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Hard-exclusive reactions
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Burkardt, Int. J. Mod. Phys. A18 (2003) 173

GPD E and Sivers 
function involve 

switch of nucleon 
helicity: related to 

OAM

Transverse imaging: 
transverse size of  nucleus

b = “t-slope” =
average impact parameter

impact-parameter 
representation:
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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

3

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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at CERN
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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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HERA @ DESY retired 30.6.2007

p
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SPS

Main CERN site

COMPASS 
= COmmon Muon and Proton Apparatus 
for Structure and Spectroscopy

HERMES = 
HEra MEasurement of Spin Hamburg, 

Germany

Geneva, 
Switzerland /

 Prevessin, 
France
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DVCS: kinematic coverage
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"Deeply Virtual Compton Scattering at a Proposed High-Luminosity Electron-Ion 
Collider", E.-C. Aschenauer, S. Fazio, K. Kumericki and D. Mueller, arXiv:1304.0077

▲ HERMES

COMPASS

COMPASS will add 
data in the so-far 

unexplored kinematic 
space between the 

fixed-target 
experiments HERMES 
and @JLab, and the 
collider experiments 

H1/ZEUS
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Deeply Virtual Compton Scattering
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The γ*N→γN cross section
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+ +
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Bethe−Heitler (BH)DVCS

ma a* N¾

☛ Experimental access: through azimuthal asymmetries

φS

φ
"q ′

"S⊥
"k

"k′

"q

Lepton beam k with 
charge CB and helicity PB

S⊥: vector of 
transverse target 

polarization (if 
given)

➜ expand as harmonic series in 
ϕ (and ϕS).

F(�, t) =
�

q

⇥ 1

�1
dx C⇥q (�, x)F q(x, �, t)

q(x)

q(x)

GPDs @ x=ξ                   

integral of GPDs 
over x

☛ Compton Form Factors

= |TBH|2 + (TDVCST ⇤
BH + T ⇤

DVCSTBH) + |TDVCS|2

Beam Target
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Azimuthal asymmetries and GPDs
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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
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F1 +

t

4M2
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⌅
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☞ transversely polarized target: 

t

4M2

�
(2� xB)F1E � 4

1� xB

2� xB
F2H

⇥

analog: Double-spin (LL) asymmetry
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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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HERMES: beam-charge asymmetry 
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✰ 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 asymmetry

12
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The HERMES Recoil Detector
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SC Solenoid 
(1 Tesla)

beam

Photon 
Detector PD

Scintillating Fiber 
Tracker SFT

Silicon Strip 
Detector SSD

Target Cell 

10 cm

x2 x4

10
 c

m

300 μm 
thick

JINST 8 (2013) P05012

2006/2007 unpolarized 
proton and deuteron data

purpose: tagging of 
exclusive events

Momentum reconstruction down to 
125 MeV (protons). 

Want as low -t as possible!
(corresponds to -t=0.016 GeV2)

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


criedl@illinois.edu - Exclusive Physics @ HERMES & COMPASS                                                                                          BLOIS 2015, Borgo, June 2015

Adding the Recoil Proton

14

Only eγ detection
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Improvement by 
recoil detector
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Kinematic event fitting

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 
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●  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

16

☛ 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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DVCS Amplitudes 

(A)  Beam-charge asymmetry: 
 GPD H 
[JHEP 07 (2012) 032 - 
Nucl. Phys. B 829 (2010) 1-27]

(B)  Beam-helicity asymmetry: 
GPD H 
[JHEP 07 (2012) 032 - Nucl. Phys. B 829 (2010) 1-27 -
JHEP10 (2012) 042]

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

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

(E)  Longitudinal target-spin asymmetry: 
GPD H~ 
[JHEP 06 (2010) 019 - Nucl. Phys. B 842 (2011) 265-298]

(F)  Double-spin (LL) asymmetry: 
GPD H~ 
[JHEP 06 (2010) 019 - Nucl. Phys. B 842 (2011) 265-298]

(D)

(F)

17
Amplitude Value
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Variety highly 
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global fitters
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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

DVCS on hadrons other than the proton

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

Coherent and 
tensor signatures;
nuclear medium

Nuclear targets

hermes

Deuteron: probe 
spin-1 object

Nucleon: probe 
spin-1/2 object

coherent incoherent

Kinematic cut in -t determines the domain:  
“coherent enriched” and “incoherent 

enriched” data samples

hermes

Coherent scattering
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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

19

GPD H1~ 
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1998–2000 longitudinally 
polarized deuteron data

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

~

~
~
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Beam-Helicity Asymmetry on p and d

20

VGG Regge p + n eA +  +  dC eA ±  +  d
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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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DVCS Nuclear Mass Dependence

21
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0.91±0.19
0.93±0.23

Average 
ALUA / ALUH:

Beam-helicity asymmetryBeam-charge asymmetry

Normalization to 
hydrogen 1H

• 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?

Phys. Rev. C 81 (2010) 035202

Nuclear medium
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COMPASS upgrade for GPD run 2016/17

22

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

inner barrel (B): diameter 0.5m
outer barrel (A): diameter 2.2m

The distribution of the selected proton is presented in Fig. 27 (compared to the simulation158

in Fig. 13) and the distribution of the position of selected photon in the ECALs in Fig. 14.159

One can see that the background clusters in ECAL1 are mostly found in the noisy region160

below and on the Jura side of the hole, while for ECAL2 they are quite evenly distributed161

across the whole surface (and most likely single-cell clusters since the position seems to be162

exactly aligned with the block matrix). The Pulse Shape Analysis of the ECALs signals,163

performed recently, will have a direct impact on this figure and on the resulting photon164

resolution. This new method should be included in the next production of the data.165
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Figure 12: Distribution of the proton energy as a function of � for the selected exclusive
events.
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Figure 13: Distribution of the proton energy as a function of � for the exclusive photon events
simulated with the TGEANT MonteCarlo.

14

protons 
stopped in 

ring B

protons 
escaping 

ring B

recoiling protons in exclusive event sample
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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

23

• 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

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


criedl@illinois.edu - Exclusive Physics @ HERMES & COMPASS                                                                                          BLOIS 2015, Borgo, June 2015

DVCS vs. BH at COMPASS

24

DVCS 
amplitude:
Φ-modulations 
in cross section

Transverse 
imaging: 
Φ-integrated 
cross section
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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.

4

= |TBH|2 + (TDVCST ⇤
BH + T ⇤

DVCSTBH) + |TDVCS|22012 
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 
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DVCS at COMPASS-II

25

@COMPASS: 
H-dominance

SCS,U ⌘ d�
+ + d�

�! = 2(d�BH + d�DVCS
unpol + eµPµIm I)

DCS,U ⌘ d�
+ � d�

�! = 2(Pµd�
DVCS

pol

+ eµRe I)

+ link to 
D-term

Kinematic range 
(DVCS 2012 pilot run):

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

0.06 < |t| < 0.64 GeV2

q(x)

q(x)

GPDs @ x=ξ                   

integral of GPDs 
over x
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COMPASS-II projections for spin & charge asym.

26

- 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 and DVMP

27

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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Deeply Virtual Meson Production

28

p p’

e

e’

*a a

E~, H~H, E, 

jx+ jx-

t

d, /    q, t, l    a
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Selection of exclusive meson sample

• 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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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)
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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.

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 meson production
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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)
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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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• Φ (preliminary analysis)
- Hierarchy of amplitudes
- Helicity-conserving amplitudes 
10-20% larger than for ρ0

Rho, Phi, and Omega SDME

31

• 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.

0.5
1

1.5
2

2.5

1 2 3 4

Q
2
 [GeV

2
]

u
1

-0.2
-0.1

0
0.1
0.2
0.3

1 2 3 4

( ) proton (total)
( ) deuteron (total)

Q
2
 [GeV

2
]

u
2

-0.75
-0.5

-0.25
0

0.25
0.5

1 2 3 4

Q
2
 [GeV

2
]

u
3

0.5
1

1.5
2

2.5

0 0.1 0.2 0.3

-t' [GeV
2
]

u
1

-0.2

-0.1

0

0.1

0 0.1 0.2 0.3

-t' [GeV
2
]

u
2

-0.75
-0.5

-0.25
0

0.25
0.5

0 0.1 0.2 0.3

-t' [GeV
2
]

u
3
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0 dependences of u1, u2, and u3. The open symbols represent the values over the entire kinematic
region. Otherwise as for Fig. 7.
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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

• Cross section ratio of longitudinal to 
transverse vector mesons
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✘

✔
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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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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.

HERMES proton Phys. Lett. B679 (2009) 100-105 
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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

10 The COMPASS collaboration

Bjx
0 0.05 0.1

S φ
si

n 
U

T
A

−0.1
−0.05

0
0.05

0.1

)2/c2 (GeV2Q
2 4

−0.1
−0.05

0
0.05

0.1

)2/c2 (GeV2
T
p

0 0.2 0.4
−0.1
−0.05

0
0.05

0.1x0 0.05 0.1

)
S φ − φ

si
n 

(3
 

U
T

A

−0.2
−0.1

0
0.1
0.2

2 4
−0.2
−0.1

0
0.1
0.2

0 0.2 0.4
−0.2
−0.1

0
0.1
0.2x0 0.05 0.1

)
S φ − φ

si
n 

(2
 

U
T

A

−0.1
−0.05

0
0.05

0.1

2 4
−0.1
−0.05

0
0.05

0.1

0 0.2 0.4
−0.1
−0.05

0
0.05

0.1x0 0.05 0.1
)

S φ
 +

 
φ

si
n 

(
U

T
A

−0.2
−0.1

0
0.1
0.2

2 4
−0.2
−0.1

0
0.1
0.2

0 0.2 0.4
−0.2
−0.1

0
0.1
0.20 0.05 0.1

)
S φ − φ

si
n 

(
U

T
A

−0.1
−0.05

0
0.05

0.1

2 4
−0.1
−0.05

0
0.05

0.1

0 0.2 0.4
−0.1
−0.05

0
0.05

0.1

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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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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Mean asymmetries - NH3 target
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HERMES proton publication in preparation

HERMES: too large experimental uncertainties 
to constrain sign of πω transition form factor.

Goloskokov, Kroll, Eur. Phys. J. A (2014) 50: 146

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.
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and Q2 = 2.42 GeV2 with a postive (negative) πω form factor. The ε-dependent prefactors of the asymmetries are included,
see [29,44].
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the πω transition form factor (see fig. 10).
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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-
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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.

A
U

T
si

n(
φ−
φ s

)
A

U
T

si
n(
φ+
φ s

)
A

U
T

si
n(
φ s

)
A

U
T

si
n(

2φ
−φ

s)
A

U
T

si
n(

3φ
−φ

s)

0 0.5 1

A
U

T
si

n(
2φ
+φ

s)

0 0.25
−t´ [GeV2]

0 0.1
xB

2 4
Q2 [GeV2]

-1

0

1  HERMES PRELIMINARY e+p↑ → e,+p+ω 8.2% scale
uncertainty

-1

0

1

-1

0

1

-1

0

1

-1

0

1

-1

0

1

overall

  

 

● 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
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COMPASS: asymmetry in μp⇑ → μpω
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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 
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& 2 photons
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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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Single-spin asymmetries

Katharina Schmidt On behalf of the COMPASS Collaboration

Hard Exclusive Measurements at COMPASS

I are extracted with 2 bins in Q2,
xBj and p2T

I GK model predictions

I positive ⇡! form factor
I no pion pole
I negative ⇡! form factor

I Contribution from pion pole is
I small for ⇢0 production
I sizable for ! production

Goloskokov & Kroll
Eur.Phys.J. A50 (2014) 9, 164
& private communication

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
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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.

GK 2014

COMPASS: results do 
not allow unambiguous 

determination of πω 
transition form factor.
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Global analysis of exclusive data
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HERMES, CLAS
+HALL-A

t=0

t=-0.3GeV2

Global fit to H(x,ξ=x,t) from DVCS data 
(NNLO)

• HERMES AC , CLAS ALU and Hall A x-section.
• Small-x behavior from HERA collider data. 

Kumericki, Müller  
Nucl. Phys. B841 (2010) 1-58

P. Kroll, H. Moutarde and F. Sabatié, 
Eur. Phys. J. C (2013) 73:2278

Use DVMP data, FF and PDFs to constrain 
GPD parameters (LO, LT): 
GK model
• Compare to DVCS observables - good 

for HERA and HERMES, fair for JLab

HERMES ALU

● eγ detection
❒ epγ detection 

Test of GPD universality
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Outlook
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• COMPASS 2016/17:
LH2 target + recoil detector
- GPD H from DVCS
- Transverse imaging of the 
nucleon from DVCS and DVMP

• COMPASS >2018 (?): 
NH3↑ target + recoil detector 
- GPD E from DVCS 
- GPD E and chiral-odd GPDs 
from DVMP
   - vector mesons ρ0, ρ+, ω, Φ
   - pseudoscalar mesons π0

Preparing upgrade of CAMERA recoil proton 
detector: replace scintillators of inner ring to 

achieve better attenuation length (2015).
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Summary: Exclusive Physics at 
HERMES & COMPASS

39

• HERMES: many pioneering measurements. 
Data set will remain unique in the near future. 

• COMPASS allows to probe unexplored region in kinematic space.

• Exclusive meson production: complementary to Deeply Virtual Compton scattering.

• COMPASS GPD program will be continued in 2016/17 and possibly beyond 2018. 
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Backup
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HERMES: unresolved reference sample

41

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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Track Reconstruction

42

SSD

SFT

Outer layer

Inner barrel

Outer barrel

Vacuum chamber

PD

Inner layer
Target cell

Momentum reconstruction down to 
125 MeV (protons). 

Want as low -t as possible!
(corresponds to -t=0.016 GeV2)
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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
-310 -210 -110 1 10

ρ 1
A

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
COMPASS  
HERMES quasi-photoprod. (d)
HERMES electroprod. (d)

x
-410 -310 -210 -110

ρ 1
A

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
COMPASS 
HERMES quasi-photoprod. (d)
HERMES electroprod. (d)

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

1-!Double spin asymmetry in exclusive ρ0	
  muoproduc*on	
  at	
  COMPASS	
  EPJ	
  C52	
  (2007)	
  255–265	
  with	
  2002-­‐3	
  data

Table 2: Asymmetry Aρ
1 as a function of x. Both the statistical errors (first) and the total

systematic errors (second) are listed.

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

8 · 10−6 − 1 · 10−4 5.8 · 10−5 0.0058 51.7 0.035 ± 0.026 ± 0.011

1 · 10−4 − 2.5 · 10−4 1.7 · 10−4 0.019 59.7 0.036 ± 0.024 ± 0.010

2.5 · 10−4 − 5 · 10−4 3.6 · 10−4 0.041 61.3 −0.039 ± 0.027 ± 0.012

5 · 10−4 − 0.001 7.1 · 10−4 0.082 60.8 −0.010 ± 0.030 ± 0.010

0.001 − 0.002 0.0014 0.16 58.6 −0.005 ± 0.036 ± 0.013

0.002 − 0.004 0.0028 0.29 54.8 0.032 ± 0.050 ± 0.019

0.004 − 0.01 0.0062 0.59 50.7 0.019 ± 0.069 ± 0.026

0.01 − 0.025 0.015 1.3 47.5 −0.03 ± 0.14 ± 0.06

0.025 − 0.8 0.049 3.9 43.8 −0.27 ± 0.38 ± 0.19

HERMES. Thus, no significant W dependence is observed for Aρ
1 on an isoscalar nucleon

target.
The x dependence of the measured Aρ

1 is compared in Fig. 6 to the prediction
given by Eq. 4, which relates Aρ

1 to the asymmetry A1 for the inclusive inelastic lepton-
nucleon scattering. To produce the curve the inclusive asymmetry A1 was parameterised
as A1(x) = (xα − γα) · (1 − e−βx) , where α = 1.158 ± 0.024, β = 125.1 ± 115.7 and
γ = 0.0180 ± 0.0038. The values of the parameters have been obtained from a fit of
A1(x) to the world data from polarised deuteron targets [26–31] including COMPASS
measurements at very low Q2 and x [32]. Within the present accuracy the results on Aρ

1

are consistent with this prediction.
In the highest Q2 bin, 〈Q2〉 = 6.8 (GeV/c)2, in the kinematical domain of applica-

bility of pQCD-inspired models which relate the asymmetry to the spin-dependent GPDs
for gluons and quarks (cf. Introduction), one can observe a hint of a possible nonzero
asymmetry, although with a large error. It should be noted that in Ref. [18] a nega-
tive value of ALL different from zero by about 2 standard deviations was reported at
〈Q2〉 = 7.7 (GeV/c)2. At COMPASS, including the data taken with the longitudinally
polarised deuteron target in 2004 and 2006 will result in an increase of statistics by a
factor of about three compared to the present paper, and thus may help to clarify the
issue.

For the whole Q2 range future COMPASS data, to be taken with the polarised
proton target, would be very valuable for checking if the role of the flavour-blind exchanges
is indeed dominant, as expected for the Pomeron-mediated process.

7 Summary

The longitudinal double spin asymmetry Aρ
1 for the diffractive muoproduction of ρ0

meson, µ + N → µ + N + ρ, has been measured by scattering longitudinally polarised
muons off longitudinally polarised deuterons from the 6LiD target and selecting incoherent
exclusive ρ0 production. The presented results for the COMPASS 2002 and 2003 data cover
a range of energy W from about 7 to 15 GeV.

The Q2 and x dependence of Aρ
1 is presented in a wide kinematical range 3 · 10−3 ≤

Q2 ≤ 7 (GeV/c)2 and 5 · 10−5 ≤ x ≤ 0.05. These results extend the range in Q2 and x by
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In the Regge approach [9] the longitudinal double spin asymmetry Aρ
1 can arise due

to the interference of amplitudes for exchange in the t-channel of Reggeons with natural
parity (Pomeron, ρ, ω, f , A2 ) with amplitudes for Reggeons with unnatural parity (π, A1).
No significant asymmetry is expected when only a non-perturbative Pomeron is exchanged
because it has small spin-dependent couplings as found from hadron-nucleon data for cross
sections and polarisations.

Similarly, in the approach of Fraas [10], assuming approximate validity of SCHC, the
spin asymmetry Aρ

1 arises from the interference between parts of the helicity amplitudes
for transverse photons corresponding to the natural and unnatural parity exchanges in
the t channel. While a measurable asymmetry can arise even from a small contribution of
the unnatural parity exchange, the latter may remain unmeasurable in the cross sections.
A significant unnatural-parity contribution may indicate an exchange of certain Reggeons
like π, A1 or in partonic terms an exchange of qq̄ pairs.

In the same reference a theoretical prediction for Aρ
1 was presented, which is based

on the description of forward exclusive ρ0 leptoproduction and inclusive inelastic lepton-
nucleon scattering by the off-diagonal Generalised Vector Meson Dominance (GVMD)
model, applied to the case of polarised lepton–nucleon scattering. At the values of Bjorken
variable x < 0.2, with additional assumptions [11], Aρ

1 can be related to the A1 asymmetry
for inclusive inelastic lepton scattering at the same x as

Aρ
1 =

2A1

1 + (A1)2
. (4)

This prediction is consistent with the HERMES results for both the proton and deuteron
targets, although with rather large errors.

In perturbative QCD, there exists a general proof of factorisation [12] for exclu-
sive vector meson production by longitudinal photons. It allows a decomposition of the
full amplitude for reaction (2) into three components: a hard scattering amplitude for
the exchange of quarks or gluons, a distribution amplitude for the meson and the non-
perturbative description of the target nucleon in terms of the generalised parton distri-
butions (GPDs), which are related to the internal structure of the nucleon. No similar
proof of factorisation exists for transverse virtual photons, and as a consequence the in-
terpretation of Aρ

1 in perturbative QCD is not possible at leading twist. However, a model
including higher twist effects proposed by Martin et al. [13] describes the behaviour of
both σL as well as of σT reasonably well. An extension of this model by Ryskin [14] for
the spin dependent cross sections allows to relate Aρ

1 to the spin dependent GPDs of
gluons and quarks in the nucleon. The applicability of this model is limited to the range
Q2 ≥ 4 (GeV/c)2. More recently another pQCD-inspired model involving GPDs has been
proposed by Goloskokov and Kroll [15,16]. The non-leading twist asymmetry ALL results
from the interference between the dominant GPD Hg and the helicity-dependent GPD H̃g.
The asymmetry is estimated to be of the order k2

T H̃g/(Q2Hg), where kT is the transverse
momentum of the quark and the antiquark.

Up to now little experimental information has been available on the double spin
asymmetries for exclusive leptoproduction of vector mesons. The first observation of a non-
zero asymmetry Aρ

1 in polarised electron–proton deep-inelastic scattering was reported by
the HERMES experiment [11]. In the deep inelastic region (0.8 < Q2 < 3 (GeV/c)2)
the measured asymmetry is equal to 0.23 ± 0.14 (stat) ± 0.02 (syst) [17], with little
dependence on the kinematical variables. In contrast, for the ‘quasi-real photoproduction’
data, with 〈Q2〉 = 0.13 (GeV/c)2, the asymmetry for the proton target is consistent with
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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”)
• 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

coherent 
enriched
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Vector meson production and decay
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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 Etilde over Htilde at low −t′. Excludes a pure 
pion-pole contribution to Etilde.

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

47

A UT
, l

si
n(
φ−
φ s)

-1

0

1

A UT
, l

si
n(
φ+
φ s)

-1

0

1
A UT

, l
si

nφ
s

-1

0

1

A UT
, l

si
n(

2φ
−φ

s)

-1

0

1

A UT
, l

si
n(

3φ
−φ

s)

-1

0

1

A UT
, l

si
n(

2φ
+φ

s)

-1

0

1

0 0.5
-t´ [GeV2]

0 0.2
xB

0 5
Q2 [GeV2]

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
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," = −

√
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× ξ
√

1 − ξ2 Im(Ẽ∗H̃)

(1 − ξ2)H̃2 − tξ2

4M2
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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
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
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between H̃ and Ẽ [13, 16]:

Asin(φ−φS)
UT," = −

√
−t′

Mp

× ξ
√

1 − ξ2 Im(Ẽ∗H̃)

(1 − ξ2)H̃2 − tξ2

4M2
p
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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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Figure 3: Model predictions for the sin(φ − φS) Fourier amplitude
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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