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Correlations in partonic and hadronic interactions

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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Physics questions
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Generalized Parton Distributions
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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

5

Deeply Virtual Compton  
Scattering (DVCS) 

Deeply Virtual  
Meson Production (DVMP) 

`p ! `p�

`p ! `pM

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

Standard channels to access 
generalized parton 

distributions are DVCS & 
DVMP

S S’

ℓ

ℓ·

*a a

~(,+~+��(,

[�j [�j

W

d, /    q, t, l    a



GPDs at COMPASS - CPHI 2022                                                                                                                                                                                                                                              C. Riedl (UIUC) - March 2022

• Different exclusive final-state particles allow to probe 
different GPDs


• 4 chiral-even GPDs (conserve quark helicity)


• 4 chiral-odd GPDs (flip quark helicity)

Experimental access to GPDs
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DVCS: Compton form factors (CFFs) ↔︎ GPDs

In DVCS, the experimentally accessed quantity is a 
(complex) Compton Form Factor (CFF):

7

assuming factorization  (Q2 large & t small)
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✘
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Dispersion relation with D-term D(t): related to shear 
forces and radial distribution of pressure inside the nucleon
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COMPASS @
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COMPASS nucleon structure 
GPD: polarized μ± of 160 GeV 

unpol proton (LH2): 2012, 2016/17 
SIDIS: polarized μ± 160/200 GeV 

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

d↑ (6LiD): 2002-2004, 2021/22  
p↑ (NH3): 2007, 2010

Drell-Yan: π- 190 GeV  

p↑ (NH3): 2015 /18
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CERN SPS polarized muon beams and COMPASS polarized target
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• 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)
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Microwave cavity
Target cells
Target holder
Magnets

80 K Thermal radiation shields
4.2 K Thermal radiation shields
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NH3: ammonia beads, 6LiD: deuterated lithium 
dilution factor ~ 0.22 (NH3), 0.5 (LiD)

~ 80% for protons

~ 50% for deuterons
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μ+←

μ−→160 GeV
CAMERA 4m

NH2 target 2.5m

COMPASS GPD measurements 2012 & 2016/17
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Recoil-proton 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

γp’
μ’

Azimuthal angle φγγ* between lepton-
scattering μμ’ plane and plane defined by virtual γ* 

and real γ photons 

Separate kinematic measurements 
in recoil-proton detector (p) and 

forward spectrometer (μ, γ)
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COMPASS GPD measurements 2012 & 2016/17
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Selection of exclusive event sample
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DVCS with recoil-proton detector (RPD):  
comparison of proton kinematics measured in 

RPD vs. expected in spectrometer (from μγ)

DVMP without recoil-proton detection:  
missing energy technique assuming proton mass

+ kinematically complete event reconstruction via 
kinematic event fittingIn case of transverse target 

polarization: additional azimuthal 
angle φS defined by direction of 

transverse target-polarization vector 

Exclusive ρ0 production

μp(↑)→µpρ0


with simulated exclusive 
signal & SIDIS background

DVCS

μ±p→µ±pγ
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Access to CFFs at COMPASS
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DVCS

 The DVCS / Bethe-Heitler interference 
term allows to disentangle  
Re(τDVCS) and Im(τDVCS)   

magnitude and phase  
of DVCS amplitude τDVCS

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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ϕ-modulation in cross section  
(azimuthal asymmetry analysis)

Sign & magnitude of cosφ 
amplitude for beam-charge 
asymmetry? (changes sign 

between HERMES and HERA)
     Kroll, Moutarde,  Sabatié, Eur. Phys. J. C 

(2013) 73:2278

Test of GPD universality: use DVMP data 

to constrain GPD parameters

at leading twist (twist 2) 
on the proton

Analysis of azimuthal modulations 
(HERMES- and JLab-type) on DVCS on 

the unpolarized proton in progress

dominant at small xB  
(remainder ~ 5% from KM / GK model)

Spin-independent DVCS cross section ∝
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Transverse imaging of the nucleon
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Impact-parameter representation of parton distribution function: Mapping of spatial densities while 

scanning longitudinal momentum xB

DVCS cross section / 
transverse imaging

b⊥ is the impact parameter, 
Δ⊥ is the difference of initial and final transverse momenta, 
Δ⊥2 is related to the Mandelstam-t

d�DVCS

dt
/ e�b|t|

b = “t-slope” = average impact parameter

The differential DVCS cross section allows to probe 
the transverse extension of partons in the nucleon:  

“spatial parton density = Fourier transform of GPD”

3-dim  “tomographic images” of the 
nucleon in longitudinal momentum 

and transverse position
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Extraction of pure DVCS yield at COMPASS
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DVCS cross section / 
transverse imaging

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

= |TBH|2 + (TDVCST ⇤
BH

+ T ⇤
DVCS

TBH) + |TDVCS|2

portion of the 2016 data = 2x 2012 data 
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Extraction of pure DVCS yield at COMPASS
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Estimate π0 invisible background from MC: 
SIDIS 40% (LEPTO) + exclusive 60% (HEPGEN with GK model) 

with 10% uncertainty each

DVCS cross section / 
transverse imaging

DVCS / BH: μp→µpγ 

π0 production: μp→µp π0→µpγ(γ)(X) exclusive or SIDIS  

γγ: “visible π0”, γ: invisible π0 background

Determine BH reference yield at low-xB ⇔ high-ν: tune MC to data

Subtract BH yield in  high-xB ⇔ low-ν bin

Subtract measured visible 
π0 yield in  high-xB ⇔ low-ν bin

Remove invisible  π0  yield 
(invisible normalized to visible yield)

Pure DVCS yield
portion of the 2016 data = 2x 2012 data 
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• Relation between parton average squared transverse extension 
and slope B: 

• Sea-quark domain between gluons and valence-quarks


•          Pilot run: <Q2>=1.8 GeV2 & <xBj>=0.056 
2016/17 run: <Q2>=1.8 GeV2 & <xBj>=0.063 (ECal0 extension)


• So far, ⪅ 30% of COMPASS cross-section data analyzed.

COMPASS φ-integrated DVCS cross section
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d�DVCS

dt
/ e�b|t|

[COMPASS PLB 793 (2019) 188] (2012 data)

DVCS cross section / 
transverse imaging

Differential DVCS cross 
section with b (or B) = “t-slope” 

= average impact parameter
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Exclusive meson production
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chiral-even 
GPDs at 

leading twist

chiral-odd GPDs at 
higher twist

H, E
JP=1−  

vector 
mesons
 HT, ET, 

ĒT=2HT+ETH
JP=0−   

pseudoscalar  
mesons 

longitudinally polarized virtual photon & vector meson)

~
~

DVMP

• Deeply virtual meson production allows also access to higher-twist chiral-odd GPDs.


• Some GPDs are related to transverse-momentum dependent PDFs (TMDs): 
- GPD E ↔︎ Sivers TMD: involve switch of nucleon helicity  
   ⇒ sensitive to spin-orbit correlations… orbital angular momentum 
- GPD HT ↔︎ transversity TMD: both are chiral-odd 
- GPD ĒT ↔︎ Boer-Mulders TMD: T-odd (as is Sivers TMD)


• Helicity conservation in interactions of light quarks with gluons or photons  
⇒ initial parton helicity flip needs compensation by higher-twist meson wave 
functions 

We will now look at transverse-spin asymmetries, spin-density matrix 
elements (SDMEs), and the cross section for exclusive π0 production.

• Different mesons filter different 
quark flavors and have different 
sensitivity to gluon GPDs. 

Goloskokov, Kroll, Eur. Phys. J. C 74, 2725 (2014)

Diehl, Vinnikov, Phys. Lett. B 609 (2005) 286
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Transverse-target spin asymmetries in DVMP
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[COMPASS PLB B731 (2014) 19]

[COMPASS NPB 865 (2012) 1 (not shown, includes ρ on deuteron)]

μp⇑ → μpω 

[COMPASS NPB 915 (2017) 454]solid 
dashed                   GPD E


• Cancellation effects for ρ0…


• GPD flavor separation by measuring 
both meson channels…

Evidence of existence of chiral-odd GPD HT

μp⇑ → μpρ0 
Beam Target

polarization

TU

Contribution of pion pole 
expected to be sizeable for 

ω and small for ρ0   

“(HT,H) - (ĒT,E)”  

“(HT,H) - (ĒT,E)”  

“(ĒT,E)”  

“(E,H) + (ĒT,HT)”  

AUT /chiral-
odd GPDs
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Spin density matrix elements in μp→µpVM
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[COMPASS EPJC (2021) 81 126]

W(…) parametrized 
by SDMEs

ρ→π+π-

SDMEs / chiral-odd 
GPDs

• Spin density matrix elements describe how the 
spin components of the virtual photon are 
transferred to the created vector meson


• Test of s-channel helicity conservation (SCHC), 
λγ*=λVM, : only SDMEs of classes A&B are not 
restricted to =0 if SCHC. Observed: 
considerable SCHC in γ*T→ωL (class C)


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


• Sensitivity to chiral-odd GPDs HT and ĒT.

• Tests of hierarchy of helicity 
amplitudes 


• Cross-section ratio R of 
longitudinal to transverse vector 
mesons, …

μp → μpω 

(un)shaded: spin-(in)dependent

can be 
explained by 

non-zero effect 
of ĒT and HT 

SDMEs μp → μpρ0 to be published 
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Exclusive π0 cross section at COMPASS
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COMPASS, PLB 805 (2020) 135454

μp → μpπ0 

L, T indices indicate 
polarization of virtual 

photon. Double index = 
interference

sensitivity to chiral-odd GPDs

Dip at small |t| indicative of large 
effect by chiral-odd GPD ĒT

π0 cross section / 
chiral-odd GPDs
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Summary and outlook: GPDs at

22

• 2012 GPD pilot run & 2016/17 GPD runs with recoil-proton detector 
Transverse runs without recoil-proton detector


• DVCS: transverse extension of partons in the proton 
- t-slope of DVCS cross section in the kinematic domain between the 
other fixed-target experiments and HERA ep collider 
- Azimuthal asymmetry analysis ongoing


• DVMP: input for GPD constraints, in particular chiral-odd GPDs 
- Transverse target spin asymmetries for ρ0 and ω  vector mesons 
- SDMEs for ρ0 and ω vector mesons 
- π0 cross section


• More data are being analyzed.
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Backup
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COMPASS DVCS 2016 data - 1D exclusivity cuts
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COMPASS DVCS 2016 data - BH data vs. MC, 80 < nu < 144 GeV
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COMPASS DVCS 2016 data - invariant mass of visible π0
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COMPASS DVCS 2016 data - φγγ* distributions
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Selection of exclusive data sample
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channel thresholds owing to the different calibration of each
block). Also, if the χ2 of a fit by a flat line b was below an
equivalent energy of χ2

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 χ2

0 ∼ 2 MeV and χ2
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 → eγX for Kin2. Total events for Kin2 are rep-
resented as inverted black triangles, the estimated π0 contamination is
represented as green diamonds, the distribution after the subtraction
of accidentals and π 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 (σ ) 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 → epγ 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 → eγX 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 π0 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

 (GeV)missE
−10 −5 0 5 10 15 20

ev
en

ts/
0.

5 
G

eV

0

10000

20000

30000 2 10 (GeV/c)≤ 22.4 < Q

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.
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FIG. 2: The polar and azimuthal angles of the decay π+ of the
ρ0 in the ρ0 rest frame. The positive z-axis is taken opposite
to the direction of the residual proton, while the angle ϕ is
defined with respect to the hadron production plane.

erage efficiency 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 ρ0 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 < Mππ < 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 Mππ

was determined assuming that both hadrons are pions.
Resonant π+π− pairs, i.e., pairs produced in the decay
ρ0 → π+π−, were selected by the condition 0.6 GeV
< Mππ < 1.0 GeV. Contributions in the Mππ spectrum
from the decay of a φ 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 Mππ, the Mππ spectrum for
exclusive events was fitted with a ρ0-peak plus a lin-
ear background. For the shape of the ρ0-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 ρ0

leptoproduction is written as

dσ

dψ dφ dϕ d(cos ϑ) dxB dQ2 dt
=

1

(2π)2
dσ

dxB dQ2 dt
W (xB , Q2, t,φ,φS ,ϕ,ϑ), (2)

with ψ being a similar angle as φS , but now defined
around the direction of the lepton beam, and

dσ

dxB dQ2 dt
= Γv

(
dσT

dt
+ ε

dσL

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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Experimental access to CFFs at HERMES & JLab
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�(�;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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Different experimental configurations to map out CFFs

Compton Form Factors (CFFs)

30

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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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

31 [HERMES JHEP 07 (2012) 032]
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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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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 

32

[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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Vector meson production and decay
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