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Longitudinally 
polarized 
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• In 2006-2007 : Data Taking with Recoil Detector

• Data Taking:  1995-2007
• Reconstruction:  δp/p<2%, δΘ<1 mrad
• Internal gas targets: unpol H, D, He, N, Ne, Kr, Xe, Lpol He, H, D, Tpol H 
• Particle ID: TRD, Preshower, Calorimeter, RICH                                                          
lepton-hadron separation > 99 % efficiency 
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Introduction

Experimental probe of GPDs       Hard exclusive Processes 
Deeply Virtual Compton Scattering
• Theoretically the cleanest probe of GPDs 
• Theoretical accuracy at NNLO
• GPDs are accessed through convolution integrals 
with hard scattering amplitude
• Experimental observables: Azimuthal asymmetries, 
cross sections, cross section differences.
• Amplitudes depend on all GPDs   H,E, eH, eE
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Introduction

Experimental probe of GPDs       Hard exclusive Processes 
Deeply Virtual Compton Scattering
• Theoretically the cleanest probe of GPDs 
• Theoretical accuracy at NNLO
• GPDs are accessed through convolution integrals 
with hard scattering amplitude
• Experimental observables: Azimuthal asymmetries, 
cross sections, cross section differences.
• Amplitudes depend on all GPDs   H,E, eH, eE
Vector Mesons 
• Factorization for σL (to ρL, φL, ωL) only
• σL to σT suppressed by 1/Q 
• σT suppressed by 1/Q2 
• Experimental observables: cross sections, SDMEs, 
azimuthal asymmetries, Helicity amplitude ratios
• At leading twist → sensitive to GPDs     and
• Observables for different mesons provide a 
possibility of flavor tagging. 

Pseudoscalar mesons 
• Experimental observables: Cross sections, 
azimuthal  asymmetries 
• At leading twist → sensitive to GPDs     and 
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Deeply Virtual Compton Scattering

DVCS and Bethe-Heitler      Same final state      Interference 

At HERMES kinematics 

d�

dxBdQ

2
d|t|d�

/ |TBH |2 + |TDV CS |2 + TDV CST ⇤
BH + TBHT ⇤

DV CS| {z }
I

DVCS amplitudes can be accessed trough Interference

Interference      non-zero azimuthal asymmetries
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Deeply Virtual Compton Scattering
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Bethe-Heitler is parametrized in terms of electromagnetic Form-Factors 

DVCS is parametrized in terms of Compton Form-Factors

 CFFs = convolutions of hard scattering amplitudes and GPD’s

F(⇠, t) =
X

q

Z 1

�1
dxCq(⇠, x)F q(x, ⇠, t)
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Access to GPDs
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n cos(n�) +

3X
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sI
n sin(n�)

)

• Beam-Charge asymmetry
  
• Beam-Spin Asymmetry
  
• Longitudinal Target-Spin Asymmetry
     
• Longitudinal Double-Spin Asymmetry

• Transverse Target-Spin Asymmetry

• Transverse Double-Spin Asymmetry
�(�, �S)� �(�, �S + ⇡) / Im[F2H� F1E ]

�(�!e , �, �S)� �( �e , �, �S + ⇡) / Re[F2H� F1E ]

�(e+, �)� �(e�, �) / Re[F1H]

�(�!e , �)� �( �e , �) / Im[F1H]

�(
)
P , �)� �(

(
P , �) / Im[F1

eH]

�(
)
P ,�!e , �)� �(

)
P , �e , �) / Re[F1

eH]

cn = cn,unp + �⇤cn,LP

sn = �sn,unp + ⇤sn,LP

cn = cn,unp + ⇤cn,UT + �⇤cn,LT

sn = �sn,unp + ⇤sn,UT + �⇤sn,LT

Longitudinally polarized target:

Transversely polarized target:

- Beam helicity 

- Target spin projection ⇤
�

e` - Beam charge
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Beam-Charge & Beam-Helicity Asymmetries
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Figure 4. The Asin�
LU,I, A

sin�
LU,DVCS and Asin(2�)

LU,I beam-helicity asymmetry amplitudes extracted from
all the unpolarised hydrogen data recorded at Hermes from 1996 until 2007. The error bars (bands)
represent the statistical (systematic) uncertainties. An additional 3.2% scale uncertainty is present
in the amplitudes due to the uncertainty of the beam polarisation measurement. Solid and dashed
lines (KM10) show model calculations from ref. [37]; calculations from ref. [41] are shown as dashed-
dotted lines (GGL11). See text for details. The simulated fractional contribution from associated
production to the yield in each kinematic bin is shown in the bottom row.

dences. The solid curves represent the model fit without data from the Je�erson Lab Hall

A Collaboration [22]; the model fit represented by the dashed curves includes these data.

Both fits include the 1996-2005 Hermes data. The model incorporates only twist-2 GPDs

and so can provide results only for the Asin�
LU,I, A

cos(0�)
C and Acos�

C asymmetry amplitudes.

All of the relevant amplitudes reported here are well described by the model.

The dash-dotted curves in figures 4 and 5 show the result of calculations from a fit

based on a quark-diquark model with a Regge-inspired term that is included in order to

describe accurately parton distribution functions at low x values [41]. The “Regge” term

is extended to include contributions that determine the t-dependence of the corresponding

GPD. The model incorporates fits to global deep-inelastic and elastic scattering data (to

account for the �-independent limits and moments of the underlying GPDs) and DVCS data

from Je�erson Lab. (to describe the skewness dependence). It describes the t-projections

of the Asin�
LU amplitude reported here well, but the projections in the other kinematic

variables are not as well described. The model describes the trends of the Acos(0�)
C and

Acos�
C asymmetry amplitudes well.

In order to provide more detailed information that can be used in future fits, in par-

– 12 –
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Figure 4. The Asin�
LU,I, A

sin�
LU,DVCS and Asin(2�)

LU,I beam-helicity asymmetry amplitudes extracted from
all the unpolarised hydrogen data recorded at Hermes from 1996 until 2007. The error bars (bands)
represent the statistical (systematic) uncertainties. An additional 3.2% scale uncertainty is present
in the amplitudes due to the uncertainty of the beam polarisation measurement. Solid and dashed
lines (KM10) show model calculations from ref. [37]; calculations from ref. [41] are shown as dashed-
dotted lines (GGL11). See text for details. The simulated fractional contribution from associated
production to the yield in each kinematic bin is shown in the bottom row.

dences. The solid curves represent the model fit without data from the Je�erson Lab Hall

A Collaboration [22]; the model fit represented by the dashed curves includes these data.

Both fits include the 1996-2005 Hermes data. The model incorporates only twist-2 GPDs

and so can provide results only for the Asin�
LU,I, A

cos(0�)
C and Acos�

C asymmetry amplitudes.

All of the relevant amplitudes reported here are well described by the model.

The dash-dotted curves in figures 4 and 5 show the result of calculations from a fit

based on a quark-diquark model with a Regge-inspired term that is included in order to

describe accurately parton distribution functions at low x values [41]. The “Regge” term

is extended to include contributions that determine the t-dependence of the corresponding

GPD. The model incorporates fits to global deep-inelastic and elastic scattering data (to

account for the �-independent limits and moments of the underlying GPDs) and DVCS data
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Figure 5. The Acos(0�)
C , Acos�

C , Acos(2�)
C and Acos(3�)

C beam-charge asymmetry amplitudes extracted
from all the unpolarised hydrogen data recorded at Hermes from 1996 until 2007. The error bars
(bands) represent the statistical (systematic) uncertainties. Theoretical calculations from the model
described in ref. [37] are shown as solid and dashed lines (KM10); calculations from ref. [41] are
shown as dashed-dotted lines (GGL11). See text for details. The simulated fractional contribution
from associated production to the yield in each kinematic bin is shown in the bottom row.

ticular for the determination of the entanglement of the skewness and �t dependences of

GPDs, the amplitudes already presented in figures 4 and 5 are shown as a function of �t

for three di�erent ranges of xB in figures 6 and 7. These figures represent the kinematic

dependences of the amplitudes in a less-correlated manner than the one-dimensional pro-

jections: within experimental uncertainty, there is no evidence of a correlation between the

�t and xB dependences for any of the amplitudes.

The results from this paper will be made available in the Durham Database. The

results will also be made available in the same 4-bin format as used in previous analyses

at Hermes [8, 9, 12].

6 Summary

Beam-helicity and beam-charge asymmetries in the azimuthal distribution of real photons

from hard exclusive leptoproduction on an unpolarised hydrogen target have been pre-

sented. These asymmetries were extracted from an unpolarised hydrogen data set taken

during the 2006 and 2007 operating periods of Hermes. Analogous asymmetry amplitudes

were extracted previously from hydrogen data obtained during the 1996-2005 experimental

period as described in ref. [9]. A comparison of the amplitudes extracted from these inde-
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Figure 5. The Acos(0�)
C , Acos�

C , Acos(2�)
C and Acos(3�)

C beam-charge asymmetry amplitudes extracted
from all the unpolarised hydrogen data recorded at Hermes from 1996 until 2007. The error bars
(bands) represent the statistical (systematic) uncertainties. Theoretical calculations from the model
described in ref. [37] are shown as solid and dashed lines (KM10); calculations from ref. [41] are
shown as dashed-dotted lines (GGL11). See text for details. The simulated fractional contribution
from associated production to the yield in each kinematic bin is shown in the bottom row.
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GPDs, the amplitudes already presented in figures 4 and 5 are shown as a function of �t

for three di�erent ranges of xB in figures 6 and 7. These figures represent the kinematic

dependences of the amplitudes in a less-correlated manner than the one-dimensional pro-

jections: within experimental uncertainty, there is no evidence of a correlation between the

�t and xB dependences for any of the amplitudes.

The results from this paper will be made available in the Durham Database. The

results will also be made available in the same 4-bin format as used in previous analyses

at Hermes [8, 9, 12].

6 Summary

Beam-helicity and beam-charge asymmetries in the azimuthal distribution of real photons

from hard exclusive leptoproduction on an unpolarised hydrogen target have been pre-

sented. These asymmetries were extracted from an unpolarised hydrogen data set taken

during the 2006 and 2007 operating periods of Hermes. Analogous asymmetry amplitudes

were extracted previously from hydrogen data obtained during the 1996-2005 experimental

period as described in ref. [9]. A comparison of the amplitudes extracted from these inde-
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AC(�) =
(�+! + �+ )� (��! + �+ )
(�+! + �+ ) + (��! + �+ )

AI,DV CS
LU (�) =

(�+! � �+ )+
�(��! � �� )

(�+! + �+ ) + (��! + �� )

GGL11: Model calculation 
G. Goldstein, S. Liuti, 

J. Hernandez 
Phys.Rev.D 84 034007 (2011)

KM10: Global fit 
K. Kumericki, D. Muller  

Nucl.Phys.B 841(2010) 1

/ �Acos(�)

C

Fractions of associated 
process from MC

/ Re
⇥
F1H

⇤

Beam charge asymmetry
• non-zero leading amplitude 
• strong -t dependence
• no xB and Q2 dependencies

/ Im
⇥
F1H

⇤

/ Im
⇥HH⇤ + eH eH⇤⇤

Charge-difference beam-helicity  
asymmetry
• significant negative value of the leading 
amplitude
• no kinematic dependencies

Charge-averaged beam-
helicity  asymmetry
• consistent with zero

Airapetian el al. JHEP 07 (2012) 032
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Transverse Target-Spin Asymmetries 
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Charge-difference Transverse Target-Spin 
asymmetry

• Non-zero leading cos(nϕ) amplitudes.

 VGG: Model calculation
M. Vanderhaeghen, P. Guichon, M. Guidal

Phys..Rev.D (1999) 094017
Prog. Nucl. Phys, 47 (2001) 401

Leading cos(φ) amplitude of charge 
difference target-spin asymmetry AIUT is 

sensitive to CFF  E , therefore Ju . 

/ Im
⇥
F2H � F1E

⇤

Im
⇥HE⇤ � EH⇤ � ⇠( eHeE⇤ � eE eH⇤)

⇤

Airapetian el al. JHEP 06 (2008) 066

Airapetian et al. Phys. Lett. B704 (2011) 15

Charge-difference Transverse 
Double-Spin asymmetry
• leading amplitudes are 
consistent with zero
• sensitivity to Ju  is suppressed 
by kinematic pre- factor 

/ Re
⇥
F2H � F1E

⇤

Aram Movsisyan, Transversity 2014
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Longitudinal Target-Spin Asymmetries
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 VGG: Model calculation
M. Vanderhaeghen, P. Guichon, M. Guidal

Phys..Rev.D (1999) 094017
Prog. Nucl. Phys, 47 (2001) 401

/ Im
⇥
F1

eH⇤

/ Re
⇥
F1

eH⇤

Asymmetry amplitudes are 
attributed not only to squared 
DVCS and Interference terms but 
also to squared BH term  

Longitudinal Target-Spin asymmetry
• Non-zero negative value of 
leading sin(ϕ) amplitude on both 
targets. 
• Results on deuteron neither 
support nor disfavor large 
contribution from neutron, 
predicted by the model.
• Results on proton and deuteron 
targets are compatible.

Aram Movsisyan, Transversity 2014
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Measurements with Recoil Detection

• Events with one DIS lepton and one 
trackless cluster in the calorimeter.
• “Unresolved” for associated process  
                     ≈12 %    

S. Yaschenko Report from HERMES 13

Event selection, uncertainties and corrections before 
the Recoil detector installation
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0.3  data+e

 data-e

MC sum

elastic BH

associated BH

semi-inclusive

Scattered electron and photon are detected in the Forward spectrometer

Recoil proton is undetected

Identification by missing mass technique (ep ! e’!X)

Semi-inclusive corrected as dilutions for charge dependent asymmetries

Associated Bethe-Heitler ep ! e’"+! ~12% stays part of the signal

ep! e�+�

• “Unresolved reference” sample. 
• “Hypothetical” proton required in the 
Recoil Detector acceptance. 

• “Pure Elastic” sample. 
• Kinematic event fitting technique. 
Allows to achieve purity > 99.9 % 

Aram Movsisyan, Transversity 2014
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Beam-Helicity Asymmetry (Recoil Measurement)
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Figure 7. Amplitudes of the single-charge beam-helicity asymmetry in deeply virtual Compton
scattering shown in projections of �t, xB, and Q2. The “overall” results shown in the very left
panel are extracted in a single kinematic bin covering the entire kinematic acceptance. Statistical
uncertainties are shown by error bars. The bands represent the systematic uncertainties of the
amplitudes extracted from the pure sample. A separate scale uncertainty arising from the measure-
ment of the beam polarization amounts to 1.96%. Shown are amplitudes extracted from a) the pure
ep ! ep� sample (red circles, shown at their kinematic values), i.e., obtained with recoil-proton
reconstruction; b) the unresolved-reference sample (blue triangles, shifted to the right for better
visibility), i.e., without recoil-proton reconstruction but requiring its four-momentum to be in the
recoil-detector acceptance; c) the unresolved sample (black stars, shifted to the left for better visi-
bility), i.e., without requirements from recoil-detector acceptance and reconstruction. The actually
reconstructed kinematic values are specified in table 1 for every bin in which the amplitudes are
presented. The latter two sets of amplitudes are subject to an average contribution of 14% and
12%, respectively, for associated processes (see figure 6 for the kinematic dependences). All three
sets of amplitudes are extracted from the same 2006/2007 positron-beam data set and the results
are strongly statistically correlated.

also shows the data points for the sin(n�) amplitudes extracted from the unresolved and

unresolved-reference samples. The comparison is performed in two steps in order to iso-

late these e↵ects from those of the change in the experimental acceptance due to the

recoil detector.

i) The triangles represent data points extracted from the unresolved-reference sample,

which is obtained by a missing-mass analysis without using recoil-detector informa-

tion, but requiring the hypothetical recoil proton to be in the acceptance of the

recoil detector. The comparison with the amplitudes extracted from the pure sample

demonstrates the change of the measured amplitudes arising from only the removal of

the events from associated production, because both sets of amplitudes are measured

within the same acceptance of forward spectrometer combined with recoil detector.

There is an indication that the overall value of the sin� amplitude for the pure

sample, �0.328 ± 0.027 (stat.), is larger in magnitude than that of the unresolved-

– 18 –
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Figure 6. Fractional contributions from the BH process ep ! ep� (closed symbols) and the
associated BH process ep ! e�+� (open symbols), for each of the exclusive samples. The fractional
contributions are extracted from Monte Carlo simulations and are presented in the same kinematic
binning as the asymmetry amplitudes in figures 7 and 8. Symbols for the unresolved (unresolved-
reference) sample are shifted to the left (right) for better visibility. If the points were plotted
without such shifts, a di↵erence would only be visible in the first �t bin.

azimuthal asymmetry amplitudes:

ALU(�; e`) ' Asin�
LU sin�+A

sin(2�)
LU sin(2�), (5.2)

where the approximation is due to the truncation of the infinite Fourier series. Note that

Asin�
LU is related, but not identical to sI1 since there is an additional �-dependence in the

lepton propagators in eq. (2.10), and there is another sin� amplitude sDVCS
1 in eq. (2.10).

The former statement also holds for Asin(2�)
LU and sI2 .

As a consistency check for extraneous harmonics caused by the lepton propagators in

eq. (2.10) and as a test of the normalization of the fit, the maximum likelihood fit was

repeated including the terms A
cos(0�)
LU and Acos�

LU . As expected, these spurious terms were

found to be compatible with zero within statistical uncertainties and have negligible impact

on the resulting asymmetry amplitudes. This provides evidence that the experimental

acceptance did not su↵er instabilities correlated with beam helicity.

6 Background corrections and systematic uncertainties

6.1 Corrections and uncertainty contributions for the unresolved samples

The asymmetry amplitudes extracted from the unresolved and unresolved-reference sam-

ples are corrected for the presence of background that involves semi-inclusive or hard-

exclusive neutral pseudo-scalar meson production (mainly ⇡0), where one of the two pho-

tons from the meson decay escapes the acceptance of the calorimeter, or the two photons

are registered as one calorimeter cluster, thus faking a single-photon event candidate. In

order to correct the measured amplitude Ameas for these background processes, the follow-

ing procedure is applied in every kinematic bin to obtain the asymmetry amplitude Afinal

corrected for background:

Afinal =
Ameas � fsemiAsemi � fexclAexcl

1� fsemi � fexcl
, (6.1)

– 14 –

ALU (�) =
�+! � �+ 

�+! + �+ 

Indication of slightly larger 
magnitude of leading 
amplitude for pure elastic 
sample compared with 
reference sample 

Fractional contributions 
of elastic and 

associated processes 
for different samples 

Unresolved
Unresolved Reference

Pure Elastic

Airapetian el al. JHEP 10 (2014) 042

Aram Movsisyan, Transversity 2014
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Associated Process          
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Figure 3. Amplitudes of the single-charge beam-helicity asymmetry extracted in the associated
channel ep → eγπ0p obtained with recoil-proton reconstruction. The amplitudes are presented in
projections of −t, xB, and Q2. The “overall” results shown in the very left panel are extracted in a
single kinematic bin covering the entire kinematic acceptance. Statistical (systematic) uncertainties
are represented by error bars (bands). A separate scale uncertainty arising from the measurement
of the beam polarization amounts to 1.96%.
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Figure 4. Amplitudes of the single-charge beam-helicity asymmetry extracted in the associated
channel ep → eγπ+n obtained with recoil-pion reconstruction. Otherwise as for figure 3.

with the small magnitude of the asymmetries in the two associated channels obtained in

this analysis. Effectively, the background from the associated reaction acts as a dilution

in the beam-helicity asymmetries measured previously by Hermes using the missing-mass

technique [23, 24].
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Figure 3. Amplitudes of the single-charge beam-helicity asymmetry extracted in the associated
channel ep → eγπ0p obtained with recoil-proton reconstruction. The amplitudes are presented in
projections of −t, xB, and Q2. The “overall” results shown in the very left panel are extracted in a
single kinematic bin covering the entire kinematic acceptance. Statistical (systematic) uncertainties
are represented by error bars (bands). A separate scale uncertainty arising from the measurement
of the beam polarization amounts to 1.96%.
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Figure 4. Amplitudes of the single-charge beam-helicity asymmetry extracted in the associated
channel ep → eγπ+n obtained with recoil-pion reconstruction. Otherwise as for figure 3.

with the small magnitude of the asymmetries in the two associated channels obtained in

this analysis. Effectively, the background from the associated reaction acts as a dilution

in the beam-helicity asymmetries measured previously by Hermes using the missing-mass

technique [23, 24].
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e+p! e+��+

e+p! e+�p⇡0|�+

e+p! e+�n⇡+|�+

Fractional contributions
  Associated DVCS/BH - 85 ± 1%
  Elastic DVCS/BH - 4.6 ± 0.1 %
  SIDIS - 11 ± 1 %

Airapetian el al. JHEP 01 (2014) 077

Fractional contributions
  Associated DVCS/BH - 77 ± 2%
  Elastic DVCS/BH - 0.2 ± 0.1 %
  SIDIS - 23 ± 3 %

ALU (�) =
�+! � �+ 

�+! + �+ 

Asymmetry amplitudes are 
consistent with zero for both 
channels.

Aram Movsisyan, Transversity 2014
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Exclusive Vector Meson Production

!"

 

(q)

p(p’)p(p)

#

!"

 

(q)

p(p’)p(p)

#

!"(q)

p(p’)p(p)

#

-Ami Rostomyan- – PACSPIN 2009,Yamagata, Japan – page 3

-Ami Rostomyan- – PACSPIN 2009,Yamagata, Japan – page 18

10

Wednesday, September 28, 2011

pQCD description of the process. 
I)   dissociation of the virtual photon into quark-antiquark pair
II)  scattering of a pair on a nucleon
III) formation of the observed vector meson

UPE   GPDs     ,
NPE   GPDs    ,    

Exclusive Production:

K.Schilling & G.Wolf, Nucl.Phys.B61,381(1973): Formalism for longitudinal polarized beam, unpolarized target

I) (QED)

Spin-density matrix of

virtual photon:

II) (QCD)

Helicity amplitudes in c.m.s. of :

Vector-meson spin-density matrix:

!o
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" #

e

e’

lepton

scattering!plane

N’ N
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$
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%

$

&

N’z

xy
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!production!plane #

!decay!plane

Z

Y X

Define here Spin Density Matrix Elements (SDMEs) to be:

Free parameters where with

If no transverse-longitudinal separation:

15 ‘unpolarized’ SDMEs & 8 ‘polarized’ SDMEs can be extracted

III) (Conservation of ) (Decay pion angular distribution)

Wolf-Dieter Nowak, DIS 2009, Madrid, April 28, 2009 – p. 4

d�

dxBdQ

2
dtd�d cos ✓d�

/ d�

dxBdQ

2
dt

W (xB , Q

2
, t, �, cos ✓, �)

W = WUU + P`WLU + SLWUL + P`SLWLL + ST WUT + P`ST WLT

Cross Section

production and decay angular distribution: W decomposition

parameterization in terms of helicity amplitudes              or SDMEs

11

d�

dxB dQ2 dt d⇥s d⇥ d cos⇤ d⌅
� d�

dxB dQ2 dt
W (xB , Q

2, t,⇥s,⇥, cos⇤,⌅)

!"production and decay angular distributions W decomposed:

W = WUU + PlWLU + SLWUL + PlSLWLL + STWUT + PlSTWLT

!"or alternatively by SDMEs:
!"parametrized by helicity amplitudes 

-Schilling, Wolf (1973)-

-Diehl  (2007)-

-Diehl  (2007)--Schilling, Wolf (1973)-

helicity amplitudes or SDMEs describe

!"the helicity transfer from virtual photon to the vector meson

! the parity of the diffractive exchange process 

     ! natural parity is related to 

     ! unnatural parity is related to �H and �E
H and E

Wednesday, September 28, 2011
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!"production and decay angular distributions W decomposed:
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!"or alternatively by SDMEs:
!"parametrized by helicity amplitudes 

-Schilling, Wolf (1973)-

-Diehl  (2007)-

-Diehl  (2007)--Schilling, Wolf (1973)-

helicity amplitudes or SDMEs describe

!"the helicity transfer from virtual photon to the vector meson

! the parity of the diffractive exchange process 

     ! natural parity is related to 

     ! unnatural parity is related to �H and �E
H and E

Wednesday, September 28, 2011

H E
eH eE

-Schilling, Wolf (1973)
-Diehl (2007)

Aram Movsisyan, Transversity 2014
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SDMEs ρ0 

! no!statistically!significant!diffe"

rence between!proton!and!

deuteron

s"channel!helicity!conservation!

(conservation!the!helicity!of!"*!!in!

!"
# $ %"

& and!!'
# $ %'

&)!–

non"zero!SDMEs!of!classes!A,B

()*)
) + ,-./()*)

0 1,!

23 ()&
4 + ,56 ()&

7 8

923 ()&
: + -./()&

; 1 " fulfilled

! s"channel!helicity!violation!

significant!!'
# $ %"

& " non"zero!

elements!of!class!C,!not!so!

significant!!*'
# $ %'

& and!!"
# $ %'

&

" non"zero!elements!of!classes!D,E

SDMEs!for!#0 meson!production

Hierarchy!of!amplitudes!at!HERMES!kinematics!for!%&:

|T00|
2 < |T11|

2= |T01|
2 >|T10|

2 < |T#11|
2

EPJC 62 (2009) 659-694, arXiv:0901.0701

Unpolarized (white!areas)!and!beam"polarized!(green!areas)!SDMEs

13

Polarized
Unpolarized

|T00| ⇠ |T11|� |T01| > |T10| � |T1�1|

γ*L→VL && γ*T→VT (Class A & B)  

• SDMEs are significantly different from zero 
• SDMEs of Class B are smaller than SDMEs of 
Class A 

γ*T→VL (Class C)  

• some SDMEs are significantly different from 
zero (up to 10σ)
• Violation from SCHC 

γ*-T→VT (Class E)  

• SDMEs on Deuteron are consistent with zero 
• Small deviation from zero for SDMEs on 
hydrogen 

γ*L→VT (Class D)  

• Unpolarized SDMEs are slightly negative 
• Polarized SDMEs are slightly positive 

• Selected hierarchy of NPE helicity amplitudes 
is confirmed   
• No differences between proton and deuteron

Aram Movsisyan, Transversity 2014
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SDMEs Φ

scaled SDMEs
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B: Interference
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L VM→ 
L
*
γ

T VM→ T
*
γ

T VM→ 
T
*
γ & L VM→ 

L
*
γ

L VM→ 
T
*γ

T VM→ 
L
*
γ

T VM→ 
-T
*γ

HERMES Preliminary

HERMES, EPJC 62 (2009) 659
 proton0ρ

 deuteron0ρ

, W=5.34GeV2=2.5 GeV2Q
 protonφ

 deuteronφ

Unpolarized

Polarized

γ*L→VL & γ*T→ VT (Class A & B) 

• SDMEs are significantly different from zero 
• 10-20% difference between ρ and ϕ SDMEs 

• Selected hierarchy of NPE helicity amplitudes 
is confirmed   
• No significant differences between proton 
and deuteron

γ*T→VL (Class C)  

• SDMEs are consistent with zero
• SDMEs on deuteron are slightly negative 
• No strong indication of violation from SCHC 

γ*L→VT (Class D)  

• Unpolarized and Polarized SDMEs are 
consistent with zero for both hydrogen and 
deuteron

γ*-T→VT (Class E)  

• Unpolarized and Polarized SDMEs are 
consistent with zero for both hydrogen and 
deuteron

Aram Movsisyan, Transversity 2014
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SDMEs ω

Im r3 
1-1

r1 
11 

r04
1-1

r8 
1-1

r8 
11 

Im r7 
1-1

Im r6 
1-1

r5 
1-1

r5 
11 

r8 
00 

Im r3 
10 

r1 
00 

r5 
00 

Im r2 
10 

Re r1 
10 

Re r04
10  

Re r8 
10 

Im r7 
10 

Im r6 
10 

Re r5 
10 

Im r2 
1-1

r1 
1-1

r04
00  

-0.4 -0.2 0 0.2 0.4 0.6
Im r3 

1-1

r1 
11 

r04
1-1

r8 
1-1

r8 
11 

Im r7 
1-1

Im r6 
1-1

r5 
1-1

r5 
11 

r8 
00 

Im r3 
10 

r1 
00 

r5 
00 

Im r2 
10 

Re r1 
10 

Re r04
10  

Re r8 
10 

Im r7 
10 

Im r6 
10 

Re r5 
10 

Im r2 
1-1

r1 
1-1

r04
00  

-0.4 -0.2 0 0.2 0.4 0.6
SDMEs

HERMES PRELIMINARY

ω, deuteron
ω, proton

ρ0,  proton
ρ0,  deuteron

A: γ*
L→VML & γ*

T →VMT

B: Interference
γ*
L→VML & γ*

T →VMT

C: γ*
T →VML

D: γ*
L→VMT

E: γ*
 -T →VMT

Unpolarized

Polarized

• Selected hierarchy of NPE helicity amplitudes 
is not confirmed   
• No differences between proton and deuteron

γ*L→VL & γ*T→ VT (Class A & B) 

• SDMEs are significantly different from zero 
• Significant differences between ρ and ω 
SDMEs 

γ*T→VL (Class C)  

• SDMEs are consistent with zero on both 
targets

γ*L→VT (Class D)  

• Unpolarized SDMEs differ from zero
•  Small evidence for violation from SCHC 

γ*-T→VT (Class E)  

• Unpolarized and Polarized SDMEs are 
consistent with zero for both hydrogen and 
deuteron
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Comparison with GPD models

13

comparison with a GPD model
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-Goloskokov, Kroll (2007)-

Q2-dependence calculated for 3 differ-

ent W values:

W = 5 GeV(HERMES)

W = 10 GeV(COMPASS)

W = 90 GeV(H1,ZEUS)

γ∗
L → ρ0

L and γ∗
T → ρ0

T

1 − r04
00 ∝ r1

1−1 ∝ −$r2
1−1 ∝ T11

describe data for various W -ranges

interference of γ∗
L → ρ0

L and γ∗
T → ρ0

T

r5
10 ∝ −$r6

10 ∝ T00 and T11 interference

model does not describe the data

model uses phase difference δ = 3.1 degree between T00 and T11

HERMES result: δ ≈ 30 degree

-Ami Rostomyan- – PACSPIN 2009,Yamagata, Japan – page 11

-Goloskokov, Kroll (2007)-
W = 5 GeV(HERMES)

W = 10 GeV(COMPASS)

W = 90 GeV(H1,ZEUS)
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A
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0
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ep � e� �0 p�
!"Q2-dependence calculated using models for GPD H,

                                                neglecting GPD 

��
L � ⇥0L ��

T � ⇥0T
1� r0400 ⇥ r11�1 ⇥ �Imr21�1 ⇥ T11

"""""""""""""""and

!

!"model describe the data 

! model does not describe the data

!"model uses phase !11=3.1 degree difference 

between T00 and T11

��
L � ⇥0L ��

T � ⇥0Tinterference between"""""""""""""""and

  r510 ⇥ �Imr610
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Fig. 6. The Q2 dependence of the phase difference δ11 (left panel) and δ01 (right panel, see Sec. 7.4) between the amplitudes T11

and T01, respectively, and T00 obtained for proton and deuteron data. Points show the phase differences δ11 and δ01 calculated
from ratios of amplitudes given in Tabs. 2 and 3 after averaging over −t′ bins. Inner error bars show the statistical uncertainty
and the outer ones show the statistical and systematic uncertainties added in quadrature. The fitted parameterization is given
by Eqs. (70) and (78) respectively for δ11 and δ01. The parameters of the curves are given in Tabs. 4 and 6 for combined proton
and deuteron data. The central lines are calculated with the fitted values of the parameters, while the dashed lines correspond
to one standard deviation in the uncertainty of the curve parameter.
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Fig. 7. The t′ dependence of Q ·Re(T11/T00) (left panel) and Im(T11/T00)/Q (right panel) for proton and deuteron data. Points
show the amplitude ratios from Tabs. 2 and 3 after averaging over four Q2 bins using Eqs. (67) and (68). The straight lines in
the left and right panel show the value of a and b, respectively, from Eqs. (66) and (69) while the parameters a and b are given
in Tab. 4. The meaning of the error bars and the explanation of the curves are the same as for Fig. 4.

-HERMES Collaboration-: 

EPJ C 71 (2011) 1609
tan �11 =

Im(T11/T00)

Re(T11/T00)

!"large phase difference !11=20 was measured by H1 collaboration

!"no model capable of explaining the value and Q2 dependence of !11

!"HERMES result: !11~31.5 ± 1.4 degree

�H

Wednesday, September 28, 2011

GPD model: S.Goloskokov, P. Kroll (2008) W=5 GeV (HERMES)
W=10 GeV (COMPASS)
W=90 GeV (H1,ZEUS)

γ*L→ ρ0L & γ*T→ρ0T  

1� r04
00 , r

1
1�1,�Imr2

1�1 / T11

    model is in agreement with data
interference γ*L→ρ0L & γ*T→ρ0T  

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

12

Q
2
  [GeV

2
]

δ
1

1
  
  
[d

eg
]

Deuteron

Proton

0

50

1 2 3

Q
2
  [GeV

2
]

δ
0

1
 [

d
eg
] 

  
  
 

Deuteron

Proton

-90

0

90

1 2 3

Fig. 4. Left (right): The Q2 dependence of the phase difference δ11 (δ01) between the amplitudes T11 (T01) and T00 obtained for
proton and deuteron data. Points show the phase differences δ11 and δ01 calculated from ratios of amplitudes given in Tabs. C2
and C3 after averaging over t′ bins. Inner error bars show the statistical uncertainty, while the outer ones show the statistical
and systematic uncertainties added in quadrature. The fitted parameterization is given by Eqs. (63) and (70) respectively for
δ11 and δ01. The parameters of the curves are given in Tabs. 1 and 3 for combined proton and deuteron data. The solid lines
are calculated with the mean values of the parameters, while the dashed lines correspond to one standard deviation in the
uncertainty of the curve parameter.
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Fig. 5. Left (right): The t′ dependence of Q · Re(T11/T00) (Im(T11/T00)/Q) for proton and deuteron data. Points show the
amplitude ratios from Tabs. C2 and C3 after averaging over four Q2 bins using Eqs. (60) and (61). The straight lines in the left
and right panel show the value of a and b, respectively, from Eqs. (59) and (62), the parameters a and b are given in Tab. 1.
The meaning of curves and error bars are the same as for Fig. 2.

meson, the eikonal-like correction might be responsible for
the measured large phases observed in the present work.

Figure 5 shows the t′ dependence of the real and imag-
inary parts of the ratio t11. Since Re(t11) and Im(t11) de-

    model dose not describe the data
model uses phase difference     
between T00 and T11, δ11=3.1 deg.

tan �11 =
Im(T11/T00)
Re(T11/T00)

HERMES result δ11=31.5 ± 1.4 deg.
 Large phase difference was observed          
also by H1 (δ11=20)  

Aram Movsisyan, Transversity 2014
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UPE Contribution ρ0
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!"the combinations of SDMEs expected to be zero in case of natural parity exchange dominance

HERMES and GPDs
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u1 = 1� r0400 + 2r041�1 � 2r111 � 2r11�1 u2 = r511 + r51�1 u3 = r811 + r81�1

!"direct helicity amplitude ratio analysis: U11/T00

at large W and Q2, this transition should be suppressed by a factor of MV/Q 
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Fig. 8. The dependences of |U11/T00| on Q2 and t′ for proton and deuteron data. The points show the amplitude ratios given in
Tabs. 2 and 3 after averaging over −t′ (Q2) bins in the left (right) panel. The inner error bars show the statistical uncertainty
and the outer ones show the statistical and systematic uncertainties added in quadrature. The results fitting the combined data
set with a constant (central line), |U11/T00| = g, are given in Tab. 5. The dashed lines correspond to one standard deviation in
the total uncertainty.

target ratio g δg χ2/Ndf

proton |U11/T00| 0.400 ±0.020 0.60

deuteron |U11/T00| 0.383 ±0.017 0.40

proton+deuteron |U11/T00| 0.390 ±0.013 0.49

Table 5. Results of fitting the ratio |U11/T00| to a constant for proton, deuteron and combined data sets. The values of
parameters with their total uncertainties are presented. The last column shows the value of χ2 per degree of freedom.

shown in Fig. 7 multiplied or divided by Q, respectively.
No noticeable t′ dependence is observed for Re(t11) and
Im(t11). Since the differential cross section of the pro-
cess in Eq. (1) for high energies and small |t′| is usu-
ally described by an exponential factor exp{βt′}, the he-
licity amplitudes should have exponential factors T00 ∝
exp{βLt′/2} and T11 ∝ exp{βT t′/2}. The absence of a t′

dependence of the ratio T11/T00 means that the slope pa-
rameters βL and βT for the amplitudes T00 and T11 are
close to each other. For very small |t′|, it is reasonable to
use the linear approximation

Re(T11/T00) =
a

Q
exp{−1

2
∆β1t

′}

≈ a

Q
(1 +

1

2
∆β1|t′|), (71)

Im(T11/T00) = bQ exp{−1

2
∆β2t

′}

≈ bQ(1 +
1

2
∆β2|t′|). (72)

The proton results are ∆β1 = (−1.02 ± 0.85) GeV−2 and
∆β2 = (−0.91± 2.00) GeV−2, while the fit for the deute-
ron data gives ∆β1 = (0.58 ± 0.80) GeV−2 and ∆β2 =
(−1.96 ± 1.58) GeV−2. The results of the fits show that
all four numbers are consistent with one another. We now
assume that, within experimental accuracy, the slope pa-
rameters for the real and imaginary parts of the ratio
coincide across both target types. In this case we have
∆β1 ≈ ∆β2 ≈ βL − βT . Combining these four numbers
making use of Eqs. (67) and (68) we get an estimate for
βL − βT = (−0.4 ± 0.5) GeV−2. This result on βL − βT

is in agreement with the prediction published in Ref. [54],
which ranges from −0.7 GeV−2 at Q2 = 0.8 GeV2 to −0.4
GeV−2 at Q2 = 5 GeV2.

7.3 Kinematic Dependence of |U11/T00|

The unnatural-parity-exchange amplitude, U11, describes
the transition from a transversely polarized photon to a
transversely polarized ρ0 meson (γ∗

T → ρ0
T ). At large W
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( ) deuteron (integrated)

! give information about 

SDME method helicity amplitude ratio method

 !"significance of 3!  !"significance of 20! 

-HERMES Collaboration-: 

EPJ C 71 (2011) 1609

-HERMES Collaboration-: 

EPJC 62 (2009) 659-694

�H

Wednesday, September 28, 2011

u1 = 1� r04
00 + 2r04

1�1 � 2r1
11 � 2r1

1�1

u2 = r5
11 + r5

1�1

u3 = r8
11 + r8

1�1

At large W2 and Q2 the transition should be 
suppressed by M/Q
• direct helicity amplitude ratio analysis: U11/T00

• the combination of SDMEs is expected to be zero in 
case of NPE  

Aram Movsisyan, Transversity 2014
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Transverse SDMEs of ρ0
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• Most of the SDMEs are consistent with 
zero within 1.5σ   
• SDMEs                     ,              and                     
differ form zero by 2.5σ 
• Non - zero value for SDME             - 
violation from SCHC
• In case of NPE - expected  
• Non - zero values for SDMEs                 
and            indicate a large contribution of 
UPE                         
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Transverse SDMEs of ρ0
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ρ0: transverse target-spin asymmetry
theoretically at leading order in 1/Q

(γ∗
L → ρ0

L):

A
sin(φ−φs)
UT =

Im n00
00

u00
00

asymmetry in terms of GPDs

A
sin(φ−φs)
UT ∝

E

H
∝

Eq + Eg

Hq + Hg

experimentally:

Aγ∗

UT (φ, φs) =
Im

`
n00

++ + εn00
00

´

u00
++ + εu00

00

u00
++ and n00

++ are expected to be

negligible

similarly, γ∗
T → ρ0

T :

Aγ∗

UT (φ, φs) =
Im (n++

+++n−−
++ + 2εn++

00 )

u++
+++u−−

++ + 2εu++
00

-HERMES Collaboration: arXiv:0906.5160 (2009)-
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 Transverse Target-Spin Asymmetry : ~ GPD E
    for L - L 

    and T - T

ATT,sin(���s)
UT =

Im(n++
++ + n��++ + 2✏n++

00 )
1� (u00

++ + ✏u00
00)

ALL,sin(���s)
UT =

Im(n++
00 + ✏n00

00)
u00

++ + ✏u00
00
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Results for R
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Exclusive π+ Production
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• 6 azimuthal asymmetry amplitudes are 
measured
• no L/T separation 
• small overall value for the leading asymmetry 
amplitude 
• unexpectedly large value for the asymmetry 
amplitude 
• other amplitudes are consistent with zero
• evidence for contribution from transversally 
polarized photons    

AUT (�, �S) =
�* � �+

�* + �+

Asin(���S)
UT

Asin(�S)
UT
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Exclusive π+ Productiontheoretical interpretation of Aπ+

UT
leading azimuthal amplitude A

sin(φ−φs)
UT

not large asymmetry with possible sign

change

theoretical expectation: A
sin(φ−φs)
UT ∝

√
−t′

large negative asymmetry -Frankfurt et al. (2001)-

-Belitsky, Muller (2001)-

are the differences due to γ∗
T ?

-Goloskokov, Kroll (2009)-

-Bechler, Muller (2009)-
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milde t-dependence
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T interference

predictions Asin φs
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non-vanishing model predictions: contribution

from HT

-Goloskokov, Kroll (2009)-
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Leading amplitude 
• small asymmetry with possible sign change
• 
• theoretical expectation: 
large negative value Frankfurt et.al. (2001) 
                             Belitsky, Muller (2001)  
• difference could be due the γ*T .  
                             Goloskokov, Kroll (2009)
                             Bechler, Muller (2009) 

amplitude 
• large positive value
• mild t’ dependence 
• does not vanish at -t’=0  
• can be explained by a sizable interference 
between contributions from γ*L and γ*T.  

Asin(���S)
UT / Im(eE ⇤ eH)

Asin(���S)
UT

Asin(�S)
UT
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Results: the total cross section PLB659(2008)486
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FIG. 4: The mππ-dependence of the Legendre moments 〈P1〉 (upper panels) and 〈P3〉 (lower panels) for hydrogen (left panels)
and deuterium (right panels), for x > 0.1. The region 0.8 < mππ < 1.1 GeV is presented with finer bins to better investigate
possible contributions from the narrow f0(980) resonance, as shown in the insert. In the upper panels, leading twist predictions
for the hydrogen target including the two-gluon exchange mechanism contribution, LSPG [6, 7] (solid curve) at x = 0.16 are
shown. A calculation without the gluon exchange contribution is shown for limited mππ values, LPPSG [8] (open squares
at x = 0.1, open triangles at x = 0.2). In these calculations, the contribution from f0 meson decay was not considered.
Instead, the inset panel for the hydrogen target shows the prediction from [25], which includes the f0 meson contribution.
All experimental data have 〈x〉 = 0.16, 〈Q2〉 = 3.2 (3.3) GeV2, and 〈−t〉 = 0.43 (0.29) GeV2 for hydrogen (deuterium). The
systematic uncertainty is represented by the error band.

ground subtraction. The values of 〈Pn〉SIDIS for the
background events were extracted from the data for
∆E > 2 GeV, where SIDIS events dominate. These val-
ues were found to be consistent when evaluated in three
different ∆E bins: 2 < ∆E < 4 GeV, 4 < ∆E < 6 GeV,
and ∆E > 6 GeV. The moments were corrected for
SIDIS background using

〈Pn〉exclusive =
1 + r

r
〈Pn〉data −

1
r
〈Pn〉SIDIS , (7)

in which r is the ratio of integrated exclusive data to
background Monte Carlo events for ∆E < ∆Ecut in the
analyzed bin.

A Monte Carlo generator based on the GPD frame-
work for the hard π+π− exclusive process does not exist.
Therefore the DIPSI generator was used to evaluate the
effects of geometric acceptance and instrumental smear-
ing on the Legendre moments, which were both found to
be negligible [21]. This Monte Carlo simulation is in good
agreement with the kinematic distributions of exclusive
ρ0 mesons observed at HERMES.

The analyzed moments might be sensitive to radiative
corrections that affect the cos θ angular distribution. For
ρ0 decay, which dominates in the cross section for exclu-
sive π+π− production, the angular distribution depends
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Fig. 5. The −t′-dependence of the asymmetry Aρ
1 in exclusive

ρ0 meson electroproduction on the proton (top) and deuteron
(bottom). Error bars have the same meaning as in Fig. 4. The
shaded areas represent the range allowed for the theoretical
predictions of Ref. [25].
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Fig. 6. The Q2-dependence of the asymmetry Aρ
1 in exclusive

electroproduction (closed symbols) and electroproduction by
quasi-real photons (open symbols) on the proton (top) and
deuteron (bottom). The error bars have the same meaning as
in Fig. 4. The uncertainties of the data from electroproduction
by quasi-real photons are covered by the symbols. The shaded
areas represent the range allowed for the theoretical predictions
of Ref. [25].

respondingly low value of Q2. They are consistent with
zero for both the proton and deuteron.

Lepton-nucleon asymmetries in ρ0 electroproduction
by quasi-real photons were measured over a range of val-
ues of ρ0 meson energy and transverse momentum calcu-
lated with respect to the beam direction. As can be seen
in Fig. 7, no trend was observed in any of these variables.
Note that, as was already mentioned above, for electropro-
duction by quasi-real photons it is not possible to impose
the requirement of exclusivity.

Double-spin asymmetries in exclusive ρ0 meson elec-
troproduction on the proton and deuteron were measured
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Fig. 7. The dependence on the transverse momentum (top),
calculated with respect to the beam direction, and energy of
the ρ0 (bottom) of the asymmetry Aρ

|| in ρ0 electroproduc-

tion by quasi-real photons on the proton (circles) and deuteron
(squares). The proton data are slightly shifted to the left for
clearer representation. Error bars have the same meaning as in
Fig.4.

at SMC [26] at 〈W 〉=15GeV. In this region Pomeron ex-
change is thought to dominate [2] vector-meson produc-
tion. In Ref. [26] the asymmetries were found to be con-
sistent with zero for both the proton and deuteron in
the region 0.01 < Q2 < 5GeV2, and slightly negative at
Q2 ∼10GeV2. This supports the expectation that Pomeron
exchange is dominant at higher energies. In contrast, the
tendency for a non-zero double-spin asymmetry found on
the proton at HERMES energy suggests a significant con-
tribution of the exchange of Reggeons or di-quark objects
to the transverse part of exclusive ρ0 electroproduction.
The asymmetry on the deuteron was measured to be con-
sistent with zero. As unnatural parity exchange need not
necessarily produce a non-zero asymmetry on all targets,
this does not contradict the conclusion based on that re-
sult from the proton target.

In the case of φ meson electroproduction, the pho-
toabsorption asymmetries are found to be consistent with
zero in both event topologies considered here. A theoret-
ical prediction exists for the case of electroproduction by
quasi-real photons. It implies sensitivity of the asymmetry
to the strangeness content of the nucleon through inter-
ference of ss̄ knockout with the diffractive VMD ampli-
tude. In kinematic conditions (〈W 〉 = 4.2GeV, 〈Q2〉 $ 0)
similar to those of HERMES, and assuming the strange-
ness probability for the proton is Pss̄ = 0.01, the pre-
dicted asymmetry [27] at −t′=0 ranges between -0.05 and
+0.03, while for −t′=0.5 GeV2 the range is -0.06 to +0.15,
depending on the unknown relative phase of the ampli-
tudes. The experimental result is compatible with zero
strangeness content, but favours a negative phase δss̄ if
the strangeness is non-zero as assumed.

5 Summary

Double-spin asymmetries in the cross section of ρ0 and
φ electroproduction were measured by scattering longitu-

Amplitude Value
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FIG. 6. Nuclear-mass dependence of the cos φ amplitude of
the beam-charge asymmetry for coherent-enriched (upper panel)
and incoherent-enriched (lower panel) data samples for hydrogen,
krypton, and xenon. Coherent-enriched samples have a purity of about
67%; incoherent-enriched samples, a purity of about 60%. Inner error
bars represent the statistical uncertainty; full bars, the quadratic sum
of statistical and systematic uncertainties.

expected suppression of the neutron contribution in incoherent
scattering on nuclei and with the prediction of Ref. [25].

The results for the coherent-enriched samples can be com-
pared to the predictions based on simple models for nuclear
GPDs that express them in terms of nucleon GPDs [14,15].
Within this approach, nuclear beam-charge and beam-helicity
asymmetries are predicted to be essentially independent of A
for heavier nuclei. Compared to the free proton asymmetry,
the nuclear beam-charge and beam-helicity asymmetries are
expected to be enhanced for spin-0 and spin-1/2 nuclei. This
predicted enhancement is based on the model-independent
observation that DVCS takes place either on a proton or on a
neutron in the nuclear target, while BH occurs predominantly
only on a proton. The ratio RLU of the nuclear-to-hydrogen
beam-helicity asymmetry amplitudes has been estimated in
Ref. [14] for the pure coherent process to be about 5/3 for spin-
0 and spin-1/2 nuclei with Z = N , essentially independent of
A. This value arises from the ratio of squared charges for an
isoscalar to an isodoublet state and the observation that for
the valence quark PDFs d/u = 1/2 in the kinematics of this
experiment. For spin-1 nuclei, RLU is predicted to be unity. Ref.
[14] also formulates a GPD model. Considering only leading
twist GPDs and valence quark contributions, the predicted
value of A

sin φ
LU,I for hydrogen is −0.26 for the kinematic

condition t = −0.2 GeV2, Q2 = 2.5 GeV2, and xB = 0.12.
Including sea quark contributions and twist-3 corrections and
varying the main model parameters, the predicted amplitude is
in the range 0.16 ! |Asin φ

LU,I| ! 0.37. In Ref. [15], a somewhat
more elaborated calculation is presented, where nuclear GPDs
are expressed in terms of nucleon GPDs convoluted with the
distribution of nucleons in the nucleus, thereby accounting
for nuclear binding. Within this approach, the ratio RLU
is predicted to be about 1.8 for neon and krypton for the
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FIG. 7. Nuclear-mass dependence of the sin φ amplitude of the
beam-helicity asymmetry for coherent-enriched (upper panel) and
incoherent-enriched (lower panel) data samples. See Fig. 5 caption
for the meaning of open and filled circles. Coherent-enriched samples
have a purity of about 67% except for He, at 34%; incoherent-enriched
samples, a purity of about 60%. Inner error bars represent the
statistical uncertainty; full bars, the quadratic sum of statistical and
systematic uncertainties. This amplitude is subject to an additional
3.4% maximal scale uncertainty arising from beam polarimetry.

kinematic condition t = −0.018 GeV2, Q2 = 1.58 GeV2, and
xB = 0.10.

The nuclear beam-helicity amplitudes shown in Fig. 7 (up-
per panel) support the predicted independence of A for heavier
targets. They do not support the anticipated enhancement of
the asymmetries compared to the free proton asymmetries for
spin-0 and spin-1/2 nuclei. However, the measured amplitude
for the coherent-enriched sample receives contributions from
incoherent scattering, which is expected to diminish RLU. The
value RLU = 0.91 ± 0.19 for the coherent-enriched samples
should therefore be compared to a prediction involving a
mixture of asymmetry amplitudes for coherent and incoherent
processes. For an average purity of 67% for the coherent-
enriched samples of nitrogen to xenon (see Table II) and
assuming that the asymmetry from the incoherent portion of
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statistical and systematic uncertainties. The purity of the coherent-
enriched Kr and Xe samples is indicated for the two t bins.
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Event Selection
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Data-MC Comparison
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Figure 2. Distributions of t (top row), xB (middle row), and Q2 (bottom row) for the associated
channel ep → eγπ0p (left column) and ep → eγπ+n (right column). Notations are the same as in
figure 1.

5 Background corrections and systematic uncertainties

The Monte Carlo simulation shows that the selected samples of associated events contain

contributions from two different sources of background. The most significant contribution

originates from SIDIS production of neutral pions from the fragmenting struck quark,

ep → eπ0X, with the hadronic system X containing a pion or proton in the recoil detector.

According to the Monte Carlo simulation, its contribution varies from 8% to 18% in the case

of the channel ep → eγπ0p and from 10% to 36% in the case of the channel ep → eγπ+n,

depending on the kinematic bin (see tables 1 and 2). The second source of background

is the ep → eγp reaction, contributing from 1% to 14% for the channel ep → eγπ0p and

negligibly for the channel ep → eγπ+n.
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☛ direct helicity amplitude ratio analysis: U11/T00

at large W and Q2, this transition should be suppressed by a factor of MV/Q 
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Fig. 8. The dependences of |U11/T00| on Q2 and t′ for proton and deuteron data. The points show the amplitude ratios given in
Tabs. 2 and 3 after averaging over −t′ (Q2) bins in the left (right) panel. The inner error bars show the statistical uncertainty
and the outer ones show the statistical and systematic uncertainties added in quadrature. The results fitting the combined data
set with a constant (central line), |U11/T00| = g, are given in Tab. 5. The dashed lines correspond to one standard deviation in
the total uncertainty.

target ratio g δg χ2/Ndf

proton |U11/T00| 0.400 ±0.020 0.60

deuteron |U11/T00| 0.383 ±0.017 0.40

proton+deuteron |U11/T00| 0.390 ±0.013 0.49

Table 5. Results of fitting the ratio |U11/T00| to a constant for proton, deuteron and combined data sets. The values of
parameters with their total uncertainties are presented. The last column shows the value of χ2 per degree of freedom.

shown in Fig. 7 multiplied or divided by Q, respectively.
No noticeable t′ dependence is observed for Re(t11) and
Im(t11). Since the differential cross section of the pro-
cess in Eq. (1) for high energies and small |t′| is usu-
ally described by an exponential factor exp{βt′}, the he-
licity amplitudes should have exponential factors T00 ∝
exp{βLt′/2} and T11 ∝ exp{βT t′/2}. The absence of a t′

dependence of the ratio T11/T00 means that the slope pa-
rameters βL and βT for the amplitudes T00 and T11 are
close to each other. For very small |t′|, it is reasonable to
use the linear approximation

Re(T11/T00) =
a

Q
exp{−1

2
∆β1t

′}

≈ a

Q
(1 +

1

2
∆β1|t′|), (71)

Im(T11/T00) = bQ exp{−1

2
∆β2t

′}

≈ bQ(1 +
1

2
∆β2|t′|). (72)

The proton results are ∆β1 = (−1.02 ± 0.85) GeV−2 and
∆β2 = (−0.91± 2.00) GeV−2, while the fit for the deute-
ron data gives ∆β1 = (0.58 ± 0.80) GeV−2 and ∆β2 =
(−1.96 ± 1.58) GeV−2. The results of the fits show that
all four numbers are consistent with one another. We now
assume that, within experimental accuracy, the slope pa-
rameters for the real and imaginary parts of the ratio
coincide across both target types. In this case we have
∆β1 ≈ ∆β2 ≈ βL − βT . Combining these four numbers
making use of Eqs. (67) and (68) we get an estimate for
βL − βT = (−0.4 ± 0.5) GeV−2. This result on βL − βT

is in agreement with the prediction published in Ref. [54],
which ranges from −0.7 GeV−2 at Q2 = 0.8 GeV2 to −0.4
GeV−2 at Q2 = 5 GeV2.

7.3 Kinematic Dependence of |U11/T00|

The unnatural-parity-exchange amplitude, U11, describes
the transition from a transversely polarized photon to a
transversely polarized ρ0 meson (γ∗

T → ρ0
T ). At large W
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• u values are consistent with zero.    
• Process dynamics is dominated by    
two-gluon exchange mechanism.  

• Significantly large value for u1 
• Process dynamics is dominated by    
quark exchange mechanism.  
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