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• polarised e± beam (⇋) 
• polarised H, D targets (⇋,⊥)

• open geometry  

• excellent particle ID
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Generalised Parton Distributions
•   Form factor
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Deeply Virtual Compton Scattering

Figure 1. Momenta and azimuthal angle for exclusive electroproduction of real photons in the target

rest frame. The quantity � denotes the angle between the lepton scattering plane containing the three-

momenta ~

k and ~

k

0 of the incoming and outgoing lepton, respectively, and the plane correspondingly defined

by ~q = ~

k � ~

k

0 and the three-momentum ~

q

0 of the real photon. Also indicated are the polar angle ✓�⇤�

between the three-momenta of the real (~q0) and virtual (~q) photons, and the three-momentum of the recoil

proton (~p0).

(a) DVCS (b) BH

Figure 2. Leading-order diagrams for the channel ep ! ep� for (a) deeply virtual Compton scattering

(DVCS) and (b) Bethe–Heitler (BH) processes.
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Here, P1(�) and P2(�) are the lepton propagators for the BH process, and � = ±1 and e` = ±1 are
respectively the helicity and unit charge of the beam lepton. The quantitiesKBH = 1/(x2

Bt(1+✏2))2,
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Kinematics and Definitions

(SI)DIS variables

• DIS: only scattered lepton is detected 

• SIDIS: detect one or more hadrons in coincidence

• HES: detect complete final state

ν = E − E′

Q2
= 4EE′

sin
2

θ

2

x =
Q2

2Mν
y =

ν

E

W 2
= M2

+ 2Mν − Q2

z =
Eh

ν

ph
T = ph

sin θh

hermes Deep Inelastic Scattering

use well-known probe to study hadronic structure

e

p

!

!

!

"
q
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d

u

u

Q2 lab= 4EE′ sin2(
Θ
2

)

ν
lab= E − E′

(4)

W 2 lab= M2 + 2Mν − Q2
(4)

y
lab=

ν

E
(4)

x
lab=

Q2

2Mν
(4)

z
lab=

Eh

ν
(4)

Factorization ⇒ σep→ehX =
∑

q fp→q ⊗ σeq→eq ⊗ Dq→h

Gunar Schnell, HERMES Collaboration Pacific Spin 2003 – Seattle, August 7
th
, 2003 – p.2
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DVCS at HERMES - an Overview
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Figure 4. The Asin�
LU,I

, Asin�
LU,DVCS

and A
sin(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 (KM09) 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.

A
cos(3�)
C amplitudes are both consistent with zero over the whole range in �t, xB and Q2.

The Acos(2�)
C amplitude is related to twist-3 GPDs and A

cos(3�)
C relates to gluon helicity-flip

GPDs. Both of these amplitudes are expected to be suppressed at Hermes kinematic

conditions compared to the leading twist amplitudes.

The curves in figures 4 and 5 show the results of model calculations at the average

value of the kinematic bins used for the data analysis. The solid and dashed curves show

results of calculations from a global fit of GPDs to experimental data [37] including in-

formation from Hermes and Je↵erson Lab., and the collider experiments at Hera. The

basic model [38–40] is a flexible GPD representation that is based on both a Mellin-Barnes

integral and dispersion integral representation with weakly entangled skewness and t depen-

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

– 12 –
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C

, Acos�
C

, Acos(2�)
C

and A
cos(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 (KM09); 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.

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 A
cos(0�)
C and

Acos�
C asymmetry amplitudes well.

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

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

– 13 –
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HERMES Recoil Detector

SSD

SFT

O
uter layer

Inner barrel

Outer barrel

Vacuum chamber

PD

Inner layer

Target cell

Figure 3. Schematic diagram of the Hermes recoil detector (cross-section view). The Hera lepton beam

is perpendicular to the paper plane. The cross section of the target cell is shown as ellipse. The tracking

layers are indicated, from inside to outside: inner and outer layers (in diamond shape) of the Silicon Strip

Detector (SSD), inner and outer barrels (circles) of the Scintillating Fiber Tracker (SFT). Space-points are

indicated by crosses. The SSD modules are located inside the vacuum chamber (dashed circle). The Photon

Detector (PD) shown as a dash-dotted circle is not used in the present analysis. The magnet (not shown)

surrounds the detector assembly. Also shown are examples of tracks reconstructed from two, three, and

four space-points.

The inner sub-barrel had fibers oriented parallel to the beam axis, and the outer one had fibers
inclined by 10� (stereo layer).

Tracks in the recoil detector are constructed from 3D “space-points” in the SSD and the SFT.
The 1D coordinates from the two sides of a SSD sensor or from adjacent parallel and stereo sub-
barrels of a SFT barrel are combined to form 2D coordinates. For the SSD, this is accomplished
taking energy-deposition-correlated combinations of 1D coordinates, while for the SFT all geo-
metrically possible combinations are used. The average (sum) of energy deposits for the two 1D
coordinates is associated with each 2D coordinate for the SSD (SFT). Space-points are constructed
from 2D coordinates using detector positions. Space-point quadruples are obtained as all possible
combinations of four space-points, one in each of the two SSD sensors and the two SFT barrels,
see figure 3. A “geometrical fit”, which only takes into account coordinate information from the
space-points, is performed for each such track candidate. This fit uses a helical hypothesis includ-
ing the lepton-beam axis, and the track candidate is accepted if the �2 value is less than 20. This
generous value for four degrees of freedom provides high e�ciency while removing false tracks that
arise mainly from space-point quadruples. All possible triples or pairs of space-points are similarly
treated, whereby space-points belonging to already accepted four-space-point tracks are no longer
considered. The average beam-axis location was determined by fitting space-point quadruples, with
frequent corrections for beam movement measured independently by beam-position monitors.

The momentum of each track is refitted including energy deposition in the SSD under the
assumption that the particle is a proton, taking into account multiple scattering and energy losses
in active and passive material. If the resulting value of �2 exceeds 100 (the optimal value chosen
after detailed Monte Carlo studies) the refit is discarded under the assumption that the particle
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Figure 4. Top left: momentum resolution versus momentum for proton reconstruction by using only the

information on the curvature in the magnetic field (circles) and by combining the information on curvature

with energy deposition in the SSD (squares). Top right: azimuthal-angle resolution versus momentum.

Bottom: polar-angle resolution versus momentum.

is not a proton. In this case, the track is discarded if there are no space-points in the SFT,
otherwise the momentum reconstruction is based on the geometrical fit. Momentum-resolution
studies were performed based on Monte Carlo data. In figure 4, the resolution of the momentum
and angle reconstruction is presented for protons. Reasonable momentum resolution for very low
momenta is achieved by combining the information on the curvature in the magnetic field with
energy depositions in the SSD. The azimuthal- and polar-angle resolution is about 4mrad and
10mrad, respectively, for proton momenta larger than 0.5GeV, deteriorating for lower momenta
because of multiple scattering.

Particle identification in the recoil detector, described in detail in ref. [29], is not necessary in
this analysis because a clean selection of recoil protons is already accomplished by kinematic event
fitting described in the next section.

4 Event selection

In this analysis, inclusive ep ! eX events in the Deep-Inelastic Scattering (DIS) regime are se-
lected by imposing the following kinematic requirements on the identified positron with the largest
momentum in the event, as calculated from its four-momentum and that of the incident beam
positron: 1GeV2 < Q2 < 10GeV2, W 2 > 9GeV2, ⌫ < 22GeV, and 0.03 < xB < 0.35, where
⌫ ⌘ (pq)/Mp is the energy of the virtual photon in the target-rest frame, and W the invariant mass
of the �⇤p system [30]. This sample of inclusive DIS events is employed for determination of relative
luminosities of the two beam-helicity states.
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Figure 4. Top left: momentum resolution versus momentum for proton reconstruction by using only the

information on the curvature in the magnetic field (circles) and by combining the information on curvature

with energy deposition in the SSD (squares). Top right: azimuthal-angle resolution versus momentum.

Bottom: polar-angle resolution versus momentum.

is not a proton. In this case, the track is discarded if there are no space-points in the SFT,
otherwise the momentum reconstruction is based on the geometrical fit. Momentum-resolution
studies were performed based on Monte Carlo data. In figure 4, the resolution of the momentum
and angle reconstruction is presented for protons. Reasonable momentum resolution for very low
momenta is achieved by combining the information on the curvature in the magnetic field with
energy depositions in the SSD. The azimuthal- and polar-angle resolution is about 4mrad and
10mrad, respectively, for proton momenta larger than 0.5GeV, deteriorating for lower momenta
because of multiple scattering.

Particle identification in the recoil detector, described in detail in ref. [29], is not necessary in
this analysis because a clean selection of recoil protons is already accomplished by kinematic event
fitting described in the next section.

4 Event selection

In this analysis, inclusive ep ! eX events in the Deep-Inelastic Scattering (DIS) regime are se-
lected by imposing the following kinematic requirements on the identified positron with the largest
momentum in the event, as calculated from its four-momentum and that of the incident beam
positron: 1GeV2 < Q2 < 10GeV2, W 2 > 9GeV2, ⌫ < 22GeV, and 0.03 < xB < 0.35, where
⌫ ⌘ (pq)/Mp is the energy of the virtual photon in the target-rest frame, and W the invariant mass
of the �⇤p system [30]. This sample of inclusive DIS events is employed for determination of relative
luminosities of the two beam-helicity states.
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Figure 4. Top left: momentum resolution versus momentum for proton reconstruction by using only the

information on the curvature in the magnetic field (circles) and by combining the information on curvature

with energy deposition in the SSD (squares). Top right: azimuthal-angle resolution versus momentum.

Bottom: polar-angle resolution versus momentum.

is not a proton. In this case, the track is discarded if there are no space-points in the SFT,
otherwise the momentum reconstruction is based on the geometrical fit. Momentum-resolution
studies were performed based on Monte Carlo data. In figure 4, the resolution of the momentum
and angle reconstruction is presented for protons. Reasonable momentum resolution for very low
momenta is achieved by combining the information on the curvature in the magnetic field with
energy depositions in the SSD. The azimuthal- and polar-angle resolution is about 4mrad and
10mrad, respectively, for proton momenta larger than 0.5GeV, deteriorating for lower momenta
because of multiple scattering.

Particle identification in the recoil detector, described in detail in ref. [29], is not necessary in
this analysis because a clean selection of recoil protons is already accomplished by kinematic event
fitting described in the next section.

4 Event selection

In this analysis, inclusive ep ! eX events in the Deep-Inelastic Scattering (DIS) regime are se-
lected by imposing the following kinematic requirements on the identified positron with the largest
momentum in the event, as calculated from its four-momentum and that of the incident beam
positron: 1GeV2 < Q2 < 10GeV2, W 2 > 9GeV2, ⌫ < 22GeV, and 0.03 < xB < 0.35, where
⌫ ⌘ (pq)/Mp is the energy of the virtual photon in the target-rest frame, and W the invariant mass
of the �⇤p system [30]. This sample of inclusive DIS events is employed for determination of relative
luminosities of the two beam-helicity states.
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Figure 5. Distributions of the squared missing mass. The histograms are normalized to the number of

DIS events. Top figure: distributions from experimental data for the three exclusive event samples discussed

in the text. The requirements applied on the squared missing mass in order to select (only) the unresolved

and the unresolved-reference samples are indicated as vertical dashed-dotted lines. The exclusive signal

is expected around the square of the proton mass, indicated as vertical dashed line. Bottom figure, left:

unresolved; middle: unresolved-reference; right: pure sample. Experimental data, shown as data points

(uncertainties covered by symbols), are compared to simulated data. In every panel, the contribution from

BH ep ! ep� events is indicated as dashed histogram, and the contributions from associated production

and semi-inclusive background are shown as hatched histograms. The sum of the simulated distributions

is shown as solid histogram. See text for discussion.

background in this sample.

The fractional contributions of the reaction ep ! ep� and associated processes, determined
from the aforementioned mixture of simulated signal and background events, are detailed in figure
6 in each kinematic bin in which the asymmetry amplitudes are extracted. For the pure sample, the
contribution of the process ep ! ep� is found to be close to 100% and the contribution of events
from associated processes is close to zero in all kinematic bins. In contrast, for the unresolved
and unresolved-reference sample the contribution of the associated process is on average about
12% and 14%, respectively, rising with increasing values of �t; i.e., imposing the acceptance of the
recoil detector on the unresolved sample has little e↵ect on the background fractions. Therefore,
comparison of the results from the pure and unresolved-reference samples demonstrates the e↵ects
of elimination of associated background without changing the experimental acceptance.
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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.

5 Extraction of single-charge beam-helicity asymmetry amplitudes

Fourier amplitudes of the single-charge beam-helicity asymmetry ALU(�; e`) of eq. (2.9) are ex-
tracted from each of the samples described in section 4. The extraction formalism is described
in more detail in ref. [37]. It is based on a maximum-likelihood technique [38], which provides a
bin-free fit in the azimuthal angle �. Event weights are employed in the fit in order to account for
luminosity imbalances with respect to beam polarization.

Based on eq. (2.7), the distribution of the expectation value of the yield for scattering of a
longitudinally polarized positron beam from an unpolarized hydrogen target is given by

hN i(�; e`, P`) = L(e`, P`)⌘(�)�UU(�) [1 + P`ALU(�; e`)] , (5.1)

where L denotes the integrated luminosity determined by counting inclusive DIS events and ⌘

the detection e�ciency. Here it is assumed that the polarization-dependent cross sections depend
linearly on the kinematic variables over which the yield is integrated. (A systematic uncertainty
associated with this assumption is discussed in the next section.) The asymmetry ALU(�; e`) is
expanded in terms of harmonics in � in order to extract 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 Acos(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.
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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 Q

2. 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 measurement 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

visibility), 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.

extracted from the unresolved-reference sample from i) demonstrates the impact of the recoil-
detector acceptance on the observed amplitudes. These two sets of amplitudes are subject to very
similar background conditions as discussed near the end of section 4. The overall value of the sin�
amplitude extracted from the unresolved-reference sample, �0.274 ± 0.022 (stat.), is observed to
be slightly larger in magnitude in comparison with that extracted from the unresolved sample,
amounting to a di↵erence of 0.024± 0.011 (stat.). The calculation of this uncertainty accounts for
fully correlated data samples.

As elaborated in section 4, the lower-momentum threshold that arises from imposing the recoil-
detector acceptance results in a loss of acceptance at low values of �t, which is reflected in the
larger statistical uncertainty for the amplitude extracted from the unresolved-reference sample in
the lowest �t bin in figure 7.

The overall Asin�
LU result for the unresolved sample, being representative of previous Hermes

publications, is �0.250 ± 0.019 (stat.) versus �0.328 ± 0.027 (stat.) for the pure sample. The
results for the overall sin� asymmetry amplitude for the unresolved and pure samples di↵er by
0.078± 0.019 (stat.), arising from both the acceptance of the recoil detector and the elimination of
background from associated production.

The sub-leading sin(2�)-amplitude is found to be compatible with zero within total experimental
uncertainties for all three event samples.
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Figure 8. Amplitudes of the single-charge beam-helicity asymmetry extracted from the pure ep ! ep�

sample obtained with recoil-proton reconstruction. The amplitudes are presented in projections of �t,

xB, and Q

2. 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%. The theoretical models, which are described in the text, are evaluated at the average values of

the kinematic parameters specified in table 1 (the points are interpolated by straight lines). The thickness

of the VGG lines represents the range bval = 1...1.

7.3 Comparison with theory

In figure 8, the asymmetry amplitudes extracted from the pure sample are compared with calcula-
tions [42], labeled “VGG Regge”, from the GPD model described in ref. [43]. Variants of this model
di↵er in the t dependence of GPD H. Here, a Regge-inspired ansatz for the t dependence is used.
The skewness dependence is controlled by the b parameter, where bval (bsea) is a free parameter for
the valence (sea) quarks. The result of the model calculation depends only very weakly on the value
of bval. For the sea quarks, the skewness-independent variant of the model (bsea = 1) is consistent
with the data, while a maximal skewness dependence (bsea = 1) is disfavored.

Also shown in the figure are the results from model calculations [44] labeled “KM”. This model
is a dual representation of GPDs with very weakly entangled skewness and t dependences. The t

dependence is approximated by a physically motivated Regge dependence. The model is constrained
by previous measurements at Hermes, Je↵erson Lab, and the collider experiments at Hera. The
fits resulting in the solid curves disregard data from experiments at Hall A at Je↵erson Lab (KM10a),
while the dashed curves include these data (KM10b). The KM calculations agree well with the
extracted leading amplitude.

The observed di↵erence between the asymmetries extracted from the pure and the unresolved-
reference samples is qualitatively consistent with that predicted by a model calculation [45] using
a soft pion theorem based on chiral symmetry and a �(1232)-resonance model using the large Nc

limit to relate the GPDs for � excitation to those for the nucleon ground state. In this comparison,
it is important to note that the kinematic conditions for this model correspond approximately to
the third �t bin of the present measurement.
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the nucleon GPDs, predicts the sin � asymmetry amplitudes to be about �0.15 in

the case of the ep ! e�⇡0p channel and about �0.10 in the case of the ep ! e�⇡+n
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Figure 2. Distributions of t (top row), xB (middle row), and Q

2 (bottom row) for the

associated channel ep ! e�⇡

0

p (left column) and ep ! e�⇡

+

n (right column). Notations

are the same as in figure 1.

The distribution of the expectation value of the yield for scattering of a longitu-

dinally polarized positron beam with polarization P` from an unpolarized hydrogen

target is given by

hN i(�; e`, P`) = L(e`, P`)⌘(�)�UU

(�) [1 + P`ALU

(�; e`)] , (4.1)

where L denotes the integrated luminosity determined by counting inclusive DIS

events and ⌘ the detection e�ciency. The asymmetry A
LU

(�; e`) is expanded in

terms of harmonics in � in order to extract azimuthal asymmetry amplitudes:
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Figure 2. Distributions of t (top row), xB (middle row), and Q

2 (bottom row) for the

associated channel ep ! e�⇡

0

p (left column) and ep ! e�⇡

+

n (right column). Notations

are the same as in figure 1.

The distribution of the expectation value of the yield for scattering of a longitu-

dinally polarized positron beam with polarization P` from an unpolarized hydrogen

target is given by
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the nucleon GPDs, predicts the sin � asymmetry amplitudes to be about �0.15 in

the case of the ep ! e�⇡0p channel and about �0.10 in the case of the ep ! e�⇡+n
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Fig. 1. Definition of angles in the process eN ! eN!, where
! ! ⇡

+
⇡

�
⇡

0. Here, � is the angle between the ! production
plane and the lepton scattering plane in the center-of-mass
system of the virtual photon and the target nucleon. The vari-
ables ⇥ and � are respectively the polar and azimuthal angles
of the unit vector normal to the decay plane in the !-meson
rest frame.

while the azimuthal angle � of the unit vector n is given
by

cos � =
(q ⇥ p0) · (p0 ⇥ n)

|q ⇥ p0| · |p0 ⇥ n| , (20)

sin � = � [(q ⇥ p0) ⇥ p0] · (n⇥ p0)

|(q ⇥ p0) ⇥ p0| · |n⇥ p0| . (21)

3 Data analysis

3.1 HERMES experiment

The data analyzed in this paper were accumulated with
the HERMES spectrometer during the running period of
1996 to 2007 using the 27.6 GeV longitudinally polarized
electron or positron beam of HERA, and gaseous hydro-
gen or deuterium targets. The HERMES forward spec-
trometer, which is described in detail in Ref. [22], was
built of two identical halves situated above and below the
lepton beam pipe. It consisted of a dipole magnet in con-
junction with tracking and particle identification detec-
tors. Particles were accepted when their polar angles were
in the range ±170 mrad in the horizontal direction and
±(40�140) mrad in the vertical direction. The spectrom-
eter permitted a precise measurement of charged-particle
momenta, with a resolution of 1.5%. A separation of lep-
tons was achieved with an average e�ciency of 98% and
a hadron contamination below 1%.

3.2 Selection of exclusively produced ! mesons

The following requirements were applied to select exclu-
sively produced ! mesons from reaction (1):

) [MeV]γγM (

100 110 120 130 140 150 160 170

E
v
e
n

ts
/3

M
e
V

50

100

150

200

250

Fig. 2. Two-photon invariant mass distribution after appli-
cation of all criteria to select exclusively produced ! mesons.
The Breit–Wigner fit to the mass distribution is shown as a
continuous line and the dashed line indicates the PDG value
of the ⇡

0 mass.

i) Exactly two oppositely charged hadrons, which are as-
sumed to be pions, and one lepton with the same charge
as the beam lepton are identified through the analysis of
the combined responses of the four particle-identification
detectors [22].
ii) A ⇡0 meson that is reconstructed from two calorime-
ter clusters as explained in Ref. [23] is selected requir-
ing the two-photon invariant mass to be in the interval
0.11 GeV < M(��) < 0.16 GeV. The distribution of
M(��) is shown in Fig. 2. This distribution is centered
at m⇡0 = 134.69± 19.94 MeV, which agrees well with the
PDG [24] value of the ⇡0 mass.
iii) The three-pion invariant mass is required to obey 0.71
GeV M(⇡+⇡�⇡0)  0.87 GeV.
iv) The kinematic requirements for exclusive production
of ! mesons are the following:
a) The scattered-lepton momentum lies above 3.5 GeV.
b) The constraint �t0 < 0.2 GeV2 is used.
c) For exclusive production the missing energy �E must
vanish. Here, the missing energy is calculated both for pro-

ton and deuteron as �E =
M2

X�M2
p

2Mp
, with Mp being the

proton mass and M2
X = (p + q � p⇡+ � p⇡� � p⇡0)2 the

missing mass squared, where p, q, p⇡+ , p⇡� , and p⇡0 are
the four-momenta of target nucleon, virtual photon, and
each of the three pions respectively. In this analysis, tak-
ing into account the spectrometer resolution, the missing
energy has to lie in the interval �1.0 GeV < �E < 0.8
GeV, which is referred to as “exclusive region” in the fol-
lowing.
d) The requirement Q2 > 1.0 GeV2 is applied in order to
facilitate the application of pQCD.
e) The requirement W > 3.0 GeV is applied in order to

eN ! e0N0!

! ! ⇡+⇡�⇡�
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Fig. 5. Distributions of several kinematic variables from ex-
perimental data on exclusive !-meson leptoproduction (black
squares) in comparison with simulated exclusive events from
the PYTHIA generator (dashed areas). Simulated events are
normalized to the experimental data.

(22, 23) for the PYTHIA SIDIS sample in the exclusive
region. Then, SDMEs corrected for SIDIS background are
obtained as follows [26]:

� ln L(R) =

�
N
X

i=1

ln
h (1 � fbg) ⇤WU+L(R;�i,�i, cos⇥i)

eN (R, )

+
fbg ⇤WU+L( ;�i,�i, cos⇥i)

eN (R, )

i

. (24)

From now on, R denotes the set of SDMEs corrected for
background,  the set of the SIDIS-background SDMEs,
and fbg is the fraction of SIDIS background. The normal-
ization factor reads correspondingly

eN (R, ) =
NMC
X

j=1

⇥

(1 � fbg) ⇤WU+L(R;�j ,�j , cos⇥j)

+fbg ⇤WU+L( ;�j ,�j , cos⇥j)
⇤

. (25)

4.3 Systematic uncertainties

The total systematic uncertainty on a given extracted
SDME r is obtained by adding in quadrature the uncer-
tainty from the background subtraction procedure, �rbgsys,
and the one due to the extraction method,�rMC

sys . The for-
mer uncertainty is assigned to be the di↵erence between
the SDME obtained with and without background correc-
tion. This conservative approach also covers the small un-
certainty on the fraction of SIDIS background, fbg. The
uncertainty �rMC

sys is estimated using the Monte Carlo
data that were generated with an angular distribution de-
termined by the set of SDMEs R. The statistics of the
Monte Carlo data exceed those of the experimental data
by about a factor of six. The generated events were passed
through a realistic model of the HERMES apparatus using
GEANT [27] and were then reconstructed and analyzed in
the same way as experimental data. These Monte Carlo
data were used to extract the SDME set RMC . In this
way, e↵ects from detector acceptance, e�ciency, smearing,
and misalignment are accounted for. Two uncertainties are
considered to be responsible for the di↵erence between in-
put and output value of a given SDME r,

(r � rMC)2 = (�rMC
sys )2 + (�rMC

stat )
2, (26)

where �rMC
stat is the statistical uncertainty of rMC as ob-

tained in the fitting procedure that uses MINUIT [28].
From Eq. (26), �rMC

sys is determined, using the conven-
tion that �rMC

sys is set to zero if [(r � rMC)2 � (�rMC
stat )

2]
is negative.

5 Results

The results on SDMEs in the Schilling-Wolf [3] represen-
tation are given in Tables 1-5 in Appendix B and in the
Diehl [4] representation in Table 6 in the same Appendix.
The SDMEs for the entire kinematic region are discussed
in Sect. 5.1, while their dependences on Q2 and �t0 are
discussed in Sect. 5.3.

5.1 SDMEs for the entire kinematic region

The SDMEs of the ! meson for the entire kinematic re-
gion (

⌦

Q2
↵

= 2.42 GeV2, hW i = 4.8 GeV, and h�t0i =
0.080 GeV2) are presented in Fig. 6. These SDMEs are
divided into five classes corresponding to di↵erent helicity
transitions. The main terms in the expressions of class-A
SDMEs correspond to the transitions from longitudinal
virtual photons to longitudinal vector mesons, �⇤

L ! VL,
and from transverse virtual photons to transverse vector
mesons, �⇤

T ! VT . The dominant terms of class B cor-
respond to the interference of these two transitions. The
main terms of class-C, class-D, and class-E SDMEs are
proportional to small amplitudes describing �⇤

T ! VL,
�⇤
L ! VT , and �⇤

T ! V�T transitions respectively.
The SDMEs for the proton and deuteron data are

6
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Fig. 3. Breit-Wigner fit (solid line) of ⇡+
⇡

�
⇡

0 invariant mass
distributions after application of all criteria to select ! mesons
produced exclusively from proton (top) and from deuteron
(bottom). The dashed line represents the PDG value of the
! mass.

be outside of the resonance region, while an upper cut of
W < 6.3 GeV is applied in order to define a clean kine-
matic phase space.

After application of all these constraints, the proton
sample contains 2260 and the deuteron sample 1332 events
of exclusively produced ! mesons. These data samples are
referred to in the following as data in the “entire kine-
matic region”. The invariant-mass distributions for ex-
clusively produced ! mesons are shown in Fig. 3. Note
the reasonable agreement of the fit result, m! = 784.8 ±
55.8 MeV for proton data and m! = 784.6 ± 58.2 MeV
for deuteron data, with the PDG [24] value of the ! mass.
The distributions of missing energy �E, shown in Fig. 4,
exhibit clearly visible exclusive peaks. The shaded his-
tograms represent semi-inclusive deep-inelastic scattering
(SIDIS) background obtained from a PYTHIA [25] Monte
Carlo simulation that is normalized to data in the region
2 GeV < �E < 20 GeV. The simulation is used to deter-
mine the fraction of background under the exclusive peak,
which is calculated as the ratio of number of background
events to the total number of events. It amounts to about
20% for the entire kinematic region and increases from
16% to 26% with increasing �t0.

3.3 Comparison of data and Monte Carlo events

Distributions of experimental data in some kinematic vari-
ables are compared to those simulated by PYTHIA. The
comparison is shown in Fig. 5 and mostly demonstrates
good agreement between experimental and simulated data.
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Fig. 4. The �E distributions of ! mesons produced in the
entire kinematic region and in three kinematic bins in �t

0 are
compared with SIDIS �E distributions from PYTHIA (shaded
area). The vertical dashed line denotes the upper limit of the
exclusive region.

4 Extraction of ! spin density matrix
elements

4.1 The unbinned maximum likelihood method

The SDMEs are extracted from data by fitting the an-
gular distribution WU+L(�, �, cos ⇥) to the experimental
angular distribution using an unbinned maximum like-
lihood method. The probability distribution function is
WU+L(R; �, �, cos ⇥), where R represents the set of 23
SDMEs, i.e., the coe�cients of the trigonometric functions
in Eqs. (14, 15). The negative log-likelihood function to be
minimized reads

� ln L(R) = �
N
X

i=1

ln
WU+L(R; �i, �i, cos ⇥i)

eN (R)
, (22)

where the normalization factor

eN (R) =
NMC
X

j=1

WU+L(R; �j , �j , cos ⇥j) (23)

is calculated numerically using events from a PYTHIA
Monte Carlo generated according to an isotropic three-
dimensional angular distribution and passed through the
same analytical process as experimental data. The num-
bers of data and Monte Carlo events are denoted by N
and NMC , respectively.

4.2 Background treatment

In order to account for the SIDIS background in the fit,
first “SIDIS-background SDMEs” are obtained using Eqs.

PYTHIA SIDIS

exclusive PYTHIA 
simulation
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 → ω -T

Fig. 6. The 23 SDMEs for exclusive ! electroproduction extracted in the entire HERMES kinematic region with hQ2i =
2.42 GeV2, hW i = 4.8 GeV, h�t

0i = 0.080 GeV2. Proton data are denoted by squares and deuteron data by circles. The inner
error bars represent the statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added
in quadrature. Unpolarized (polarized) SDMEs are displayed in the unshaded (shaded) areas.

found to be consistent with each other within their quadrat-
ically combined total uncertainties, with a �2 per degrees
of freedom of 28/23 ⇡ 1.2. In Fig. 6, the eight polarized
SDMEs are presented in shaded areas. Their experimen-
tal uncertainties are larger in comparison to those of the
unpolarized SDMEs because the lepton beam polariza-
tion is smaller than unity (|Pb| ⇡ 40%) and in the equa-
tion for the angular distribution they are multiplied by
the small kinematic factor |Pb|

p
1 � ✏ ⇡ 0.2, cf. Eq. (14)

vs. Eq. (15).

5.2 Test of the SCHC hypothesis

In the case of SCHC, the seven SDMEs of class A and
class B (r04

00, r1
1�1, Im{r2

1�1}, Re{r5
10}, Im{r6

10}, Im{r7
10},

Re{r8
10}) are not restricted to be zero, but six of them

have to obey the following relations [3]:

r1
1�1 = �Im{r2

1�1},
Re{r5

10} = �Im{r6
10},

Im{r7
10} = Re{r8

10}.

The proton data yield

r1
1�1 + Im{r2

1�1} = �0.004 ± 0.038 ± 0.015,

Re{r5
10} + Im{r6

10} = �0.024 ± 0.013 ± 0.004,

Im{r7
10}� Re{r8

10} = �0.060 ± 0.100 ± 0.018,

and the deuteron data yield

r1
1�1 + Im{r2

1�1} = 0.033 ± 0.049 ± 0.016,

Re{r5
10} + Im{r6

10} = 0.001 ± 0.016 ± 0.005,

Im{r7
10}� Re{r8

10} = 0.104 ± 0.110 ± 0.023.

Here and in the following, the first uncertainty is statistical
and the second systematic. In the calculation of the sta-

r11�1 + Im(r21�1) = 0

Re(r510) + Im(r610) = 0

Im(r710)� Re(r810) = 0

= -0.004 ± 0.038 ± 0.015

= -0.024 ± 0.013 ± 0.004

= -0.060 ± 0.100 ± 0.018

= -0.033 ± 0.049 ± 0.004

= -0.001 ± 0.016 ± 0.005

= -0.104 ± 0.110 ± 0.023
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Fig. 15. The Q

2 and �t

0 dependences of the UPE-to-NPE
asymmetry P of the transverse di↵erential cross section for ex-
clusive ! electroproduction at HERMES. The open symbols
represent the values over the entire kinematic region. Other-
wise as for Fig. 7.

ratio is estimated:

|U10|
|U11|

⇡
p

2(u2
2 + u2

3)

u1
⇡ 0.2. (47)

In order to reach the best possible accuracy for such es-
timates, the mean values of SDMEs for the proton and
deuteron are used and preference will be given to quanti-
ties that do not contain polarized SDMEs, which have
much less experimental accuracy than the unpolarized
SDMEs. The relatively large value for the ratio |U10/U11|
is due to the large measured value of u3. However, as this
value is compatible with zero within about one standard
deviation of the total uncertainty, the contribution of u3

in Eq. (47) can be neglected, which leads to the value of
0.06 as lower bound on |U10/U11|.

5.8.2 T11 versus U11

With the above considerations, it follows from Eq. (35)
that the contribution of |U10/U11|2 is only a few percent
and hence will be neglected everywhere. Then, in partic-
ular, the relation

u1 ⇡ 2|U11|2/N (48)

is valid with a precision of a few percent.

Equations (7-9) show that the nucleon-helicity-flip am-
plitudes T1± 1

2 1⌥ 1
2

(T0± 1
2 0⌥ 1

2
) are suppressed by a factor of

about
p
�t0/M compared to the amplitude T11 (T00) with

diagonal transitions (�0
N = �N ). Therefore, the second-

order contributions of the amplitudes T�± 1
2�⌥ 1

2
for any �

will be neglected compared to any bilinear product of T00

and T11. In this approximation, the relation

2[Im{r21�1}� r21�1]

u1
= 1 �

�

�

�

T11

U11

�

�

�

2
(49)

follows from Eqs. (31) and (48). Substituting numerical
values for the SDMEs in Eq. (49) leads to the estimate
|T11/U11| ⇡ 0.6.

5.8.3 T00 versus U11

Using Eq. (48) and the expression for r04
00 from Refs. [3,

20] yields

2r04
00

u1
=

f

P

[✏|T00|2 + |T01|2 + |U01|2]
|U11|2

. (50)

Neglecting in the numerator of the right-hand side of Eq.
(50) all positive terms except |T00|2, the inequality of in-
terest is obtained:

2r04
00

u1
>

✏|T00|2

|U11|2
. (51)

Using for the estimate ✏ = 0.8 and values of SDMEs from
Table 1 yields the result |T00/U11| < 0.6.

The same ratio can be estimated from other SDMEs.
Using expressions for the SDMEs from [3,20], the follow-
ing equations can be written:

Re{r510}� Im{r610} =

1

N
p

2

g

X

Re[T11T
⇤
00 + T01T

⇤
10 � U01U

⇤
10], (52)

Im{r710} + Re{r810} =

1

N
p

2

g

X

Im[T11T
⇤
00 + T10T

⇤
01 � U10U

⇤
01]. (53)

From Eqs. (7-9), it follows that the terms f

P

T01T
⇤
10 and

f

P

U01U
⇤
10 on the right-hand side of Eqs. (52, 53) are sup-

pressed by a factor (�t0)/M2 compared to T11T
⇤
00 and will

be neglected. The simplest consequence of Eqs. (52, 53) is
the relation

[Re{r510}� Im{r610}]2 + [Im{r710} + Re{r810}]2 =
1

2N 2
|T11|2|T00|2. (54)

Dividing this relation by u2
1/8 and using Eq. (48), one gets

the formula of interest:

[Re{r510}� Im{r610}]2 + [Im{r710} + Re{r810}]2

u2
1/8

⇡

|T11|2|T00|2

|U11|4
. (55)

Natural Parity 
Exchange: 
JP = 0+, 1-, …

Un-natural Parity 
Exchange: 
JP = 0-, 1+, …

Regge Phenomenology

⇡
2r11�1 � r100
1� r0400

Pion pole 
contribution

P =
d�N

T � d�U
T

d�N
T + d�U

T
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Fig. 14. The Q

2 (left) and �t

0 (right) dependences of the longitudinal-to-transverse virtual-photon di↵erential cross-section
ratio for exclusive ! and ⇢

0 electroproduction at HERMES, where the �t

0 bin covers the interval [0.0-0.2] GeV2 for ! production
and [0.0-0.4] GeV2 for ⇢

0 production [20]. The symbols that are parenthesized in the legend represent the value of R in the
entire kinematic region. Otherwise as for Fig. 7.

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ! meson is shown in the left panel of
Fig. 14, where also for comparison the same dependence
for the ⇢0 meson [20] is shown. For ! mesons produced in
the entire kinematic region, it is found that R = 0.25 ±
0.03 ± 0.07 for the proton and R = 0.24 ± 0.04 ± 0.07
for the deuteron data. Compared to the case of exclu-
sive ⇢0 production, this ratio is about four times smaller,
and for the ! meson this ratio is almost independent of
Q2. The �t0 dependence of R is shown in the right panel
of Fig. 14. The comparison of the proton data to the GK
model calculations with and without inclusion of the pion-
pole contribution demonstrates the clear need to include
the pion pole. The data are well described by the model
and appear to follow the �t0 dependence suggested by the
model when the pion-pole contribution is included. This
implies that transverse and longitudinal virtual-photon
cross sections have di↵erent �t0 dependences. Hence the
usual high-energy assumption that their ratio can be iden-
tified with the corresponding ratio of the integrated cross
sections does not hold in exclusive ! electroproduction at
HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse
cross section

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

P =
d�N

T � d�U
T

d�N
T + d�U

T

⌘ d�N
T /d�U

T � 1

d�N
T /d�U

T + 1

= (1 + ✏R)(2r1
1�1 � r1

00), (44)

where �N
T and �U

T denote the part of the cross section due
to NPE and UPE, respectively. Substituting Eq. (43) in
Eq. (44) leads to the approximate relation

P ⇡
2r1

1�1 � r1
00

1 � r04
00

. (45)

The value of P obtained in the entire kinematic region
is �0.42 ± 0.06 ± 0.08 and �0.64 ± 0.07 ± 0.12 for proton
and deuteron, respectively. This means that a large part of
the transverse cross section is due to UPE. In Fig. 15, the
Q2 and �t0 dependences of the UPE-to-NPE asymmetry
of the transverse di↵erential cross section for exclusive !
production are presented. Again, the GK model calcula-
tion appears to fully account for the unnatural-parity con-
tribution and shows very good agreement with the data
both in shape and magnitude.

5.8 Hierarchy of amplitudes

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

5.8.1 U10 versus U11

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

p

2(u2
2 + u2

3)

u1
⇡ |U11U

⇤
10|

|U11|2 + 2✏|U10|2

=
|U10/U11|

1 + 2✏|U10/U11|2
(46)

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

R =
d�L(�L ! V)

d�T(�T ! V)
⇡ 1

✏

r0004
1� r0004



Summary and Conclusion

• Hard exclusive reactions provide unique access to the 
quark and gluon dynamics inside nucleons 

• Many reactions pioneered at HERMES using the unique 
combination of polarised e± and (un)polarised H,D 
targets 

• Event sample purified with addition of HERMES recoil 
detector 

• pure DVCS events show increased amplitude in ALU 
• ALU in Δ-DVCS measured, constraining transition GPDs 
• Extraction of SDME for ω in exclusive electro-production 

allows test of SCHC, parity exchanges and longitudinal 
to transverse cross section ratios 


