV
< M!! < 1.0 GeV. Contributions in the M!! spectrum
from the decay of a # meson into two kaons were ex-
cluded by requiring MKK > 1.04 GeV, where MKK is
the invariant mass of the two-hadron system calculated
assuming that both hadrons are kaons. After subtracting
the simulated contribution from the non-exclusive tail in
the region "E < 0.6 GeV and correcting for the non-
constant acceptance with M!!, the M!! spectrum for
exclusive events was fitted with a !0-peak plus a lin-
ear background. For the shape of the !0-peak Söding
and Ross-Stodolsky parametrizations were used. In both
cases the resulting background was found to be negligible
(0.7 ± 0.5)%.

In the analysis the recently developed formalism for
electroproduction of a vector meson from a polarized nu-
cleon was used [11]. The cross section for exclusive !0

leptoproduction is written as

d$

d% d# d& d(cos ') dxB dQ2 dt
=

1

(2")2
d$

dxB dQ2 dt
W (xB , Q2, t,#,#S ,&,'), (2)

with % being a similar angle as #S , but now defined
around the direction of the lepton beam, and

d$

dxB dQ2 dt
= #v

!
d$T

dt
+ (

d$L

dt

"
, (3)

HERMES & COMPASS excl. ρ: 
ℓπ-π+ detection

CLAS DVCS: 
no Inner Calo: ep or epγ  

with Inner Calo: epγ

HigherDtwists$@$CLAS$

16 Contalbrigo M. Spin Structure – EINN15, 3rd November 2015, Paphos 

"↓$%  is proportional to the structure function 
 
 
 

→$EnFre$structure$funcFon$is$
twistD3,$so$in$commonly$used$

WandzuraDWilczek$approximaFon$
enFre$asymmetry$=$0$

H. Avakian et al., PRD69, 112004 (2004)@4.3 GeV 

W. Gohn et al., PRD89, 072011 (2014)@5.5 GeV 

e(x): twist-3 PDF sensitive  
to qGq correlations 
“transverse force”  
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H1/ZEUS DVCS: 
eγ + forward veto 

ZEUS subsample: epγ

6 GeV 27.6 GeV COMPASS DVCS: 
μγp detection

160 GeV
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Compton form factors (CFFs)

• The experimentally accessed quantity is an 
imaginary Compton Form Factor (CFF):

51

assuming factorization  (Q2 large & t small)

F(�, t) =
�

q

⇥ 1

�1
dx C⇥q (�, x)F q(x, �, t)

hard scattering kernel ⊗ GPDCFF

q(x)

q(x) Im(τDVCS) 
x=ξ 

Re(τDVCS)   
integral over x

✘
Im(τDVCS)  

|x|<ξ  
DDVCSx

ξ

H(⇠, t) = P

Z +1

�1
dx

H(x, ⇠, t)

x� ⇠
� i⇡H(⇠, ⇠, t)

ReH(⇠, t) = P

Z +1

�1
dx

ImH(x, t)

x� ⇠
+D(t)

Dispersion relation with D-term D(t): related to shear 
forces and radial distribution of pressure inside the nucleon
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Experimental access to CFFs

52

�(�;PB , CB) = �UU(�) · [1 + PBADVCS
LU (�) + PBCBAI

LU(�) + CBAC(�)]

Lepton k with charge CB &  
polarization PB  off nucleon 

Azimuthal angle φ between 
lepton scattering plane and plane 
spanned by virtual & real photons

+ +

2

BetheïHeitler (BH)DVCS

ma a* N¾

= |TBH|2 + (TDVCST ⇤
BH

+ T ⇤
DVCS

TBH) + |TDVCS|2

DVCS

Example: azimuthal 
beam-spin asymmetry Beam Target

ALU(�)

polarization

Different experimental configurations (beam polarization, beam charge, target 
polarization, and their combinations) provide access to different parts or aspects of CFFs. 

S⊥: T-pol target 
vector (if given)

 The DVCS-Bethe_Heitler 
interference term helps to disentangle  

Re(τDVCS) and Im(τDVCS)   
magnitude and phase  

of DVCS amplitude τDVCS
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Beam-spin 
asymmetry

CLAS @ JLab

[CLAS hep/ex:0107043, PRL 87 (2001) 182002]

HERMES @ DESY

HERMES hep/ex:0106068, PRL 87 (2001) 182001]

(positrons on proton target) (electrons on proton target)

2001: first observation of DVCS spin asymmetry 

Beam Target
polarization

→ beam spin 
direction
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Different experimental configurations to map out CFFs

Compton Form Factors (CFFs)

54

Beam Target
Beam-helicity 

asymmetry☞ unpolarized target: 

F1H+
xB

2� xB
(F1 + F2) �H� t

4M2
F2E

dominant for  
the proton

dominant for  
the neutron

Best access 

Beam-charge 
asymmetry

More Fourier coefficients accessible 
with 2 beam charges

Im(H)

Re(H)

Longitudinal target-spin asymmetry

Double-spin (LT) 
asymmetry

Transverse target-
spin asymmetry

☞ longitudinally polarized target: 
xB

2� xB
(F1 + F2)

�
H+

xB

2
E
⇥

+F1
⇧H� xB

2� xB

⇤
xB

2
F1 +

t

4M2
F2

⌅
⇧E

☞ transversely polarized target: 

t

4M2

�
(2� xB)F1E � 4

1� xB

2� xB
F2H

⇥

analog: Double-spin (LL) asymmetry

polarization

⇒ target spin 
→ beam spin 

+ beam charge
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DVCS highlights

(A)   [JHEP 07 (2012) 032 -  
   Nucl. Phys. B 829 (2010) 1-27] 

(B) [JHEP 07 (2012) 032 -  
 Nucl. Phys. B 829 (2010) 1-27 - 
JHEP10 (2012) 042] 

(C) [JHEP 06 (2008) 066] 

(D) [Phys. Lett. B 704 (2011) 15-23]  

(E) [JHEP 06 (2010) 019 -  
 Nucl. Phys. B 842 (2011) 265-298] 

(F) [JHEP 06 (2010) 019 -  
 Nucl. Phys. B 842 (2011) 265-298] 
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CLAS (S. Pisano et al.), PRD 91, 052014 (2015)  
CLAS (Seder et al.), PRL 114, 032001 (2015)

the experimental asymmetries especially at low !t and at
low Q2-xB. At the highest !t values, the VGG model gets
closer to the data, while the GK model is systematically
higher. Both models expect a steeper !t slope than the data
display. This can be due to the fact that these models are
based on double distributions, where the !t dependence is
factorized with respect to the !x; !" dependence. The data,
instead, seem to point to more complex correlations
between the three variables. The GGL model is in good
agreement with the data at low !t especially for the first
and thirdQ2-xB bin, while it diverges away from the data in
the high-xB bins. The discrepancy observed for larger xB
values is an indication that using only DIS and form factor
data one can only provide a loose constraint on the !
dependence of the model. The best fit to the data is
provided by the KMM12 model, which however does
not cover our whole set of kinematics. For consistency, our
beam-spin asymmetries were also compared to those
obtained from previous CLAS data [15] (e1-dvcs experi-
ment). For this task, the results for the "LU coefficient were
used, taking the kinematic bins from the e1-dvcs data that
were closest to our own. The comparison is shown in
Fig. 18, where the e1-dvcs results are represented by the
(green online) triangles. The agreement is good, especially
considering the imperfect kinematical overlap.

B. Target-spin asymmetry

The results for the target-spin asymmetry [31] are
presented in Fig. 19 as a function of # for each slice in
the Q2-xB space (rows) and for each bin in !t (columns).
As for the BSA, it is fitted with the function

"UL sin#
1# $ cos#

!43"

and shows the typical sin#-like dependence, with ampli-
tudes ranging from 0.1 to 0.3, but its evolution with !t is
quite different from the BSA, in shape and magnitude. In
fact, the amplitude of the target-spin asymmetry seems
rather constant as a function of all kinematic variables, !t
included, apart from the expected systematic drop towards
t " tmin. Figure 20 shows the t-dependence for each bin in
Q2-xB of the sin# fitting coefficient "UL [Eq. (43)], which
appears fairly constant, unlike what was observed for the
beam-spin asymmetry. As mentioned above, the variable t
yields the Fourier conjugate of the impact parameter,
describing the transverse position of the partons in the
reference frame where the proton goes at the speed of light.
Therefore, a steep t slope is equivalent to a rather flat spatial
distribution, and vice versa. Equations (17) and (19) point
to the proportionality between, respectively, TSA and !m ~H
and BSA and !mH. Thus, the t behavior of the TSA
compared to that of the BSA suggests that the axial charge
(linked to ~H) is more concentrated in the center of the
proton than the electric charge (linked to H). This fact was

already observed in a paper [32] devoted to the extraction
of the CFFs !mH and !m ~H from the HERMES data. This
finding is clearly not predicted by the VGG or GK models,
which instead display a similar drop with t for the TSA as
what was computed for the BSA. These models approx-
imately reproduce the low-tmagnitude of the asymmetry in
some kinematics (namely, in Q2-xB bins 1 and 3), with a
slightly better fit of the data for VGG. GK predicts an
increase of the TSA with xB that is not observed in the

FIG. 20 (color online). t dependence, for eachQ2-xB bin, of the
"UL term of the target-spin asymmetry. The curves show the
predictions of four GPD models for the TSA at # $ 90°: (i) VGG
[23] (red dashed), (ii) KMM12 [26] (green dotted), (iii) GK [25]
(blue dash-dotted), and (iv) GGL [27] (orange dashed-three-
dotted).
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FIG. 21 (color online). Comparisons of the t dependences of the
sin# term of the ep% target-spin asymmetries for the present data,
integrated over Q2 and xB (black circles), the previous CLAS
experiment [13] (magenta triangles), and HERMES [16] (green
squares).

SINGLE AND DOUBLE SPIN ASYMMETRIES FOR DEEPLY … PHYSICAL REVIEW D 91, 052014 (2015)

052014-19

CLAS AUL

GPD H~

H1: PLB 681 (2009) 391

0

2

4

6

8

10

12

0 20 40 60 80 100 120 140

H1 HERA I
H1 HERA II

Dipole model
GPDs model

Q2 = 10 GeV2

H1

W [GeV]

 m
D

VC
S 
[n

b]

H1

azimuthal asymmetry amplitudes

cross sections

(D)

(F)

Amplitude Value
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3

   )qcos(2
LLA

      qcos 
LLA

   )qcos(0
LLA

     )qsin(2
ULA

         qsin 
ULA

qcos  )sq  - qcos(
LT,IA

qsin  )sq  - qsin(
LT,IA

   
)sq  - qcos(

LT,BH+DVCSA

    
)sq  - qcos(

LT,IA

qsin  )sq  - qcos(
UT,IA

qcos  )sq  - qsin(
UT,IA

   
)sq  - qsin(

UT,DVCSA

    
)sq  - qsin(

UT,IA

      )qsin(2
LU,IA

   qsin 
LU,DVCSA

         qsin 
LU,IA

         )qsin (2
LUA

         qsin 
LUA

   )qcos(3
CA

   )qcos(2
CA

      qcos 
CA

   )qcos(0
CA

HERMES DVCS Hydrogen
Deuterium
Hydrogen Pure

(E)

(C)

(B)

(A)

Amplitude Value
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3

   )qcos(2
LLA

      qcos 
LLA

   )qcos(0
LLA

     )qsin(2
ULA

         qsin 
ULA

qcos  )sq  - qcos(
LT,IA

qsin  )sq  - qsin(
LT,IA

   
)sq  - qcos(

LT,BH+DVCSA

    
)sq  - qcos(

LT,IA

qsin  )sq  - qcos(
UT,IA

qcos  )sq  - qsin(
UT,IA

   
)sq  - qsin(

UT,DVCSA

    
)sq  - qsin(

UT,IA

      )qsin(2
LU,IA

   qsin 
LU,DVCSA

         qsin 
LU,IA

         )qsin (2
LUA

         qsin 
LUA

   )qcos(3
CA

   )qcos(2
CA

      qcos 
CA

   )qcos(0
CA

HERMES DVCS Hydrogen
Deuterium
Hydrogen Pure

Re H
Im H

Im H
∼

Im (H-E)

Re H
∼

Re (H+E)

GPD H

GPD E

GPD H~

ALU

AC

AUT

ALT

AUL

ALL

 HERMES              

(A)

HERMES:

with respect to 
beam spin or beam 

charge or target 
spin



Spin in DIS, pp and DY                                                                                                                                                                                                                                                       C. Riedl (UIUC) - September 2021

H1 & HERMES: DVCS beam-charge asymmetry

• ρ = Re(τDVCS) / Im(τDVCS)      
• ρ=0.20 ± 0.05(stat) ± 0.08(sys) 
•  In good agreement with theoretical  

calculation (dispersion relation) 

• H1@HERA/DESY: first and only  
measurement at collider 

• low xB=10-4...10-2 

•  6.5 < Q2 < 80 GeV2 

•  30 < W < 140 GeV  
•  |t|<1 GeV2

56 [HERMES JHEP 07 (2012) 032]
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[H1 PLB 681 (2009) 391]

Re(τDVCS) > 0  
for HERA (small x) 

  
    Re(τDVCS) < 0  

for HERMES (larger x)

Where is the zero crossing? COMPASS 
measurement at intermediate energy
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Transverse imaging of the nucleon

57

d�DVCS

dt
/ e�b|t|

xB

val
en

ce 

qua
rks

100

10-1

pion c
loud

10-2

sea
 qua

rks
 & 

gluo
ns

10-3

b

b = “t-slope” = average impact parameter

~ 10 times more COMPASS cross-section data and 𝜙-modulations  being analyzed

[COMPASS PLB 793 (2019) 188]

at <Q2>=1.8GeV2 & <xBj>=0.056

[Burkardt, Int. J. Mod. Phys. A18 (2003) 173]

Impact-parameter representation:

HERA and COMPASS DVCS t-slope Determination of transverse  
extension of partons in the 

nucleon via differential 
DVCS cross section
COMPASS:  between gluons 

and valence quarks

Δ⊥≡t

Mapping of spatial densities while 

scanning longitudinal momentum xB

DVCS amplitude: 
𝜙-modulations in cross 

section 
at medium <xB>=0.0200

Transverse imaging:  
𝜙-integrated cross 

section 
at medium <xB>=0.0630

BH reference 
yield 
at small 

<xB>=0.0085

+ +

2

BetheïHeitler (BH)DVCS

ma a* N¾

= |TBH|2 + (TDVCST ⇤
BH

+ T ⇤
DVCS

TBH) + |TDVCS|2

at COMPASS
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GPD E linked to orbital angular momentum

• More data from JLab12 and 
RHIC (STAR) to come.  

• STAR: exclusive  J/Psi production  
in ultra-peripheral p↑p collisions 
(UPC) → gluon GPD E 

58

[Ji, PRL 78 (1997) 610]

Jq =
1
2

lim
t⇥0

� 1

�1
dx x [Hq(x, �, t) + Eq(x, �, t)]

Ji sum rule for the nucleon:

HERMES and Hall-A DVCS asymmetries
Measurements sensitive to GPD E allow (in principle) 
to access the total angular momentum of partons, Jq. 

→

(A)  HERMES: ep↑ → epγ :  
H-E (transversely polarized proton target) 

(B)  Hall A:   e- n → e- n γ :  
E dominant for the neutron ALU

AUT

Hall A 
(deuteron target)ALU

[Hall A PRL 99, 242501 (2007)]

[Hall A PRL 99, 242501 (2007)]

caveat: constraint 
model dependent

STAR exclusive 
J/Psi asymmetry
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Exclusive meson production

59

COMPASS and HERMES transverse target-spin asymmetries

chiral-even 
GPDs at leading 

twist

chiral-odd GPDs at 
higher twist

H, E
JP=1−  

vector 
mesons HT, ET, 

ET=2HT+ETH
JP=0−   

pseudoscalar  
mesons 

longitudinally polarized virtual photon & vector meson)

~~

[HERMES EPJ C 75 (2015) 600]
Curves for different πω transition form factors from 

[Goloskokov, Kroll, EPJ A (2014) 50: 146]
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Fig. 5. The five amplitudes describing the strength of the sine modulations of the cross section for hard exclusive !-meson
production. The full circles show the data in two bins of Q2 or �t0. The open squares represent the results obtained for the
entire kinematic region. The inner error bars represent the statistical uncertainties, while the outer ones indicate the statistical
and systematic uncertainties added in quadrature. The results receive an additional 8.2% scale uncertainty corresponding to
the target-polarization uncertainty. The solid (dash-dotted) lines show the calculation of the GK model [11,21] for a positive
(negative) ⇡! transition form factor, and the dashed lines are the model results without the pion pole.

Here, R denotes the set of 7 asymmetry amplitudes of

the unseparated fit or 14 asymmetry amplitudes of the

longitudinal-to-transverse separated fit and the sum runs

over the N experimental-data events. The normalization

factor

eN (R) =

NMCX

j=1

W(R;�
j
, �

j
S) (7)

is determined using NMC events from a PYTHIA Monte-

Carlo simulation, which are generated according to an

isotropic angular distribution and processed in the same

way as experimental data. The number of Monte-Carlo

events in the exclusive region amounts to about 40,000.

Each asymmetry amplitude is corrected for the back-

ground asymmetry according to

Acorr =
Ameas � fbgAbg

1� fbg
, (8)

where Acorr is the corrected asymmetry amplitude, Ameas

is the measured asymmetry amplitude, fbg is the frac-

tion of the SIDIS background and Abg is its asymmetry

amplitude. While Ameas is evaluated in the exclusive re-

gion, Abg is obtained by extracting the asymmetry from

the experimental SIDIS background in the region 2 GeV

< �E < 20 GeV.

The systematic uncertainty is obtained by adding in

quadrature two components. The first one, �Acorr =

Acorr � Ameas, is due to the correction by background

amplitudes. In the most conservative approach adopted

here, it is estimated as the di↵erence between the asym-

metry amplitudes Acorr and Ameas. This approach also

covers the small uncertainty on fbg. The second compo-

nent accounts for e↵ects from detector acceptance, e�-

ciency, smearing, and misalignment. It is determined as

described in Ref. [16]. An additional scale uncertainty

arises because of the systematic uncertainty on the tar-

get polarization, which amounts to 8.2%.

Results

The results for the five AUT and two AUU amplitudes,

as determined in the entire kinematic region, are shown

in Table 1. These results are presented in Table 3 in two

intervals of Q
2
and �t

0
, with the definition of intervals

together with the average values of the respective kine-

matic variables given in Table 2. The results for the five

Table 1. The amplitudes of the five sine and two cosine mod-
ulations as determined in the entire kinematic region. The first
uncertainty is statistical, the second systematic. The results
receive an additional 8.2% scale uncertainty corresponding to
the target-polarization uncertainty.

amplitude

Asin(�+�S)
UT �0.06 ± 0.20 ± 0.02

Asin(���S)
UT �0.12 ± 0.19 ± 0.03
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Asin(2���S)
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UT 0.13 ± 0.15 ± 0.03
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UU �0.01 ± 0.11 ± 0.10

Acos(2�)
UU �0.17 ± 0.11 ± 0.05
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Fig. 4: Double-spin azimuthal asymmetries for a transversely (T) polarised target and a longitudinally
(L) polarised beam. The error bars (bands) represent the statistical (systematic) uncertainties. They are
calculated for the average W , Q

2 and p
2
T of our data set, W = 8.1 GeV/c2 and p

2
T = 0.2 (GeV/c)2 for the

left and middle panels, and at W = 8.1 GeV/c2 and Q
2 = 2.2 (GeV/c)2 for the right panels.
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Fig. 5: Mean value hAi and the statistical error for every modulation. The error bars (left bands) represent
the statistical (systematic) uncertainties.

seen in Fig. 5 and Table 2, while no conclusion can be drawn on A
cos�S
LT because of larger experimental

uncertainties, a non-vanishing value for A
sin�S
UT is measured. The asymmetry A

sin(2���S)
UT represents the

same combination of GPDs ET and E as the second term in A
sin�S
UT . The observation of a vanishing

value for A
sin(2���S)
UT implies that the non-vanishing value of A

sin�S
UT constitutes the first experimental

evidence from hard exclusive ⇢
0 leptoproduction for the existence of transverse GPDs HT .
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μp⇑ → μpρ0 

Deeply virtual meson production 
allows access to chiral-odd GPDs. 

Different mesons filter different 
quark flavors and have different 

sensitivity to gluon GPDs. 

COMPASS π0 cross section [COMPASS PLB 805 (2020)] not shown. Many results expected from JLab-12.
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Figure 3: Model predictions for the sin(! ! !S) Fourier amplitude
as a function of !t!. The curves represents predictions of GPD-

model calculations. The full circles show the values of A
sin(!"!S)
UT,"

taken from Fig. 2. The error bars (bands) represent the statistical
(systematic) uncertainties. See text for details.

larger values of !t!, caused by a negative real part in !E .
The dash-dotted curve arises from an alternative GPD ap-
proach [34], in which the imaginary part of !H becomes
negative while the real part of !E remains positive at larger
values of !t!.

An attempt to evaluate the complete set of Fourier am-

plitudes (7), and in particular the value of Asin(!"!S)
UT," , is

presented in [17]. In this model, the GPDs are calculated
in a similar way as in the models [15, 35], except that the
experimental value of the pion form factor F# is used. Here
a large non-pole contribution from !E over-compensates the
pion-pole contribution leading to the zero-crossing behav-
ior of the amplitude as a function of !t! (see dashed curve
in Fig. 3). This model appears to be qualitatively in agree-
ment with the data. However, within the large experimen-

tal uncertainty Asin(!"!S)
UT," is also consistent with zero. A

vanishing Fourier amplitude in this model implies the dom-
inance (due to the pion pole) of !E over !H at low !t!. This
is in agreement with the recent Hermes measurement of
the exclusive !+ cross section [22], which is well described
at !t! = 0.1 GeV2 by a GPD model [35] based only on !E
while neglecting the contribution of !H .

In summary, the Fourier amplitudes of the single-spin
azimuthal asymmetry are measured in exclusive electro-
production of !+ mesons on transversely polarized pro-
tons, for the first time. Within the experimental uncer-
tainties the amplitude of the sin(" ! "S) modulation is
found to be consistent with zero, thus excluding a pure
pion-pole contribution to the GPD !E in leading-twist cal-
culations. This could also be an indication for the dom-
inance of !E over the GPD !H at low !t!. The observed
amplitude of the sin"S modulation is large and positive
which implies the presence of a sizeable interference be-
tween contributions from longitudinal and transverse vir-
tual photons. A next-to-leading twist calculation as well
as knowledge of the contributions from transverse pho-

tons and their interference with longitudinal photons are
required for a description of the measurements.
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Figure 2: The set of six Fourier amplitudes (AUT,!) describing the
sine modulations of the single-spin azimuthal asymmetry for unpo-
larized (U) beam and transverse (T) target polarization, for the ex-
clusive event sample. The error bars (bands) represent the statis-
tical (systematic) uncertainties. The results receive an additional
8.2% scale uncertainty corresponding to the target polarization un-
certainty.

tons, while the other Fourier amplitudes are expected to
be suppressed [9] by at least one power of 1/Q due to
interference between contributions from longitudinal and
transverse virtual photons, and by 1/Q2 due to terms in-
volving only transverse virtual photons.

Most of the Fourier amplitudes shown in Fig. 2 are
small or consistent with zero, except Asin !S

UT," . This am-
plitude is found to be large and positive indicating a sig-
nificant contribution from the transverse-to-longitudinal
helicity transition of the virtual photon, i.e.,

Asin !S

UT," !
!

#!

M!
0#!++ M0#!0"

= M!
0+++ M0+0" + M!

0"++ M0"0",

(12)

where Mµ!#!µ# are helicity amplitudes with µ# (µ) and
!# (!) denoting the helicities of the pion (virtual photon)
and the neutron (proton), respectively. These amplitudes

are proportional to
"
#t#

|µ"#"µ!+#!|
. In the framework

of GPDs, the amplitude M0"++ is associated at leading
twist with virtual-photon helicity flip in the t-channel [18],
which is proportional to

"
#t# and hence is expected to

vanish for #t# $ 0. Among higher-twist contributions the
one that involves the parton-helicity-flip GPDs HT and
"HT need not vanish at small values of |t#|. Moreover, in
the more general framework of helicity amplitudes and the
Regge model, Asin !S

UT," receives contributions from natural
and unnatural-parity exchange [33, 17], which allow it to
remain constant as a function of #t#, as the data in Fig. 2
suggest. Lack of parameterizations of the photoabsorption
cross sections and interference terms [18] involving trans-
verse virtual photons does not allow further interpretation
of the corresponding Fourier amplitudes. Any model that
describes exclusive pion production will need to describe
not only the leading-twist Fourier amplitude, but also the
other contributions to the target-spin azimuthal asymme-
try.

Of special interest in the present measurement is the

Fourier amplitude Asin(!"!S)
UT," in case of production by lon-

gitudinal photons, which can be compared with GPD mod-
els. It is related to the parton-helicity-conserving part of
the scattering process and is sensitive to the interference
between "H and "E [13, 16]:

Asin(!"!S)
UT," = #

"
#t#

Mp

% "
#

1 # "2 Im("E! "H)

(1 # "2) "H2 # t$2

4M2
p

"E2 # 2"2 Re("E! "H)
,

(13)

where the transition form factors "H and "E denote con-
volutions of hard scattering kernels and the pion distri-
bution amplitude with the GPDs "H and "E, respectively.
Note that in the models described below terms propor-
tional to the cos# and cos(2#) modulation of the spin-
averaged cross section are not included. In the measure-
ment presented here these terms are not known, although
they nonetheless contribute to the values of the extracted
Fourier amplitudes.

Figure 3 shows in more detail the extracted Fourier

amplitude Asin(!"!S)
UT," as a function of #t#. The solid and

dotted curves represent the leading-twist, leading-order in
$s calculations of this amplitude for longitudinal virtual
photons using two variants of the GPD model of [20]. The
modelling of the GPD "E relies here, even at larger val-
ues of #t, on the dominance of the pion pole 1/(m2

% # t)
in the pion exchange amplitude, with m% the pion mass.

Then "E is real and positive, and the value of Asin(!"!S)
UT,"

is typically predicted to be large and negative, while it
must sharply vanish at the kinematic boundary #t# = 0
(see solid curve). The data qualitatively disagree with
such a simplified GPD model. The “Regge-ized” variant
of the GPD- "E model [20], containing more than only a
pion t-channel exchange, results in the dash-dotted curve.
In such a model the asymmetry can become positive at
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larized (U) beam and transverse (T) target polarization, for the ex-
clusive event sample. The error bars (bands) represent the statis-
tical (systematic) uncertainties. The results receive an additional
8.2% scale uncertainty corresponding to the target polarization un-
certainty.

tons, while the other Fourier amplitudes are expected to
be suppressed [9] by at least one power of 1/Q due to
interference between contributions from longitudinal and
transverse virtual photons, and by 1/Q2 due to terms in-
volving only transverse virtual photons.

Most of the Fourier amplitudes shown in Fig. 2 are
small or consistent with zero, except Asin !S

UT," . This am-
plitude is found to be large and positive indicating a sig-
nificant contribution from the transverse-to-longitudinal
helicity transition of the virtual photon, i.e.,
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#t# and hence is expected to

vanish for #t# $ 0. Among higher-twist contributions the
one that involves the parton-helicity-flip GPDs HT and
"HT need not vanish at small values of |t#|. Moreover, in
the more general framework of helicity amplitudes and the
Regge model, Asin !S

UT," receives contributions from natural
and unnatural-parity exchange [33, 17], which allow it to
remain constant as a function of #t#, as the data in Fig. 2
suggest. Lack of parameterizations of the photoabsorption
cross sections and interference terms [18] involving trans-
verse virtual photons does not allow further interpretation
of the corresponding Fourier amplitudes. Any model that
describes exclusive pion production will need to describe
not only the leading-twist Fourier amplitude, but also the
other contributions to the target-spin azimuthal asymme-
try.

Of special interest in the present measurement is the

Fourier amplitude Asin(!"!S)
UT," in case of production by lon-

gitudinal photons, which can be compared with GPD mod-
els. It is related to the parton-helicity-conserving part of
the scattering process and is sensitive to the interference
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volutions of hard scattering kernels and the pion distri-
bution amplitude with the GPDs "H and "E, respectively.
Note that in the models described below terms propor-
tional to the cos# and cos(2#) modulation of the spin-
averaged cross section are not included. In the measure-
ment presented here these terms are not known, although
they nonetheless contribute to the values of the extracted
Fourier amplitudes.

Figure 3 shows in more detail the extracted Fourier

amplitude Asin(!"!S)
UT," as a function of #t#. The solid and

dotted curves represent the leading-twist, leading-order in
$s calculations of this amplitude for longitudinal virtual
photons using two variants of the GPD model of [20]. The
modelling of the GPD "E relies here, even at larger val-
ues of #t, on the dominance of the pion pole 1/(m2
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in the pion exchange amplitude, with m% the pion mass.
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tons, while the other Fourier amplitudes are expected to
be suppressed [9] by at least one power of 1/Q due to
interference between contributions from longitudinal and
transverse virtual photons, and by 1/Q2 due to terms in-
volving only transverse virtual photons.
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and unnatural-parity exchange [33, 17], which allow it to
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suggest. Lack of parameterizations of the photoabsorption
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not only the leading-twist Fourier amplitude, but also the
other contributions to the target-spin azimuthal asymme-
try.

Of special interest in the present measurement is the

Fourier amplitude Asin(!"!S)
UT," in case of production by lon-

gitudinal photons, which can be compared with GPD mod-
els. It is related to the parton-helicity-conserving part of
the scattering process and is sensitive to the interference
between "H and "E [13, 16]:

Asin(!"!S)
UT," = #

"
#t#

Mp

% "
#

1 # "2 Im("E! "H)

(1 # "2) "H2 # t$2

4M2
p

"E2 # 2"2 Re("E! "H)
,

(13)

where the transition form factors "H and "E denote con-
volutions of hard scattering kernels and the pion distri-
bution amplitude with the GPDs "H and "E, respectively.
Note that in the models described below terms propor-
tional to the cos# and cos(2#) modulation of the spin-
averaged cross section are not included. In the measure-
ment presented here these terms are not known, although
they nonetheless contribute to the values of the extracted
Fourier amplitudes.

Figure 3 shows in more detail the extracted Fourier

amplitude Asin(!"!S)
UT," as a function of #t#. The solid and

dotted curves represent the leading-twist, leading-order in
$s calculations of this amplitude for longitudinal virtual
photons using two variants of the GPD model of [20]. The
modelling of the GPD "E relies here, even at larger val-
ues of #t, on the dominance of the pion pole 1/(m2

% # t)
in the pion exchange amplitude, with m% the pion mass.

Then "E is real and positive, and the value of Asin(!"!S)
UT,"

is typically predicted to be large and negative, while it
must sharply vanish at the kinematic boundary #t# = 0
(see solid curve). The data qualitatively disagree with
such a simplified GPD model. The “Regge-ized” variant
of the GPD- "E model [20], containing more than only a
pion t-channel exchange, results in the dash-dotted curve.
In such a model the asymmetry can become positive at

5

∝

[HERMES PLB 682 (2010) 345-350]

ep⇑ → epπ+

dashed-dotted: [Kumericki, Müller, Passek-Kumericki, EPJ C 58 (2008) 193] 
solid, dashed and dotted: [Bechler, Müller, arXiv:0906.2571 [hep-ph]]
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Spin density matrix elements in ℓp→ℓpVM
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 decay angles
through

 
selféanalyzing 

/
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l

Spin density matrix elements 
describe how the spin components 
of the virtual photon are transferred 

to the created vector meson

[COMPASS EPJC (2021) 81 126]

W(…) 
parametrized by 

SDMEs

COMPASS ω SDMEs

Tests of hierarchy of helicity amplitudes 

Test of the hypothesis of s-channel helicity 
conservation (SCHC), λγ*=λVM 

 
Cross-section ratio R of longitudinal to transverse 

vector mesons 

…

SDMEs measurements provide further constraints on GPD 
parameterizations beyond cross-section and spin-asymmetry 

measurements. Sensitivity to chiral-odd GPDs HT and ET.

HERMES and COMPASS ω and ρ SDMEs

ρ→π+π-

[Goloskokov, Kroll EPJ A (50 2014) 146]
[HERMES EPJC 74 (2014) 3110]
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Fig. 14. The Q2 (left) and �t0 (right) dependences of the longitudinal-to-transverse virtual-photon di↵erential cross-section
ratio for exclusive ! and ⇢0 electroproduction at HERMES, where the �t0 bin covers the interval [0.0-0.2] GeV2 for ! production
and [0.0-0.4] GeV2 for ⇢0 production [20]. The symbols that are parenthesized in the legend represent the value of R in the
entire kinematic region. Otherwise as for Fig. 7.

This relation is exact in the case of SCHC. The Q
2 depen-

dence of R for the ! meson is shown in the left panel of
Fig. 14, where also for comparison the same dependence
for the ⇢

0 meson [20] is shown. For ! mesons produced in
the entire kinematic region, it is found that R = 0.25 ±
0.03 ± 0.07 for the proton and R = 0.24 ± 0.04 ± 0.07
for the deuteron data. Compared to the case of exclu-
sive ⇢

0 production, this ratio is about four times smaller,
and for the ! meson this ratio is almost independent of
Q2. The �t

0 dependence of R is shown in the right panel
of Fig. 14. The comparison of the proton data to the GK
model calculations with and without inclusion of the pion-
pole contribution demonstrates the clear need to include
the pion pole. The data are well described by the model
and appear to follow the �t

0 dependence suggested by the
model when the pion-pole contribution is included. This
implies that transverse and longitudinal virtual-photon
cross sections have di↵erent �t

0 dependences. Hence the
usual high-energy assumption that their ratio can be iden-
tified with the corresponding ratio of the integrated cross
sections does not hold in exclusive ! electroproduction at
HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse

cross section

The UPE-to-NPE asymmetry of the transverse di↵erential
cross section is defined as [29]

P =
d�

N
T � d�

U
T

d�
N
T + d�

U
T

⌘ d�
N
T /d�

U
T � 1

d�
N
T /d�

U
T + 1

= (1 + ✏R)(2r
1
1�1 � r

1
00), (44)

where �
N
T and �

U
T denote the part of the cross section due

to NPE and UPE, respectively. Substituting Eq. (43) in
Eq. (44) leads to the approximate relation

P ⇡
2r

1
1�1 � r

1
00

1 � r
04
00

. (45)

The value of P obtained in the entire kinematic region
is �0.42 ± 0.06 ± 0.08 and �0.64 ± 0.07 ± 0.12 for proton
and deuteron, respectively. This means that a large part of
the transverse cross section is due to UPE. In Fig. 15, the
Q

2 and �t
0 dependences of the UPE-to-NPE asymmetry

of the transverse di↵erential cross section for exclusive !

production are presented. Again, the GK model calcula-
tion appears to fully account for the unnatural-parity con-
tribution and shows very good agreement with the data
both in shape and magnitude.

5.8 Hierarchy of amplitudes

In order to develop a hierarchy of amplitudes, in the fol-
lowing a number of relations between individual helicity
amplitudes is considered. The resulting hierarchy is given
in Eqs. (62) and (64) below.

5.8.1 U10 versus U11

From Eqs. (35) and (37), the relation

p
2(u2

2 + u
2
3)

u1
⇡ |U11U

⇤
10|

|U11|2 + 2✏|U10|2

=
|U10/U11|

1 + 2✏|U10/U11|2
(46)

is obtained. Using the measured values of those SDMEs
that determine u1, u2, and u3, the following amplitude

from HERMES 
SDMEs

considerable SCHC in γ*T→ωL (class C)
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GPD universality and advanced extractions
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[Burkert, Elouadrhiri, Girod, 
Nature 557, 396–399 (2018)]

with reggeized diquark model (Goldstein, Liuti, et al.)

[Benali, Desnault, Mazouz, et al., Nature Physics 16 
(2020) 191–198]

ReH ImH

ReE ImE

ReH ImH~
~

[Moutarde, Sznajder, Wagner, EPJ C78, 890 (2018)]
PARTONS fits 2018-1 using world data of elastic form factors and DVCS proton data from HERMES, CLAS, Hall A and COMPASS

  [Kroll, Moutarde, Sabatié, EPJ C (2013) 73]

example: HERMES beam 
charge asymmetry

Flavor separation of CFFs 
with Hall-A neutron DVCS

  Constrain GPD parameters 
from global DVMP data and 

compare to DVCS observables

Radial pressure distribution 
from CLAS DVCS

unpolarized proton at t = −0.3 GeV2 and Q2 = 2 GeV2 

In impact-parameter space (b⊥, x): position of up quarks 
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Other exclusive measurements

For the first time, DVCS beam-spin asymmetry 
in the coherent channel measured to be larger 

than the in incoherent proton channel 
 

Thanks to measuring the helium recoils 
using a radial TPC at CLAS. Recoil in 

nuclear DVCS at HERMES was not detected
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[CLAS / R. Dupre PRC 104, 025203 (2021)]

coherent incoherent

DVCS on 4He

Coherent DVCS allows to study if 
the DVCS amplitude rises with A 
and if there is a ‘generalized EMC 

effect’

[CLAS / S. Diehl PRL125, 182001]

Exclusive pion 
production in the 

backward allows to study 
nucleon-to-pion baryonic 

transition distribution 
amplitudes (TDAs), a further 

generalization of the GPD 
concept

Coherent DVCS at CLAS and HERMES
CLAS excl. π+ beam-spin asymmetries in the backward 

CLAS12 time-like Compton Scattering

[P. Chatagnon / CLAS 2020 J. Phys.: Conf. Ser. 1643 012185]

Access to real part of CFF H via TCS = 
time-reversal symmetric process of DVCS
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Double deeply virtual Compton scattering o! the nucleon

M. Guidal1 and M. Vanderhaeghen2

1Institut de Physique Nucléaire, F-91406 Orsay, France
2Institut für Kernphysik, Johannes Gutenberg Universität, D-55099 Mainz, Germany

We study the double deeply virtual Compton scattering (DDVCS) process o! the nucleon, through
the scattering of a spacelike virtual photon with large virtuality resulting in the production of a
timelike virtual photon, decaying into an e+e! pair. This process is expressed in the Bjorken regime
in terms of generalized parton distributions (GPDs) and it is shown that by varying the invariant
mass of the lepton pair, one can directly extract the GPDs from the observables. We give predictions
for the DDVCS cross section and beam helicity asymmetry and discuss its experimental feasibility.

PACS numbers: 13.60.Fz, 12.38.Bx, 13.60.Le

The understanding of hadron structure in terms of
quark and gluon degrees of freedom, remains an out-
standing challenge. An important source of information
is provided by experiments involving electroweak probes.
In this way, elastic form factors as well as quark and
gluon distributions in the nucleon have been mapped out
in quite some detail. In recent years, a whole new class
of hard exclusive reactions have become accessible both
theoretically and experimentally to study hadron struc-
ture. In particular, the deeply virtual Compton scatter-
ing (DVCS) and hard electroproduction of meson pro-
cesses are at present under investigation at di!erent fa-
cilities (HERMES [1], JLab [2], HERA [3, 4]), or will be
addressed by experiments in the near future. In these
processes, a highly virtual photon (with large virtual-
ity Q2) scatters from the nucleon and a real photon (in
the case of DVCS) or a meson is produced. Due to the
large scale Q2 involved, these hard exclusive processes
are factorizable in a hard part, which can be calculated
from perturbative QCD, and a soft part, which contains
the information on nucleon structure and is parametrized
in terms of generalized parton distributions (GPDs) (see
Refs. [5, 6, 7] for reviews and references therein).

The GPDs depend upon the di!erent longitudinal mo-
mentum fractions x+! (x!!) of the initial (final) quarks
(see upper left panel of Fig. 1). As the momentum frac-
tions of the initial and final quarks are di!erent, in con-
trast to the forward parton distributions, one accesses in
this way quark momentum correlations in the nucleon,
which are at present largely unknown. Furthermore, sum
rule integrals of GPDs over x provide new nucleon struc-
ture information and are also amenable to lattice QCD
calculations for direct comparison. In particular, the sec-
ond moment of a particular combination of GPDs gives
access to the total angular momentum carried by quarks
in the nucleon [8]. Such a quantity would be highly com-
plementary to the information extracted from polarized
deep-inelastic scattering experiments, which found that
about 20 - 30 % of the nucleon spin originates from the
quark intrinsic spins (see Ref. [9] for a recent review).

To obtain these new informations, one of the main chal-
lenges is to directly extract the GPDs from observables.

In the DVCS or hard exclusive meson electroproduction
observables, the GPDs enter in general in convolution in-
tegrals over the average quark momentum fraction x, so
that only ! (half the di!erence of both quark momentum
fractions) can be accessed experimentally. A particular
exception is when one measures an observable propor-
tional to the imaginary part of the amplitude, such as
the beam helicity asymmetry in DVCS. Then, one actu-
ally measures directly the GPDs at some specific point,
x = !, which is certainly an important gain of informa-
tion but clearly not su"cient to map out the GPDs inde-
pendently in both quark momentum fractions, which is
needed to construct sum rules. In absence of any model-
independent “deconvolution” procedure at this moment,
existing analyses of DVCS experiments have to rely on
some global model fitting procedure.

FIG. 1: Diagrams for the lp ! lpe+e! process : DDVCS
process (upper left), vector meson (VM) production process
(upper right), Bethe-Heitler (BH) processes (lower two dia-
grams). Crossed diagrams are not shown but also included.

The double DVCS (DDVCS) process, i.e. the scatter-
ing of a spacelike virtual photon from the nucleon with
the production of a virtual photon in the final state, pro-
vides a way around this problem of principle. Compared
to the DVCS process with a real photon in the final state,
the virtuality of the final photon in DDVCS yields an

Double DVCS JLab-12?

DVCS: GPD(ξ, ξ, t) 
DDVCS: GPD(2ξʹ − ξ, ξ, t) 

“x is unmuted”

DDVCS allows for mapping 
of GPDs in (x,ξ) space - the 
virtuality of the final photon 
yields additional lever arm, 

which allows to vary x and ξ 
independently 
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Back to the physics questions… and the final part
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EIC “White Paper” arXiv:1212.1701, based on M. Anselmino et al., 
J. Phys. Conf. Ser. 295, 012062 (2011)

respond to the collinear PDFs: the longitudi-
nal polarized structure function discussed in
the previous section and the quark transver-
sity distribution. The latter is related to the
tensor charge of the nucleon. These three
distributions can be regarded as a simple
transverse momentum extension of the asso-
ciated integrated quark distributions. More
importantly, the power and rich possibilities
of the TMD approach arise from the sim-
ple fact that kT is a vector, which allows
for various correlations with the other vec-
tors involved: the nucleon momentum P , the
nucleon spin S, and the parton spin (say a
quark, sq). Accordingly, there are eight inde-
pendent TMD quark distributions as shown
in Fig. 2.12. Apart from the straightfor-
ward extension of the normal PDFs to the
TMDs, there are five TMD quark distribu-
tions, which are sensitive to the direction of
kT , and will vanish with a simple kT integral.

Because of the correlations between the
quark transverse momentum and the nucleon
spin, the TMDs naturally provide impor-
tant information on the dynamics of par-
tons in the transverse plane in momentum
space, as compared to the GPDs which de-
scribe the dynamics of partons in the trans-
verse plane in position space. Measurements
of the TMD quark distributions provide in-
formation about the correlation between the
quark orbital angular momentum and the nu-
cleon/quark spin because they require wave
function components with nonzero orbital
angular momentum. Combining the wealth
of information from all of these functions
could thus be invaluable for disentangling
spin-orbit correlations in the nucleon wave
function, and providing important informa-
tion about the quark orbital angular momen-
tum.
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Figure 2.13: The density in the transverse-momentum plane for unpolarized quarks with x = 0.1
in a nucleon polarized along the ŷ direction. The anisotropy due to the proton polarization is
described by the Sivers function, for which the model of [77] is used. The deep red (blue)
indicates large negative (positive) values for the Sivers function.

One particular example is the quark
Sivers function f

?q
1T which describes the

transverse momentum distribution corre-
lated with the transverse polarization vector
of the nucleon. As a result, the quark distri-

bution will be azimuthally asymmetric in the
transverse momentum space in a transversely
polarized nucleon. Figure 2.13 demonstrates
the deformations of the up and down quark
distributions. There is strong evidence of the
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Deformation of parton’s confined 
motion when hadron is polarized Transverse 

Momentum 
Dependent PDFs

TMDs  
f(x,kT) 

Generalized 
Parton 

Distributions 

A. Bacchetta, U. D'Alesio, M. Diehl, and C. A. Miller, Phys. 
Rev. D70, 117504 (2004) 

Deformation of parton’s spatial 
distribution when hadron is polarized

ξ=0, 
t=0kT-integration 

(collinear)  
PDFs q(x), 1D

How is the proton spin correlated 
with the motion of quarks/gluons? 

How does the proton spin influence 
the spatial distribution of partons? 

How do quarks & gluons, and their dynamics,  
make up proton spin?

transverse 
momentum 

space

transverse 
position 

space

3D
Nucleon tomography

orbital angular momenta 
of quarks and gluons

½ = ½ΔΣ + ΔG + Lg

quark spin gluon spin

Spin puzzle

GPDs  
H(x,ξ,t) 

The 2 are not unconnected: for 
example is the chiral-odd GPD HT 

related to the transversity TMD.
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Transverse-
momentum 

dependent PDFs

Chapter 4: transverse momentum and 
transverse spin

SIDIS, 

Drell-Yan, 

pp
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Semi-inclusive DIS

65

longitudinal momentum fraction of 
parton (x-Bjorken)

inclusive 
DIS  

x, Q2

photon virtuality  
(~ resolution)

xP
P

Q2

longitudinal direction 

lepton

proton

hadron energy  
hadron transverse momentum

z 
PhT

intrinsic transverse quark momentum

kT

SIDIS

with hadron transverse momentum

Additional information is 
gained by measuring the 
transverse momentum 

of one or more of the 
produced hadrons
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SIDIS cross section on unpol, L-pol, or T-pol protons
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σ

X

lepton

proton
PDF

FF

hadrons“~ harmonic(𝜙, 𝜙S) · PDF ⊗ FF”

[Bacchetta, Diehl, Klaus Goeke, Metz, Mulders, Schlegel, JHEP 02 (2007) 093]

type of experimental observable:

ST = transverse proton 
polarization

AUT(�) =
1

fST

N"(�)�N#(�)

N"(�) +N#(�)
4 H. Avakian et al.: Experimental results on TMDs
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can be decomposed in terms of Structure Functions [12,
26], each related to a specific azimuthal modulation. Here
&e refers to the helicity of the electron beam, SL and ST

to the longitudinal and transverse polarisation of the tar-
get nucleons (with respect to the direction of the virtual
photon), and $ to the ratio of the longitudinal and trans-
verse photon fluxes, which is determined by the kinemat-
ics of the lepton. Here, q = ' " '" is the four-momentum
of the virtual photon, Q2 = "q2, x = Q2/2(P · q), y =
(P · q)/(P · '), and P is the initial nucleon momentum.
The azimuthal angle " is defined as the angle between the
scattering plane, formed by the initial and final momenta
of the electron, and the production plane, formed by the
transverse momentum PhT of the observed hadron and the
virtual photon (Fig. 2). The azimuthal angle "S is defined
as the angle between the scattering plane and the target
spin component transverse to the virtual photon.

y

z

x

hadron plane

lepton plane

l
l S

Ph

P

!h

!S

Fig. 2. The SIDIS kinematics.

The subscripts in the structure functions FUT,UL,LT ,
specify the beam (first index) and target (second index)
polarisation (U,L, T for unpolarised, longitudinally and
transversely polarised targets, and U,L for unpolarised

and longitudinally polarised beam). When present, the
third index refers to the virtual photon polarisation.

In the regime where the transverse momenta (set by
the confinement scale) are small with respect the hard
scale Q, the structure functions can be factorised into
TMD parton distribution and fragmentation functions,
and soft and hard parts [26,27]. At leading-twist (not sup-
pressed by powers of the hard scale Q) there are eight con-
tributions related to the parton distributions in Table 1.
They all can be independently measured in SIDIS with
di!erent combinations of polarisation states of the incom-
ing lepton and the target nucleon thanks to their specific
azimuthal dependencies.

For example with an unpolarised beam and a trans-
versely polarised target one can get access to the structure

function F sin(!+!S)
UT (x, z, PhT , Q2). The latter can be writ-

ten as a convolution of h1(x, k#, Q2) and H#
1 (z, p#, Q2),

integrated over the transverse momentum of the initial,
k#, and fragmenting p# partons:

F sin(!+!S)
UT (x, y, PhT ) = C

%

w(p#,k#)h#
1 (x, k#)H#

1 (z, p#)

&

(2)

where the scale dependence has been dropped for simplic-
ity. The convolution integral

C[wh#
1 H#

1 ] = x
,

q

e2
q

-

(2(p# " zk# " P hT ) (3)

w(p#,k#)h#,q
1 (x, k#)H#,q

1 (z, p#)dp2
#dk2

#

embeds a summation over quarks and antiquarks, a kine-
matic prefactor w(p#,k#) specific for each structure func-
tion (in this case w(p#,k#) = "(ĥ · kT )/Mh with ĥ =
PhT /|PhT | the unit vector along the transverse momen-
tum and Mh the mass of the observed hadron), and a
delta function imposing momentum conservation P hT =
zk# + p# (valid up to order k#/Q).

Cahn-effect + BM 
⊗ Collins

Transversity ⊗ Collins

Sivers ⊗ D1

Worm-gear ⊗ 
D1

Pretzelosity ⊗ Collins

Worm-gear (Kotzinian-
Mulders) ⊗ Collins

BM ⊗ Collins

no proton 
polarization

longitudinal 
proton 

polarization

transverse 
proton 

polarization

- FXY[Z] = structure function. X=beam, Y= target polarization, [Z= 
virtual-photon polarization]. X, Y ∈ {U, L, T}. λe = helicity of the 
lepton beam. SL and ST = longitudinal and transverse target 
polarization. ε = ratio of longitudinal and transverse photon fluxes
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(longitudinal direction  
= movement of nucleon)

bP
~kT

~ST

quark  
transverse  
momentum

x

quark spin  

nucleon spin  

~sT

Transverse momentum dependent (TMD) PDFs

67

nucleon (N)

unpolarized 
parton (Q)

chiral odd TMDs 
Exist because of chiral 

symmetry breaking of 
the QCD nucleon wave 

function

Naive time-reversal 
odd TMDs 

describing strength 
of spin-orbit 
correlations.

TMDs surviving 
integration over kT. 
“Collinear analysis”

- 8 TMD (PDFs) needed at leading-twist description. 
- Analog table for fragmentation functions (capital letters except for UU=D1) 
- Flavor indices and kinematic dependences skipped for simplicity
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Spin-orbit correlations in the proton

68

“Collinear 
analysis”

(longitudinal direction  
= movement of nucleon)

bP
~kT

~ST

quark  
transv. mom.
x

quark spin  

nucleon spin  

(*) [J. C. Collins, Nucl. Phys. B396, 161 (1993)] 
(**) [S. J. Brodsky et al., Phys. Lett. B530, 99 (2002)]

sketch courtesy Jan Matoušek / COMPASS

Sivers effect: correlations between the 
nucleon transverse spin direction & 
parton transverse momentum in the 

polarized nucleon

Collins effect: fragmentation 
of a transversely polarized 

parton into a final-state hadron

�*

h+

u d

p� SIDIS

 Non-zero TMDs 
describing the strength of 
spin-orbit correlations 
indicate parton orbital 

angular momentum (OAM).  
 

No quantitative relation 
between TMDs & OAM 

identified yet.

The Sivers function was originally 
thought to vanish (*). 

 
A nonzero Sivers function was then 
shown to be allowed due to QCD 

final state interactions (soft gluon 
exchange) in SIDIS between the 
outgoing quark and the target 

remnant (**).
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Flavor dependence of the Sivers function

69

            π+ dominated by u-quark scattering: 
 
 

 
u-quark Sivers function < 0

 d-quark Sivers function > 0 
(cancellation for π-)

[HERMES PRL 103 (2009) 152002]

- x

u- and d-quark 
Sivers functions 
have different 

signs

[COMPASS NPB 940 (2019) 34]
[Anselmino et al., Phys.Rev. D86 (2012) 014028]

HERMES and COMPASS Sivers asymmetriesSivers asymmetries measured to be non-zero 
(HERMES 2004 and COMPASS 2010  transversely polarized proton target)

' �f?
1T(x, p

2
T )⌦Du!⇡+

1 (z, k2T )
DF FF⊗

HERMES proton

COMPASS proton

COMPASS Nucl. Phys.B765 (2007) 31
COMPASS on the transversely polarized deuteron: 

null result (u/d-quark cancellation effects)

COMPASS on transversely 
polarized deuteron target: null result 

(u/d-quark cancellation effects) 
[COMPASS Nucl. Phys.B765 (2007) 31]
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More Sivers asymmetries in SIDIS

70

- x

Kaon amplitudes 
larger than pion 

~Unexpected if u-quark 
scattering dominates. 
Role of sea quarks?

Final compendium of HERMES TMD 
results. Refined analysis, multi-

dimensional binnings, first 
(anti-)proton measurements. 

 
[HERMES JHEP 12 (2020) 010]

●  
 ○

[COMPASS PLB 744 (2015) 250] 

[HERMES PRL 103 (2009) 152002]

Sivers signal smaller 
at COMPASS than at 

HERMES. TMD 
evolution…?

HERMES and COMPASS Sivers asymmetries

lepton beam energies: 
HERMES: 27.6 GeV 

COMPASS: 160 GeV

π = (ud) 
K=(us)
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Experimental TMD probes

71adapted from A. Prokudin et al. 

FFTMD

e+e- annihilation

Belle, BaBar, BESIII

hadron

hadron

electron

positron

Drell-Yan and W, Z

COMPASS, STAR, SpinQuest

lepton

lepton

hadron

proton

pp collisions

STAR, PHENIX, BRAHMS

lepton

hadron

proton

pion,..

SIDIS

HERMES, COMPASS, JLab

leptonlepton

hadronproton Measuring TMD 
observables in 

different scattering 
processes allows to 

probe TMD 
universality.
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Global TMD-related measurements

[EIC yellow report, arXiv:2103.05419]

72
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Sivers-TMD sign switch
• The naive time-reversal odd 

TMD PDFs - Sivers and the 
Boer-Mulders - are expected to 
switch sign when measured in 
SIDIS vs. Drell Yan. 

• The experimental quest for the 
sign switch has started a few 
years ago.

73

�*

h+

u d

p�

�*

u d

p�
u

Final-state interactions
Initial-state 
interactions

SIDIS Drell Yan

sketches courtesy Jan Matoušek / COMPASS

[COMPASS PLB 770 (2017) 138]

SIDIS in the DY kinematic range

[COMPASS PRL 119 (2017) 112002]

Drell-Yan (DY) 2015 data

The experimental test of 
the Sivers TMD sign-

switch prediction is an 
important test of TMD-

QCD framework.

COMPASS measurement of 
Sivers SIDIS & DY asymmetries 

with ~same apparatus & in 
overlapping kinematics. 

μ+

μ-
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The Sivers sign switch

• STAR: AN in p↑p→W±→e±+ν  
Curves with sign-change assumption. 

• Both collaborations currently working 
on the analysis of more data for the 
same channels.

74

sign 
switch

no  
sign 

switch

}

(*)

}

“DGLAP” M. Anselmino, M. Boglione, U. D’Alesio, F. Murgia, & A. Prokudin, JHEP 04 (2017) 046. 
“TMD 1” M. G. Echevarria, A. Idilbi, Z.-B. Kang, and I. Vitev, PRD 89, 074013 (2014). 
“TMD 2” P. Sun and F. Yuan, PRD 88, 114012 (2013).

[STAR PRL 116, 132301 (2016)]

- x

Modified universality concept of 
Sivers & Boer-Mulders TMDs. 
The experimental data tend to 
support the Sivers sign switch, 

albeit still within large experimental 
uncertainties.

(*)

COMPASS Drell-Yan Sivers
COMPASS STAR W±/Z

[COMPASS PRL 119 (2017) 112002]

with 50% of available  
2018 data

pT-weighted asymmetries: direct measurement of TMD kT2 moments that avoids 
assumptions on shape of kT. Products instead of convolutions of TMDs
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Left-right asymmetries

• Typical collider observable with transversely polarized beams  
is left-right asymmetry AN:

75

[Aschenauer et al. arXiv:1304.0079]

Nearly independent of √s 
over ~ 2 orders of magnitude

AN from spin-momentum 
correlations (qgq or ggg) 

 
Collinear twist-3 factorization  

1-scale problem  
f(x; Q2) 

 
single inclusive particle production in 

pp (particle or jet pT)

AN from TMD 
mechanism. 

TMD factorization  
2-scale problem  

f(x, kT; Q2) 
 

SIDIS, DY, W/Z, dijets, 
hadrons in jets

The 2  factorization schemes are related and 
equivalent in the overlapping kinematics.

1
3

Alexei Prokudin 

The problem:  
 
TMD factorization has a validity region

Integration                              emphasizes high momentum region  

Collinear contributions will “spoil” our interpretation!

collinear

T
M

D
[Ji, J. Qiu, Vogelsang, Yuan, PRL 97, 082002 (2006)]

Simultaneous description across collision 
species possible and AN ↔ transverse spin 

asymmetries have a common origin

e.g. [Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato (JAM Collaboration), PRD 102, 054002 (2020)]

• 2 related factorization schemes 
(TMD vs. collinear twist-3) 
Example: the kT moment of the Sivers TMD 
is related to the twist-3 Efremov-Teryaev-Qiu-
Sterman (ETQS) function. 
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Twist-3 tri-gluon correlations & gluon Sivers

76

[PHENIX arXiv:2102.13585]

- x

RHIC midrapidity 
measurements sensitive to 
tri-gluon twist-3 correlation 

functions ↔  
gluon Sivers TMD 

 
no signals, at high precision

[PHENIX PRD 103 (2021) 5, 052009]
GPM scenarios: [D’Alesio, Flore, Murgia, 
Pisano, Taels,  PRD 99, 036013 (2019)]

How do these results relate to the non-zero SIDIS 
results from COMPASS?  

- Photon-gluon fusion with signature of 2 high-pT 
hadrons, p+d: ASiv = -0.23 ± 0.08(stat) ±  0.05(sys),  

PLB 772 (2017) 854 
- Exclusive J/Psi production in SIDIS on p:  

ASiv = −0.28 ± 0.18, preliminary 

Sivers asymmetry in J/Psi production in pion-proton 
collisions at COMPASS. Analysis in progress. 

Subprocess fractions at RHIC 
energies for gg, qg, qq+qqbar

PHENIX isolated direct-photon

PHENIX pion
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AN in the very forward

77

✦ RHICf(orward) calorimeter 18m from STAR IP 

π0 in elmag jet, 2.8 < 𝜂 < 4.0

[RHICf PRL 124, 252501 (2020)]

✦ π0 electromagnetic jets  
using Forward Meson Spectrometer

[PHENIX PRD 103 (2021) 3, 032007]

AN increases with pT & 
forwardness & π0 isolation 
(STAR) & γ multiplicity (STAR)  

 
AN from soft processes such 

as diffractive scattering?

[STAR PRD 103, 092009 (2021)]

✦ Detection of very forward neutrons 
using a zero-degree calorimeter (ZDC)  
~20m from PHENIX IP 

(π0 not shown)

PHENIX

RHICf
STAR
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Collins asymmetries in pp

• Coupling of Collins to 
transversity TMD 
leads to azimuthal 
modulations of 
charged-hadron yields 
around the jet axis 

• Two hard scales allow 
for TMD 
interpretation: 
pT of jet 
jT of hadron in jet

78

-

Collins effect: spin-dependent fragmentation of a 
transversely polarized parton into a final-state hadron 

— “quark polarimeter”
[STAR PRD 97 (2018) 032004]

Collins asymmetry with calculations based on SIDIS & e+e- data 
assuming Collins factorization & universality [PLB 773 (2017) 300]

⊗ di-hadron 
interference FF

[STAR PLB 780 (2018) 332]

π± in jet

Collins-dihadron-
interference-fragmentation 
asymmetry vs. di-pion invariant 

mass in highest pT bin.

charged-pion pair in jet

STAR hadrons in jets (midrapidity)

RHIC results enable 
tests of TMD 

universality and 
factorization 

breaking  
(expected for hadronic 

interactions)
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Collins asymmetries in SIDIS

79

-

[HERMES JHEP 12 (2020) 010]

ℓN↑→ℓh(h)X

[STAR PRD 97, 032004 (2018)]

[COMPASS PLB 744 (2015) 250]

✦ Check of TMD universality: COMPASS Collins asymmetries SIDIS vs. Drell-Yan; pp vs. SIDIS; … 

✦ Alternative method to access transversity: measure hyperon transverse polarization, which may have been transferred 
from struck quark (COMPASS and STAR)

Mirror symmetry for π+ & π-:  
u- (δu) and d-quark 

transversity (δd) have ~ 
equal magnitude & 

opposite signs for favored 
and unfavored Collins FFs.

Transversity = valence-quark effect 

(increase with x).

[JAM Collaboration, PRD 102, 054002 (2020)]

Global extractions - Collins function:

- transversity:

HERMES & COMPASS Collins asymmetries

d-quark transversity less constrained given the u-quark 
dominance of many of the processes used in the global fits.  

 
COMPASS 2021/22 transversity run on the deuteron will improve the experimental precision on 

the proton’s tensor charge gT= δu - δd  . Further prior-to-EIC measurements of Collins 
asymmetries include STAR with forward upgrade, sPHENIX, JLab12/SoLID, SpinQuest
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✦ Fragmentation function H1LL describing 
fragmentation of quarks in vector mesons. 

✦ Investigate the different Collins mechanisms of 
spin-1 vector mesons vs. pseudoscalar mesons 
(ordinary Collins FF).

Novel spin-dependent fragmentation functions

80

●  invariant di-pion mass <0.63 GeV 
■ invariant di-pion mass >0.63 GeV

[CLAS12 / T. Hayward arxiv:2101.04842][CLAS / M. Mirazita PRL 126, 062002 (2021)]

✦ First empirical evidence of a nonzero parton helicity-dependent di-pion 
fragmentation function 𝐺⊥1 : equivalent to the Collins FF for two pions 

✦ Encodes spin-momentum correlations in hadronization

[COMPASS 2021, to be published]

COMPASS Collins asymmetry in ρ0 production CLAS and CLAS12 higher-twist di-hadron beam-spin asymmetry
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Selected near future - before the EIC
• JLab 12 GeV high-luminosity facility:  

- Has started experimental program 
- New generation of precision data for valence 
quarks to come from CLAS12, SoLID, et al. 

• STAR cold QCD with forward upgrade at RHIC:  
- 2022/24, p↑p↑ & p↑A, √sNN=200 & 500 GeV 
- Tracking system of silicon & small TGC 
- Forward electromagnetic & hadronic calorimetry, 2.5<η<4  
- midrapidity: improve statistics of Sivers via dijet & W/Z, Collins via hadrons in jets, GPD E via J/
Psi UPC 
- forward rapidity: TMDs at high-x & GPD E 
- and more, https://drupal.star.bnl.gov/STAR/files/ForwardUpgrade.v20.pdf  

• sPHENIX cold QCD program at RHIC:  
- 2024, p↑p↑ & p↑A, √sNN=200 GeV, η=±1.1  
- Design optimized for heavy-flavor measurements  
with jets and displaced vertices with MAPS-based vertex tracker 
- Gluon Sivers TMD via AN in single-photon & heavy flavor 
- Di-hadron IFF / Collins asymmetry & transversity TMD  
via hadron-charge tagging & hadron-in-jet  
- and more, sPHENIX-note sPH-cQCD-2017-002  

• SpinQuest / E1039 at FNAL (2021++):  
- Transversely polarized NH3/ND3 target with E906 spectrometer 
- First polarized DY experiment with proton beam  
- Sivers & transversity TMDs of sea quarks. 

• COMPASS transversity run 2021 / 22 
- transversely polarized 6LiD target for d-quark transversity et al. 

• AMBER / NA66 at the CERN M2 beamline:  
- Beam time for phase 1 after 2021 after the end of the COMPASS d-quark transversity run 
- Pion structure in phase I with pion beams 
- Kaon structure in phase II with kaon beams  
- TMDs with π, K, anti-proton beams 
- and more (e.g., proton radius in elastic μp scattering), https://amber.web.cern.ch/  

• J-PARC, meson & anti-proton beams, https://j-parc.jp/Hadron/en/index.html  

• LHCspin at CERN, fixed trans.polarized H2 & D2 targets  
with LHCb as forward spectrometer, >2025,  
https://inspirehep.net/literature/1821190  

• AFTER @LHC, CERN fixed target, >2025,   
https://doi.org/10.1016/j.physrep.2021.01.002   

• SPD at NICA, JINR: collider experiment with 
polarized proton and deuteron beams, >2025,  
http://spd.jinr.ru/  

• PANDA at FAIR, fixed target with anti-proton beams,  
https://panda.gsi.de/article/panda-physics  

• EicC (China) at HIAF, > 2025, arXiv:2102.0922281

https://drupal.star.bnl.gov/STAR/files/ForwardUpgrade.v20.pdf
https://amber.web.cern.ch/
https://j-parc.jp/Hadron/en/index.html
https://inspirehep.net/literature/1821190
https://doi.org/10.1016/j.physrep.2021.01.002
http://spd.jinr.ru/
https://panda.gsi.de/article/panda-physics
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Chapter 1

Overview: Science, Machine and
Deliverables of the EIC

1.1 Scientific Highlights

1.1.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.
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✦ Experiments at BNL, JLab, FNAL, CERN, DESY, RIKEN, JPARC, et al. unravel 
proton and nucleus structure. 

✦ The spins of quarks and gluons contribute to the proton’s spin and there is 
indication they also possess orbital angular momentum.  

✦ The nucleon is explored via tomographic images in transverse-momentum- and 
position-space using data from various types of scattering experiments. 

Summary: spin in DIS, pp and DY
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✦ The Electron Ion Collider will be the ultimate tool to precisely map the rich spin- 
and multi-dimensional structure of nucleons and nuclei from low- to high xBjorken.
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Outlook: EIC yellow report 
https://arxiv.org/pdf/2103.05419.pdf 

Further reading & overview: 
- Peskin & Schroeder, An introduction to Quantum Field Theory 
- https://www.lorentz.leidenuniv.nl/lecture_notes/particles.pdf  
- https://www.nikhef.nl/~h24/qcdcourse/section-8.pdf  
- Particle Data Group, chapter 18: Structure Functions  http://pdg.lbl.gov/2019/reviews/rpp2018-rev-structure-functions.pdf 
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