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Generalized Parton Distributions
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Illustration: Ph. Hägler 
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Hard exclusive reactions
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jx+ jx-
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d, /    q, t, l    a

ℓ

ℓ’ Deeply Virtual Compton 
Scattering (DVCS) 

Deeply Virtual 
Meson Production (DVMP) 

`p ! `p�

`p ! `pM

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

• t: squared 4-momentum transfer to target

• Experimentally accessed quantity is 
Compton Form Factor (CFF)

Factorization holds if 
Q2 large & t small 

(& longitudinal virtual photon) F(�, t) =
�

q

⇥ 1

�1
dx C⇥q (�, x)F q(x, �, t)

hard scattering kernel ⊗ GPD

CFF

Q2
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GPDs

5

@leading twist for a spin-½ target

4 chiral-odd quark GPDs

HT ↔ transversity TMD
2HT + ET ↔ Boer-Mulders 

ET

~

~

flips nucleon 
helicity

conserves 
nucleon 
helicity

does not 
depend on 

quark helicity

depends on 
quark helicity

E H

E H
~ ~

forward limit
ξ→0, t→0

q(x)

△q(x)

4 chiral-even quark GPDs

JP=1− 
vector mesons

JP=0−  

pseudoscalar 
mesons 

JP=1− 
photon
(DVCS)

• Mesons allow for flavor separation

• GPD E (and Sivers function) 
- Involve switch of nucleon helicity
⇒ sensitive to spin-orbit correlations 
- Closely connected with orbital 
angular momentum of partons 

Figure 3: Density distributions for different combinations of proton (outer arrow) and quark
(inner arrow) spin. The bottom plot shows density distributions of unpolarized quarks in
the transversely polarized nucleon defined by the GPD-E. Other 2 sets of distributions are
defined by “transversity” GPDs [25].

15

GPD E 

The QCDSF/UKQCD collaborations: Transverse spin structure of 
the nucleon from lattice QCD simulations, PRL 98 222001 (2007).
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�(�;PB , CB) = �UU(�) · [1 + PBADVCS
LU (�) + PBCBAI

LU(�) + CBAC(�)]

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

Beam Target

ALU(�)

φS

φ
"q ′

"S⊥
"k

"k′

"q

S⊥: T-pol 
target vector 

(if given)

Lepton k with charge CB & 
polarization PB off nucleon

Experimental access to CFFs

+ +

2

Bethe−Heitler (BH)DVCS

ma a* N¾

= |TBH|2 + (TDVCST ⇤
BH + T ⇤

DVCSTBH) + |TDVCS|2

DVCS

Interference term helps to disentangle 
Re(τDVCS) and Im(τDVCS)  

E.g.: azimuthal 
beam-spin 
asymmetry
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2001: first observation of azimuthal 
modulation in DVCS spin asymmetry

7

CLAS @ JLab

hep/ex:0107043
PRL 87 (2001) 182002

HERMES @ DESY

hep/ex:0106068
PRL 87 (2001) 182001

unpolarized target: 

F1H+
xB

2� xB
(F1 + F2) �H� t

4M2
F2E

dominant for 
the proton

dominant for 
the neutron

Beam-spin 
asymmetry

(positrons 
on proton 

target)

(electrons 
on proton 

target)
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E.-C. Aschenauer, S. Fazio, K. Kumericki and D. Müller: Deeply Virtual Compton Scattering at a Proposed High-
Luminosity Electron-Ion Collider, arXiv:1304.0077 and JHEP 1309 093 (2013).

hermes

Hall A  
JLab

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”  

ALU 

DVCS: kinematic coverage of 
existing measurements
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Hall A 
E00-110:
final x-
section 

DVCS evolution over the years
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time

CLAS @ JLab
BSA

HERMES @ DESY
BSA (1996/97 data)

H1 @ DESY 
cross-section 

2003

ZEUS @ 
DESY

cross-section

2001

List might not 
be exhaustive.
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with recoil and 
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BSA neutron
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E07-007 (p) 
E08-025 (n)

HERMES
Resonant 
DVCS (△)
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2013

2012 2014
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LTSA
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Selection of exclusive data sample
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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 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
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Figure 1: Distributions of events for �' (top left), |�p?| (top right), |M2
undet| (bottom left)

and |�Z| distribution (bottom right). For each distribution the cuts on the other distributions
are applied. The data are in yellow, the MC simulation using HEPGEN/BHDVCS generator
and the TGEANT/CORAL/PHAST chain is in red.

• the visible ⇡0
. The exclusive photon candidates contained in the selected sample have

been associated with all other possible background photons (of energy smaller than
the requested thresholds) in the same event and the invariant mass of the 2 photons is
reconstructed. Fig. 2 clearly shows that it remains visible ⇡0 in the sample previously
selected. We call this contribution “visible” ⇡0 background. 128 events in the peak
determined by a cut of ±20 MeV/c2 around the PDG ⇡0 mass can be identified as such
and are mainly localised in the large xBj bin which contains 1268 events. This visible
⇡0 contribution is subtracted from the exclusive single photon sample.

• the invisible ⇡0
when one photon is lost. The ⇡0 contamination can originates either

from semi-inclusive production or from exclusive production. They can be evaluated
using a MC based on the LEPTO generator for the first case and on the HEPGEN/⇡0

generator for the later. MC samples can be normalized in order to reproduce the visible
⇡0 in the real data. Two extreme cases are considered, either a fully semi-inclusive
background, or a fully exclusive background and they are used to provide upper and
lower limits for the contamination to BH and DVCS events.

Fig. 3 presents the exclusive single photon events obtained in the 2012 sample as a func-
tion of the azimuthal angle ��⇤� between the leptonic and hadronic planes as weel as the
BH estimation and the invisible ⇡0 contamination estimated by LEPTO as upper and by
HEPGEN/PI0 as lower bound. Note, that no radiative corrections are applied. At small

2

COMPASS DVCS: 
μγp 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 < Q2  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, p2
T < 0.5 (GeV/c)2, the energy of the ⇢0 in

the laboratory system, E⇢0 > 15 GeV, and the photon virtuality, Q2 < 10 (GeV/c)2. An additional cut
p2

T > 0.05 (GeV/c)2 is used to reduce coherently produced events. As explained in Ref. [20] we use p2
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 hQ2i = 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 Q2, xBj , or p2

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 =
Nh+h+

i,data (Emiss)+Nh�h�
i,data (Emiss)

Nh+h+
i,MC (Emiss)+Nh�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,

Nback
k (�,�S). The distributions Nback

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

hermes 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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The HERMES recoil detector

11

SC Solenoid 
(1 Tesla)

e+⇄
27.6 GeV

Photon 
Detector PD

Scintillating Fiber 
Tracker SFT

Silicon Strip 
Detector SSD

Target Cell 

x2 x4
10 cm 10

 c
m

300 μm thick

JINST 8 (2013) P05012

unpolarized proton and 
deuteron pure gas targets

• △φ=4 mrad, △θ=10 mrad (for p > 500 MeV)

• pmin=125 MeV ≡ -t=0.016 GeV2 

(protons that make it at least in 2nd layer of SSD)
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DVCS highlights
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ALL

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 ðx; ξÞ 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 ξ
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 αLU 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 ϕ 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

αUL sinϕ
1þ β cosϕ

ð43Þ

and shows the typical sinϕ-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 sinϕ fitting coefficient αUL [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 ℑm ~H
and BSA and ℑmH. 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 ℑmH and ℑm ~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
αUL term of the target-spin asymmetry. The curves show the
predictions of four GPD models for the TSA at ϕ ¼ 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).

2-t (GeV/c)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

U
L

’α

-0.1

0

0.1

0.2

0.3

0.4

0.5
This Work
CLAS 2006
HERMES 2010

FIG. 21 (color online). Comparisons of the t dependences of the
sinϕ term of the epγ 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).
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• Re(τDVCS) > 0 for HERA (small x) 
    Re(τDVCS) < 0 for HERMES (larger x)

• 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
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K. Kumericki and D. Müller (KM) 
Nucl. Phys. B841 (2010) 1-58

• Global fit to extract GPD H at ξ=x. NNLO
• HERMES AC , CLAS ALU and Hall A x-section.
• Small-x behavior from HERA collider data. 

GPD HGlobal analysis of DVCS data

q(x)
q(x)

Re(τDVCS)
integral over x 

Im(τDVCS)  
x=ξ 

CFF

H(⇠, t) = P
Z +1

�1
dx

H(x, ⇠, t)

x� ⇠
� i⇡H(⇠, ⇠, t)

Re(H)

Im(H)

lower plot: priv. comm. Mueller & COMPASS
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H. Moutarde  PRD 79, 094021 (2009)
• Global fit to extract Re(H) & Im(H)
• Hall A x-section & CLAS ALU 

 ❏ Guidal
✳ Moutarde
— Müller/
Kumericki
● VGG

K. Kumericki, D. Müller, A. Schäfer  
arXiv:1106.2808 

• Neural-network generated, model-
independent  parameterizations of CFFs

• Facilitates error propagation from data 

Compton 
Form 

Factors

M. Guidal  arXiv:1011.4195 
Model-independent fit of Re(CFF) & Im(CFF) 
HERMES AC, ALU, AUT, AUL, ALL; 
CLAS ALU, AUL; Hall-A x-section

Global analysis of DVCS data

four GPD models. The modeling of the GPDs in the VGG
and KMS models is based on the double-distribution
representation [1,27,28]. The VGG calculations in Fig. 4
include only the contribution of the GPD H as the inclu-
sion of the other GPDs barely changes the results. The
KM model is based on the Mellin-Barnes representation
[25,29]. The KM10 version of the model includes con-
tributions from all four GPDs for which the free parameters
were fitted to the JLab [12,13], HERMES [30], and
ZEUS/H1 [31,32] data. In that work, it was found that it
is possible to fit the JLab Hall A unpolarized cross sections
only at the price of introducing a very strong ~H contribution
[33]. The KM10a version is based on a fit which excludes
the JLab Hall A unpolarized cross sections [12] and
sets ~H to zero. Note that none of these four models has
been tuned to our data.
Figure 4 shows that the predictions of standard GPD

models like VGG, KMS, and KM10a, whose compatibility
is remarkable despite their different approaches, are in
good agreement with our unpolarized cross-section data. In
contrast, the KM10 version, which includes the strong ~H
contribution, tends to overestimate our data. Over our 110
(Q2; xB; t) bins, the average χ2 value per degree of freedom
[34] is the smallest for KM10a (1.46), followed by KMS
(1.85), VGG (1.91), and KM10 (3.94). We can therefore
conclude that standard GPD models with a dominant
contribution of the GPDH to the unpolarized cross section,
i.e., without the introduction of a strong ~H contribution,
describe the data well. Moreover, the disagreement between
our data and the KM10 model, which instead matches the
Hall A results, might reveal an inconsistency between the
two sets of data. As a check, we performed a dedicated data
analysis using the exact same (Q2; xB; t) bin limits as those
used for the Hall A analysis (Q2 ¼ 2.3 GeV2, xB ¼ 0.36,
and −t ¼ 0.17, 0.23, 0.28, and 0.33 GeV2). However, in
this limited and particular (Q2; xB; t) region, the compari-
son is hampered by our large statistical uncertainties and
lack of ϕ coverage around ϕ ¼ 180°. Thus, no conclusion
can be drawn from this comparison. The Hall A experiment
was run at a luminosity almost 3 orders of magnitude larger
than ours but in a much more limited phase space.
Overall, the four models, including KM10, give a good

description of the beam-polarized cross-section difference,
and the data barely allow one to distinguish one model from
another. Over our 110 (Q2; xB; t) bins, the average χ2 value
per degree of freedom [34] is the smallest for KM10a (1.06),
followed by KM10 (1.20), VGG (1.40), and KMS (1.84).
Finally, we attempted to extract some GPD information

from these two sets of observables. We used a simplified
version of the local-fitting procedure developed in
Refs. [35–38]. At leading twist and leading order, this
procedure uses well-established DVCS and BH amplitudes
and fits simultaneously the ϕ distributions of our unpolar-
ized and beam-polarized cross sections at a given (Q2; xB; t)
kinematic point by the (real) quantities:

FReðξ; tÞ ¼ P
Z

1

−1
dx

!
1

x − ξ
∓ 1

xþ ξ

"
Fðx; ξ; tÞ;

FImðξ; tÞ ¼ Fðξ; ξ; tÞ∓Fð−ξ; ξ; tÞ; ð3Þ

where F ¼ H; ~H;E; ~E, the top and bottom signs apply
to the unpolarized (H;E) and polarized ( ~H; ~E) GPDs,
respectively, and P is the principal value integral. These
quantities are called Compton form factors (CFFs) [39] in
Refs. [35–38] and “sub-CFFs” in Ref. [40].
Here, we considered fits with only HIm, HRe, ~HIm, and

~HRe, which are the dominant CFFs, neglecting the con-
tributions from E and ~E. Despite the underconstrained
nature of the problem, i.e., fitting two observables with four
free parameters, the algorithm generally manages to find,
when the range of variation of the CFFs is limited,
minimum χ2 values for HIm and HRe as the two fitted
observables are dominated by the contribution of the GPD
H. Figure 5 shows, for a selection of three of our 21
(Q2; xB) bins, the t distribution of the fitted HIm and HRe.
Contrary to these two, ~HIm and ~HRe do not come out of the
fit with finite error bars within the allowed range of
variation, for most kinematics. Nonetheless, they must
be included in the fit because of their impact on the errors
of HIm and HRe. Figure 5 also shows the VGG predictions,
which overestimate the fitted HIm at the smallest values
of xB.
We have fitted, in Fig. 5, the t dependence of HIm by the

function Aebt with A and b as free parameters. Keeping in
mind that the Q2 values are different for the three xB bins,
the results of these fits show that A and b increase, in a
systematic way, with decreasing xB. Under the hypothesis
of neglecting Q2 higher-twist and evolution effects as well
as deskewing effects [41], these behaviors might reveal
tomographic features of the quark content of the nucleon.
Under the mentioned conditions, b is related to the trans-
verse size of the nucleon. Our data therefore suggest that
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FIG. 5 (color online). Results of the CFF fit of our data for HIm
and HRe, for three (Q2; xB) bins, as a function of t. The blue solid
curves are the VGG predictions. The black dashed curves show
the fit of the results by the function Aebt.
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(A) HERMES: ep↑ → epγ : 
H-E (transversely polarized proton target)

(B) Hall A:   e- n → e- n γ : 
E dominant for the neutron (unpolarized 
deuteron/neutron target)

→

GPD EDVCS to constrain GPD E

Hall A
(deuteron target) ALU

Hall A: PRL 99, 242501 (2007)

ALU

AUT
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GPD E and orbital angular 
momentum of quarks

17

In principle, measurements sensitive to GPD E  allow access to the total angular 
momentum of quarks, Jq. Constraint strongly model dependent!

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:

Nucleon spin

½ = ½ΔΣ + Lq  + Jg

Hall A: PRL 99, 242501 (2007)

GPD E
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Exclusive mesons: target-spin asym.

18

2 Exclusive omega production with the transversely polarised
NH3 target of 2010

We have performed the complete measurement of the five transverse target single-spin asym-
metries AUT and the three transverse target double-spin asymmetries ALT for exclusive !
muon-production from transversely polarised protons. The data were taken in 2010, without
recoil proton detector, since the polarised NH3 target with the long thick target magnet was
used. The selection of exclusive ! production is done using only the method of the invariant
missing mass (see Eq. 1).

These asymmetries are sensitive to all types of GPDs, including the chiral-odd or ’trans-
verse’ GPDs HT and ĒT related to transversity and Boer-Mulders TMDs respectively. In
particular, the leading-twist asymmetry A

sin(���S)
UT is sensitive to the chiral-even GPDs E,

which are linked to the orbital angular momentum of quarks. This analysis complements the
exclusive ⇢0 production studies [1, 2]. The phenomenological GPD model of Goloskokov and
Kroll [3] predicts a sizable value for the asymmetry A

sin(���S)
UT for ! and a small one for ⇢0.

The di↵erence between both predictions can be explained by the di↵erent quark contribution
in flavour dependent wave function of the mesons. The combinations of GPDs E reached in
these two processes are:

E⇢0
= 1/

p
2(2/3Eu + 1/3Ed + 3/8Eg)

E! = 1/
p

2(2/3Eu � 1/3Ed + 3/8Eg) (5)

There is a cancellation between the small gluon and sea contributions to a large extent and
the contributions for the GPDs Eu and Ed are large but with opposite sign and the resulting
contribution is therefore smaller for ⇢ than for !.

However the GPDs contribution for ! production is entangled with pion exchange con-
tribution which wss rather small for ⇢ production. The result of the five transverse target
single-spin asymmetries AUT is presented in Fig. 4 and compared to the GPD model with
and without the addition of the pion pole contributions. The sign of the ⇡! transition form
factor is not yet known and our results do not allow its unambigous determination.

5

Different mesons filter 
different quark flavors

5
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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 �t

0. 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 N
MC

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

A
corr

=
A

meas

� f
bg

A
bg

1� f
bg

, (8)

where A
corr

is the corrected asymmetry amplitude, A
meas

is the measured asymmetry amplitude, f
bg

is the frac-
tion of the SIDIS background and A

bg

is its asymmetry
amplitude. While A

meas

is evaluated in the exclusive re-
gion, A

bg

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, �A

corr

=
A

corr

� A
meas

, 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 A

corr

and A
meas

. This approach also

covers the small uncertainty on f
bg

. 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 A
UT

and two A
UU

amplitudes,
as determined in the entire kinematic region, are shown
in Table 1. These results are presented in Table 3 in two
intervals of Q2 and �t0, 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

A

sin(�+�S)

UT �0.06 ± 0.20 ± 0.02

A

sin(���S)

UT �0.12 ± 0.19 ± 0.03

A

sin(�S)

UT 0.26 ± 0.27 ± 0.05

A

sin(2���S)

UT 0.03 ± 0.16 ± 0.01

A

sin(3���S)

UT 0.13 ± 0.15 ± 0.03

A

cos(�)
UU �0.01 ± 0.11 ± 0.10

A

cos(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 , Q2 and p2

T of our data set, W = 8.1 GeV/c2 and p2
T = 0.2 (GeV/c)2 for the

left and middle panels, and at W = 8.1 GeV/c2 and Q2 = 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 Acos�S
LT because of larger experimental

uncertainties, a non-vanishing value for Asin�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 Asin�S
UT . The observation of a vanishing

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

UT constitutes the first experimental
evidence from hard exclusive ⇢0 leptoproduction for the existence of transverse GPDs HT .
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Figure 4: Final results for the five transverse target single-spin asymmetries AUT . The curves
show the predictions of the GPD model [3]. They are calculated for the average W , Q2 and p2

T
of the COMPASS data set, W= 7.1GeV/c2 and p2

T = 0.17 (GeV/c)2 for the left and middle
panels and W = 7.1 GeV/c2 and Q2 = 2.2 (GeV/c)2 for the right panels. The dashed red
and dotted blue curves represent the predictions with the positive and negative contributions
of the pion pole, respectively, while the solid black curve represents the predictions without
the pion pole.
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T
of the COMPASS data set, W= 7.1GeV/c2 and p2
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and dotted blue curves represent the predictions with the positive and negative contributions
of the pion pole, respectively, while the solid black curve represents the predictions without
the pion pole.
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     P. Kroll, H. Moutarde and F. Sabatié (KMS): From hard exclusive meson electroproduction to deeply virtual 
Compton scattering, Eur. Phys. J. C (2013) 73:2278

• Use DVMP data (from H1, ZEUS, E665, COMPASS and HERMES) to constrain 
GPD parameters (LO, LT): GK model

• Compare to DVCS observables - good for HERA and HERMES, fair for JLab

HERMES BSA

● eγ detection
❒ epγ detection 

Hall A cross section

KMS
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NH2 ta
rget 

2.5m

Long recoil detector CAMERA 
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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.
Figure 9. Left: The t-dependence of the DVCS cross section for
several values of Q2 as measured by H1 and ZEUS. The curves
are results of fits of the form e�B|t|. Right: the fitted B values as
a function of Q2 (top) and W (bottom). The curves represent the
result of the fit B(Q2) = A(1�B0log(Q2/2GeV2)) (top) and of the
average value B = 5.45 GeV�2 (bottom). Figure from Ref. [33].

.

.
Figure 10. Top: Projections in 280 days for measuring the xB

dependence of the t-slope parameter B(xB) of the DVCS cross
section, calculated for 1 < Q2 < 8 GeV2. A comparison to
HERA results with similar hQ2i is shown. The left vertical bar
on each data point indicates the statistical error only while the
right one includes also the systematic uncertainty. The blue point
indicates the statistical error which can be reached using the 4
weeks pilot run done in 2012. Two di↵erent parameterisations
are shown using ↵0 = 0.125 GeV�2 and 0.26 GeV�2. Bottom:

Transverse proton radius as a function of xB from HERA and
COMPASS.

(see Fig. 10 on bottom) further elucidating the issue of
“nucleon tomography".

Kumericki and Mueller [18] proposed a flexible
parametrization of the GPDs (noted KM09). It is based on
both a Mellin-Barnes integral and dispersion integral rep-
resentation with weakly entangled skewness and t depen-

dences. Fig. 11 presents the rather good quality of a simul-
taneous fit to the DVCS cross sections as a function of Q2,
W and t (39 data points) measured at HERA [32, 33, 40]
and DIS [79] (85 data points) data which is performed in
the C̄S scheme to NNLO accuracy.

Figure 11. Simultaneous fit to the DVCS and DIS data in the
C̄S scheme at NNLO. First three panels: DVCS cross section
measured at H1 [32, 33] and ZEUS [40] as a function of t, Q2

and W. Last panel: F2(xB,Q2) versus Q2 for xB = 8. 10�3, 3.2
10�3, 1.3. 10�3, 5. 10�4 [79]. Figure from Ref. [18].

Goloskokov and Kroll [16] have developed a model of
GPDs (noted the GK model) whose parameters are con-
strained by hard exclusive meson production. Fig. 12
shows the ratio of the longitudinal cross section � and ⇢
production for data measured at high W at H1 [36, 37] and
ZEUS [42, 44] and smaller W at HERMES [55, 56]. At
HERA at large W and large Q2 the data are not far from
the symmetry limit 2/9 which can be clearly observed in
Eqs. (6) when the gluon contribution dominates. The Q2

dependence at HERA is completely determined by the fla-
vor symmetry breaking factor S between the sea quarks
ū, d̄ and s̄ quarks (ū(x) = d̄(x) = S s̄(x)). At smaller W
at HERMES the valence quarks contributions gives addi-
tional suppression of the ratio.

Figure 12. The ratio of the longitudinal cross section � and ⇢
production. Data from H1 [36, 37], ZEUS [42, 44] and HER-
MES [55, 56]. The solid (dashed) line represents the handbag
predictions at W = 75(5) GeV. Figure from Ref. [16] (2007).

TRANSVERSITY 2014

(courtesy Nicole D’Hose)

COMPASS will be important in pinning down the 
transition region between “pomeron” dominance 

(hard) and “Reggeon” (soft) behavior. 

Transverse imaging  from 
DVCS and DVMP

t-slope b : average impact parameter
“transverse size of nucleon”
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Figure 3: The exclusive single photon events obtained in the 2012 sample as a function of
��⇤� compared to the BH estimation normalised to the data in the small xBj bin and to the
⇡0 contamination estimated either by LEPTO or by HEPGEN. The visible ⇡0 background
has been subtracted from these data.
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= |TBH|2 + (TDVCST ⇤
BH + T ⇤

DVCSTBH) + |TDVCS|2
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DVCS 
pilot run

• Largest fraction of 
π0 background 

• Pure DVCS events 
after subtraction of 
(BH + 
measured SIDIS π0 

+ max. simulated 
exclusive π0)
⇒ excess

High-x bin:

MC 
normalized 
to data in 
low-x bin 

1 GeV2 < Q2 < 20 GeV2 
0.005 < xBj < 0.27

0.06 < |t| < 0.64 GeV2
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6. From Compton Form Factors to spatial densities

As described above, the GPDs at ξ = 0, e.g. H(x, 0, t), are mapping out the combined
probabilities in transverse position and longitudinal momentum of the quarks in the

nucleon (see Eq. (8)). We saw in the previous section that CLAS12 will allow to

essentially extract all CFFs, with more or less precision depending on the CFF and

the kinematics, over the range 0.1 ! xB ! 0.6 and tmin ! −t ! 1 GeV2. In particular,

if we focus on the unpolarized GPD H , the CFF HIm = H(ξ, ξ, t)−H(−ξ, ξ, t) can be

extracted quite precisely. In the following, in this pioneering exercise, we will make the
approximation of neglecting the antiquark contribution to the HIm CFF, i.e. neglect

H(−ξ, ξ, t) w.r.t. H(ξ, ξ, t). At CLAS kinematics, according to the GK and VGG

models, H(−ξ, ξ, t) is about 20% of HIm while at HERMES kinematics, it is about

30%. This approximation being clearly set, given the uncertainties on H(ξ, ξ, t), and

modulo a (model-dependent) skewness correction of the form H(ξ, 0, t)/H(ξ, ξ, t), one

can adress several questions :

• With which accuracy can one extract H(x, b⊥) from the measurement of the

diagonal CFF H(ξ, ξ, t) ?

• How does one perform such error propagation ?

• What is the model dependence of the skewness correction ?

Eq. (8) can be equivalently expressed, for a circularly symmetric function, through

the Hankel transform:

H(x, b⊥) =

∞∫

0

d∆⊥
2π

∆⊥ J0(b⊥∆⊥)H(x, 0,−∆2
⊥), (138)

where ∆⊥ ≡ |∆⊥|, and J0 is the Bessel function of order 0.
We present here a simple numerical algorithm which adresses the error propagation

in this transform. We illustrate it by focusing on HIm and by taking one particular

(xB, Q2) bin in Fig. 44, e.g. (0.1, 2.5 GeV2). Fig. 51 (left panel) displays the pseudo-

data and the associated errors contained in this bin. The procedure consists in smearing

“vertically” the seven values of H(ξ, ξ, t) (which correspond to seven t values) according

to a Gaussian distribution with a standard deviation equal to the error bar of the point.
These 7 “new” points are then fitted by a function, which we take as an exponential

AeBt with two free parameters, the normalization A and the slope B. At fixed xB, an

exponential ansatz is motivated by most GPD models (for instance VGG, GK, KM,...

which we discussed in section 3). In principle, any other fit function can be used, and

can serve as a way to estimate a systematic uncertainty associated to this method. This

procedure (smearing + fitting) is repeated several thousand times so that one obtains
several thousand exponential functions, shown in Fig. 51 (middle panel).

Then, each of these several thousand exponentials is transformed through Eq. (138)

so that one obtains a series of Hankel transforms, now as a function of b⊥. This transform

can be done analytically in the present case but any numerical method is also possible

The first 3D pictures of the proton indicate that when the longitudinal momentum x 
of the quark decreases, the radius of the proton increases.

M. Burkardt, Impact Parameter Space Interpretation for Generalized 
Parton Distributions, Int. J. Mod. Phys. A18 (2003) 173

Impact-parameter representation:

CLAS HERMES

M. Guidal, H. Moutarde, M. Vanderhaeghen: Generalized Parton Distributions in 
the valence region from Deeply Virtual Compton Scattering, arxiv.org:1303.6600
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DVCS evolution over the years
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Figure 8: (Left) The HD-Ice superconducting magnetic system surrounds the target
at the center of the CLAS12 central detector solenoid. (right) The HD-Ice magnetic
system comprises, moving outward from the beam line, the HD-Ice holding field saddle
coil (brown), the compensating solenoid (red), and the Helmholtz coil (brown). Only
the coils of the magnets are shown.

order of magnitude lower than the one affordable with the CLAS12 detector, is here
assumed.

In this condition the requirements for the magnetic configuration to shield the
longitudinal field of the main solenoid in the target region are less stringent. The
Møller background reduces proportionally to the luminosity and can be contained
with a limited solenoidal field: ongoing MC studies show that a 2 T field would
be enough, see Sec. 4.1.3. The shorter target allows a better compromise between
acceptance and holding field uniformity.

In the present design the longitudinal field compensation and the transverse field
are generated by superconducting coils internal to the HD-Ice liquid helium can,
with almost no impact on the CLAS12 detector configuration. The proposed HD-ice
magnet design is basically an enhanced version of the present coil system already in
use with the current HD-Ice.

The HD-Ice target requires a highly (better than 10−3) uniform field for polariza-
tion measurement by NMR technique. This is accomplished by the central detector
solenoid, able to provide a field uniformity better than 10−4 in the limited target vol-
ume. As a consequence, the present long NMR solenoid coil inside the liquid helium
can of the HD-Ice cryostat can be shortened to become part of the longitudinal field
compensating system, designed to provide a open forward acceptance greater then
35 degrees. The system is completed by an Helmholtz pair of coils, which improves

22

JLab-12: DVCS

25

• High luminosities BUT no kinematic overlap 
with COMPASS

• Target- and beam asymmetries, and cross sections

• Hall A: precision measurements & focus on 
specific kinematics. 
Hall B (CLAS 12): wide phase space

quark angular momenta Ju, Jd, for single and double spin asymmetries, respectively.
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Figure 20: Expected Asin (φ−φS) cos φ
UT amplitudes as a function of t, as predicted by the

dual parametrization for GPDs H and E [33] (H̃ = Ẽ = 0). The projected statistical
error for 100 days with hydrogen polarization 60% are shown for 2 bins in x (x=0.2
on left and x=0.33 right) and Q2=2.5. The solid line (extending to t=1.2) on the left
plot corresponds to the case E=0. Red curve shows the VGG model prediction using
valence approximation for GPD-E. HERMES [12] points are shown for comparison.
The systematic error is expected to not exceed the statistical one.

High precision data over a large phase space will allow us to measure the CFF-E
and constrain the quark angular momentum in the proton, Jq. While not fully model–
independent, this method of extracting Jq will become more and more accurate as
amplitude calculations and GPD parametrization become more refined as a result of
measurements of a variety of other DVCS and meson production observables.

5 Compton Form factor extraction from all CLAS12
DVCS measurements

In this section, we show the results which can be achieved on the extraction of the
Compton Form Factors using the fitting code of Refs. [40, 41, 42, 43] and projected
data from all approved CLAS12 DVCS measurements, and the expected data from
this proposal. For each (xB, Q2, t) bin, we calculated the φ distributions correspond-
ing to the various independent DVCS spin observables which are measurable with a
longitudinally polarized beam and a longitudinally and transversely polarized proton
target: ALU , AUL, ALL, AUx, AUy, ALx, ALy (in addition to the unpolarized cross

38

GPD E 

E12-12-010: CLAS-12 AUT & ALT from HD 
ice target (Lumi 5.1033cm−2s-1, target 
polarization 60%, 100 days of running)

HD-Ice superconducting magnetic system surrounding the 
target at the center of the CLAS12 recoil detector solenoid

- Transversely polarized target in frozen-spin state: 
small polarization dilution & low radiation length.

- Generation of longitudinal field compensation and transverse 
field by superconducting coils internal to the HD-Ice liquid helium can. 

- Almost no impact on the CLAS12 detector configuration.
- Allows detection of recoil protons. 
- Limited resolution due to 

additional material budget 
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The RHIC cold QCD plan for 2017 to 2023: A portal to the EIC. arXiv:1602.03922

 7 

Measurements made in (un)polarized p+A collisions at RHIC will help to address these questions with 
gluon-rich complementary probes and at different momentum scales than in e+A collisions foreseen at the 
EIC and will serve to further focus and refine the EIC physics program. We also highlight the particular 
and unique strength of the RHIC p+A program as compared to p+Pb collisions at the LHC in terms of its 
versatility (i.e., the option of running with arbitrary nuclei), the availability of polarized proton beams, and 
the kinematic coverage reaching down to low pT, which overlaps with the region where nuclear effects are 
largest. 

 
All projections and physics discussions are based on the following already planned data taking 

periods in 2017 and during the sPHENIX running periods in 2022 and 2023: 
1. 2017: 12 weeks transversely polarized p+p at √s = 510 GeV  

It is noted that the 2017 data-taking period will be STAR only, due to the transition from 
PHENIX to sPHENIX 

2. 2023: 8 weeks transversely polarized p+p at √s = 200 GeV  
3. 2023: 8 weeks each of transversely polarized p+Au and p+Al at √s = 200 GeV  

 
In addition, a 20 week √s = 500 GeV polarized p+p run, split between transverse and longitudinal polarized 
running is proposed based on its merits for the overall physics program laid out in this document. Analysis 
of the 2017 run will provide the information necessary to optimize the time-sharing between the two polar-
izations.  
In Sections 2 to 4 we describe in detail how new data from (un)polarized p+p and p+A collisions at RHIC, 
summarized in Table 1-2, will serve as a gateway to the physics program at a future EIC (for further details 
please also [4]). Several of the discussed measurements call for improved detector capabilities at forward 
rapidities. Implementation strategies and first cost estimates both for STAR and sPHENIX implementa-
tions are discussed in Section 5. 

The proposed program builds on the particular and unique strength of the RHIC accelerator facility 
compared to JLab, Compass and the LHC in terms of its versatility (i.e., the option of running with arbi-
trary nuclei), the availability of polarized proton beams, and wide kinematic coverage, which would be 
further enhanced through an upgrade at forward rapidities consisting of electromagnetic and a hadronic 
calorimetry as well as tracking. The program will bring to fruition the long-term campaign at RHIC on 
Cold QCD, with its recent achievements summarized in Section 1.1 and Ref. [5]. It is especially stressed 
that the final experimental accuracy achieved will enable quantitative tests of process dependence, factori-
zation and universality by comparing lepton-proton with proton-proton collisions, providing critical checks 
of our understanding of QCD dynamics. 
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 Year �s (GeV) Delivered 
Luminosity 

Scientific Goals Observable Required 
Upgrade  

Scheduled R
H

IC
 running  

2017 
 

p↑p @ 510 400 pb-1 
12 weeks 

 

Sensitive to Sivers effect non-universality through TMDs 
and Twist-3 Tq,F(x,x) 

Sensitive to sea quark Sivers or ETQS function 
Evolution in TMD and Twist-3 formalism 

 
Transversity, Collins FF, linearly pol. Gluons,  

Gluon Sivers in Twist-3 
 

 
First look at GPD Eg 

AN for γ, W±, Z0, DY 
 

 
 
 

!!"
!"# !!!!!!  !!"

!"# !!!!!  modula-
tions of h± in jets, !!"!"# (!!) for jets  

 
AUT for J/Ψ in UPC 

AN
DY: Postshower 

to FMS@STAR 
 
 
 

None 
 
 
 

None 

2023 p↑p @ 200 300 pb-1 
8 weeks 

subprocess driving the large AN at high xF and η 
 
 

evolution of ETQS fct. 
properties and nature of the diffractive exchange in 

p+p collisions.                                                         

AN for charged hadrons and flavor 
enhanced jets 

 

AN for γ 
AN for diffractive events  

Yes 
Forward instrum. 

 
None 
None 

 
2023 p↑Au @ 200 1.8 pb-1 

8 weeks 
 

What is the nature of the initial state and hadronization in 
nuclear collisions 

 
Nuclear dependence of TMDs and nFF 

 
 

Clear signatures for Saturation 

RpAu direct photons and DY 
 
 

!!"
!"# !!!!!  modulations of h± in 

jets, nuclear FF 
 

Dihadrons, γ-jet, h-jet, diffraction 

RpAu(DY):Yes 
Forward instrum. 

 
None 

 
 

Yes 
Forward instrum. 

2023 p↑Al @ 200 12.6 pb-1 

8 weeks 
A-dependence of nPDF,  

 
A-dependence of TMDs and nFF  

 
 

A-dependence for Saturation 

RpAl: direct photons and DY 
 

!!"
!"# !!!!!  modulations of h± in 

jets, nuclear FF 
 

Dihadrons, γ-jet, h-jet, diffraction 

RpAl(DY): Yes 
Forward instrum. 

None 
 

 
Yes 

Forward instrum. 
Potential future 

running 
202X p↑p @ 510 

 
1.1 fb-1 

10 weeks 
TMDs at low and high x 

 
 

quantitative comparisons of the validity and the limits of 
factorization and universality in lepton-proton and proton-

proton collisions 

AUT
 
for Collins observables, i.e. 

hadron in jet modulations at η > 1 
and 

mid-rapidity 
observables as in 2017 run 

Yes 
Forward instrum. 

 
None 

 

202X ! !@ 510 1.1 fb-1 
10 weeks 

Δg(x) at small x 
 

ALL for jets, di-jets, h/γ-jets  
at η > 1 

Yes 
Forward instrum. 

Table 1-2: Summary of the Cold QCD physics program propsed in the years 2017 and 2023 and if an additional 500 GeV run would become possible.

 8 

 Year �s (GeV) Delivered 
Luminosity 

Scientific Goals Observable Required 
Upgrade  

Scheduled R
H

IC
 running  

2017 
 

p↑p @ 510 400 pb-1 
12 weeks 

 

Sensitive to Sivers effect non-universality through TMDs 
and Twist-3 Tq,F(x,x) 

Sensitive to sea quark Sivers or ETQS function 
Evolution in TMD and Twist-3 formalism 

 
Transversity, Collins FF, linearly pol. Gluons,  

Gluon Sivers in Twist-3 
 

 
First look at GPD Eg 

AN for γ, W±, Z0, DY 
 

 
 
 

!!"
!"# !!!!!!  !!"

!"# !!!!!  modula-
tions of h± in jets, !!"!"# (!!) for jets  

 
AUT for J/Ψ in UPC 

AN
DY: Postshower 

to FMS@STAR 
 
 
 

None 
 
 
 

None 

2023 p↑p @ 200 300 pb-1 
8 weeks 

subprocess driving the large AN at high xF and η 
 
 

evolution of ETQS fct. 
properties and nature of the diffractive exchange in 

p+p collisions.                                                         

AN for charged hadrons and flavor 
enhanced jets 

 

AN for γ 
AN for diffractive events  

Yes 
Forward instrum. 

 
None 
None 

 
2023 p↑Au @ 200 1.8 pb-1 

8 weeks 
 

What is the nature of the initial state and hadronization in 
nuclear collisions 

 
Nuclear dependence of TMDs and nFF 

 
 

Clear signatures for Saturation 

RpAu direct photons and DY 
 
 

!!"
!"# !!!!!  modulations of h± in 

jets, nuclear FF 
 

Dihadrons, γ-jet, h-jet, diffraction 

RpAu(DY):Yes 
Forward instrum. 

 
None 

 
 

Yes 
Forward instrum. 

2023 p↑Al @ 200 12.6 pb-1 

8 weeks 
A-dependence of nPDF,  

 
A-dependence of TMDs and nFF  

 
 

A-dependence for Saturation 

RpAl: direct photons and DY 
 

!!"
!"# !!!!!  modulations of h± in 

jets, nuclear FF 
 

Dihadrons, γ-jet, h-jet, diffraction 

RpAl(DY): Yes 
Forward instrum. 

None 
 

 
Yes 

Forward instrum. 
Potential future 

running 
202X p↑p @ 510 

 
1.1 fb-1 

10 weeks 
TMDs at low and high x 

 
 

quantitative comparisons of the validity and the limits of 
factorization and universality in lepton-proton and proton-

proton collisions 

AUT
 
for Collins observables, i.e. 

hadron in jet modulations at η > 1 
and 

mid-rapidity 
observables as in 2017 run 

Yes 
Forward instrum. 

 
None 

 

202X ! !@ 510 1.1 fb-1 
10 weeks 

Δg(x) at small x 
 

ALL for jets, di-jets, h/γ-jets  
at η > 1 

Yes 
Forward instrum. 

Table 1-2: Summary of the Cold QCD physics program propsed in the years 2017 and 2023 and if an additional 500 GeV run would become possible.
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Q2 of 9 GeV2 and 10-4 < x < 10-1. A nonzero 
asymmetry would be the first signature of a non-
zero GPD E for gluons, which is sensitive to 
spin-orbit correlations and is intimately connect-
ed with the orbital angular momentum carried by 
partons in the nucleon and thus with the proton 
spin puzzle. Detecting one of the scattered polar-
ized protons in “Roman Pots” (RP) ensures an 
elastic process. The event generator SARTRE 
[100], which also describes well the STAR re-
sults for ρ0 production in UPC in Au+Au colli-
sions, has been used to simulate exclusive J/ψ -
production in p�+p UPC. The acceptance of the 
STAR RP PHASE-II* system in t, the momen-
tum transfer between the incoming and outgoing 
proton, matches well the t spectrum in UPC col-
lisions (see Figure 2-19). To select the J/ψ in 
UPC, at least one of the two protons are required 
in the STAR RPs. The J/ψ is reconstructed from 
its decay electrons, in the STAR EMCals be-
tween -1 < η < 2. Accounting for all trigger and 
reconstruction efficiencies the total number of 

J/ψ’s for a delivered luminosity of 400 pb-1 is 
~11k in Run-2017.  

This measurement can be further improved 
with a high statistics transversely polarized 
p↑+Au run in 2023. For the process where the Au 
emits the virtual photon scattering off the p↑, this 
will provide an advantage in rate enhanced by Z2 
compared to ultra-peripheral p↑+p collisions at 
the same √s=200 GeV. The process where the p↑ 
emits the virtual photon can be suppressed by 
requiring a hit in the RP in the proton direction. 
The rapidity distribution of the J/ψ’s for these 
two processes is shown in Figure 2-20. 

The total number of J/ψ’s for a delivered lu-
minosity of 1.75 pb-1 is ~13k for the Au as pho-
ton source with a background of ~5k for the p↑ as 
photon source. This measurement will provide 
important input for a future EIC, where the same 
process can be studied in photoproduction.  
Knowing the size of the asymmetry will help 
planning for the experimental needs, i.e. design-
ing the detector to control systematics at an ap-
propriate level, and planning for the luminosity 
needed to obtain data with adequate precision. 

 

  
Figure 2-19: (left) Acceptance of protons in exclusive p+p scattering at √s = 500 GeV as function of t for a possible 
future upgrade (blue) and the STAR set up since 2015 (PHASE-II*) (red) configuration. The acceptance for the origi-
nal STAR Phase-I setup is also shown (grey). (right) The t spectrum of the proton emitting the photon (pink) as well 
as the one from the scattered proton (black). 

 

 

 
 
 
Figure 2-20: The rapidity distribution of the J/ψ’s for 
the process where the Au emits the virtual photon (black) 
and where the p↑ emits the virtual photon (pink). 

 

exclusive pp 

(STAR 2015)

(possible future upgrade)

RHIC 2017: exclusive J/ψ

• AN of exclusive J/ψ in ultra-peripheral 
collisions of protons (p↑p)

• @ fixed Q2  = 9GeV2 and 10-4 <x<10-1

• Non-zero AN would be first experimental 
access to gluon GPD E

• Total expected number of J/ψ’s 
(400 pb-1) in 2017: ~11k

• Statistical precision can be improved 
with 2023 data.
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b>R  + R

Z

Z

1          2 

Fig. 1. A fast moving nucleus with charge Ze is surrounded by a strong electromagnetic !eld. This can be viewed as
a cloud of virtual photons. These photons can often be considered as real. They are called “equivalent” or “quasireal
photons”. In the collision of two ions, these quasireal photons can collide with each other and with the other nucleus.
For very peripheral collisions with impact parameters b¿ 2R, this is useful for photon–photon as well as photon–nucleus
collisions.

where the radius of a nucleus is approximately R= 1:2 fm A1=3 with A the nucleon number. This is
due to the rapid decrease of the nuclear electromagnetic form factor for high Q2 values. For most
purposes, these photons can therefore be considered as real (“quasireal”). From the kinematics of
the process one has a photon four-momentum of q!=(!; q̃⊥; q3 =!=v), where ! and q⊥ are energy
and transverse momentum of the quasireal photon in a given frame, where the projectile moves with
velocity v. This leads to an invariant four-momentum transfer of

Q2 =
!2

"2
+ q2⊥ ; (2)

where the Lorentz factor is "= E=m= 1=
√
1− v2. Condition (1) limits the maximum energy of the

quasireal photon to

!¡!max ≈
"
R

; (3)

and the perpendicular component of its momentum to

q⊥ .
1
R

: (4)

At LHC energies, this means a maximum photon energy of about 100 GeV in the laboratory system,
at RHIC this number is about 3 GeV. We de!ne the ratio x = !=E, where E denotes the energy of
the nucleus E =MN"A and MN is the nucleon mass. It is therefore smaller than

x¡xmax =
1

RMNA
=

#C(A)
R

; (5)

where #C(A) is the Compton wavelength of the ion. xmax is 4× 10−3; 3× 10−4; 1:4× 10−4 for O,
Sn, Pb ions, respectively. Here and also throughout the rest of the paper we use natural units, i.e.,
˝= c = 1.
The collisions of e+ and e− has been the traditional way to study "" collisions. Similarly photon–

photon collisions can also be observed in hadron–hadron collisions, see Fig. 1. Since the photon

The RHIC cold QCD plan for 2017 to 2023: A portal to the EIC. arXiv:1602.03922
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Electron-Ion Collider EIC 
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Figure 13. A model dependent extraction of GPD H from cross section measurements of the

H1/ZEUS collaborations (left) and from a combined fit that includes EIC pseudo data (right) with

beam energies E
e

⇥ E
p

= 20 ⇥ 250GeV2. The HERA collider data are taken from [5] (circle), [3]

(squares,diamonds), and [6] (triangle-up, triangle-down, rectangle).
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�pG - - 0.088 0.163 0.212 0.106

E  ↵ ↵0 [GeV�2] b [GeV�2] s
2

s
4

psea
0

1.500 1.158 0.020 2.800 0.513 �0.210

psea 1.451 1.164 0.023 2.779 0.524 �0.213

�psea 0.307 0.005 0.012 0.049 0.104 0.026

pG
0

(�0.51) 1.247 0.050 2.000 �4.806 1.864

pG (�0.49) 1.295 0.001 1.961 �4.687 1.803

�pG (0.06) 0.216 0.252 1.092 0.048 0.077

Table 2. AFKM12 model parameters (p
0

) and their fitted values (p) together with standard

uncertainties (�p) for sea quarks (superscript sea) and gluon (superscript G) components of GPDs

H and E at the input scale Q2

0

= 4GeV2. The values in parentheses are fixed by sum rules.
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- Unprecedented opportunity for 
discovery and precision measurements
- Study of momentum and space-time 
distribution of gluons and sea quarks 

in nucleons and nuclei.

E.-C. Aschenauer, S. Fazio, K. Kumericki and D. Müller: Deeply Virtual Compton Scattering at a Proposed High-
Luminosity Electron-Ion Collider, arXiv:1304.0077 and JHEP 1309 093 (2013).

EIC pseudo data !AFKM12"
! Ee!Ep"20!250 GeV2

L"100 fb#1

! !

!

!
! ! ! !

!

!
! !

0 Π!2 Π 3Π!2 2Π

"0.5

0

0.5

A U
T
sin
!Φ
#
Φ
S"

Q2 " 14 GeV2
xB\ " 8.2!10#4

#t " 0.28 GeV2

!
!

!

!

! !

! !
!

!
!

!

0 Π!2 Π 3Π!2 2Π

"0.5

0

0.5

Q2 " 14 GeV2
xB\ " 1.3!10#3

#t " 0.28 GeV2

!

!
!

!

!

!

0 Π!2 Π 3Π!2 2Π

"0.5

0

0.5

Q2 " 14 GeV2
xB\ " 5.1!10#3

#t " 0.28 GeV2

GPD models
Κsea " &1.5
Κsea " 0
Κsea " #1.5

!

!

!

!

!
! !

! ! ! ! ! !
! ! !

!
!
! !

0 Π!2 Π 3Π!2 2Π

"0.5

0

0.5

0 !2 3 !2 2

A U
T
sin
!Φ
#
Φ
S"

Q2 " 7.8 GeV2
xB\ " 5.1!10#4

#t " 0.28 GeV2

! ! ! !

!

!
!

!
! !

!
!

0 Π!2 Π 3Π!2 2Π

"0.5

0

0.5

0 !2 3 !2 2

Q2 " 7.8 GeV2
xB\ " 8.2!10#4

#t " 0.28 GeV2
!

! !

!

!

!

0 Π!2 Π 3Π!2 2Π

"0.5

0

0.5

0 !2 3 !2 2

Q2 " 7.8 GeV2
xB\ " 5.1!10#3

#t " 0.28 GeV2

!
!

!

! ! ! !
! !

!

!

!
!
! !

! ! ! ! !

0 Π!2 Π 3Π!2 2Π

"0.5

0

0.5

0 !2 3 !2 2

Φ #rad$

A U
T
sin
!Φ
#
Φ
S"

Q2 " 4.4 GeV2
xB\ " 3.2!10#4

#t " 0.28 GeV2

! !
!

! ! ! ! !
! ! ! !

0 Π!2 Π 3Π!2 2Π

"0.5

0

0.5

0 !2 3 !2 2

Φ #rad$

Q2 " 4.4 GeV2
xB\ " 8.2!10#4

#t " 0.28 GeV2

!

! ! ! !

!

0 Π!2 Π 3Π!2 2Π

"0.5

0

0.5

0 !2 3 !2 2

Φ #rad$

Q2 " 4.4 GeV2
xB\ " 5.1!10#3

#t " 0.28 GeV2

Figure 14. EIC pseudo data (diamonds) for the transverse target spin asymmetry (5.2) at beam

energies E
e

⇥E
p

= 20⇥250GeV2 are shown together with AFKM12 GPD model predictions, where

GPD Esea is taken as large positive (solid), vanishing (dot-dashed), and large negative (dashed),

respectively.

one, �2/d.o.f. = 0.97. The extracted parameters and their standard uncertainties are listed

in Tab. 2. The slope parameter of Hsea can be well extracted with less than two standard

deviations away from the input model parameter value. The normalization of this GPD for

fixed PDF parameters is also rather robust, as indicated by small deviations of extracted

skewness parameters from the model parameters. Since the pseudo data constrain the

t-dependence, the correlation of normalization parameters and t-slope (or dipole mass)

parameters is much less pronounced than in the fits to the HERA collider data. For the

GPD HG the uncertainty for ↵0 is of the order of its model parameter value 0.1 and the

relative uncertainty of the residual t-dependence is now of the order of 7% rather than 1%

as for sea quarks. The relative size of skewness parameter uncertainties for gluons is on

the same 5% level as for quarks. For GPD Esea the “pomeron” intercept, normalization

sea and skewness parameters are well reproduced by the fit, where the sea uncertainty is

of the order of 20%. The moderate size of this uncertainty also reflects the correlation of

the normalization with the skewness parameters, where the latter is now more than twice

larger than for GPD Hsea. The uncertainties for the t-slope parameters are only about 40%

larger than for GPD Hsea and are still reasonably small. For EG already the “pomeron”
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= 20⇥250GeV2 are shown together with AFKM12 GPD model predictions, where
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one, �2/d.o.f. = 0.97. The extracted parameters and their standard uncertainties are listed

in Tab. 2. The slope parameter of Hsea can be well extracted with less than two standard

deviations away from the input model parameter value. The normalization of this GPD for

fixed PDF parameters is also rather robust, as indicated by small deviations of extracted

skewness parameters from the model parameters. Since the pseudo data constrain the

t-dependence, the correlation of normalization parameters and t-slope (or dipole mass)

parameters is much less pronounced than in the fits to the HERA collider data. For the

GPD HG the uncertainty for ↵0 is of the order of its model parameter value 0.1 and the

relative uncertainty of the residual t-dependence is now of the order of 7% rather than 1%

as for sea quarks. The relative size of skewness parameter uncertainties for gluons is on

the same 5% level as for quarks. For GPD Esea the “pomeron” intercept, normalization

sea and skewness parameters are well reproduced by the fit, where the sea uncertainty is

of the order of 20%. The moderate size of this uncertainty also reflects the correlation of

the normalization with the skewness parameters, where the latter is now more than twice

larger than for GPD Hsea. The uncertainties for the t-slope parameters are only about 40%

larger than for GPD Hsea and are still reasonably small. For EG already the “pomeron”
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Main requirements:
- Highly polarized (> 70%) electron and proton/
light ion beams
- Ion beams from deuteron to heaviest nuclei 
- Variable center of mass energy (20 GeV to 150 GeV)
- High luminosity ∼ 1033−34 cm−2s−1.

GPDs E & H
(very) small xB 

mailto:Caroline.Riedl@desy.de
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COMPASS-III >2020: “standard ideas”

29

• GPD E from DVCS 

• GPD E and chiral-odd GPDs from DVMP
   - vector mesons ρ0, ω, φ (ρ+ would require neutron recoil detector)
   - pseudoscalar mesons π0

• p↑ target + recoil detector 
Major R&D project: configurations for 
2016/17 run are not compatible with a 

transversely polarized target. 

GPD E 
(quark & gluon)

A preliminary sketch
of the 2-layers Si station
to be inserted in the
vacuum space of the
COMPASS PT.

Note that full available
space for this detector is
100mm(*) < R < 310mm

(*) Radius of present wave
cavity reduced by a factor
of 2

R = 150mm

R = 250mm

1513cm 12.5cm

A. Magnon, 
F. Gautheron
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Alternatives to access GPDs at 
COMPASS in >2020

• DVMP with heavier mesons: 
μp→μp(V)→μp(ℓ+ℓ-)

J/ψ →μ+μ− or e+e−

 φ→ K+K− or μ+μ− (small rate)

• DDVCS: pμ→pμ(γ*)→pμ(e+e-)

• Backward meson production  

• (DVCS on nuclear targets?)

• GPD E from beam-spin asymmetry on 
unpolarized deuteron target?

• Exclusive Drell-Yan production

• (PANDA-at-FAIR-like processes?)

30
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Detection of di-lepton final state at 
COMPASS: can gain from experience of 

the Drell-Yan group

ZEUS arXiv:0812.2517

ZEUS
ρ ZEUS  96-00
ρ ZEUS 94
ρ ZEUS LPS 94
ρ ZEUS 95
ρ H1 95-96
φ ZEUS 98-00
φ ZEUS 94
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Figure 5: A compilation of the values of the slope b as a function of Q2 + M2

for various exclusive processes including the present DVCS measurement. The
inner error bars represent the statistical uncertainty while the outer error bars the
statistical and systematic uncertainties added in quadrature.
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Double DVCS: pμ→pμ(γ*)→pμ(e+e-)

31

q(x)
q(x)

Re(τDVCS)
x=ξ 

Im(τDVCS)  
integral over x

✘
Im(τDVCS) 

|x|<ξ 
DDVCS

• 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 

• Experimentally challenging: needs high luminosity & excellent acceptance. 

• Suppressed wrt DVCS by factor αem; contaminated by resonance background

• Will be hard to measure at COMPASS - but should in principle be possible

x

ξ

M. Guidal, M. Vanderhaeghen: Double deeply virtual Compton scattering off the nucleon (hep-ph/0208275)

DDVCS: GPD(2ξʹ′ − ξ, ξ, t)
DVCS: GPD(ξ, ξ, t)ar
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Double deeply virtual Compton scattering off 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 off 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 different 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 different longitudinal mo-
mentum fractions x+ξ (x−ξ) of the initial (final) quarks
(see upper left panel of Fig. 1). As the momentum frac-
tions of the initial and final quarks are different, 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 ξ (half the difference 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 = ξ, which is certainly an important gain of informa-
tion but clearly not sufficient 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

“x is unmuted”

(time-like)
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mailto:Caroline.Riedl@desy.de
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Hard limit for backward exclusive processes

Hard limit for backward exclusive processes
� Let us analyse the hard electroproduction of a meson

but backward !
⇤

meson nearly at
rest in the
target rest frameproton

GPD

�⇥

x x⇥

Q2

proton

Pert.

t

�⇥

Q2

meson

Pert.

u

GPD
proton

t � u

TDA

meson

x2 x3x1

proton

� The kinematics imposes the exchange of 3 quarks in the u channel

� Factorisation in the generalised Bjorken limit: Q2 �⇥, u, x fixed
B. Pire, L. Szymanowski, PLB 622:83,2005.

� The object factorised from the hard part is a Transition Distribution
Amplitude (TDA)

=
p p�

∗

p
×

p�

� Interpretation at the amplitude level in the ERBL region (for xi > 0)
Amplitude of probability to find a meson within the proton !

J.P. Lansberg (CPHT – IPNO) Exclusive lepton pair prod. in hh collisions September 28, 2010 5 / 15

Backward meson electro-production

• Meson in the recoil detector - target proton in the forward spectrometer

• Described in the literature: proton-pion TDAs.  p→π0p’, p→π+△0, p→△+π0, p→△++π.

- COMPASS would be able to also look at e.g. p→J/ψ p TDAs.
- Strange cloud in the proton ℓp →ℓΛ0K+ (Λ0→pπ− in the forward, K slow in the recoil)

(space-like)

J. P. Lansberg, B. Pire, and L. Szymanowski: Hard exclusive electroproduction of a pion in the backward region, PRD 
75, 074004 (2007) & priv. comm. with B. Pire 2010/2011 & J.P. Landsberg at ICHEP 2010 & B. Pire, K. Semenov-
Tian-Shansky, and L. Szymanowski: Nucleon-to-Pion Transition Distribution Amplitudes,  arXiv:1312.7120.

“Building blocks of collinear factorization for certain hard exclusive reactions.” 
“Tool for spatial imaging of the pion cloud inside the nucleon."

“Probability of finding a meson in the proton.”

TDA = 
(nucleon-to-

meson) 
Transition 

Distribution 
Amplitude
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Exclusive Drell-Yan: π-p→pμ−μ+

33

Mueller, Pire, Szymanowski, Wagner: On timelike and spacelike hard exclusive reactions, arXiv:1203.4392

ar
X

iv
:1

20
3.

43
92

v3
  [

he
p-

ph
]  

23
 A

ug
 2

01
2

On timelike and spacelike hard exclusive reactions.

D. Müller,1 B. Pire,2 L. Szymanowski,3 and J. Wagner3

1 Institut für Theoretische Physik II, Ruhr-Universität Bochum, D-44780 Bochum, Germany
2 CPhT, École Polytechnique, CNRS, F-91128 Palaiseau, France
3National Center for Nuclear Research (NCBJ), Warsaw, Poland

We show to next-to-leading order accuracy in the strong coupling αs how the collinear factorization
properties of QCD in the generalized Bjorken regime relate exclusive amplitudes for spacelike and
timelike hadronic processes. This yields simple space–to–timelike relations linking the amplitudes
for electroproduction of a photon or meson to those for photo- or meso-production of a lepton pair.
These relations constitute a new test of the relevance of leading twist analyzes of experimental data.

PACS numbers: 13.88.+e,13.85.Qk,12.38.Bx

In the traditional collinear factorization framework the
scattering amplitude for exclusive processes has been
shown [1–3] to factorize in specific kinematical regions,
provided a large scale controls the separation of short dis-
tance dominated partonic subprocesses and long distance
hadronic matrix elements. This large scale may come
from a spacelike momentum exchange, as in hard lepto-
production processes, or from a timelike momentum as in
electron-positron annihilation or lepton pair production.

The complementarity of spacelike and timelike pro-
cesses has been much used in inclusive reactions to un-
derstand in detail parton distribution and parton frag-
mentation functions, in particular through deep inelastic
leptoproduction and Drell–Yan processes in hadron re-
actions. In the realm of exclusive reaction, much work
has been devoted to the electromagnetic form factors. In
particular, the spacelike and timelike meson form factors
were analyzed in great details in Ref. [4] .

Analyticity of the factorized amplitude is the basic
property that allows us to derive the new relations Eqs.
17, 24 at the heart of our paper. Analyticity, which is a
consequence of causality in relativistic field theory, and
factorization of short distance vs long distance properties,
are common tools in many fields of theoretical physics.
Our instance is to our knowledge the first case where
they are put together to obtain useful relations between
observables.

We shall detail two instances of direct interest to near
future phenomenological studies, illustrated in Fig.1,
firstly near forward deeply virtual Compton scattering
(DVCS) and timelike Compton scattering (TCS), and
secondly near forward deeply virtual meson leptoproduc-
tion (DVMP) and mesoproduction of a lepton pair. The
momentum transfer square t in these processes is taken
to be small w.r.t. the large virtuality of one photon.

The DVCS and TCS amplitudes. Let us begin with
near forward virtual Compton scattering

γ(∗)(qin)N(p) → γ(∗)(qout)N
′(p′) . (1)

N N’

q
e

e
γ

GPD

( a )

N N’

qγ

GPD

e −

e+

( b )

N N’

q
e

e

GPD

π

DA

( c )

N N’

q

GPD

e −

e+

( d )

DA

π

FIG. 1: The DVCS (a) and TCS (b) processes, as well as
meson electroproduction (c) and exclusive Drell Yan in πN
collisions (d) are linked by time reversal and analyticity. They
factorize in hard coefficients (upper blob), generalized parton
distributions (lower blob) and distribution amplitudes (c,d).

In its spacelike version the DVCS amplitude is accessible
in deep electroproduction of a photon, i.e., q2out = 0,

e(k1)N(p) → e′(k2)γ(qout)N
′(p′) (2)

with a large spacelike virtuality q2in = (k1 − k2)2 = −Q2

[2]. The timelike TCS amplitude is accessible in the pho-
toproduction, i.e., q2in = 0, of a lepton pair [5]:

γ(qin)N(p) → l+(k+)l−(k−)N ′(p′) (3)

with a large timelike virtuality q2out = (k++k−)2 = +Q2.
The other common variables, describing the processes of
interest in this generalized Bjorken limit, are the scaling
variable ξ and skewness η > 0:

ξ = −
q2out + q2in
q2out − q2in

η , η =
q2out − q2in

(p+ p′) · (qin + qout)
. (4)

Hence, ξ = +η > 0 in DVCS and ξ = −η < 0 in TCS
kinematics. This allows us to relate spacelike and time-
like amplitudes for equal η, t, and Q2 values by the rule:

F(ξ = η, t,Q2)
SL→TL
=⇒ F(ξ = −η, t,−Q2) , (5)
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Figure 1: The longitudinal (left) and transversal (right) cross sections for the
pion-induced exclusive Drell-Yan process versus the photon virtuality, Q′2,
at s = 360 GeV2. The green bands indicate the parametric uncertainties of
our results.

section are integrated over t′ from zero up to −0.5 GeV2. They are about a
factor of 1000 smaller than the cross sections at s = 20 GeV2.
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Exclusive DY cross section at COMPASS 
expected to be suppressed by a factor of 1000 

compared to JParc.

P. Kroll, priv.comm. Dec. 2015, and S. V. Goloskokov and P. 
Kroll, PLB 748, 323 (2015), arXiv:1506.04619 [hep-ph]

COMPASS 2008 πp data: feasibility 
study by Alexey Guskov

(internal COMPASS talk at AM June 2015)

“upper exclusive limit” for (rather small) 
data set

more about exclusive DY: see W.-C. Chang’s talk on JParc
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COMPASS-III as physics opportunity
for RHIC-spin groups prior to the EIC

34

2016 2017 2018 2020 2023 2026

JLab12

EIC

2019

COMPASS-II

2024

RHIC-spin (STAR / sPHENIX)

COMPASS-III

- Preserve knowledge on state-of-the-art techniques 
- Prepare next generation of leading physicists to play important roles at the EIC 

perhaps (1 + 1) years / perhaps 1 year
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Summary: GPDs@COMPASS  >2020 

35

• … a recoil detector around the target could possibly 
also be used to measure tagged structure functions. 

• The strength of COMPASS is the unique kinematic 
domain - but also the availability of meson beams!

• GPD E could be constrained in COMPASS-III, albeit 
after a major hardware upgrade - the addition of a 
recoil detector to the COMPASS polarized target. 

• GPD H is fairly well known - GPD E not.

• Not necessarily only GDP E is interesting - there are 
other interesting exclusive channels such as 
exclusive heavy mesons, double DVCS, backward 
meson production, exclusive Drell Yan.

• COMPASS-III could be an opportunity for other 
spin groups prior to the EIC!

Figure 3: Density distributions for different combinations of proton (outer arrow) and quark
(inner arrow) spin. The bottom plot shows density distributions of unpolarized quarks in
the transversely polarized nucleon defined by the GPD-E. Other 2 sets of distributions are
defined by “transversity” GPDs [25].

15

A preliminary sketch
of the 2-layers Si station
to be inserted in the
vacuum space of the
COMPASS PT.

Note that full available
space for this detector is
100mm(*) < R < 310mm

(*) Radius of present wave
cavity reduced by a factor
of 2

R = 150mm

R = 250mm

1513cm 12.5cm
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Transverse imaging of the nucleon

37

⇒ “Tomographic images” of the nucleon.

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

t-slope b : 
Average impact parameter
“transverse size of nucleon”

Impact-parameter representation:

d�DVCS

dt
/ e�b|t|

x

val
en

ce 

qua
rks

100
10-1

pion 

clo
ud

10-2

sea
 

qua
rks

10-3

b

GPD(x,ξ=0,b)

Measure differential cross section:
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The γ*N→γN cross section

38

+ +

2

Bethe−Heitler (BH)DVCS

ma a* N¾

= |TBH|2 + (TDVCST ⇤
BH + T ⇤

DVCSTBH) + |TDVCS|2

Belitsky, Mueller, hep-ph/0206306

Holographic principle:
- BH reference amplitude magnifies DVCS
- Interference allows to measure magnitude 

A and phase φ  of DVCS amplitude Aeiφ 
- No “phase problem” as in e.g. x-ray 
crystallography.
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Compton Form Factors

39

M.V. Polyakov, Generalized parton distributions and strong 
forces inside nucleons and nuclei, arXiv:hep-ph/0210165

ReH(⇠, t) = P
Z +1

�1
dx

ImH(x, t)

x� ⇠

+D(t)

Dispersion relation with D-term: 
- Shear forces and radial distribution of pressure inside the nucleon

- Description of confinement

q(x)
q(x)

Re(τDVCS)
integral over x 

Im(τDVCS)  
x=ξ CFF

H(⇠, t) = P
Z +1

�1
dx

H(x, ⇠, t)

x� ⇠
� i⇡H(⇠, ⇠, t)
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Azimuthal asymmetries and GPDs

40

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
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Facilities with results available 

41

hermes2 lepton beam 
charges: electrons 

and positrons

electrons: 30 GeV
protons: 920 GeV

self-polarized 
electron beam

e-beam on fixed pure gas target
● unpolarized p, d; He, N, Ne, Kr, Xe 

● longitudinally polarized p, d
● transversely polarized p

ep-collider 
(unpolarized 

protons)

detected particles:
no Recoil: eγ 

with Recoil: epγ

detected particles:
eγ + forward veto

ZEUS subsamle: epγ

Hall A  
JLab

polarized 
e− beam

e-beam on fixed 
target

electrons: 6 GeV Targets:
● unpolarized p

● longitudinally polarized p
● 4He

Targets:
● unpolarized p [E00-110]

● unpolarized d (→ n) [E03-106]

detected particles:
no Inner Calo: ep or 

epγ 
with Inner Calo: epγ

detected 
particles:

eγ

energy

H
E

R
A

Je
ff

er
so

n
 

L
ab

or
at

or
y

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”  

ALU 
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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

42

rapid spin 
reversal ~1min

1995-2007

hermes
at DESY: exclusive measurements 

• 1996-2007: H, D, He, N, Ne, Kr, 
Xe

• 2006/2007: H, D with recoil 

• 1996/97: H➜

• 1999/2000: D➜

• 2002-2005: H⬆
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1

0

2

-1

-2

TARGET
CELL

m

LUMINOSITY

CHAMBERS
DRIFT

FC 1/2

DVC

MC 1-3
MONITOR

BC 1/2

BC 3/4 TRD

PROP.
CHAMBERS

FIELD CLAMPS

PRESHOWER (H2)

DRIFT CHAMBERS

TRIGGER HODOSCOPE H1

0 1 2 3 4 5 6 7 8 9 10

RICH
270 mrad

270 mrad

MAGNET

m

140 mrad

140 mrad
CALORIMETER

STEEL PLATE

HODOSCOPE H0
SILICON

p’

�

e

“exclusive region” 
in (missing mass)2

Missing-mass technique

ep ➔ eXγ sample 
✘ Unresolved for associated production
✔ Semi-inclusive neutral pion production  

corrected for 

are found to be selected with high efficiency (83%) and background contamination less than 0.2%.302

This performance is clearly superior to that from imposing only individual constraints on, e.g.,303

the difference between the proton-candidate azimuthal angle or transverse momentum measured304

by the recoil detector and the expected value of the corresponding variable calculated from the305

four-momenta of the positron and the real photon detected by the forward spectrometer.306

In the analysis of data collected prior to the installation of the recoil detector, and in the307

analysis of the present data set without using recoil-detector information, the selection of exclusive308

ep → epγ events is performed by requiring the square of the missing mass309

M2
X = (k + p − k′ − q′)2, (4.5)

calculated using the four-momenta of only the lepton and the real photon, to be within an “exclusive310

region” about the squared proton mass, with boundaries defined by the resolution of the forward311

spectrometer: −(1.5GeV)2 < M2
X < (1.7GeV)2. Such an event sample includes not only ep → epγ312

events but also contamination from resonant production such as ep → e∆+γ, also referred to as313

“associated” production. This contamination is regarded as unresolved background that remains314

part of the signal in Hermes DVCS analyses that do not use recoil-detector information. (A315

correction is applied for other background, as described in section 6.) It is estimated using the316

mixture of simulated events to be about 12% on average within the exclusive region, as illustrated317

in figure 6. Such an exclusive event sample selected by imposing constraints only on the lepton and318

photon four-momenta is named “unresolved” in the following.319

In contrast, the analysis of the pure sample, which includes the reconstruction of the recoil pro-320

ton and kinematic event fitting, introduces two entangled modifications – a background-free mea-321

surement and the kinematic restriction imposed by the acceptance of the recoil detector. In order to322

separate these two effects, the results from the pure sample are compared to results from a subset of323

the unresolved sample that is subject to the same kinematic restriction. This “unresolved-reference”324

event sample is selected from the unresolved sample by requiring the missing four-momentum (“hy-325

pothetical proton”) to be within the acceptance of the recoil detector. This requirement results326

in a loss of about 24% of the events. One source of the loss is the effect of the gaps between the327

SSD modules. The other main source is loss of recoil protons with p < 125MeV, i.e., protons that328

have too low a momentum to reach the outer layer of the SSD because they are stopped in either329

the target cell or in the inner layer of the SSD. This lower momentum threshold corresponds to330

loss of events at low values of −t < 0.016GeV2. Requiring the proton to be in the recoil-detector331

acceptance leads to a small modification of the average values 〈−t〉, 〈Q2〉, and 〈xB〉 in each kine-332

matic bin compared to the values without such a requirement, as shown in table 1. As expected by333

construction of the unresolved-reference sample, the table demonstrates that the average kinematic334

values of this sample are very similar to those of the pure sample, ensuring that the observables for335

exclusive photon production are the same for the two samples.336

Table 2 summarizes the number of collected events for each of the three exclusive samples:337

unresolved, unresolved-reference, pure, and the average values of the lepton-beam polarization P!.338

The yield of pure events represents about 65% of the unresolved-reference yield. Of the total339

35% loss, according to the Monte Carlo studies, the event selection based on kinematic event fitting340

eliminates from the unresolved-reference sample about 17% of background events. This also removes341

17% of ep → epγ events. The remaining 1-2% is attributed to recoil-detector inefficiencies [22].342

Figure 5 shows luminosity-normalized distributions in M2
X (eq. (4.5)) for each of the three343

exclusive samples. The figure also presents a comparison of experimental data to a mixture of344

simulated data samples. Bethe–Heitler events are simulated using the Mo–Tsai formalism [33], by345

an event generator based on ref. [32]. This sample of BH events includes events from associated346

production generated using the parameterization of the form factor for the resonance region from347

– 9 –

k0

q0
k p

“Traditional” 
DVCS Analysis 

at HERMES

✄

about 12%

✄

•No other charged tracks reconstructed
•No other untracked clusters in the calorimeter 

about 3%
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at CERN

44

µ±⇆ beam: 160/200 GeV, 
µ+ 5x108/s,  µ- 2x108/s

18 mrad < θµ < 180 mrad

More than 300 
tracking planes

• 2002/03: D➜ (ρ)

• 2002-2004: D⬆ (ρ)

• 2007/2010: H⬆(ρ, ω)

• 2008/09: H with short recoil (test run)

• 2012: H with long recoil (pilot run)

• 2016/17: H with long recoil

DVCS:

Polarized solid 
NH3 & 6LiD 

or unpolarized 
liquid NH2 

since 2002

DVMP:

COMPASS experiment

Katharina Schmidt On behalf of the COMPASS Collaboration

Hard Exclusive Measurements at COMPASS

Transversely polarized target

I Target material: NH3, 6LiD

I 2 magnets: solenoid 2.5 T and dipole 0.5 T

I Acceptance: ±180 mrad upstream edge (since 2006)

I 3He - 4He dilution refrigeration (60mK)

dilution refrigerator (⇠ 60mK)

superconducting
solenoid (⇠ 2.5T)

dipole magnet (⇠ 0.5T)Dynamic Nuclear 
Polarization
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Figure 1: Distributions of events for �' (top left), |�p?| (top right), |M2
undet| (bottom left)

and |�Z| distribution (bottom right). For each distribution the cuts on the other distributions
are applied. The data are in yellow, the MC simulation using HEPGEN/BHDVCS generator
and the TGEANT/CORAL/PHAST chain is in red.

• the visible ⇡0
. The exclusive photon candidates contained in the selected sample have

been associated with all other possible background photons (of energy smaller than
the requested thresholds) in the same event and the invariant mass of the 2 photons is
reconstructed. Fig. 2 clearly shows that it remains visible ⇡0 in the sample previously
selected. We call this contribution “visible” ⇡0 background. 128 events in the peak
determined by a cut of ±20 MeV/c2 around the PDG ⇡0 mass can be identified as such
and are mainly localised in the large xBj bin which contains 1268 events. This visible
⇡0 contribution is subtracted from the exclusive single photon sample.

• the invisible ⇡0
when one photon is lost. The ⇡0 contamination can originates either

from semi-inclusive production or from exclusive production. They can be evaluated
using a MC based on the LEPTO generator for the first case and on the HEPGEN/⇡0

generator for the later. MC samples can be normalized in order to reproduce the visible
⇡0 in the real data. Two extreme cases are considered, either a fully semi-inclusive
background, or a fully exclusive background and they are used to provide upper and
lower limits for the contamination to BH and DVCS events.

Fig. 3 presents the exclusive single photon events obtained in the 2012 sample as a func-
tion of the azimuthal angle ��⇤� between the leptonic and hadronic planes as weel as the
BH estimation and the invisible ⇡0 contamination estimated by LEPTO as upper and by
HEPGEN/PI0 as lower bound. Note, that no radiative corrections are applied. At small

2

Expected minus measured kinematics

from forward spectrometer recoil in CAMERA

MC: HEPGEN/BH + DVCS/2 
with GEANT4 simulation of 
detectors & full COMPASS 

reconstruction chain.

COMPASS DVCS pilot run 2012

45

• Visible π0 background (2 photons reconstructed): measured and corrected for

• Invisible π0 background (1 photon escapes): estimated by MC. SIDIS: LEPTO; 
exclusive: HEPGEN/π0

• Full-scale recoil CAMERA detector and only central part of ECal0 installed = 
25% ✄

✄

✄

✄

+cuts on missing 
mass w/o proton, 
ΔE, and ΔZ
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COMPASS-II proj.: spin & charge asym.

46

- Projection compared with 
HERMES beam-charge 
asymmetry’s cosΦ-modulation

- Question: magnitude of cosΦ-
modulation in COMPASS 
data?

- Changes sign in between H1 
and HERMES!

     Kroll, Moutarde,  Sabatié, 
Eur. Phys. J. C (2013) 73:2278
Test of GPD universality: use 
DVMP data to constrain GPD 

params

ACS,U ⌘ d�
+ � d�

�!

d�
+ + d�

�!
=

DCS,U

SCS,U

COMPASS x=0.05, 
Q2=2GeV2, -t=0.2GeV2
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Transverse imaging from DVCS & DVMP

47

1-bin-extraction already 
possible from DVCS 

test in 2012

d�DVCS

dt
/ e�b|t|

Regge-trajectory ansatz
b(xB) = b0 + 2α’ln(x0/xB)

α’ ≃ 0.25 GeV-2

soft pomeron

2 years of data
beam energy 160 GeV

4·108 µ+/spill (µ- 2.6x less)
duration 9.6s every 48s

2.5m target
Lumi=1032 cm-2s-1

εglobal =10%

COMPASS-II projection for t-slope
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incoherent 
enriched

 HERMES nuclear data sets

48

Target Spin L (pb-1)
1H 1/2 227

He 0 32

N 1 51

Ne 0 86

Kr 0 77

Xe 0, 1/2, 3/2 47

Heavy target data taken at 
the end of each HERA fill 

(“high density runs”)

coherent 
enriched

• Separation of coherent-enriched and incoherent-
enriched data samples by t-cutoff such that ≈same 
average kinematics for each target.

• Coherent enriched samples: ≈65% coherent fraction

• Incoherent enriched samples: ≈60% incoherent fraction
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☛ H3, H5 associated with 5% D-wave 
component of deuteron wave function

☛ 9 chiral-even quark GPDs at LT

Spin-1 H1, H2, H3, H4, H5, 
H1, H2, H3, H4
~ ~ ~ ~

b1(x)
tensor 

structure 
function

➳ Vector polarization Pz≈0.85
➳ Tensor polarization Pzz≈0.83
➳ Dedicated data set with
     with Pzz=-1.656 && Pz≈0

Spin-1 particle 
with Λ=-1,0,+1

Tensor polarized deuteron

Coherent and tensor signatures;
nuclear medium

Deuteron: probe 
spin-1 object

Nucleon: probe 
spin-1/2 object

coherent incoherent

Coherent scattering

Nuclear targets
• How does the nuclear medium modify parton-parton 

correlations?

• How do the nucleon properties change in the nuclear 
medium?

• Is there an enhanced ‘generalized EMC effect’, which 
could be revealed through the rise of τDVCS with A?

DVCS on hadrons other than the proton
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HERMES: DVCS nuclear dependence

50
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incoherent 
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0.91±0.19

0.93±0.23

Average 

ALU
A / ALU

H:

Beam-helicity asymmetryBeam-charge asymmetry

Normalization 
to hydrogen 1H

HERMES: Phys. Rev. C 81 (2010) 035202

Nuclear medium

Coherent and tensor signatures

GPDs H1, H5 GPD H1~ 

HERMES: Nucl. Phys. B 842 (2011) 265-298

Large experimental uncertainties 
- no significant signatures found 

in HERMES data

1H, He, N, Ne, Kr, Xe
Heavy gas targets
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HERMES DVCS 
(A)  Beam-charge asymmetry: 

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

(B)  Beam-helicity asymmetry: 

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

(C)  Transverse target-spin asymmetry: 
  
[JHEP 06 (2008) 066]

(D)  Double-Spin (LT) 
asymmetry:   
[Phys. Lett. B 704 (2011) 15-23] 

(E)  Longitudinal target-spin asymmetry: 

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

(F)  Double-spin (LL) asymmetry: 

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

(D)

(F)
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Track reconstruction with HERMES recoil detector

52
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• Azimuthal-angle resolution: 4 mrad

• Polar-angle resolution: 10 mrad (for p > 500 MeV)

• Momentum reconstruction as low as 125 MeV, 
corresponding to -t=0.016 GeV2 

(protons that make it at least in 2nd layer of SSD)
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HERMES: adding the recoil proton

53
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of the γ∗p system [30]. This sample of inclusive DIS events is employed for determination of relative266

luminosities of the two beam-helicity states.267

Exclusive ep → epγ event candidates are selected from the DIS sample by requiring in the268

forward spectrometer the detection of exactly one identified positron in the absence of other charged269

particles and of exactly one signal cluster in the calorimeter not associated with the positron and270

hence signifying a real photon. The cluster is required to represent an energy deposition above271

5 GeV in the calorimeter and above 1MeV in the preshower detector. Two kinematic constraints272

that were applied in previous Hermes DVCS analyses to reduce background are also applied here273

in order to maintain compatibility and allow direct comparison: i) the polar angle θγ∗γ between274

the laboratory three-momenta #q and #q ′ is limited to be less than 45mrad, where #q and #q ′ are275

the three-momenta of the virtual and real photon, respectively (see figure 1); ii) the value of −t is276

limited to be less than 0.7GeV2. Here, −t is calculated without use of either the photon-energy277

measurement or recoil-detector information, under the hypothesis of an exclusive ep → epγ event278

[7]:279

t =
−Q2 − 2ν(ν −

√
ν2 + Q2 cos θγ∗γ)

1 + 1
Mp

(ν −
√

ν2 + Q2 cos θγ∗γ)
. (4.1)

Moreover, the separation in polar angle between the virtual and real photons is required to be larger280

than 5 mrad. This value is determined mainly by the lepton-momentum resolution.281

All exclusive event samples considered in this paper are derived from the data set collected in282

the years 2006/2007 requiring full functionality of the recoil detector. This data set was analyzed283

in ref. [9] without using any requirement on the status of the recoil detector.284

A “pure” exclusive event sample is selected by combining information from the recoil detector285

and forward spectrometer in a kinematic event fit. This fit is based on four-momentum conservation286

under the hypothesis of the process ep → epγ. It is performed for every exclusive-event candidate287

by using the three-momenta of the positron and photon measured in the forward spectrometer and288

the proton candidate in the recoil detector. The quantity289

χ2
kin =

9∑

i=1

(rfit
i − rmeas

i )2

σ2
i

(4.2)

is minimized under the constraints from three-momentum conservation and assumed masses:290

fj(rfit
1 , rfit

2 , ..., rfit
9 ) = 0, j = 1, 4, (4.3)

where rmeas
i (rfit

i ) are measured (fitted) kinematic parameters of the positron, photon, and the291

proton candidate and σi are the measurement uncertainties of these parameters. The minimization292

is conveniently performed using penalty terms:293

χ2
pen =

9∑

i=1

(rfit
i − rmeas

i )2

σ2
i

+ T ·
4∑

j=1

[
fj(rfit

1 , ..., rfit
9 )

]2

(σf
j )2

, (4.4)

where σf
j are the propagated uncertainties of fj and T is a constant number. For sufficiently large294

T , the constraints are automatically satisfied after convergence of the minimization procedure. If295

more than one proton candidate is reconstructed, the one is selected that resulted in the smallest296

χ2
kin value from the kinematic event fit. The probability calculated from χ2

kin that a particular297

event satisfied the ep → epγ hypothesis is required to be larger than 0.01, a value that is adequate298

to ensure negligible background contamination. The performance of this event selection is studied299

using an appropriate mixture of simulated signal and background events [31, 32] (the simulation is300

described near the end of this section). Events satisfying all other previously mentioned constraints301

– 8 –

fj: 4 constraints of 4-momentum conservation 
& assuming proton mass 

Hypothesis: ep→epγ event
⇒ require: χ2<13.7 

Tag exclusive events via 
kinematic event fitting:
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HERMES: unresolved reference sample

54

Disentangling the effects of recoil-detector acceptance and purification

Loss due to
• lower-mom. threshold
• Φ-gaps of SSD

Deficit due to
• removal of background 
• inefficiencies of χ2 cut 
• recoil-det. ineffciencies
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HERMES: JHEP 10 (2012) 042

single-beam-charge

HERMES (with recoil proton): 
beam-helicity asymmetry

GPD H 
Im(τDVCS)

●  epγ detection: >99.8% purity of ep→ epγ
★ eγ detection: sample unresolved for 

   12%  resonant production, e.g. ep→ eΔ+γ
▲ eγ detection in recoil acceptance (reference)
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HERMES: beam-helicity asymmetry 
in ep→eγ(πN) in the Δ-resonance region

56

☛ The charged particle of (πN) 
reconstructed by the recoil 
detector.

☛ This result is consistent with 
the slight increase of the beam-
helicity asymmetry amplitude 
with recoil proton.

☛ Associated process acts as 
small dilution in the 
asymmetries for the unresolved 
sample.

HERMES: JHEP01 (2014) 077

☛ Only existing model 
prediction for sinϕ amplitude: 
π0p: -0.15, π+n: -0.10
P.A.M. Guichon, L. Mossé, M. Vanderhaeghen: 
Pion production in deeply virtual Compton 
scattering, Phys. Rev. D68, 034018 (2003).
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HERMES: beam-charge asymmetry 

57

✰ KM10

Global fit 
including data 

from JLab, 
HERMES and HERA 

colliders
(dashed excludes JLab 
Hall A cross section)
K. Kumericki and D. 

Müller, Nucl. Phys. B 841 
(2010) 1 

✰ GGL11
Model calculation

G. Goldstein, J. 
Hernandez and S. Liuti, 

Phys. Rev. D 84 034007 
(2011)
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HERMES: transverse target-spin asym.

58
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☐  Proton: 

Re(H) (incoherent)

■ Deuteron: 

Re(H1) (coherent @low -t)

Re(H) (incoherent @larger -t)

Target-Spin Asymmetry on p and d

59
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Beam-Helicity Asymmetry on p and d

60
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 ☐  unpolarized: Re(H1) 
■ tensor-polarized 

(Pzz=0.827): 
Re(H1-⅓H5)      

for coherent scattering 
at low values of -t

H5 
≡ tensor structure function 

in the forward limit

DVCS ALZZ (tensor 
asymmetry) sinϕ amplitude:

0.074 ± 0.196 ± 0.022
(-t<0.06 GeV2, 40% coherent)

GPDs H1, H5 

Search for tensor signature 1998–2000 longitudinally 
polarized deuteron data

Nucl. Phys. B 842 (2011) 265-298
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HERMES DVCS asymmetries on nuclei
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● Targets with 2 beam charges available.
AC and charge-difference ALU sensitive to 

DVCS-BH interference term

○ Targets with only one beam charge 
available.  No AC and single-charge ALU 

with entangled s1 coefficients

Beam-charge asymmetry
Beam-helicity asymmetry

1996–2005 nuclear data

Phys. Rev. C 81 (2010) 035202
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Selection of exclusive meson sample
lp→lpM

• No recoil proton detection: missing-energy technique assuming proton mass

• MC simulation of non-exclusive background and subtraction in exclusive ΔE 
bin (11% HERMES, 35% COMPASS))
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3














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%.

ΔE [GeV]

Yi
el

d 
[p

b/
G

eV
]
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30
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0 5 10 15

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 exclusive ρ0 

(proton 2002-05)

Transverse target spin asymmetries in exclusive ⇢0 muoproduction 7

 (GeV)missE
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en

ts/
0.
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0
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20000

30000 2 10 (GeV/c)≤ 22.4 < Q

Fig. 2: The Emiss distribution in the range 2.4 (GeV/c)2 < Q2  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, p2
T < 0.5 (GeV/c)2, the energy of the ⇢0 in

the laboratory system, E⇢0 > 15 GeV, and the photon virtuality, Q2 < 10 (GeV/c)2. An additional cut
p2

T > 0.05 (GeV/c)2 is used to reduce coherently produced events. As explained in Ref. [20] we use p2
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 hQ2i = 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 Q2, xBj , or p2

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 =
Nh+h+

i,data (Emiss)+Nh�h�
i,data (Emiss)

Nh+h+
i,MC (Emiss)+Nh�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,

Nback
k (�,�S). The distributions Nback

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.

COMPASS exclusive ρ0 

(proton 2007/10)

<Q2 >=1.95GeV2
<xB >=0.08

<−t>′=0.13GeV2
⟨Q2⟩ = 2.15 (GeV/c)2 

⟨xBj ⟩ = 0.039 
⟨p2T ⟩ = 0.18 (GeV/c)2
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- s-channel helicity conservation (SCHC)
  T→T, L→L

- s-channel helicity violation 

lp→lpV: Exclusive vector mesons
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• pQCD at sufficiently large Q2 and W: 1. γ*→(qqbar) 2. (qqbar) 
scatters off nucleon 3. formation of observed vector meson.

• Translated into Regge phenomenology: reggeon exchange 
with
JP=0+, 1-, 2+,... (Natural Parity Exchange) ↔ GPDs H, E
JP=0-, 1+,... (Unnatural Parity Exchange) ↔ GPDs H∿, E∿

• Cross section for exclusive leptoproduction 
of vector mesons:

• W parametrized by Spin Density Matrix Elements (SDME) 

• SDME describe the helicity transfer from γ* to V.

• Hierarchy of helicity amplitudes:
|T00|∿|T11| >> |T01|>|T10|>=|T1-1|
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Exclusive Vector Meson Production

> pQCD description of the process

 dissociation of the virtual photon into quark-antiquark pair

 scattering of a pair on a nucleon

 formation of the observed vector meson

>Natural parity exchange → GPDs

>Unnatural parity exchange → GPDs 

>Cross section

> Production and decay angular distribution: W decomposition

> Parameterization in terms of helicity amplitudes or SDMEs

 Diehl (2007)

 Schilling, Wolf (1973)

3

nisms. The first one, two-gluon exchange, is described
by the Feynman diagram shown in Fig. 2a. This pro-
cess transfers the same quantum numbers as pomeron
exchange in the Regge picture, and is anticipated to
exhibit a similar phenomenology. The second mecha-
nism is described by the exchange of a qq̄-pair, also
possibly with additional gluons connecting them, and
is called quark-exchange (Fig. 2b). The corresponding
process in Regge phenomenology [8] is the exchange
of “secondary” reggeons, such as ρ, ω, f2 and a2 in
the case of natural-parity exchange (NPE), in which
the spin J and parity P associated with the reggeon
trajectory are JP = 0+, 1−, 2+, ..., or π, a1, b1 mesons
with JP = 0−, 1+, ... in the case of “unnatural-parity”
exchange (UPE). In the GPD formalism, NPE (UPE)
processes are described by H and E (H̃ and Ẽ) GPDs.
In the intermediate energy range of the HERMES ex-
periment (3 GeV < W < 6 GeV) and the moderate
values of photon virtuality (1 GeV2 < Q2 < 7 GeV2)
both Regge phenomenology and pQCD may be applied
to describe exclusive vector meson production. The in-
terpretations they offer of the experimental data are
often complementary, although not necessarily consis-
tent.

The main focus of this work is on the measurement
of Spin Density Matrix Elements (SDMEs) of the ρ0

meson, which describe the distribution of final spin
states of this produced vector meson. These elements
depend on amplitudes for the angle- and momentum-
dependent transition processes between initial spin
states of the virtual photon and final spin states of the
produced vector meson. The values of SDMEs serve
to establish the hierarchy of helicity amplitudes that
are commonly used to describe exclusive ρ0 produc-
tion. In this way the relative importance of the vari-
ous γ∗ → ρ0 transitions is revealed. Two main order-
ing principles are observed in vector meson leptopro-
duction, s-channel helicity conservation (SCHC) and
the dominance of NPE over UPE mechanisms. SCHC
implies that only γ∗ → ρ0 transitions with the same
helicities of virtual photon and ρ0 occur in the reac-
tion when considered in the “hadronic” center-of-mass
frame (defined below). These concepts apply both in
the reggeon-exchange picture and in pQCD. In par-
ticular, we note that a signal of UPE is evidence of
quark-antiquark exchange (Fig. 2b), as the pomeron
has natural parity.

At high energies pomeron exchange dominates, and
secondary-reggeon exchanges with natural parity are
suppressed by a factor ∼ M/W [8] in their amplitudes;
M is an energy scale in Regge phenomenology cho-
sen to be equal to the nucleon mass. Also suppressed,
by a factor ∼ (M/W )2 [8], are the most important
unnatural-parity exchanges mediated by π, a1, and b1

reggeons. Therefore substantial UPE contributions can
be expected only at lower values of W .

In the pQCD framework, the leading-twist contri-
bution describes the transition of longitudinal photons

q

ρ0

qg

b)a)P P’ P’P

γ

g

0γ∗ ∗ ρ

Fig. 2. Examples of a) a two-gluon exchange diagram and
b) a quark-exchange diagram, shown for the lowest order
in the strong coupling constant αs.

to longitudinal vector mesons, which is s-channel he-
licity conserving and corresponds to natural-parity ex-
change. As it is not agreed how strongly the various
other contributions are suppressed at a given energy,
measurements of SDMEs in the HERMES kinematics
help to distinguish these contributions and are of par-
ticular interest. Non-conservation of s-channel helicity
in exclusive ρ0 production was already observed at col-
lider energies [9–11]. At lower energies it was observed
at HERMES [12], and for exclusive ω production at
CLAS [13].

At sufficiently large values of W , experiments are
typically sensitive to partons that carry small nucleon
momentum fraction x, where the parton density in the
nucleon is dominated by gluons. High-energy data of
H1 and ZEUS [9–11,14] are well described by two-
gluon exchange. At lower values of W , larger values
of x are probed, where the parton density in the nu-
cleon receives significant contributions from quarks.
Indeed, a contribution from the quark-exchange mech-
anism has been suggested to be necessary to describe
exclusive ρ0 production at intermediate virtual-photon
energies, as in the case of the HERMES data [15–18]
and corresponding calculations [19–22].

In leptoproduction, the spin transfer from the vir-
tual photon to the vector meson is commonly described
by helicity amplitudes, from which SDMEs can be con-
structed. The detection of the scattered lepton and the
vector meson decay products allows one to reconstruct
the full reaction kinematics and the three-dimensional
angular distribution of the production and decay of
the ρ0 meson. For an unpolarized or helicity-balanced
lepton beam, the expression for this distribution con-
tains a set of “unpolarized” SDMEs as coefficients. An
additional set of “polarized” SDMEs, which appear in
products with the beam polarization in the expression
for the angular distribution with polarized beam, can
be determined if information on the longitudinal polar-
ization of the lepton beam is available [23,24]. In a very
recent new classification scheme of SDMEs [25], also
the cases of longitudinal and transverse target polar-
izations are described. However, the analysis in this pa-
per follows the representation introduced in Ref. [23].
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Vector meson production and decay
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• Φ (preliminary analysis)
- Hierarchy of amplitudes
- Helicity-conserving amplitudes 
10-20% larger than for ρ0

HERMES: Rho, Phi, and Omega SDME

65

• ρ0 

- Hierarchy of amplitudes
- Small deviation from 0 for helicity-flip 
amplitudes
- Contributions of UPE

• ω 
- Hierarchy of amplitudes
- Significant role of UPE

7

where FλV λ′

N ;λγλN
denotes the helicity amplitude of

the γ∗N → ρ0N transition defined in (13). The nor-
malization factor is given by

N = NT + εNL, (26)

with

NT =
∑̃

(|T11|2 + |T01|2 + |T−11|2

+ |U11|2 + |U01|2 + |U−11|2), (27)

NL =
∑̃

(|T00|2 + 2|T10|2 + 2|U10|2). (28)

Equation (28) is obtained by using symmetry relations
(18) and (19).

If the spin density matrix of the photon is decom-
posed into the standard set of nine hermitian matrices
Σα (α = 0, 1, ..., 8), a set of nine matrices ρα

λV λ′

V
is

obtained for the vector meson [23]:

ρα
λV λ′

V
=

1

2Nα

∑

λγλ′

γλ′

N λN

FλV λ′

N ;λγλN
Σα

λγλ′

γ
F ∗

λ′

V λ′

N ;λ′

γλN

≡ 1

Nα

∑̃
λγλ′

γ

FλV λγ
Σα

λγλ′

γ
F ∗

λ′

V λ′

γ
. (29)

The four matrices ρα for α = 0, 1, 2, 3 in (29) describe
vector meson production by transverse virtual pho-
tons: unpolarized, linearly polarized in two orthogonal
directions, and circularly polarized, respectively. For
these cases Nα = NT . Vector meson production by
longitudinal virtual photons corresponds to α = 4 in
(29) and Nα = NL. The interference between the amp-
litudes of vector meson production by transverse and
longitudinal virtual photons is described by (29) for
α = 5, 6, 7, and 8 with Nα =

√
NTNL.

3.4 Cross Sections

The differential cross section of the reaction γ∗N →
ρ0N → π+π−N is given by

dσfull(W,Q2)

dt dΦ dφ d cosΘ
=

f(W,Q2)

4π

×
∑

λγλ′

γλV λ′

V λN λ′

N

FλV λ′

N ;λγλN
+U+L

λγλ′

γ
(ε,Φ) F ∗

λ′

V λ′

N ;λ′

γλN

× Y1λV
(φ, cosΘ) Y ∗

1λ′

V
(φ, cosΘ), (30)

in terms of +U+L
λγλ′

γ
, the virtual-photon spin density ma-

trix, the helicity amplitudes FλV λ′

N ;λγλN
describing

the transition of the virtual photon with helicity λγ

to the vector meson with helicity λV , and the spher-
ical harmonics Y1m(φ, cosΘ),m = ±1, 0 (defined as
in [23,14,25]) that describe the angular distribution of

the pions from the decay ρ0 → π+ +π−. It is assumed
here that the branching ratio of the ρ0-meson decay
into π+π− is 100%. The kinematic factor

f(W,Q2) =
1

16π(ν2 + Q2)
(31)

in (30) accounts for the fact that the flux of transverse
photons in electroproduction is not unity (see Ref. [23]
for the relation of the differential virtual-photon cross
section to the differential electroproduction cross sec-
tion).

The singly differential cross section dσfull

dt for ρ0

meson production is obtained by integrating (30) over
Φ, φ, cosΘ. The integration over Φ eliminates the
interference between contributions of transverse and
longitudinal photons and makes the photon density
matrix diagonal. For this case, the full differential cross
section becomes the linear combination of the cross
sections dσT

dt and dσL

dt of vector meson production with
transverse and longitudinal photons, respectively:

dσfull

dt
= ε

dσL

dt
+

dσT

dt
, (32)

where

dσi

dt
(W,Q2, t) = f(W,Q2)Ni(W,Q2, t), (33)

for i = L, T , where NT and NL are defined in (27) and
(28), respectively.

The “differential” longitudinal-to-transverse cross
section ratio is defined as:

R(W,Q2, t) ≡ dσL

dt
/
dσT

dt
=

NL

NT
. (34)

The complete representation for R in terms of helicity
amplitudes is obtained by inserting (28) and (27) into
(34). Approximate expressions for R related to SCHC
or NPE will be discussed in section 11.

3.5 Accessible Spin Density Matrix Elements

For an unpolarized target and a longitudinally polar-
ized beam, the 3-dimensional angular distribution of
ρ0 production and decay is described by 26 matrix el-
ements ρα

λV λ′

V
[23]. If the experiment can be performed

only at one beam energy, the matrix elements ρ0
λV λ′

V

and ρ4
λV λ′

V
cannot be disentangled, so that only 23 el-

ements are accessible. It is customary to extract from
the experimental data the following elements:

r04
λV λ′

V
= (ρ0

λV λ′

V
+ εRρ4

λV λ′

V
)/(1 + εR),

rα
λV λ′

V
=






ρα
λV λ′

V

(1+εR) , α = 1, 2, 3,
√

Rρα
λV λ′

V

(1+εR) , α = 5, 6, 7, 8.
(35)
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Fig. 12. Comparison of SDMEs in exclusive ! and ⇢

0 [20] electroproduction at HERMES for the entire kinematic region.
The average values of the kinematic variables in exclusive ⇢

0 production are hQ2i = 1.95 GeV2, hW i = 4.8 GeV, and h�t

0i =
0.13 GeV2.
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ratio for exclusive ! and ⇢

0 electroproduction at HERMES, where the �t

0 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 Q2 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 �t0 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 �t0 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 �t0 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)(2r1
1�1 � r1

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 ⇡
2r1

1�1 � r1
00

1 � r04
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
Q2 and �t0 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 + u2

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
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6

fraction. The uncertainty due to the angular dependence
and asymmetry of the background was taken as the dif-
ference between a fit with a background with no angular
dependence and asymmetry, and one having the same
angular dependence and asymmetry as the data. The
resulting uncertainty was found to be negligible.

The influence of the net beam polarization of approxi-
mately 0.095 was estimated by including the SDMEs for
WLU and WLT in the fit. Even if the latter had large
uncertainties, the influence on the ones for WUT was
negligible. The data presented in Fig. 5 are effectively
integrated over all or two of the variables Q2, xB, and
t′ within the experimental acceptance. The effect of this
kinematic averaging was estimated by comparing the re-
sults of a Monte Carlo simulation that included a mod-
elled dependence of the asymmetry on these variables
with the model input values at the average kinematics.
Also this effect was found to be negligible.

In the extraction of the SDMEs the small longitudi-
nal component of the target polarization with respect to
the direction of the virtual photon (the average value
of |SL/PT | was 0.072) was neglected. This component
introduces a term SLWUL, which is described by 14
SDMEs. As the value of SL is small, these SDMEs can-
not be determined from the present data. A system-
atic uncertainty was estimated by using several sets of
random values obeying the positivity bounds given in
Ref. [11] for these SDMEs, and evaluating the resultant
changes. Changes of on average 55% of the statistical
uncertainty were found, with a maximum of 76% for one
SDME (Im(s−+

++ + εs−+
0 0 )). This is the main source of

systematic uncertainty.

Lastly there are systematic uncertainties arising from
misalignment of the detector, detector smearing effects,
and bending of the beam and produced charged particles
in the transverse holding field of the target magnet. The
uncertainties due to all effects together were investigated
with a Monte Carlo simulation of the possible influence
of these effects. The resultant uncertainty was found to
be negligible.

The resulting SDMEs are shown in Fig. 4. Almost
all of them are consistent with zero within 1.5σ, where
σ represents the total uncertainty in the value of an
SDME. Note that these include s-channel helicity con-
serving SDMEs. Similar SDMEs in the unpolarized case
were found [12] to be non-zero and large (0.4 - 0.5).
The SDMEs Im

(
s 0+

0+ − s−0
0+

)
, Im s−+

−+ , and Imn 0 0
0+ de-

viate more than 2.5σ from zero. The former two involve
the interference between natural (N) and unnatural (U)
parity exchange amplitudes [11]. For instance, Im s 0+

0+

contains the product N 0+
0+ (U ++

+−
)∗ and Im s−+

−+ contains
the product N −+

−+ (U ++
+−

)∗. The detailed analysis of unpo-
larized data has shown that N 0+

0+ and N −+
−+ are dominant

N amplitudes. The U amplitudes presumably are small,
as they are suppressed at large Q2. However, U ++

+−
is rel-
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FIG. 5: The extracted amplitudes of the sin(φ − φS) com-
ponent of AUT for longitudinally (top) and transversely po-
larized (bottom) ρ0 mesons. The inner error bars represent
the statistical uncertainties. The full error bars represent
the quadratic sum of the statistical and systematic uncer-
tainties. In addition there is an overall scale uncertainty of
8.1% from the uncertainty in the target polarization.

atively large [12, 20]. The SDME Imn 0 0
0+ corresponds to

a γ∗T → ρL transition, the SDMEs of which were found
to be non-zero in the unpolarized case. The value of
−0.069 ± 0.022 measured for Im n 0 0

0+ is another indica-
tion of violation of SCHC in the γ∗T → ρL transition.

As mentioned, the sin(φ − φS) term in the transverse
target-spin asymmetry for production of longitudinally
polarized ρ0 mesons is of special importance because of
its sensitivity to the GPD E. The amplitude of this term
is given in terms of SDMEs as [11]

ALL,sin(φ−φS)
UT =

Im
(
n 0 0

++ + εn 0 0
0 0

)

u 0 0
++ + εu 0 0

0 0

. (9)

The resultant values for all selected data and for bins in
x, Q2, and t′ are shown in Fig. 5 (top). They are all
zero within the error bars. Because the SCHC violat-
ing terms Im(n 0 0

++ ) and u 0 0
++ in Eq. 9 require a double

helicity flip (see Ref. [11] for details), they presumably

can be neglected. Then the value of ALL,sin(φ−φS)
UT =

−0.035± 0.103 2 can be compared to the results of GPD
calculations for the production of a longitudinally po-

2 This is the value for ’all’ data, which has average kinematics
< Q2 >= 1.95 GeV2, < xB >= 0.08, and < −t >′= 0.13 GeV2.
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8 Results and comparison to model predictions

The transverse target spin asymmetries A
sin(���S)
UT measured on proton and deuteron are shown in Fig. 9

as a function of xBj , Q2 or p2
T , upon integrating over the two other variables. For both targets the

asymmetries are found to be small and consistent with zero within statistical uncertainties. Note that
this is the first measurement of A

sin(���S)
UT for transversely polarised deuterons. The numerical values for
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Fig. 9: Transverse target spin asymmetries A
sin(���S)
UT measured on proton (upper) and deuteron (lower)

as a function of xBj , Q2 and p2
T . Error bars show statistical uncertainties, while the systematic ones are

represented by grey bands at the bottom. The curves show the predictions of the GPD model [41] using
the set of parameters called ‘variant 1’. They are calculated at W = 8.1 GeV/c2 and p2

T = 0.2 (GeV/c)2

for the left and middle panels, and at W = 8.1 GeV/c2 and Q2 = 2.2 (GeV/c)2 for the right panels. The
theoretical error bands reflect uncertainties of GPD parameterisations.

A
sin(���S)
UT are presented in Table 4 for each xBj , Q2 and p2

T bin, together with statistical and system-
atic uncertainties. Also, average values of kinematic variables for each bin are given. Averaged over
the COMPASS kinematic region, the values of A

sin(���S)
UT are �0.002±0.010(stat)±0.003(sys) for the

proton and 0.02±0.03(stat)±0.02(sys) for the deuteron.

The results of a similar measurement of the asymmetry A
sin(���S)
UT for ⇢0 production on the proton target

by the HERMES experiment [19] are also consistent with zero within total experimental uncertainties.
The separate asymmetries for longitudinally and transversely polarised ⇢0 mesons were found by HER-
MES [20] to be consistent with zero as well.

Theoretical predictions for A
sin(���S)
UT for ⇢0 are given by the GPD model of Goloskokov and Kroll [41].

In this model, electroproduction of a light vector meson V at small xBj is analysed in the handbag ap-
proach, in which the amplitude of the process is a convolution of GPDs with amplitudes for the partonic
subprocesses �⇤qf ! V qf and �⇤g! V g. The partonic subprocess amplitudes, which comprise corre-
sponding hard scattering kernels and meson DAs, are calculated in the modified perturbative approach
where the transverse momenta of quarks and antiquarks forming the vector meson are retained and Su-
dakov suppressions are taken into account. The model gives predictions for contributions from both

COMPASS deuteron NPB 865 (2012) 1 

Blue curves: prediction from phenomenological 
GPD-based GK model 2009
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Fig. 3: Single-spin azimuthal asymmetries for a transversely (T) polarised target and unpolarised (U)
beam. The error bars (bands) represent the statistical (systematic) uncertainties. The curves show the
predictions of the GPD model [25]. They are calculated for the average W , Q2 and p2

T of our data set,
W = 8.1 GeV/c2 and p2

T = 0.2 (GeV/c)2 for the left and middle panels, and at W = 8.1 GeV/c2 and Q2

= 2.2 (GeV/c)2 for the right panels. The asymmetry A
sin(3���S)
UT is assumed to be zero in this model.

and meson helicities 0 and ±1, respectively. These GPDs are used since several years to describe DVCS
and HEMP data. The suppressed �⇤T ! ⇢0

T transitions are described by the helicity amplitudesM++,++
andM+�,++, which are likewise related to H and E. By the recent inclusion of transverse, i.e. chiral-
odd GPDs, it became possible to also describe �⇤T ! ⇢0

L transitions. In their description appear the
amplitudesM0�,++ related to chiral-odd GPDs HT [23, 25] andM0+,++ related to chiral-odd GPDs
ET [22]. The double-flip amplitudeM0�,�+ is neglected. The transitions �⇤L! ⇢0

T and �⇤T ! ⇢0
�T are

known to be suppressed and hence neglected in the model calculations.

All measured asymmetries agree well with the calculations of Ref. [25]. In Eq. (12), the first two terms
represent each a combination of chiral-even GPDs H and E. The inclusion of chiral-odd GPDs by
the third term has negligible impact on the behaviour of A

sin(���S)
UT , as can be seen when comparing

calculations of Refs. [9] and [25]. The asymmetry A
sin(���S)
UT itself may still be of small magnitude,

because for GPDs E in ⇢0 production the valence quark contribution is expected to be not large. This is
interpreted as a cancellation due to different signs and comparable magnitudes of GPDs Eu and Ed [20].
Furthermore, the small gluon and sea contributions evaluated in the model of Ref. [9] cancel here to a
large extent. The asymmetries Asin�S

UT and Acos�S
LT represent imaginary and real part, respectively, of the

same difference of two productsM⇤M of two helicity amplitudes, where the first term of this difference
represents a combination of GPDs HT and H , and the second a combination of ET and E. As can be
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beam. The error bars (bands) represent the statistical (systematic) uncertainties. The curves show the
predictions of the GPD model [25]. They are calculated for the average W , Q2 and p2

T of our data set,
W = 8.1 GeV/c2 and p2

T = 0.2 (GeV/c)2 for the left and middle panels, and at W = 8.1 GeV/c2 and Q2

= 2.2 (GeV/c)2 for the right panels. The asymmetry A
sin(3���S)
UT is assumed to be zero in this model.

and meson helicities 0 and ±1, respectively. These GPDs are used since several years to describe DVCS
and HEMP data. The suppressed �⇤T ! ⇢0

T transitions are described by the helicity amplitudesM++,++
andM+�,++, which are likewise related to H and E. By the recent inclusion of transverse, i.e. chiral-
odd GPDs, it became possible to also describe �⇤T ! ⇢0

L transitions. In their description appear the
amplitudesM0�,++ related to chiral-odd GPDs HT [23, 25] andM0+,++ related to chiral-odd GPDs
ET [22]. The double-flip amplitudeM0�,�+ is neglected. The transitions �⇤L! ⇢0

T and �⇤T ! ⇢0
�T are

known to be suppressed and hence neglected in the model calculations.

All measured asymmetries agree well with the calculations of Ref. [25]. In Eq. (12), the first two terms
represent each a combination of chiral-even GPDs H and E. The inclusion of chiral-odd GPDs by
the third term has negligible impact on the behaviour of A

sin(���S)
UT , as can be seen when comparing

calculations of Refs. [9] and [25]. The asymmetry A
sin(���S)
UT itself may still be of small magnitude,

because for GPDs E in ⇢0 production the valence quark contribution is expected to be not large. This is
interpreted as a cancellation due to different signs and comparable magnitudes of GPDs Eu and Ed [20].
Furthermore, the small gluon and sea contributions evaluated in the model of Ref. [9] cancel here to a
large extent. The asymmetries Asin�S

UT and Acos�S
LT represent imaginary and real part, respectively, of the

same difference of two productsM⇤M of two helicity amplitudes, where the first term of this difference
represents a combination of GPDs HT and H , and the second a combination of ET and E. As can be
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2 Exclusive omega production with the transversely polarised
NH3 target of 2010

We have performed the complete measurement of the five transverse target single-spin asym-
metries AUT and the three transverse target double-spin asymmetries ALT for exclusive !
muon-production from transversely polarised protons. The data were taken in 2010, without
recoil proton detector, since the polarised NH3 target with the long thick target magnet was
used. The selection of exclusive ! production is done using only the method of the invariant
missing mass (see Eq. 1).

These asymmetries are sensitive to all types of GPDs, including the chiral-odd or ’trans-
verse’ GPDs HT and ĒT related to transversity and Boer-Mulders TMDs respectively. In
particular, the leading-twist asymmetry A

sin(���S)
UT is sensitive to the chiral-even GPDs E,

which are linked to the orbital angular momentum of quarks. This analysis complements the
exclusive ⇢0 production studies [1, 2]. The phenomenological GPD model of Goloskokov and
Kroll [3] predicts a sizable value for the asymmetry A

sin(���S)
UT for ! and a small one for ⇢0.

The di↵erence between both predictions can be explained by the di↵erent quark contribution
in flavour dependent wave function of the mesons. The combinations of GPDs E reached in
these two processes are:

E⇢0
= 1/

p
2(2/3Eu + 1/3Ed + 3/8Eg)

E! = 1/
p

2(2/3Eu � 1/3Ed + 3/8Eg) (5)

There is a cancellation between the small gluon and sea contributions to a large extent and
the contributions for the GPDs Eu and Ed are large but with opposite sign and the resulting
contribution is therefore smaller for ⇢ than for !.

However the GPDs contribution for ! production is entangled with pion exchange con-
tribution which wss rather small for ⇢ production. The result of the five transverse target
single-spin asymmetries AUT is presented in Fig. 4 and compared to the GPD model with
and without the addition of the pion pole contributions. The sign of the ⇡! transition form
factor is not yet known and our results do not allow its unambigous determination.

5

Different mesons filter 
different quark flavors

Cancellation effects expected for ρ production. 
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I Allow extraction of 8 asymmetries
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sin(���S )
UT / Im (E?H)

I E & H are convolution integrals of
hard scattering kernels and the
subprocess amplitude �⇤ ! ⇢0

with GPDs E & H where:

E⇢0 =
1
p
2
(
2

3
Eu +

1

3
Ed +

3

4
Eg )

E! =
1
p
2
(
2

3
Eu �

1

3
Ed +

1

4
Eg )

I 8 GPDs for quarks and gluons:
H, eH, E , eE , HT , eHT , ET , eET

! Constrain GPD E

Goloskokov & Kroll

Eur.Phys.J.C 59 (2009)

Hard exclusive meson production - GPDs

Katharina Schmidt On behalf of the COMPASS Collaboration

Hard Exclusive Measurements at COMPASS

! Constrain GPD E

I Allow extraction of 8 asymmetries

I They are sensitive to di↵erent
combinations of GPDs e.g.:

A
sin(���S )
UT / Im (E?H)

I E & H are convolution integrals of
hard scattering kernels and the
subprocess amplitude �⇤ ! ⇢0

with GPDs E & H where:

E⇢0 =
1
p
2
(
2

3
Eu +

1

3
Ed +

3

4
Eg )

E! =
1
p
2
(
2

3
Eu �

1

3
Ed +

1

4
Eg )

I 8 GPDs for quarks and gluons:
H, eH, E , eE , HT , eHT , ET , eET

! Constrain GPD E

Goloskokov & Kroll

Eur.Phys.J.C 59 (2009) Goloskokov, Kroll 
EJC 59 (2009)

Asin�S

UT sensitive to chiral-odd GPD HT (analogous to transversity TMD).

GPD E linked to quark orbital angular momentum.
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20 3. Data selection

3.7 Exclusive ! sample

The ! meson is reconstructed via two charged hadrons and two photons. We assume
that hadrons are ⇡+ and ⇡�, while photons come from the ⇡0 decay. Fig. 3.8 shows
the corresponding invariant mass spectrum that shows clearly the ! resonance around
the nominal position, MPDG

!

= 782.65GeV/c2. For the further analysis we apply the
following cut on the invariant mass

|M
⇡

+
⇡

�
��

�MPDG

!

| < 0.07GeV/c2 , (3.8)

that corresponds to the 3� region around MPDG

!

.
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Figure 3.8: Distribution of M⇡+⇡�⇡0 . All cuts listed in Table 3.2 are applied here except the
cut on M⇡+⇡�⇡0 . The accepted events are denoted by the grey colour.

3.7.1 Missing energy

The exclusivity is verified by using the missing energy, E
miss

. The value of E
miss

is
calculated for each event from the four-momenta p, q and ! of proton, virtual photon
and ! meson, respectively,

E
miss

=
M2

X

�M2

p

2M
p

=
(p+ q � !)2 �M2

p

2M
p

. (3.9)

Here, M
p

denotes the proton mass, whileM
X

denotes the mass of the undetected recoiled
system. The distribution of E

miss

is shown in Fig. 3.9, where the exclusive peak at
E

miss

⇡ 0GeV is clearly visible.

To extract the asymmetries we use events summed up from two ranges of E
miss

,

� 3 GeV < E
miss

< 3 GeV [ 7 GeV < E
miss

< 20 GeV . (3.10)

The first range of E
miss

accounts for both signal and semi-inclusive background events.
The boundaries of this range have been chosen by us to cover ±2� region of the exclusive
peak. Since we are not able to distinguish between signal and background asymmetries,

COMPASS proton publication in preparation
reconstruction of 

2 charged hadrons 
& 2 photons

1 2 3 4
-0.5

0

0.5 1 2 3 4
-0.5

0

0.5 1 2 3 4
-0.5

0

0.5 1 2 3 4
-0.5

0

0.5 1 2 3 4

-0.5

0

0.5 COMPASS 2010 proton data
preliminary

0 0.05 0.1
-0.5

0

0.5 0 0.05 0.1
-0.5

0

0.5 0 0.05 0.1
-0.5

0

0.5 0 0.05 0.1
-0.5

0

0.5 0 0.05 0.1

-0.5

0

0.5

0 0.1 0.2 0.3
-0.5

0

0.5 0 0.1 0.2 0.3
-0.5

0

0.5 0 0.1 0.2 0.3
-0.5

0

0.5 0 0.1 0.2 0.3
-0.5

0

0.5 0 0.1 0.2 0.3

-0.5

0

0.5

) sφ-φ
si

n(
U

T
A

-0.5

0

0.5

]2)c [(GeV/2Q
1 2 3 4

) sφ+φ
si

n(
U

T
A

-0.5

0

0.5

) sφ-φ
si

n(
2

U
T

A

-0.5

0

0.5

) sφ-φ
si

n(
3

U
T

A

-0.5

0

0.5

sφ
si

n 
U

T
A

-0.5

0

0.5

Bjx
0 0.05 0.1

]2)c [(GeV/2
T

p
0 0.1 0.2 0.3

Figure 4: Final results for the five transverse target single-spin asymmetries AUT . The curves
show the predictions of the GPD model [3]. They are calculated for the average W , Q2 and p2

T
of the COMPASS data set, W= 7.1GeV/c2 and p2

T = 0.17 (GeV/c)2 for the left and middle
panels and W = 7.1 GeV/c2 and Q2 = 2.2 (GeV/c)2 for the right panels. The dashed red
and dotted blue curves represent the predictions with the positive and negative contributions
of the pion pole, respectively, while the solid black curve represents the predictions without
the pion pole.
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xBj and p2T

I GK model predictions
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I no pion pole
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I Contribution from pion pole is
I small for ⇢0 production
I sizable for ! production

Goloskokov & Kroll
Eur.Phys.J. A50 (2014) 9, 164
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5. Results

The values of asymmetries measured for the available sample of data together with the
overall systematic uncertainties, see Sec. 6, are shown in Fig. 5.1. For each asymmetry
the values of magnitude, statistical and systematic uncertainties are given in Table 5.1.

In addition to the extraction from the integrated sample of data, the values of asymme-
tries have been measured also in bins of Q2, x

Bj

or p2
T

. The measured values together
with the overall systematic uncertainties are shown in Fig. 5.2 and 5.3 for the single
and double spin asymmetries, respectively. For each asymmetry and kinematic bin the
values of magnitude, statistical and systematic uncertainties are given in Table 5.2.

A
-1.5 -1 -0.5 0 0.5 1 1.5

COMPASS 2010 proton data
preliminary

sφcos 
LTA

)sφ-φcos(2
LTA

)sφ-φcos(
LTA

sφsin 
UTA

)sφ-φsin(3
UTA

)sφ-φsin(2
UTA

)sφ+φsin(
UTA

)sφ-φsin(
UTA

Figure 5.1: Final results on the physics asymmetries. Grey bands indicate the total systematic
uncertainty. For the mean values of selected kinematic variables see Table 4.2.
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transition form factor.
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HERMES: too large experimental uncertainties 
to constrain sign of πω transition form factor.

Goloskokov, Kroll, Eur. Phys. J. A (2014) 50: 146
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Fig. 10. sin(φ−φs) (left) and sin φs (right) modulations of AUT versus t′ for ω production at W = 4.8 GeV and Q2 = 2.42 GeV2.
The solid (dotted) lines represent our results from the handbag approach with a positive (negative) πω form factor; the
dashed lines are the results without the pion pole. The dash-dotted (dash-dot-dotted) lines are predictions at W = 8 GeV
and Q2 = 2.42 GeV2 with a postive (negative) πω form factor. The ε-dependent prefactors of the asymmetries are included,
see [29,44].

We refrain from showing predictions for the ω SDMEs
at W = 3.5 and 8GeV typical for the upgraded JLab and
the COMPASS experiment, respectively. The results at
these energies look similar to those at W = 4.8GeV. At
3.5GeV the results are further away from those obtained
under neglect of the pion-pole contribution, at 8GeV they
are closer.

6 Spin asymmetries

In [29] we have investigated various spin asymmetries and
it is now obligatory to check whether the results presented
in [29] will be substantially changed by the inclusion of
the pion pole or not. In this connection we can also ex-
amine whether there are asymmetries which are sensitive
to the sign of the πV transition form factor. Expressing
the asymmetries for longitudinal and transverse beam and
target polarizations, AUT , ALT , ALU , AUL, ALL, in terms
of helicity amplitudes [29,44], we find two potentially large
interference terms with the pion-pole contribution

MN∗(γ∗
T → VT )MU (γ∗

L,T → VT ) (35)

and
MU∗(γ∗

T → VT )MU (γ∗
L,T → VT ). (36)

The imaginary part of the latter interference term reduces
to that of the contributions from H̃ and the pion pole. This
term as well as the one given in (35) change sign with the
transition form factor and mainly affect AUT and AUL.
The pion pole affects all spin asymmetries through the
normalization, the unseparated cross section. This effect
is however substantial only for ω production at energies
less than about 6GeV. Note that the term

Re
∑

ν′

MU∗
+−ν′,++MU

+ν′,0+, (37)

contributing to the cosφs modulation of ALT , is zero4.
Two examples of our predictions for asymmetries in ω

leptoproduction are shown in fig. 10. The effects of the
pion pole are particularly large for these asymmetries and
the sign of the πγ form factor matters.

For ρ0 production only little effects are generated by
the pion pole. The agreement of our previous results with
the experimental data on AUT and ALT [45–47] remains
true. For ω production at W " 8GeV the pion pole
still affects somewhat the asymmetries, in particular the
sin(φ−φs) and sinφs modulations of the transverse target
asymmetry AUT , which are even sensitive to the sign of
the πω transition form factor (see fig. 10).

7 Summary

In the present work we have analyzed the data on the
SDMEs of the omega meson measured by the HERMES
Collaboration [4] recently. In this analysis we have made
use of the handbag approach and exploited a set of GPDs
extracted by us from data on leptoproduction of ρ0, φ
and π+ mesons [9–11]. In addition we have allowed for
the pion pole which, as it turns out, plays a very impor-
tant role in ω production. The coupling of the exchanged
pion to the proton is known from other sources (see, for
instance, [10, 11]) while that to the virtual photon and
the ω meson, i.e. the πω transition form factor, is fixed
from the ω SDMEs. With the exception of this form fac-
tor there is no free parameter in our analysis. We have ob-
tained reasonable values for this form factor and in general
a fair description of the HERMES data on ω production

4 φs is the orientation of the target spin vector with respect
to the lepton plane and φ specifies the azimuthal angle between
the lepton and the hadron plane.

Eur. Phys. J. A (2014) 50: 146 Page 11 of 13

Fig. 10. sin(φ−φs) (left) and sin φs (right) modulations of AUT versus t′ for ω production at W = 4.8 GeV and Q2 = 2.42 GeV2.
The solid (dotted) lines represent our results from the handbag approach with a positive (negative) πω form factor; the
dashed lines are the results without the pion pole. The dash-dotted (dash-dot-dotted) lines are predictions at W = 8 GeV
and Q2 = 2.42 GeV2 with a postive (negative) πω form factor. The ε-dependent prefactors of the asymmetries are included,
see [29,44].

We refrain from showing predictions for the ω SDMEs
at W = 3.5 and 8GeV typical for the upgraded JLab and
the COMPASS experiment, respectively. The results at
these energies look similar to those at W = 4.8GeV. At
3.5GeV the results are further away from those obtained
under neglect of the pion-pole contribution, at 8GeV they
are closer.

6 Spin asymmetries

In [29] we have investigated various spin asymmetries and
it is now obligatory to check whether the results presented
in [29] will be substantially changed by the inclusion of
the pion pole or not. In this connection we can also ex-
amine whether there are asymmetries which are sensitive
to the sign of the πV transition form factor. Expressing
the asymmetries for longitudinal and transverse beam and
target polarizations, AUT , ALT , ALU , AUL, ALL, in terms
of helicity amplitudes [29,44], we find two potentially large
interference terms with the pion-pole contribution

MN∗(γ∗
T → VT )MU (γ∗

L,T → VT ) (35)

and
MU∗(γ∗

T → VT )MU (γ∗
L,T → VT ). (36)

The imaginary part of the latter interference term reduces
to that of the contributions from H̃ and the pion pole. This
term as well as the one given in (35) change sign with the
transition form factor and mainly affect AUT and AUL.
The pion pole affects all spin asymmetries through the
normalization, the unseparated cross section. This effect
is however substantial only for ω production at energies
less than about 6GeV. Note that the term

Re
∑

ν′

MU∗
+−ν′,++MU

+ν′,0+, (37)

contributing to the cosφs modulation of ALT , is zero4.
Two examples of our predictions for asymmetries in ω

leptoproduction are shown in fig. 10. The effects of the
pion pole are particularly large for these asymmetries and
the sign of the πγ form factor matters.

For ρ0 production only little effects are generated by
the pion pole. The agreement of our previous results with
the experimental data on AUT and ALT [45–47] remains
true. For ω production at W " 8GeV the pion pole
still affects somewhat the asymmetries, in particular the
sin(φ−φs) and sinφs modulations of the transverse target
asymmetry AUT , which are even sensitive to the sign of
the πω transition form factor (see fig. 10).

7 Summary

In the present work we have analyzed the data on the
SDMEs of the omega meson measured by the HERMES
Collaboration [4] recently. In this analysis we have made
use of the handbag approach and exploited a set of GPDs
extracted by us from data on leptoproduction of ρ0, φ
and π+ mesons [9–11]. In addition we have allowed for
the pion pole which, as it turns out, plays a very impor-
tant role in ω production. The coupling of the exchanged
pion to the proton is known from other sources (see, for
instance, [10, 11]) while that to the virtual photon and
the ω meson, i.e. the πω transition form factor, is fixed
from the ω SDMEs. With the exception of this form fac-
tor there is no free parameter in our analysis. We have ob-
tained reasonable values for this form factor and in general
a fair description of the HERMES data on ω production

4 φs is the orientation of the target spin vector with respect
to the lepton plane and φ specifies the azimuthal angle between
the lepton and the hadron plane.

HERMES: EPJ C 75 (2015) 600
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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 �t

0. 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 N
MC

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

A
corr

=
A

meas

� f
bg

A
bg

1� f
bg

, (8)

where A
corr

is the corrected asymmetry amplitude, A
meas

is the measured asymmetry amplitude, f
bg

is the frac-
tion of the SIDIS background and A

bg

is its asymmetry
amplitude. While A

meas

is evaluated in the exclusive re-
gion, A

bg

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, �A

corr

=
A

corr

� A
meas

, 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 A

corr

and A
meas

. This approach also

covers the small uncertainty on f
bg

. 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 A
UT

and two A
UU

amplitudes,
as determined in the entire kinematic region, are shown
in Table 1. These results are presented in Table 3 in two
intervals of Q2 and �t0, 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

A

sin(�+�S)

UT �0.06 ± 0.20 ± 0.02

A

sin(���S)

UT �0.12 ± 0.19 ± 0.03

A

sin(�S)

UT 0.26 ± 0.27 ± 0.05

A

sin(2���S)

UT 0.03 ± 0.16 ± 0.01

A

sin(3���S)

UT 0.13 ± 0.15 ± 0.03

A

cos(�)
UU �0.01 ± 0.11 ± 0.10

A

cos(2�)
UU �0.17 ± 0.11 ± 0.05
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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 �t

0. 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 N
MC

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

A
corr

=
A

meas

� f
bg

A
bg

1� f
bg

, (8)

where A
corr

is the corrected asymmetry amplitude, A
meas

is the measured asymmetry amplitude, f
bg

is the frac-
tion of the SIDIS background and A

bg

is its asymmetry
amplitude. While A

meas

is evaluated in the exclusive re-
gion, A

bg

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, �A

corr

=
A

corr

� A
meas

, 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 A

corr

and A
meas

. This approach also

covers the small uncertainty on f
bg

. 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 A
UT

and two A
UU

amplitudes,
as determined in the entire kinematic region, are shown
in Table 1. These results are presented in Table 3 in two
intervals of Q2 and �t0, 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

A

sin(�+�S)

UT �0.06 ± 0.20 ± 0.02

A

sin(���S)

UT �0.12 ± 0.19 ± 0.03

A

sin(�S)

UT 0.26 ± 0.27 ± 0.05

A

sin(2���S)

UT 0.03 ± 0.16 ± 0.01

A

sin(3���S)

UT 0.13 ± 0.15 ± 0.03

A

cos(�)
UU �0.01 ± 0.11 ± 0.10

A

cos(2�)
UU �0.17 ± 0.11 ± 0.05

  

 

● Effect known since early photoproduction experiments

● At COMPASS kinematics:
● small for r0 production
● sizable for w production

● Unnatural parity exchange process
→ impact on helicity-dependent observables 

● Crucial for description of SDMEs for excl. w production 

→ Goloskokov and Kroll, Eur. Phys. J. A50 (2014) 9, 146 
● Sign of πw form factor not resolved from SDMEs data

→ azimuthal asymmetries more sensitive

positive πw form factor
no pion pole
negative πw form factor

positive πw form factor
negative πw form factor

@ W=4.8 GeV, Q2=2.42 GeV2 

@ W=8 GeV, Q2=2.42 GeV2 

Pion pole

Paweł Sznajder     DIS  2015   7

                  negative πω form factor 
no pion pole

                  positive πω form factor
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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 �t

0. 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 N
MC

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

A
corr

=
A

meas

� f
bg

A
bg

1� f
bg

, (8)

where A
corr

is the corrected asymmetry amplitude, A
meas

is the measured asymmetry amplitude, f
bg

is the frac-
tion of the SIDIS background and A

bg

is its asymmetry
amplitude. While A

meas

is evaluated in the exclusive re-
gion, A

bg

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, �A

corr

=
A

corr

� A
meas

, 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 A

corr

and A
meas

. This approach also

covers the small uncertainty on f
bg

. 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 A
UT

and two A
UU

amplitudes,
as determined in the entire kinematic region, are shown
in Table 1. These results are presented in Table 3 in two
intervals of Q2 and �t0, 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

A

sin(�+�S)

UT �0.06 ± 0.20 ± 0.02

A

sin(���S)

UT �0.12 ± 0.19 ± 0.03

A

sin(�S)

UT 0.26 ± 0.27 ± 0.05

A

sin(2���S)

UT 0.03 ± 0.16 ± 0.01

A

sin(3���S)

UT 0.13 ± 0.15 ± 0.03

A

cos(�)
UU �0.01 ± 0.11 ± 0.10

A

cos(2�)
UU �0.17 ± 0.11 ± 0.05
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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 �t

0. 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 N
MC

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

A
corr

=
A

meas

� f
bg

A
bg

1� f
bg

, (8)

where A
corr

is the corrected asymmetry amplitude, A
meas

is the measured asymmetry amplitude, f
bg

is the frac-
tion of the SIDIS background and A

bg

is its asymmetry
amplitude. While A

meas

is evaluated in the exclusive re-
gion, A

bg

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, �A

corr

=
A

corr

� A
meas

, 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 A

corr

and A
meas

. This approach also

covers the small uncertainty on f
bg

. 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 A
UT

and two A
UU

amplitudes,
as determined in the entire kinematic region, are shown
in Table 1. These results are presented in Table 3 in two
intervals of Q2 and �t0, 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

A

sin(�+�S)

UT �0.06 ± 0.20 ± 0.02

A

sin(���S)

UT �0.12 ± 0.19 ± 0.03

A

sin(�S)

UT 0.26 ± 0.27 ± 0.05

A

sin(2���S)

UT 0.03 ± 0.16 ± 0.01

A

sin(3���S)

UT 0.13 ± 0.15 ± 0.03

A

cos(�)
UU �0.01 ± 0.11 ± 0.10

A

cos(2�)
UU �0.17 ± 0.11 ± 0.05

Results do not allow 
unambiguous 

determination of πω 
transition form factor.
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Figure 4: Final results for the five transverse target single-spin asymmetries AUT . The curves
show the predictions of the GPD model [3]. They are calculated for the average W , Q2 and p2

T
of the COMPASS data set, W= 7.1GeV/c2 and p2

T = 0.17 (GeV/c)2 for the left and middle
panels and W = 7.1 GeV/c2 and Q2 = 2.2 (GeV/c)2 for the right panels. The dashed red
and dotted blue curves represent the predictions with the positive and negative contributions
of the pion pole, respectively, while the solid black curve represents the predictions without
the pion pole.
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Table 1: Asymmetry Aρ
1 as a function of Q2. Both the statistical errors (first) and the

total systematic errors (second) are listed.

Q2 range 〈Q2〉 [(GeV/c)2] 〈x〉 〈ν〉 [GeV] Aρ
1

0.0004 − 0.005 0.0031 4.0 · 10−5 42.8 −0.030 ± 0.045 ± 0.014

0.005 − 0.010 0.0074 8.4 · 10−5 49.9 0.048 ± 0.038 ± 0.013

0.010 − 0.025 0.017 1.8 · 10−4 55.6 0.063 ± 0.026 ± 0.014

0.025 − 0.050 0.036 3.7 · 10−4 59.9 −0.035 ± 0.027 ± 0.009

0.05 − 0.10 0.072 7.1 · 10−4 62.0 −0.010 ± 0.028 ± 0.008

0.10 − 0.25 0.16 0.0016 62.3 −0.019 ± 0.029 ± 0.009

0.25 − 0.50 0.35 0.0036 60.3 0.016 ± 0.045 ± 0.014

0.5 − 1 0.69 0.0074 58.6 0.141 ± 0.069 ± 0.030

1 − 4 1.7 0.018 59.7 0.000 ± 0.098 ± 0.035

4 − 50 6.8 0.075 55.9 −0.85 ± 0.50 ± 0.39

small in that kinematical domain, which is to be expected if diffraction is the dominant
process for reaction (2).

In Fig. 6 the COMPASS results are compared to the HERMES results on Aρ
1 ob-

tained on a deuteron target [17]. Note that the lowest Q2 and x HERMES points, re-
ferred to as ‘quasi-photoproduction’, come from measurements where the kinematics of
the small-angle scattered electron was not measured but estimated from a MC simulation.
This is in contrast to COMPASS, where scattered muon kinematics is measured even at
the smallest Q2.

]2 [(GeV/c)2Q
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Figure 6: Aρ
1 as a function of Q2 (left) and x (right) from the present analysis (circles)

compared to HERMES results on the deuteron target (triangles). For the COMPASS
results inner bars represent statistical errors, while the outer bars correspond to the total
error. For the HERMES results vertical bars represent the quadratic sum of statistical
and systematic errors. The curve represents the prediction explained in the text.

The results from both experiments are consistent within errors. The kinematical
range covered by the present analysis extends further towards small values of x and Q2

by almost two orders of magnitude. In each of the two experiments Aρ
1 is measured at

different average W , which is equal to about 10 GeV for COMPASS and 5 GeV for

12

COMPASS: double-spin asymmetry in 
diffractive  μ⇒N⇒ → μNρ0

COMPASS: EPJ C52 (2007) 255

Compatible with zero  ⇒ indication that role of unnatural parity exchanges 
(π- or A1-Reggeon exchange) is small in measured kinematical domain.
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Exclusive π+ on transversely polarized 
protons

• Consistent with zero. A vanishing Fourier amplitude in this model implies the 
dominance (due to the pion pole) of E~ over H~ at low −tʹ′. Excludes a pure 
pion-pole contribution to E~.

• sinΦS amplitude is large and positive: implies presence of a sizeable 
interference between contributions from longitudinal and transverse virtual 
photons. 
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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 φS

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 φS

UT," ∝
∑

ν′

M∗
0ν′++ M0ν′0−

= M∗
0+++ M0+0− + M∗

0−++ M0−0−,

(12)

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

are proportional to
√
−t′

|µ−ν−µ′+ν′|
. 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
H̃T need not vanish at small values of |t′|. Moreover, in
the more general framework of helicity amplitudes and the
Regge model, Asin φS

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(φ−φS)
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 H̃ and Ẽ [13, 16]:

Asin(φ−φS)
UT," = −

√
−t′

Mp

× ξ
√

1 − ξ2 Im(Ẽ∗H̃)

(1 − ξ2)H̃2 − tξ2

4M2
p
Ẽ2 − 2ξ2 Re(Ẽ∗H̃)

,
(13)

where the transition form factors H̃ and Ẽ denote con-
volutions of hard scattering kernels and the pion distri-
bution amplitude with the GPDs H̃ and Ẽ, respectively.
Note that in the models described below terms propor-
tional to the cosφ and cos(2φ) 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(φ−φS)
UT," as a function of −t′. The solid and

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

π − t)
in the pion exchange amplitude, with mπ the pion mass.

Then Ẽ is real and positive, and the value of Asin(φ−φS)
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-Ẽ 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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Figure 2: The set of six Fourier amplitudes (AUT,!) describing the
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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-
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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 φS

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 φS

UT," ∝
∑

ν′

M∗
0ν′++ M0ν′0−

= M∗
0+++ M0+0− + M∗

0−++ M0−0−,

(12)

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

are proportional to
√
−t′

|µ−ν−µ′+ν′|
. 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
H̃T need not vanish at small values of |t′|. Moreover, in
the more general framework of helicity amplitudes and the
Regge model, Asin φS

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(φ−φS)
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 H̃ and Ẽ [13, 16]:

Asin(φ−φS)
UT," = −

√
−t′

Mp

× ξ
√

1 − ξ2 Im(Ẽ∗H̃)

(1 − ξ2)H̃2 − tξ2

4M2
p
Ẽ2 − 2ξ2 Re(Ẽ∗H̃)

,
(13)

where the transition form factors H̃ and Ẽ denote con-
volutions of hard scattering kernels and the pion distri-
bution amplitude with the GPDs H̃ and Ẽ, respectively.
Note that in the models described below terms propor-
tional to the cosφ and cos(2φ) 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.
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Then Ẽ is real and positive, and the value of Asin(φ−φS)
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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
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of the GPD-Ẽ model [20], containing more than only a
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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 φS

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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ν′ (ν) denoting the helicities of the pion (virtual photon)
and the neutron (proton), respectively. These amplitudes
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. 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
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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
H̃T need not vanish at small values of |t′|. Moreover, in
the more general framework of helicity amplitudes and the
Regge model, Asin φS

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(φ−φS)
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
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where the transition form factors H̃ and Ẽ denote con-
volutions of hard scattering kernels and the pion distri-
bution amplitude with the GPDs H̃ and Ẽ, respectively.
Note that in the models described below terms propor-
tional to the cosφ and cos(2φ) 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(φ−φS)
UT," as a function of −t′. The solid and

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

π − t)
in the pion exchange amplitude, with mπ the pion mass.

Then Ẽ is real and positive, and the value of Asin(φ−φS)
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-Ẽ 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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as a function of −t′. The curves represents predictions of GPD-

model calculations. The full circles show the values of A
sin(φ−φS)
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 Ẽ .
The dash-dotted curve arises from an alternative GPD ap-
proach [34], in which the imaginary part of H̃ becomes
negative while the real part of Ẽ 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(φ−φS)
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 Fπ is used. Here
a large non-pole contribution from Ẽ 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(φ−φS)
UT," is also consistent with zero. A

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

In summary, the Fourier amplitudes of the single-spin
azimuthal asymmetry are measured in exclusive electro-
production of π+ mesons on transversely polarized pro-
tons, for the first time. Within the experimental uncer-
tainties the amplitude of the sin(φ − φS) modulation is
found to be consistent with zero, thus excluding a pure
pion-pole contribution to the GPD Ẽ in leading-twist cal-
culations. This could also be an indication for the dom-
inance of Ẽ over the GPD H̃ at low −t′. The observed
amplitude of the sinφS 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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most appropriate ones are Q2, xB, t, and ϕ, where ϕ is the
azimuthal angle between the (e; e0) and (γ!; p0) planes
around the virtual photon direction. We have thus extracted
fourfold cross sections as follows:

d4σep→e0p0γ

dQ2dxBdtdϕ
¼

Nep→e0p0γ

LintΔQ2ΔxBΔtΔϕAccFrad
: ð1Þ

In Eq. (1), Nep→e0p0γ is the number of ep → e0p0γ events in
the (Q2; xB; t;ϕ) bin. We evaluated the contamination from
the ep → e0p0π0 channel where one photon of the π0 decay
can escape detection, using a combination of ep → e0p0π0

measurements and Monte Carlo simulations. On average,
this contamination is less than 9% and was subtracted
on a bin-by-bin basis. The four-dimensional acceptance or
efficiency of the CLAS detector, Acc, for the ep → e0p0γ
reaction was determined for each (Q2; xB; t;ϕ) bin by
generating more than 200 × 106 DVCSþ BH events, using
a realistic Monte Carlo generator adapted from Ref. [20].
The events were processed through the GEANT simulation
of the CLAS detector and the same reconstruction and
analysis codes that were used for the data. The event
generator includes radiative effects so that Acc also corrects
for a part of the real internal radiative effects. Frad corrects,
for each (Q2; xB; t;ϕ) bin, for the virtual and the remainder
of the real internal radiative effects, which can both be
calculated theoretically [21]. The product (ΔQ2ΔxBΔtΔϕ)
is the effective hypervolume of each bin. Finally, Lint is the
integrated luminosity, corrected for the data acquisition
dead time, which was deduced from the integrated charge
of the beam measured by a Faraday cup. In addition, we
applied a global renormalization factor of 12.3%, deter-
mined from the analysis of the elastic scattering ep → e0p0,
by comparing the experimental cross section to the well-
known theoretical one. This factor compensates for various
kinematic-independent inefficiencies, such as those from
the CLAS time-of-flight scintillators and trigger, not well
reproduced by the simulations.
Figure 4 shows, for two selected (Q2; xB) bins in

different parts of the phase space, the ϕ dependence of
the ep → e0p0γ unpolarized cross section and beam-
polarized cross-section difference. The latter of these
two observables is defined as follows:

Δðd4σÞ ¼ 1

2

!
d4~σep→e0p0γ

dQ2dxBdtdϕ
−

d4σ⃖ep→e0p0γ

dQ2dxBdtdϕ

"
; ð2Þ

where the arrows correspond to beam helicity states þ
and −. For each of these (Q2; xB) bins, three selected t bins
are shown. Note that the data do not always provide a full
coverage in ϕ for each of the 110 (Q2; xB; t) bins. In Fig. 4,
the black error bars show the statistical uncertainties of the
data [13.9% on the unpolarized cross section on average,
over the 110 (Q2; xB; t) bins], and the blue bands show the
systematic uncertainties [14% on the unpolarized cross

section on average]. The contributions to the latter include
the uncertainties on the beam energy and therefore the
kinematics and associated corrections (5.7% on average,
using a different beam energy value in the analysis), the
acceptance correction (5.3%, with an alternate event gen-
erator), the global renormalization factor (5%), the exclu-
sivity cuts (3.5%, from variations of the cuts), the radiative
corrections (2.2%, including next-to-leading-order effects),
the particle selection (1.6%, from variations of the cuts),
and the π0 background subtraction (1%, with an alternate
event generator).
The unpolarized cross sections peak towards ϕ ¼ 0° due

to the BH process (green long-dashed curves in Fig. 4) for
which the final-state photon is predominantly emitted in the
direction of the initial or scattered electron. The difference
between the BH curves and the data can thus be attributed
to the DVCS process. We display in Fig. 4 calculations of
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FIG. 4 (color online). Top six plots: Unpolarized cross section
ðd4σep→e0p0γ=dQ2dxBdtdϕÞ and beam-polarized cross-section
difference Δðd4σÞ for the ep → e0p0γ reaction, as a function
of ϕ, for ðQ2; xBÞ ¼ ð1.63 GeV2; 0.185Þ and three −t values.
Bottom six plots: The same observables for ðQ2; xBÞ ¼
ð2.78 GeV2; 0.335Þ and three −t values. The green long-dashed
curves show the BH contribution only. The other curves are the
predictions of four GPD models from three groups: VGG
[6,22,23] (blue solid curves), KMS [24] (cyan dash-dotted
curves), and two versions of the KM model [25,26], KM10
(red dotted curves) and KM10a (red short-dashed curves). The
blue bands show the systematic uncertainties.
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FIG. 23. (Color online) Combinations of effective CFFs extracted from the fitting procedure described in Sec. IV F using the formalism
developed in Ref. [41], integrated over t and plotted as a function of Q2. The top three plots show the effective CFFs resulting from
the unpolarized cross-section fit (Kin2 and Kin3), whereas the bottom plots show the effective CFFs resulting from the helicity-dependent
cross-section fit (Kin1–3). The shaded areas represent systematic uncertainties.

FIG. 24. (Color online) Unpolarized cross sections for Kin2. Each t-bin corresponds to slightly different average (xB,Q2) values; their
range is indicated in the legend, their specific values are listed in the data tables. Error bars are statistical only. The light blue area represents the
point-to-point systematic uncertainties added linearly to the normalization error. The KM10a model along with its modified version (including
the TMC effects) are shown as dotted blue and solid green curves, respectively. The BH contribution is represented as a dashed red line.
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the unpolarized cross-section fit (Kin2 and Kin3), whereas the bottom plots show the effective CFFs resulting from the helicity-dependent
cross-section fit (Kin1–3). The shaded areas represent systematic uncertainties.

FIG. 24. (Color online) Unpolarized cross sections for Kin2. Each t-bin corresponds to slightly different average (xB,Q2) values; their
range is indicated in the legend, their specific values are listed in the data tables. Error bars are statistical only. The light blue area represents the
point-to-point systematic uncertainties added linearly to the normalization error. The KM10a model along with its modified version (including
the TMC effects) are shown as dotted blue and solid green curves, respectively. The BH contribution is represented as a dashed red line.
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Hall A (E00-110): cross section 
in the valence quark region

Differential cross section vs. azimuthal angle

Bin: <xB>=0.36, <Q2>=2.3 GeV2, <t>=-0.28 GeV2

• Twist-2 (“handbag”) dominance
☛ GPDs accessible at moderate Q2.

• No Q2 dependence of Im(I) over 1.5, 1.9 and 2.3 GeV2

☛ Indication of perturbative QCD scaling behavior.
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GPD H 
x-section

Δσ
helicity-dependent     

➥ Im(τDVCS)                              
GPDs @ x=ξ                   

ᶑ fit to data

Hall A: Phys. Rev. Lett. 97, 262002 (2006)
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CLAS (eg1-dvcs): DVCS 
longitudinal target spin asymmetry
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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 ðx; ξÞ 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 ξ
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 αLU 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 ϕ 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

αUL sinϕ
1þ β cosϕ

ð43Þ

and shows the typical sinϕ-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 sinϕ fitting coefficient αUL [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 ℑm ~H
and BSA and ℑmH. 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 ℑmH and ℑm ~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
αUL term of the target-spin asymmetry. The curves show the
predictions of four GPD models for the TSA at ϕ ¼ 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
sinϕ term of the epγ 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).
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CLAS (E. Seder et al.), PRL 114, 032001 (2015)
CLAS (S. Pisano et al.), PRD 91, 052014 (2015) 

GPD H~ 

HERMES: JHEP 06 (2010) 019
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CLAS: <Q2>=1.82 GeV2, <xB>=0.28, <-t>=0.31 GeV2

77

GPD model calculation 
“VGG” (Vanderhaeghen, Guidal, Guichon):  

Phys. Rev. D60 (1999) 094017 and 
Prog. Nucl. Phys. 47 (2001) 401 

GPD H 
Im(τDVCS)

BSA
CLAS (e1-dvcs): 

beam-helicity asymmetry

• Data taken with inner 
electromagnetic calorimeter for 
the detection of the BH/DVCS 
photon

• VGG Model overshoots data. 

CLAS: PRL 100 (2008) 162002
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Hard exclusive reactions

78

High energy factorization

• Universal dipole interactions

•  Low x ↔ large W

•  Scale: 

Collinear factorization

GPDs

• Parameterization of non-perturbative 
nucleonic structure

• Information on parton-parton 
correlations

• VM: proven only for σLongitudinal 

, γ
qq

, γ

Q2 + m2
V
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qq
Photoproduction ep→epV: 

kinematic landscape 

79

C
ro

ss
 se

ct
io

n 
[!

b]
 

t
small large

1 GeV2

d!/dt∝exp(-b|t|) d!/dt∝|t|-nMV, 

W

ρ, ω, φ

J/Ψ, ϒ

SOFT Regge,
soft pomeron 

exchange

HARD pQCD, 

2-gluon exchange  

   size  
qq

δ≥0.8
b=4-5 GeV-2

δ=0.2
b=10 GeV-2 

σ(W)∝Wδ
HERA sees interplay between 

soft and hard

dσ/dt ∝ [xg(x,Q2)]2 

A. Levy, arXiv:0907.2178

(extraction of effective 
Pomeron trajectory) 
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HERA (H1 and ZEUS): cross section 
in the sea/glue region

HERA: DVCS cross section 
differential in t
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GPD H 
x-section &

t-slope

ZEUS: JHEP 0905:108 (2009)Dipole model: C. Marquet,  R. Peschanski, G. Soyez, hep-ph/0702171

GPD model: K. Kumericki, D. Müller, fit to previous HERA measurement
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H1: Phys. Lett. B681 (2009) 391

d�DVCS

dt
/ e�b|t|

t-slope: average impact parameter 

Description of transverse extension 
of partons in the proton

√<rT
2>=(0.65±0.02)fm @ xB=10-3

Steep W-dependence: σ(W)∝Wδ  with δ≈0.7
DVCS is hard process, gluons resolved.
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HERA: t-slopes

• Slope from differential cross section 
in exclusive vector-meson 
production

• b measures transverse size of 
VM ⊕ nucleon

• VM shrinks with increasing photon 
virtuality

• Universal value of b ≈ 5 GeV-2 at 
large scale 
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ZEUS arXiv:0812.2517

d�

dt
= e�b|t|

mailto:Caroline.Riedl@desy.de
mailto:Caroline.Riedl@desy.de


criedl@illinois.edu - GPDs at COMPASS beyond 2020                                                      COMPASS future workshop - CERN, March 201682

JLab12 PR12-12-001 proposal: In addition to discriminating between GPD models 
and constraining fits of CFFs, a measurement of TCS may also offer a unique 
possibility to address the issue of the so-called D-term. Technically, the D-term is 
defined as the contribution to the GPD H that provides the highest power of ξ in 
Mellin moments of this GPD. The D-term of the GPD E has the same magnitude but 
opposite sign. The D-term contribution to GPDs has support only in the region x ∈ 
[−η, η], which makes it elusive and inaccessible in the forward limit. This 
unambiguously indicates that the D-term cannot be interpreted in terms of the usual 
parton densities. Instead, the D-term describes the emission of a qq¯ pair by the 
nucleon, revealing the complex nature of the nucleon as a many-body system.

The results from the TCS studies with tagged real photons and quasi-real 
photons can be used as a basis for the development of a program at 12 GeV 
Jefferson Lab. The […] CLAS12 detector […] will be ideal for TCS 
measurements with quasi-real photons with circular polarization. […] 
With the addition of a low-Q2 tagger, it could also be possible to study the 
reaction with incoming photons having linear polarization and a small, but finite 
virtuality (double DVCS). […] It would […] be of great interest to compare with 
a hermetic detector such as the GlueX detector constructed in Hall D at 12 GeV 
Jefferson Lab. This natural extension of the TCS measurements in Hall B would 
also provide access to linearly polarized tagged real photons.

TCS & DDVCS @ JLab12
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Marie Boër, IPN Orsay, France V. Experimental perspectives. August 18, 2015

DDVCS : perspectives at JLab at 12 GeV

36

eP→e'P'µ+µ-
  

Hall A SoLID : LOI 12-15-005 (2015),
Left figure= expected errors on A

LU
 with 

J/Ψ approved configuration

Hall B CLAS12 : intern letter, LOI for dedicated
run to be submitted in 2016 

+ CLEO 
muons chamber

SoLID

LOI12-15-005 (May 2015): This letter proposes to investigate the DDVCS process 
ep → epγ∗ at 11 GeV incident beam energy in the di-muon channel (epγ∗ → epµ+µ−) 

with the SoLID spectrometer supplemented with muon detectors. The experiment 
would develop according to a parasitic step followed by a dedicated running period. 
[…] The dedicated run would involve a strong luminosity increase together with a 
specific detector configuration to take advantage of the full potential of DDVCS for 

GPDs phenomenology at 11 GeV.

DDVCS @ JLab12
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Preferred @lower beam energy to 
enhance exclusive cross section

85

Mueller, Pire, Szymanowski, Wagner: On timelike and spacelike hard exclusive reactions, arXiv:1203.4392

@larger momentum transfer 
to the target: involves TDA 

exclusive DY

DVCS

DDVCS

hard exclusive pion 
production (DVMP)

space-like time-like

Time-like and space-like hard exclusive reactions
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Hard limit for backward exclusive processes

Hard limit for backward exclusive processes
� Let us analyse the hard electroproduction of a meson

but backward !
⇤

meson nearly at
rest in the
target rest frameproton

GPD

�⇥

x x⇥

Q2

proton

Pert.

t

�⇥

Q2

meson

Pert.

u

GPD
proton

t � u

TDA

meson

x2 x3x1

proton

� The kinematics imposes the exchange of 3 quarks in the u channel

� Factorisation in the generalised Bjorken limit: Q2 �⇥, u, x fixed
B. Pire, L. Szymanowski, PLB 622:83,2005.

� The object factorised from the hard part is a Transition Distribution
Amplitude (TDA)

=
p p�

∗

p
×

p�

� Interpretation at the amplitude level in the ERBL region (for xi > 0)
Amplitude of probability to find a meson within the proton !

J.P. Lansberg (CPHT – IPNO) Exclusive lepton pair prod. in hh collisions September 28, 2010 5 / 15

J.P. Landsberg at ICHEP 2010
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Backward electroproduction of a pion

Backward Electroproduction of a pion: III

JPL, B. Pire, L. Szymanowski,PRD 75:074004,2007

At � = 0.8 and using CZ Distribution Amplitudes, one gets:

TDA

DA⌅1

⌅3

k1 k3

Mh

P (p1)

P �(p2)�⇤(q)

⇥(p⇥)
 0.1

 1

 10

 100

 0  2  4  6  8  10
d!

 /d
"
# $|
%# $=

$ 
(n

b/
sr

) 
Q2 (GeV2)

NOTE: the result with asymptotic DAs is not zero !

J.P. Lansberg (Ecole Polytechnique - CPHT) Electroproduction in the target region May 18, 2010 9 / 20J.P. Landsberg at ICHEP 2010
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Backward electroproduction of a pion

Backward Electroproduction of a pion: IV

JPL, B. Pire, L. Szymanowski,PRD 75:074004,2007

� Model-independent predictions
⇥ Scaling law for the amplitude:

M(Q2) ⇥ �2
s (Q

2)

Q4

⇥ Approximate Q2-independence of the ratios

M(⇥⌅p � p⌅)

M(⇥⌅p � p⇥)
,
M(⇥⌅p � p⌅)

M(⇥⌅p � p⇧)
and

d⇤(pp̄�⇧+⇧�⇥0)
dQ2

d⇤(pp̄�⇧+⇧�)
dQ2

(see later)

⇥ Dominance of ⇥⌅
Tp � p⌅, . . .

⇥ Spinorial structures at �T ⇤= 0:
ū(p2, s2)⌥/(⇤)⇥5u(p1, s1) and ⌥µ�T ,� ū(p2, s2)(⌃µ� + gµ�)⇥5u(p1, s1)

At �T ⇤= 0, this could generate a ⌃TT ⇤= 0 (cos 2� dependence)
but it happens to vanish here

J.P. Lansberg (Ecole Polytechnique - CPHT) Electroproduction in the target region May 18, 2010 11 / 20

J.P. Landsberg at ICHEP 2010
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The future: JLab at 11 GeV  

x
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1 CJ12 - PDF + nucl uncert.
He DIS3H/ 3BigBite  

CLAS12 BoNuS
CLAS12 BoNuS, relaxed cuts
SoLID PVDIS

SU(6)

pQCD

DSE

Broken SU(6)
BoNuS sys. uncert.

Projected 12 GeV d/u Extractions

Mississippi State U. D. Dutta FIU, February 2016 /3313

Deuteron Spectator proton 
(backward going slow proton)

Almost-free neutron structure function studied with spectator tagging, 
technique successfully used by BoNuS

PRL 108, 142001 (2012);  PRC 89, 045206 (2014)

almost free 
neutron

Spectator tagging is now an established technique

Spectator Tagging can be used to tag the “meson cloud” 
target. 
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