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27.5 GeV electron/positron beam

transversely polarized through Sokolov-Ternov effect
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27.5 GeV electron/positron beam
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The HERMES experiment (1995-2007)
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HERMES at DESY

27.5 GeV e+/e− beam of HERA

forward-acceptance spectrometer

⇒ 40mrad< θ <220mrad

high lepton ID efficiency and purity

excellent hadron ID thanks to dual-radiator RICH

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 14/50
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novel pure gas target:

internal to HERA lepton ring

unpolarized (1H … Xe) 

longitudinally polarized: 1H, 2H, 3He  

transversely polarized: 1H
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• Forward acceptance spectrometer: 40 mrad ≤ Θ ≤ 220 mrad

• Kinematic coverage: 0.02 ≤ x ≤ 0.8 for Q2 > 1 GeV2 and W > 2 GeV

• Tracking: 57 tracking planes: δP/P = (0.7 − 2.5)%, δΘ ≤ 1 mrad

• PID: Cherenkov (RICH after 1997), TRD, Preshower, Calorimeter

Gunar Schnell, HERMES Collaboration Warsaw, May 25
th
, 2004 – p. 11/36

HERMES schematically

4

two (mirror-symmetric) halves
-> no homogenous azimuthal 
coverage 

Particle ID detectors allow for
- lepton/hadron separation
- RICH: pion/kaon/proton 
discrimination 2GeV<p<15GeV
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Particle identification
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The HERA-I (1995-2000) harvest
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The HERA-I (1995-2000) harvest

Inclusive DIS from longitudinally polarized deuterium target:
 

!" = 0.330 ± 0.025 (exp.) ± 0.011 (theory) ± 0.028 (evol.)
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Inclusive DIS
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Inclusive DIS (one-photon exchange)
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INTRODUCTION

e↔ + p" → e′ + X

φ = (!k×!SN)·!k′

|(!k×!SN)·!k′|
arccos (!k×!k′)·(!k×!SN)

|!k×!k′||!k×!SN|

Spin Plane

Scattering Plane

SN

!

"

#

$

k%
!

k ,
!

Sl

!
‘

!SN(0,−1,0)

1 < Q2 < 15 GeV2

W2 > 4 GeV2

0.023 < x < 0.7

0.1 < y < 0.85

03c0 + 04c1 + 05c1: 6.9 mln DIS events

A.Ivanilov HERMES Collaboration Meeting, 05. 03. 2008 – p. 2
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where ∆CMS
NS (αs(Q2)) and ∆CMS

S (αs(Q2)) are the first
moments of the non-singlet and singlet Wilson coefficient
functions, respectively.

The difference of the g1 moments for proton and neu-
tron leads to the Bjorken Sum Rule [15, 16], which in
leading twist reads:

Γp
1(Q

2) − Γn
1 (Q2) =

1
6
a3∆CMS

NS (αs(Q2)), (12)

while their sum is given by:

Γp
1(Q

2) + Γn
1 (Q2) =

1
18

[
a8∆CMS

NS (αs(Q2))

+4a0∆CMS
S (αs(Q2))

]
. (13)

This sum equals twice the deuteron moment apart from
a small correction due to the D-wave admixture to the
deuteron wave function (see Eq. (23)). The measurement
of Γd

1 hence allows for a straightforward determination of
a0 using only a8 as additional input.

In the MS scheme, the non-singlet (singlet) coefficient
has been calculated up to third (second) order in the
strong coupling constant [17]:

∆CMS
NS (αs(Q2)) = 1 −αs

π
−3.583

(αs

π

)2
−20.215

(αs

π

)3

(14)

∆CMS
S (αs(Q2)) = 1 −

(αs

π

)
− 1.096

(αs

π

)2
, (15)

for Nq = 3 [18]. Estimates exist for the fourth (third)
order non-singlet (singlet) term [19].

The first determination of ∆Σ was a moment anal-
ysis of the EMC proton data [20], using Eq. (11) and
the moments of the Wilson coefficients in O(α1

s). It re-
sulted in ∆Σ = 0.120 ± 0.094(stat) ± 0.138(sys), much
smaller than the expectation (∆Σ ≈ 0.6) [21, 22] from the
relativistic constituent quark model. This result caused
enormous activity in both experiment and theory. A se-
ries of high-precision scattering experiments with polar-
ized beams and targets were completed at CERN [23–25],
SLAC [26–28], DESY [29] and continue at CERN [30] and
JLAB [31]. Such measurements are always restricted to
certain x and Q2 ranges due to the experimental con-
ditions. However, any determination of ∆Σ requires an
‘evolution’ to a fixed value of Q2 and an extrapolation of
g1 data to the full x range and substantial uncertainties
might arise from the necessary extrapolations x → 0 and
x → 1. This limitation applies also to recent determina-
tions of ∆Σ based on NLO fits [32–36] of the x and Q2

dependence of g1 for proton, deuteron, and neutron, us-
ing Eq. (10) and the corresponding evolution equations.

This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.

While the accuracy of the HERMES proton data is com-
parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
termination of a0 with small uncertainties and for a test
of the Bjorken Sum Rule, as well as scheme-dependent
estimates of ∆Σ and the first moments of the flavor sep-
arated quark helicity distributions, ∆u + ∆ū, ∆d + ∆d̄
and ∆s + ∆s̄.

The paper is organized as follows: the formalism lead-
ing to the extraction of the structure function g1 will
be briefly reviewed in Sect. II, Sect. III deals with the
HERMES experimental arrangement and the data anal-
ysis is described in Sect. IV. Final results are presented
in Sect. V and discussed in Sect. VI.

II. FORMALISM

In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
Fig. 1 the leptonic tensor Lµν describes the emission of
a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
scattering are defined in Tab. I. The tensor Lµν can
be calculated precisely in Quantum Electro-Dynamics
(QED) [15]:

Lµν(s) = 2(kµk′
ν + kνk′

µ − gµν(k · k′ − m2
l ))

+ 2iεµναβ(k − k′)αsβ . (17)

Here the spinor normalization s2 = −m2
l is used. In the

following the lepton mass ml is neglected. For a spin-1/2
target the representation of Wµν requires four structure
functions to describe the nucleon’s internal structure. It
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This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.
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parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
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estimates of ∆Σ and the first moments of the flavor sep-
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ing to the extraction of the structure function g1 will
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HERMES experimental arrangement and the data anal-
ysis is described in Sect. IV. Final results are presented
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In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
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a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
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µ − gµν(k · k′ − m2
l ))
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Here the spinor normalization s2 = −m2
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following the lepton mass ml is neglected. For a spin-1/2
target the representation of Wµν requires four structure
functions to describe the nucleon’s internal structure. It

Lepton Tensor
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where ∆CMS
NS (αs(Q2)) and ∆CMS

S (αs(Q2)) are the first
moments of the non-singlet and singlet Wilson coefficient
functions, respectively.

The difference of the g1 moments for proton and neu-
tron leads to the Bjorken Sum Rule [15, 16], which in
leading twist reads:

Γp
1(Q

2) − Γn
1 (Q2) =

1
6
a3∆CMS

NS (αs(Q2)), (12)

while their sum is given by:

Γp
1(Q

2) + Γn
1 (Q2) =

1
18

[
a8∆CMS

NS (αs(Q2))

+4a0∆CMS
S (αs(Q2))

]
. (13)

This sum equals twice the deuteron moment apart from
a small correction due to the D-wave admixture to the
deuteron wave function (see Eq. (23)). The measurement
of Γd

1 hence allows for a straightforward determination of
a0 using only a8 as additional input.

In the MS scheme, the non-singlet (singlet) coefficient
has been calculated up to third (second) order in the
strong coupling constant [17]:

∆CMS
NS (αs(Q2)) = 1 −αs

π
−3.583

(αs

π

)2
−20.215

(αs

π

)3

(14)

∆CMS
S (αs(Q2)) = 1 −

(αs

π

)
− 1.096

(αs

π

)2
, (15)

for Nq = 3 [18]. Estimates exist for the fourth (third)
order non-singlet (singlet) term [19].

The first determination of ∆Σ was a moment anal-
ysis of the EMC proton data [20], using Eq. (11) and
the moments of the Wilson coefficients in O(α1

s). It re-
sulted in ∆Σ = 0.120 ± 0.094(stat) ± 0.138(sys), much
smaller than the expectation (∆Σ ≈ 0.6) [21, 22] from the
relativistic constituent quark model. This result caused
enormous activity in both experiment and theory. A se-
ries of high-precision scattering experiments with polar-
ized beams and targets were completed at CERN [23–25],
SLAC [26–28], DESY [29] and continue at CERN [30] and
JLAB [31]. Such measurements are always restricted to
certain x and Q2 ranges due to the experimental con-
ditions. However, any determination of ∆Σ requires an
‘evolution’ to a fixed value of Q2 and an extrapolation of
g1 data to the full x range and substantial uncertainties
might arise from the necessary extrapolations x → 0 and
x → 1. This limitation applies also to recent determina-
tions of ∆Σ based on NLO fits [32–36] of the x and Q2

dependence of g1 for proton, deuteron, and neutron, us-
ing Eq. (10) and the corresponding evolution equations.

This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.

While the accuracy of the HERMES proton data is com-
parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
termination of a0 with small uncertainties and for a test
of the Bjorken Sum Rule, as well as scheme-dependent
estimates of ∆Σ and the first moments of the flavor sep-
arated quark helicity distributions, ∆u + ∆ū, ∆d + ∆d̄
and ∆s + ∆s̄.

The paper is organized as follows: the formalism lead-
ing to the extraction of the structure function g1 will
be briefly reviewed in Sect. II, Sect. III deals with the
HERMES experimental arrangement and the data anal-
ysis is described in Sect. IV. Final results are presented
in Sect. V and discussed in Sect. VI.

II. FORMALISM

In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
Fig. 1 the leptonic tensor Lµν describes the emission of
a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
scattering are defined in Tab. I. The tensor Lµν can
be calculated precisely in Quantum Electro-Dynamics
(QED) [15]:

Lµν(s) = 2(kµk′
ν + kνk′

µ − gµν(k · k′ − m2
l ))

+ 2iεµναβ(k − k′)αsβ . (17)

Here the spinor normalization s2 = −m2
l is used. In the

following the lepton mass ml is neglected. For a spin-1/2
target the representation of Wµν requires four structure
functions to describe the nucleon’s internal structure. It

Lepton Tensor
Hadron Tensor

parametrized in terms of 
Structure Functions

d3σ

dxdydφ
∝ y

2
F1(x,Q

2) +
1− y − γ2y2/4

2xy
F2(x,Q

2)

−SlSN cosα

[(
1− y

2
− γ2y2

4

)
g1(x,Q

2)− γ2y

2
g2(x,Q

2)

]

+SlSN sinα cosφγ

√
1− y − γ2y2

4

(y
2
g1(x,Q

2) + g2(x,Q
2)
)
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P

p

k l

k′

Figure 1: Two-photon exchange contribution to inclusive DIS in the parton model. The Hermitian
conjugate diagram, not shown in the figure, has to be considered as well. A diagram where the
ordering of the lower vertices of the two photons is interchanged (crossed box graph) does not
contribute to the transverse SSA.

When performing the calculation we ignore a term proportional to m3 in the lepton tensor Lµνρ

and also the mass in the denominator of the lepton propagator in the loop. Both effects are
suppressed for large Q2. The quark is treated as massless particle. On the other hand, to avoid a
potential IR divergence, a mass λ is assigned to the photon.
It turns out that in the collinear parton model only the imaginary part of the loop-integral in (6)
survives as soon as one adds the contribution coming from the Hermitian conjugate diagram. This
imaginary part can be conveniently evaluated by means of the Cutkosky rules. Here we avoid giving
details of the calculation and just quote our final result for the spin dependent part of the single
polarized cross section,

k′0 dσL,pol

d3#k′

=
4α3

em

Q8
m xy2 εµνρσ SµP νkρk′σ

∑

q

e3
q xf q

1 (x) . (7)

At this point several comments are in order. The result in Eq. (7) is the leading term in the Bjorken
limit (Q2 → ∞, x fixed). Corrections to this formula are suppressed at least by a factor M/Q. The
sign of the spin dependent part of the polarized cross section depends on the charge of the lepton
which enters to the third power. The result in (7) holds for a negatively charged lepton. (It is
interesting to note that in one of the early measurements of the target SSA [6] there is evidence for
the expected sign change when switching from an electron to a positron beam.) We have taken the
convention ε0123 = 1 for the Levi-Civita tensor. The spin dependent part of the single polarized
cross section behaves like αem m/Q relative to the unpolarized cross section given in Eq. (1) (and
relative to the dominant term of the double polarized DIS cross section). In this context note that
the correlation (3) showing up in Eq. (7) is given by

εµνρσ SµP νkρk′σ ∝
Q3

x y

√

1 − y (8)

in the Bjorken limit.
We emphasize that the expression in Eq. (7) is IR finite. Terms proportional to ln(Q2/λ2) ap-
pearing at intermediate steps of the calculation cancel in the final result. In related studies of

4

Two-photon exchange

Candidate to explain discrepancy in form-factor 

measurements

Interference between one- 

and two-photon exchange 

amplitudes leads to SSAs 

in inclusive DIS off transversely polarized targets

cross section proportional to S(kxk’) - either measure 

left-right asymmetries or sine modulation 

sensitive to beam charge due to odd number of e.m. couplings 

to beam

10
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Fig. 1. The xB dependence of the sinφS amplitudes AsinφS
U T measured with an elec-

tron beam (top) and a positron beam (center). The open (closed) circles identify the
data with Q 2 < 1 GeV2 (Q 2 > 1 GeV2). The error bars show the statistical uncer-
tainties, while the error boxes show the systematic uncertainties. The asymmetries
integrated over xB are shown on the left. Bottom panel: average Q 2 vs. xB from
data (squares), and the fraction of elastic background events to the total event sam-
ple from a Monte Carlo simulation (triangles).

Table 2
The integrated transverse single-spin asymmetry amplitude AsinφS

U T with its statisti-
cal and systematic uncertainties and the average values for xB and Q 2 measured
separately for electron and positron beams in the two Q 2 ranges Q 2 < 1 GeV2 (up-
per rows) and Q 2 > 1 GeV2 (lower rows). The systematic uncertainties contain the
effects of detector misalignment and beam position and slope at the target, as esti-
mated by a Monte Carlo simulation, but not the scale uncertainties from the target
polarization which amounts to 9.3% (6.6%) for the electron (positron) sample. Also,
the results are not corrected for smearing, radiative effects and elastic background
events.

Beam AsinφS
U T

× 10−3
δAsinφS

U T (stat.)
× 10−3

δAsinφS
U T (syst.)

× 10−3
〈xB 〉 〈Q 2〉

[GeV2]

e+ −0.61 3.97 0.63 0.02 0.68
e− −6.55 3.40 0.63

e+ −0.60 1.70 0.29 0.14 2.40
e− −0.85 1.50 0.29

Systematic uncertainties from other sources like particle identifi-
cation or trigger efficiencies were found to be negligible.

The transverse single-spin asymmetry amplitudes AsinφS
U T for

electron and positron beams integrated over xB are given sepa-
rately for the “low-Q 2 region” and the “DIS region” in Table 2
along with their statistical and systematic uncertainties. All asym-
metry amplitudes are consistent with zero within their uncertain-
ties, which in the DIS region are of order 10−3. The only excep-

tion is the low-Q 2 electron sample, where the asymmetry is 1.9
standard deviations different from zero. No hint of a sign change
between electron and positron asymmetries is observed within un-
certainties.

In conclusion, single-spin asymmetries were measured in inclu-
sive deep-inelastic scattering at Hermes with unpolarized electron
and positron beams and a transversely polarized hydrogen target
with the goal of searching for a signal of two-photon exchange.
No signal was found within the uncertainties, which are of order
10−3.
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Results on A2 and xg2
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∫ 0.9

0.023
g2(x,Q

2) dx = 0.006± 0.024stat ± 0.017syst

d2(Q
2) ≡ 3

∫ 1

0
x2 ḡ2(x,Q

2) dx = 0.0148± 0.0096stat ± 0.0048syst
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  Hadron charge difference asymmetry
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Separation of quark contributions into

   valence and sea quark contributions

 LO parton model

 Charge conjugation

 No MC usage

 The contribution of fragmentation functions drop out

Proton target:

Deuteron target:

  Valence helicity distributions

Ah+−h−
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1d =
∆uv +∆dv
uv + dv
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Twist-2 TMDs

each TMD describes a particular spin-

momentum correlation

functions in black survive integration 

over transverse momentum

functions in green box are chirally odd

functions in red are naive T-odd
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TMDs - probabilistic interpretation

21

f1 =

g1 =

h1 =

f⊥1T =

h⊥1 =

h⊥1T =

h⊥1L =

g1T =

parton with transverse or longitudinal spin

parton transverse momentum

nucleon with transverse or longitudinal spin

Proton goes out of the screen/ photon goes into the screen

[courtesy of A. Bacchetta]
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1-Hadron production (ep$ehX)
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1-Hadron production (ep$ehX)
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1-Hadron production (ep$ehX)
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Hadron multiplicities in DIS

24
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the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].

We consider it timely to present in a single, self-contained paper the results for one-

particle-inclusive deep inelastic scattering at small transverse momentum, in particular

including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions
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!(l) + N(P ) → !(l′) + h(Ph) + X, (2.1)

where ! denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and

Q2 = −q2 and introduce the variables

x =
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2P · q
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, z =
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, γ =
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. (2.2)

Throughout this section we work in the target rest frame. Following the Trento conven-
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where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of &′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward
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by

ε =
1 − y − 1

4 γ2y2

1 − y + 1
2 y2 + 1

4 γ2y2
, (2.8)

so that the depolarization factors can be written as

y2

2 (1 − ε)
=

1

1 + γ2

(

1 − y + 1
2 y2 + 1

4 γ2y2
)

≈
(

1 − y + 1
2 y2

)

, (2.9)

y2

2 (1 − ε)
ε =

1

1 + γ2

(

1 − y − 1
4 γ2y2

)

≈ (1 − y), (2.10)

y2

2 (1 − ε)

√

2 ε(1 + ε) =
1

1 + γ2
(2 − y)

√

1 − y − 1
4 γ2y2 ≈ (2 − y)

√

1 − y, (2.11)

y2

2 (1 − ε)

√

2 ε(1 − ε) =
1

√

1 + γ2
y

√

1 − y − 1
4 γ2y2 ≈ y

√

1 − y, (2.12)

y2

2 (1 − ε)

√

1 − ε2 =
1

√

1 + γ2
y

(

1 − 1
2 y

)

≈ y
(

1 − 1
2 y

)

. (2.13)

– 4 –

[see, e.g., Bacchetta et al., 
JHEP 0702 (2007) 093]
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the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].
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including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions
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where ! denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and

Q2 = −q2 and introduce the variables

x =
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where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of &′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given
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the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].

We consider it timely to present in a single, self-contained paper the results for one-

particle-inclusive deep inelastic scattering at small transverse momentum, in particular

including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions

We consider the process

!(l) + N(P ) → !(l′) + h(Ph) + X, (2.1)

where ! denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and

Q2 = −q2 and introduce the variables

x =
Q2

2P · q
, y =

P · q
P · l

, z =
P ·Ph

P · q
, γ =

2Mx

Q
. (2.2)

Throughout this section we work in the target rest frame. Following the Trento conven-

tions [28] we define the azimuthal angle φh of the outgoing hadron by
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where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of &′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward
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multi-dimensional analysis allows exploration of new kinematic dependences
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Sivers function

29

correlates transverse momentum 
of quarks with transverse spin of 
proton

candidate for large (30-50%) 
asymmetries in p!p->hX

HERMES: u-quark and d-quark 
Sivers have opposite signs

(naive) T-odd structure: 
SN･(p! x PN) -- requires ISI/FSI

f⊥1T =

A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be di!erent for quarks of 
di!erent "avors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.
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Sivers function

29

correlates transverse momentum 
of quarks with transverse spin of 
proton

candidate for large (30-50%) 
asymmetries in p!p->hX

HERMES: u-quark and d-quark 
Sivers have opposite signs

(naive) T-odd structure: 
SN･(p! x PN) -- requires ISI/FSI

leads to peculiar calculable 
universality breaking (DIS vs. 
Drell-Yan)
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A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be di!erent for quarks of 
di!erent "avors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.
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Fig. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.
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up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.

[courtesy of A. Bacchetta]

0

0.05

0.1

2
 !

s
in

("
-"

S
)#

U
T

$+

-0.1

0

0.1

2
 !

s
in

("
-"

S
)#

U
T

$0

-0.05

0

0.05

10
-1

x

2
 !

s
in

("
-"

S
)#

U
T

$-

0.4 0.6
z

0.5 1
P

h% [GeV]

[P
R

L 
10

3
 (

2
0

0
9

) 
15

2
0

0
2

]



hermes
POETIC 2013 - March 5th, 2013gunar.schnell @ desy.de 30

simple QED 
example

DIS: attractive Drell-Yan: repulsive

Process dependence



hermes
POETIC 2013 - March 5th, 2013gunar.schnell @ desy.de 30

simple QED 
example

DIS: attractive Drell-Yan: repulsive

Process dependence

add color: 
QCD 

result: Sivers|DIS  = - Sivers|DY
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Unpolarized Drell-Yan

31

Deviation from Lam-Tung relation in NNLO O(!s2) pQCD is (at least) an order 
of magnitude smaller and of opposite sign   

[Brandenburg, Nachtmann & Mirkes '93; Mirkes & Ohnemus '95]

With collinear parton densities, only higher order gluon emission can generate 
deviations from Lam-Tung  

Failure of collinear pQCD treatment

Large deviations from Lam-Tung 
relation observed in DY 

[NA10 ('86/'88) & E615 ('89)]
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Unpolarized Drell-Yan
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Unpolarized Drell-Yan

“failure” of collinear pQCD

possible source: Boer-Mulders effect
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Boer-Mulders effect 

32

f⊥1T =

SN･(p! x PN)

Sivers effect:

h⊥1 =

Sq･(p! x PN)

Boer-Mulders effect:
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“QCD Sokolov-Ternov effect” - transverse polarization of 
“orbiting” quarks 

32

f⊥1T =

SN･(p! x PN)

Sivers effect:

h⊥1 =

Sq･(p! x PN)

Boer-Mulders effect:



hermes
POETIC 2013 - March 5th, 2013gunar.schnell @ desy.de

Boer-Mulders effect 

spin-effect in unpolarized reactions

“QCD Sokolov-Ternov effect” - transverse polarization of 
“orbiting” quarks 

QCD: sign change for DIS vs. Drell-Yan

32

f⊥1T =

SN･(p! x PN)

Sivers effect:

h⊥1 =

Sq･(p! x PN)

Boer-Mulders effect:



hermes
POETIC 2013 - March 5th, 2013gunar.schnell @ desy.de

Boer-Mulders effect 

spin-effect in unpolarized reactions

“QCD Sokolov-Ternov effect” - transverse polarization of 
“orbiting” quarks 

QCD: sign change for DIS vs. Drell-Yan

up to now little data from DIS 

%HERMES with most comprehensive data set
32

f⊥1T =

SN･(p! x PN)

Sivers effect:

h⊥1 =

Sq･(p! x PN)

Boer-Mulders effect:
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Cross section without polarization

33
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the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].

We consider it timely to present in a single, self-contained paper the results for one-

particle-inclusive deep inelastic scattering at small transverse momentum, in particular

including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions

We consider the process

!(l) + N(P ) → !(l′) + h(Ph) + X, (2.1)

where ! denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and

Q2 = −q2 and introduce the variables

x =
Q2

2P · q
, y =

P · q
P · l

, z =
P ·Ph

P · q
, γ =

2Mx

Q
. (2.2)

Throughout this section we work in the target rest frame. Following the Trento conven-

tions [28] we define the azimuthal angle φh of the outgoing hadron by

cosφh = −
lµPhν gµν

⊥
√

l2⊥ P 2
h⊥

, sin φh = −
lµPhν εµν

⊥
√

l2⊥ P 2
h⊥

, (2.3)

where lµ⊥ = gµν
⊥ lν and Pµ

h⊥ = gµν
⊥ Phν are the transverse components of l and Ph with respect

to the photon momentum. The tensors

gµν
⊥ = gµν −

qµP ν + Pµqν

P · q (1 + γ2)
+

γ2

1 + γ2

(

qµqν

Q2
−

PµP ν

M2

)

, (2.4)

εµν
⊥ = εµνρσ Pρ qσ

P · q
√

1 + γ2
(2.5)
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+
√

2 ε(1 − ε) cos(2φh − φS)F cos(2φh−φS)
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]}

, (2.7)

where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of &′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by

ε =
1 − y − 1

4 γ2y2

1 − y + 1
2 y2 + 1

4 γ2y2
, (2.8)

so that the depolarization factors can be written as

y2

2 (1 − ε)
=

1

1 + γ2

(

1 − y + 1
2 y2 + 1

4 γ2y2
)

≈
(

1 − y + 1
2 y2

)

, (2.9)

y2

2 (1 − ε)
ε =

1

1 + γ2

(

1 − y − 1
4 γ2y2

)

≈ (1 − y), (2.10)

y2

2 (1 − ε)

√

2 ε(1 + ε) =
1

1 + γ2
(2 − y)

√

1 − y − 1
4 γ2y2 ≈ (2 − y)

√

1 − y, (2.11)

y2

2 (1 − ε)

√

2 ε(1 − ε) =
1

√

1 + γ2
y

√

1 − y − 1
4 γ2y2 ≈ y

√

1 − y, (2.12)
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2 (1 − ε)

√

1 − ε2 =
1
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1 + γ2
y

(

1 − 1
2 y

)

≈ y
(

1 − 1
2 y

)

. (2.13)

– 4 –

[see, e.g., Bacchetta et al., 
JHEP 0702 (2007) 093]
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the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].

We consider it timely to present in a single, self-contained paper the results for one-

particle-inclusive deep inelastic scattering at small transverse momentum, in particular

including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions

We consider the process

!(l) + N(P ) → !(l′) + h(Ph) + X, (2.1)

where ! denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and

Q2 = −q2 and introduce the variables

x =
Q2

2P · q
, y =

P · q
P · l

, z =
P ·Ph

P · q
, γ =

2Mx

Q
. (2.2)

Throughout this section we work in the target rest frame. Following the Trento conven-

tions [28] we define the azimuthal angle φh of the outgoing hadron by

cosφh = −
lµPhν gµν

⊥
√

l2⊥ P 2
h⊥

, sin φh = −
lµPhν εµν

⊥
√

l2⊥ P 2
h⊥

, (2.3)

where lµ⊥ = gµν
⊥ lν and Pµ

h⊥ = gµν
⊥ Phν are the transverse components of l and Ph with respect

to the photon momentum. The tensors

gµν
⊥ = gµν −

qµP ν + Pµqν

P · q (1 + γ2)
+

γ2

1 + γ2

(

qµqν

Q2
−

PµP ν

M2

)

, (2.4)

εµν
⊥ = εµνρσ Pρ qσ

P · q
√

1 + γ2
(2.5)

– 2 –

J
H
E
P
0
2
(
2
0
0
7
)
0
9
3

+ S‖λe

[

√

1 − ε2 FLL +
√

2 ε(1 − ε) cos φh F cos φh

LL

]

+ |S⊥|

[

sin(φh − φS)
(

F sin(φh−φS)
UT,T + εF sin(φh−φS)

UT,L

)

+ ε sin(φh + φS)F sin(φh+φS)
UT + ε sin(3φh − φS)F sin(3φh−φS)

UT

+
√

2 ε(1 + ε) sin φS F sinφS

UT +
√

2 ε(1 + ε) sin(2φh − φS)F sin(2φh−φS)
UT

]

+ |S⊥|λe

[

√

1 − ε2 cos(φh − φS)F cos(φh−φS)
LT +

√

2 ε(1 − ε) cos φS F cos φS

LT

+
√

2 ε(1 − ε) cos(2φh − φS)F cos(2φh−φS)
LT

]}

, (2.7)

where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of &′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by

ε =
1 − y − 1

4 γ2y2

1 − y + 1
2 y2 + 1

4 γ2y2
, (2.8)

so that the depolarization factors can be written as

y2

2 (1 − ε)
=

1

1 + γ2

(

1 − y + 1
2 y2 + 1

4 γ2y2
)

≈
(

1 − y + 1
2 y2

)

, (2.9)

y2

2 (1 − ε)
ε =

1

1 + γ2

(

1 − y − 1
4 γ2y2

)

≈ (1 − y), (2.10)

y2

2 (1 − ε)

√

2 ε(1 + ε) =
1

1 + γ2
(2 − y)

√

1 − y − 1
4 γ2y2 ≈ (2 − y)

√

1 − y, (2.11)

y2

2 (1 − ε)

√

2 ε(1 − ε) =
1

√

1 + γ2
y

√

1 − y − 1
4 γ2y2 ≈ y

√

1 − y, (2.12)

y2

2 (1 − ε)

√

1 − ε2 =
1

√

1 + γ2
y

(

1 − 1
2 y

)

≈ y
(

1 − 1
2 y

)

. (2.13)

– 4 –

[see, e.g., Bacchetta et al., 
JHEP 0702 (2007) 093]
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no dependence on hadron charge expected for Cahn effect

% flavor dependence of transverse momentum

% sign of Boer-Mulders in cos! modulation 

(indeed, overall pattern resembles B-M modulations)

% additional “genuine” twist-3?

[Airapetian et al., PRD 87 (2013) 012010]
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Fig. 109. Density of transversely polarized up-quarks in the π+

(from [B+08h]).

!0.6!0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2

"
n
#
1
!
mf

!
2
"

bx#0.15 fm

!0.6!0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2

"
n
#
1
!
mf

!
2
"

!0.6 !0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2
p#1.6
p#2
ChPT

bx#0.15 fm

!0.6 !0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2

"
n
#
1
!
mf

!
2
"

"
n
#
1
!
mf

!
2
"

Fig. 110. Density profiles for trans-
versely polarized up-quarks in the
π+ (from [B+08h]).

physical point, while the extrapolation based on 1-loop ChPT tends to give an even larger
central value. Analogously to the case nucleon tensor GFF BT10 introduced in section 2.1.1, one
may define a tensor anomalous magnetic moment of the pion, κπ

T = Bπ
T10(t=0), for which a value

of κπ
T = 0.215(33) is obtained at the physical pion mass from the linear chiral extrapolation

in Fig. 108. Also based on a linear chiral extrapolation in m2
π, a value of mp = 0.756(95) GeV

was obtained for the corresponding p-pole mass at the physical point, with p = 1.6.

In the case of Bπ
T20(t=0), the result of the linear extrapolation (represented by the dark shaded

band), is Bπ
T20(0)/mπ = 0.277(71) GeV−1 at the physical pion mass and the infinite volume

limit. A value of mp = 1.130(265) GeV was found for the corresponding p-pole mass with
p = 1.6, obtained from a linear chiral extrapolation in m2

π to the physical pion mass. The fit
based on 1-loop ChPT, Eq. 159, shown by the light shaded band in Fig. 108, clearly gives a
much smaller value for Bπ

T20(t=0) at the physical point, nearly compatible with zero within
errors. We note again, however, that the results from a 1-loop ChPT fit at such large pion
masses cannot be regarded as reliable, and only provide an indication for uncertainties in the
chiral extrapolation. As we will explain in the following, the lattice results for the moments
of the pion vector and tensor GPDs may be used for a first study of the spin structure of the
pion.

It has been noted in [B+08h] that the xn−1-moments of the density of transversely polarized
quark with transverse spin s⊥ in a pion is given by

ρn(b⊥, s⊥) =
∫ 1

−1
dx xn−1ρ(x, b⊥, s⊥) =

1

2

(

Aπ
n0(b

2
⊥) −

si
⊥εij bj

⊥

mπ

∂

∂b2
⊥

Bπ
Tn0(b

2
⊥)

)

, (160)

where the GFFs Aπ
n0(b

2
⊥) and Bπ

Tn0(b
2
⊥) in impact parameter space are related to the momentum-

space GFFs Aπ
n0(t) and Bπ

Tn0(t) by a Fourier-transformation as in Eq. (64). A numerical evalu-
ation of the density ρn(b⊥, s⊥) using the lattice results requires representations of the GFFs as
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physical point, while the extrapolation based on 1-loop ChPT tends to give an even larger
central value. Analogously to the case nucleon tensor GFF BT10 introduced in section 2.1.1, one
may define a tensor anomalous magnetic moment of the pion, κπ

T = Bπ
T10(t=0), for which a value

of κπ
T = 0.215(33) is obtained at the physical pion mass from the linear chiral extrapolation

in Fig. 108. Also based on a linear chiral extrapolation in m2
π, a value of mp = 0.756(95) GeV

was obtained for the corresponding p-pole mass at the physical point, with p = 1.6.

In the case of Bπ
T20(t=0), the result of the linear extrapolation (represented by the dark shaded

band), is Bπ
T20(0)/mπ = 0.277(71) GeV−1 at the physical pion mass and the infinite volume

limit. A value of mp = 1.130(265) GeV was found for the corresponding p-pole mass with
p = 1.6, obtained from a linear chiral extrapolation in m2

π to the physical pion mass. The fit
based on 1-loop ChPT, Eq. 159, shown by the light shaded band in Fig. 108, clearly gives a
much smaller value for Bπ

T20(t=0) at the physical point, nearly compatible with zero within
errors. We note again, however, that the results from a 1-loop ChPT fit at such large pion
masses cannot be regarded as reliable, and only provide an indication for uncertainties in the
chiral extrapolation. As we will explain in the following, the lattice results for the moments
of the pion vector and tensor GPDs may be used for a first study of the spin structure of the
pion.

It has been noted in [B+08h] that the xn−1-moments of the density of transversely polarized
quark with transverse spin s⊥ in a pion is given by

ρn(b⊥, s⊥) =
∫ 1

−1
dx xn−1ρ(x, b⊥, s⊥) =

1

2

(

Aπ
n0(b

2
⊥) −

si
⊥εij bj

⊥

mπ

∂

∂b2
⊥

Bπ
Tn0(b

2
⊥)

)

, (160)

where the GFFs Aπ
n0(b

2
⊥) and Bπ

Tn0(b
2
⊥) in impact parameter space are related to the momentum-

space GFFs Aπ
n0(t) and Bπ

Tn0(t) by a Fourier-transformation as in Eq. (64). A numerical evalu-
ation of the density ρn(b⊥, s⊥) using the lattice results requires representations of the GFFs as
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physicalpoint,whiletheextrapolationbasedon1-loopChPTtendstogiveanevenlarger
centralvalue.AnalogouslytothecasenucleontensorGFFBT10introducedinsection2.1.1,one
maydefineatensoranomalousmagneticmomentofthepion,κ

π
T=B

π
T10(t=0),forwhichavalue

ofκ
π
T=0.215(33)isobtainedatthephysicalpionmassfromthelinearchiralextrapolation

inFig.108.Alsobasedonalinearchiralextrapolationinm
2
π,avalueofmp=0.756(95)GeV

wasobtainedforthecorrespondingp-polemassatthephysicalpoint,withp=1.6.

InthecaseofB
π
T20(t=0),theresultofthelinearextrapolation(representedbythedarkshaded

band),isB
π
T20(0)/mπ=0.277(71)GeV

−1
atthephysicalpionmassandtheinfinitevolume

limit.Avalueofmp=1.130(265)GeVwasfoundforthecorrespondingp-polemasswith
p=1.6,obtainedfromalinearchiralextrapolationinm

2
πtothephysicalpionmass.Thefit

basedon1-loopChPT,Eq.159,shownbythelightshadedbandinFig.108,clearlygivesa
muchsmallervalueforB

π
T20(t=0)atthephysicalpoint,nearlycompatiblewithzerowithin

errors.Wenoteagain,however,thattheresultsfroma1-loopChPTfitatsuchlargepion
massescannotberegardedasreliable,andonlyprovideanindicationforuncertaintiesinthe
chiralextrapolation.Aswewillexplaininthefollowing,thelatticeresultsforthemoments
ofthepionvectorandtensorGPDsmaybeusedforafirststudyofthespinstructureofthe
pion.

Ithasbeennotedin[B
+
08h]thatthex

n−1
-momentsofthedensityoftransverselypolarized

quarkwithtransversespins⊥inapionisgivenby

ρ
n
(b⊥,s⊥)=

∫1

−1
dxx
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ρ(x,b⊥,s⊥)=

1
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⊥
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,(160)

wheretheGFFsA
π
n0(b

2
⊥)andB

π
Tn0(b

2
⊥)inimpactparameterspacearerelatedtothemomentum-

spaceGFFsA
π
n0(t)andB

π
Tn0(t)byaFourier-transformationasinEq.(64).Anumericalevalu-

ationofthedensityρ
n
(b⊥,s⊥)usingthelatticeresultsrequiresrepresentationsoftheGFFsas
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Fig. 110. Density profiles for trans-
versely polarized up-quarks in the
π+ (from [B+08h]).

physical point, while the extrapolation based on 1-loop ChPT tends to give an even larger
central value. Analogously to the case nucleon tensor GFF BT10 introduced in section 2.1.1, one
may define a tensor anomalous magnetic moment of the pion, κπ

T = Bπ
T10(t=0), for which a value

of κπ
T = 0.215(33) is obtained at the physical pion mass from the linear chiral extrapolation

in Fig. 108. Also based on a linear chiral extrapolation in m2
π, a value of mp = 0.756(95) GeV

was obtained for the corresponding p-pole mass at the physical point, with p = 1.6.

In the case of Bπ
T20(t=0), the result of the linear extrapolation (represented by the dark shaded

band), is Bπ
T20(0)/mπ = 0.277(71) GeV−1 at the physical pion mass and the infinite volume

limit. A value of mp = 1.130(265) GeV was found for the corresponding p-pole mass with
p = 1.6, obtained from a linear chiral extrapolation in m2

π to the physical pion mass. The fit
based on 1-loop ChPT, Eq. 159, shown by the light shaded band in Fig. 108, clearly gives a
much smaller value for Bπ

T20(t=0) at the physical point, nearly compatible with zero within
errors. We note again, however, that the results from a 1-loop ChPT fit at such large pion
masses cannot be regarded as reliable, and only provide an indication for uncertainties in the
chiral extrapolation. As we will explain in the following, the lattice results for the moments
of the pion vector and tensor GPDs may be used for a first study of the spin structure of the
pion.

It has been noted in [B+08h] that the xn−1-moments of the density of transversely polarized
quark with transverse spin s⊥ in a pion is given by

ρn(b⊥, s⊥) =
∫ 1

−1
dx xn−1ρ(x, b⊥, s⊥) =

1

2

(

Aπ
n0(b

2
⊥) −

si
⊥εij bj

⊥

mπ

∂

∂b2
⊥

Bπ
Tn0(b

2
⊥)

)

, (160)

where the GFFs Aπ
n0(b

2
⊥) and Bπ

Tn0(b
2
⊥) in impact parameter space are related to the momentum-

space GFFs Aπ
n0(t) and Bπ

Tn0(t) by a Fourier-transformation as in Eq. (64). A numerical evalu-
ation of the density ρn(b⊥, s⊥) using the lattice results requires representations of the GFFs as

129

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0

1

2

3

mf
2

0

0.5

1

1.5

2

0.5

mf
2

1n = 1n =

2n = 2n =

Fig. 109. Density of transversely polarized up-quarks in the π+

(from [B+08h]).

!0.6!0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2

"
n
#
1
!
mf

!
2
"

bx#0.15 fm

!0.6!0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2

"
n
#
1
!
mf

!
2
"

!0.6 !0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2
p#1.6
p#2
ChPT

bx#0.15 fm

!0.6 !0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2

"
n
#
1
!
mf

!
2
"

"
n
#
1
!
mf

!
2
"
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versely polarized up-quarks in the
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physical point, while the extrapolation based on 1-loop ChPT tends to give an even larger
central value. Analogously to the case nucleon tensor GFF BT10 introduced in section 2.1.1, one
may define a tensor anomalous magnetic moment of the pion, κπ

T = Bπ
T10(t=0), for which a value

of κπ
T = 0.215(33) is obtained at the physical pion mass from the linear chiral extrapolation

in Fig. 108. Also based on a linear chiral extrapolation in m2
π, a value of mp = 0.756(95) GeV

was obtained for the corresponding p-pole mass at the physical point, with p = 1.6.

In the case of Bπ
T20(t=0), the result of the linear extrapolation (represented by the dark shaded

band), is Bπ
T20(0)/mπ = 0.277(71) GeV−1 at the physical pion mass and the infinite volume

limit. A value of mp = 1.130(265) GeV was found for the corresponding p-pole mass with
p = 1.6, obtained from a linear chiral extrapolation in m2

π to the physical pion mass. The fit
based on 1-loop ChPT, Eq. 159, shown by the light shaded band in Fig. 108, clearly gives a
much smaller value for Bπ

T20(t=0) at the physical point, nearly compatible with zero within
errors. We note again, however, that the results from a 1-loop ChPT fit at such large pion
masses cannot be regarded as reliable, and only provide an indication for uncertainties in the
chiral extrapolation. As we will explain in the following, the lattice results for the moments
of the pion vector and tensor GPDs may be used for a first study of the spin structure of the
pion.

It has been noted in [B+08h] that the xn−1-moments of the density of transversely polarized
quark with transverse spin s⊥ in a pion is given by

ρn(b⊥, s⊥) =
∫ 1

−1
dx xn−1ρ(x, b⊥, s⊥) =

1

2

(

Aπ
n0(b

2
⊥) −
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⊥εij bj

⊥
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∂

∂b2
⊥
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, (160)

where the GFFs Aπ
n0(b

2
⊥) and Bπ

Tn0(b
2
⊥) in impact parameter space are related to the momentum-

space GFFs Aπ
n0(t) and Bπ

Tn0(t) by a Fourier-transformation as in Eq. (64). A numerical evalu-
ation of the density ρn(b⊥, s⊥) using the lattice results requires representations of the GFFs as
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physicalpoint,whiletheextrapolationbasedon1-loopChPTtendstogiveanevenlarger
centralvalue.AnalogouslytothecasenucleontensorGFFBT10introducedinsection2.1.1,one
maydefineatensoranomalousmagneticmomentofthepion,κ

π
T=B

π
T10(t=0),forwhichavalue

ofκ
π
T=0.215(33)isobtainedatthephysicalpionmassfromthelinearchiralextrapolation

inFig.108.Alsobasedonalinearchiralextrapolationinm
2
π,avalueofmp=0.756(95)GeV

wasobtainedforthecorrespondingp-polemassatthephysicalpoint,withp=1.6.

InthecaseofB
π
T20(t=0),theresultofthelinearextrapolation(representedbythedarkshaded

band),isB
π
T20(0)/mπ=0.277(71)GeV

−1
atthephysicalpionmassandtheinfinitevolume

limit.Avalueofmp=1.130(265)GeVwasfoundforthecorrespondingp-polemasswith
p=1.6,obtainedfromalinearchiralextrapolationinm

2
πtothephysicalpionmass.Thefit

basedon1-loopChPT,Eq.159,shownbythelightshadedbandinFig.108,clearlygivesa
muchsmallervalueforB

π
T20(t=0)atthephysicalpoint,nearlycompatiblewithzerowithin

errors.Wenoteagain,however,thattheresultsfroma1-loopChPTfitatsuchlargepion
massescannotberegardedasreliable,andonlyprovideanindicationforuncertaintiesinthe
chiralextrapolation.Aswewillexplaininthefollowing,thelatticeresultsforthemoments
ofthepionvectorandtensorGPDsmaybeusedforafirststudyofthespinstructureofthe
pion.

Ithasbeennotedin[B
+
08h]thatthex
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-momentsofthedensityoftransverselypolarized

quarkwithtransversespins⊥inapionisgivenby
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,(160)

wheretheGFFsA
π
n0(b

2
⊥)andB

π
Tn0(b

2
⊥)inimpactparameterspacearerelatedtothemomentum-

spaceGFFsA
π
n0(t)andB

π
Tn0(t)byaFourier-transformationasinEq.(64).Anumericalevalu-

ationofthedensityρ
n
(b⊥,s⊥)usingthelatticeresultsrequiresrepresentationsoftheGFFsas
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Form factors: 

transverse distribution
 of partons
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Fig. 1. Illustration of a quark distribution in impact parameter space.

is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = 〈N⊥|
∞∫

−∞

dη

2π
eiηxq

(
−

η

2
n, b⊥

)1

2

[
γ+ − sj

⊥iσ+jγ5

]
q
(η

2
n, b⊥

)
|N⊥〉

=
1

2

{

H(x, b2
⊥) + si

⊥Si
⊥

(

HT (x, b2
⊥) −

1

4m2
N

∆b⊥H̃T (x, b2
⊥)

)

+
bj
⊥εji

mN

(
Si
⊥E ′(x, b2

⊥) + si
⊥E

′
T (x, b2

⊥)
)

+ si
⊥

(2bi
⊥bj

⊥ − b2
⊥δij)

m2
N

Sj
⊥H̃ ′′

T (x, b2
⊥)

}

,

(65)

where the nucleon states are |N⊥〉 = |P+, R⊥ = 0, S⊥〉, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities

20

Parton distributions: 

longitudinal momentum
 of partons



hermes
POETIC 2013 - March 5th, 2013gunar.schnell @ desy.de

A complementary 3D picture of the nucleon

37

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.6 0.4 0.2 0 0.2 0.4 0.6

bx fm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0

1

2

3

mf
2

0

0.5

1

1.5

2

0.5

mf
2

1n = 1n =

2n = 2n =

Fig. 109. Density of transversely polarized up-quarks in the π+

(from [B+08h]).

!0.6!0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2

"
n
#
1
!
mf

!
2
"

bx#0.15 fm

!0.6!0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2

"
n
#
1
!
mf

!
2
"

!0.6 !0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2
p#1.6
p#2
ChPT

bx#0.15 fm

!0.6 !0.4 !0.2 0 0.2 0.4 0.6

by !fm"

0

0.5

1

1.5

2

"
n
#
1
!
mf

!
2
"

"
n
#
1
!
mf

!
2
"

Fig. 110. Density profiles for trans-
versely polarized up-quarks in the
π+ (from [B+08h]).

physical point, while the extrapolation based on 1-loop ChPT tends to give an even larger
central value. Analogously to the case nucleon tensor GFF BT10 introduced in section 2.1.1, one
may define a tensor anomalous magnetic moment of the pion, κπ

T = Bπ
T10(t=0), for which a value

of κπ
T = 0.215(33) is obtained at the physical pion mass from the linear chiral extrapolation

in Fig. 108. Also based on a linear chiral extrapolation in m2
π, a value of mp = 0.756(95) GeV

was obtained for the corresponding p-pole mass at the physical point, with p = 1.6.

In the case of Bπ
T20(t=0), the result of the linear extrapolation (represented by the dark shaded

band), is Bπ
T20(0)/mπ = 0.277(71) GeV−1 at the physical pion mass and the infinite volume

limit. A value of mp = 1.130(265) GeV was found for the corresponding p-pole mass with
p = 1.6, obtained from a linear chiral extrapolation in m2

π to the physical pion mass. The fit
based on 1-loop ChPT, Eq. 159, shown by the light shaded band in Fig. 108, clearly gives a
much smaller value for Bπ

T20(t=0) at the physical point, nearly compatible with zero within
errors. We note again, however, that the results from a 1-loop ChPT fit at such large pion
masses cannot be regarded as reliable, and only provide an indication for uncertainties in the
chiral extrapolation. As we will explain in the following, the lattice results for the moments
of the pion vector and tensor GPDs may be used for a first study of the spin structure of the
pion.

It has been noted in [B+08h] that the xn−1-moments of the density of transversely polarized
quark with transverse spin s⊥ in a pion is given by

ρn(b⊥, s⊥) =
∫ 1

−1
dx xn−1ρ(x, b⊥, s⊥) =

1

2

(

Aπ
n0(b

2
⊥) −

si
⊥εij bj

⊥

mπ

∂

∂b2
⊥

Bπ
Tn0(b

2
⊥)

)

, (160)

where the GFFs Aπ
n0(b

2
⊥) and Bπ

Tn0(b
2
⊥) in impact parameter space are related to the momentum-

space GFFs Aπ
n0(t) and Bπ

Tn0(t) by a Fourier-transformation as in Eq. (64). A numerical evalu-
ation of the density ρn(b⊥, s⊥) using the lattice results requires representations of the GFFs as
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physical point, while the extrapolation based on 1-loop ChPT tends to give an even larger
central value. Analogously to the case nucleon tensor GFF BT10 introduced in section 2.1.1, one
may define a tensor anomalous magnetic moment of the pion, κπ

T = Bπ
T10(t=0), for which a value

of κπ
T = 0.215(33) is obtained at the physical pion mass from the linear chiral extrapolation

in Fig. 108. Also based on a linear chiral extrapolation in m2
π, a value of mp = 0.756(95) GeV

was obtained for the corresponding p-pole mass at the physical point, with p = 1.6.

In the case of Bπ
T20(t=0), the result of the linear extrapolation (represented by the dark shaded

band), is Bπ
T20(0)/mπ = 0.277(71) GeV−1 at the physical pion mass and the infinite volume

limit. A value of mp = 1.130(265) GeV was found for the corresponding p-pole mass with
p = 1.6, obtained from a linear chiral extrapolation in m2

π to the physical pion mass. The fit
based on 1-loop ChPT, Eq. 159, shown by the light shaded band in Fig. 108, clearly gives a
much smaller value for Bπ

T20(t=0) at the physical point, nearly compatible with zero within
errors. We note again, however, that the results from a 1-loop ChPT fit at such large pion
masses cannot be regarded as reliable, and only provide an indication for uncertainties in the
chiral extrapolation. As we will explain in the following, the lattice results for the moments
of the pion vector and tensor GPDs may be used for a first study of the spin structure of the
pion.

It has been noted in [B+08h] that the xn−1-moments of the density of transversely polarized
quark with transverse spin s⊥ in a pion is given by

ρn(b⊥, s⊥) =
∫ 1

−1
dx xn−1ρ(x, b⊥, s⊥) =

1

2

(
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⊥) −
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, (160)

where the GFFs Aπ
n0(b

2
⊥) and Bπ

Tn0(b
2
⊥) in impact parameter space are related to the momentum-

space GFFs Aπ
n0(t) and Bπ

Tn0(t) by a Fourier-transformation as in Eq. (64). A numerical evalu-
ation of the density ρn(b⊥, s⊥) using the lattice results requires representations of the GFFs as
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physicalpoint,whiletheextrapolationbasedon1-loopChPTtendstogiveanevenlarger
centralvalue.AnalogouslytothecasenucleontensorGFFBT10introducedinsection2.1.1,one
maydefineatensoranomalousmagneticmomentofthepion,κ

π
T=B

π
T10(t=0),forwhichavalue

ofκ
π
T=0.215(33)isobtainedatthephysicalpionmassfromthelinearchiralextrapolation

inFig.108.Alsobasedonalinearchiralextrapolationinm
2
π,avalueofmp=0.756(95)GeV

wasobtainedforthecorrespondingp-polemassatthephysicalpoint,withp=1.6.

InthecaseofB
π
T20(t=0),theresultofthelinearextrapolation(representedbythedarkshaded

band),isB
π
T20(0)/mπ=0.277(71)GeV

−1
atthephysicalpionmassandtheinfinitevolume

limit.Avalueofmp=1.130(265)GeVwasfoundforthecorrespondingp-polemasswith
p=1.6,obtainedfromalinearchiralextrapolationinm

2
πtothephysicalpionmass.Thefit

basedon1-loopChPT,Eq.159,shownbythelightshadedbandinFig.108,clearlygivesa
muchsmallervalueforB

π
T20(t=0)atthephysicalpoint,nearlycompatiblewithzerowithin

errors.Wenoteagain,however,thattheresultsfroma1-loopChPTfitatsuchlargepion
massescannotberegardedasreliable,andonlyprovideanindicationforuncertaintiesinthe
chiralextrapolation.Aswewillexplaininthefollowing,thelatticeresultsforthemoments
ofthepionvectorandtensorGPDsmaybeusedforafirststudyofthespinstructureofthe
pion.

Ithasbeennotedin[B
+
08h]thatthex

n−1
-momentsofthedensityoftransverselypolarized

quarkwithtransversespins⊥inapionisgivenby

ρ
n
(b⊥,s⊥)=

∫1
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⊥
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2
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,(160)

wheretheGFFsA
π
n0(b

2
⊥)andB

π
Tn0(b

2
⊥)inimpactparameterspacearerelatedtothemomentum-

spaceGFFsA
π
n0(t)andB

π
Tn0(t)byaFourier-transformationasinEq.(64).Anumericalevalu-

ationofthedensityρ
n
(b⊥,s⊥)usingthelatticeresultsrequiresrepresentationsoftheGFFsas
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is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = 〈N⊥|
∞∫

−∞

dη

2π
eiηxq

(
−
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2
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)1
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2
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)
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=
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{
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⊥) + si

⊥Si
⊥

(
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⊥) −

1

4m2
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⊥)

)

+
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⊥εji

mN
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⊥) + si
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⊥)
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⊥bj

⊥ − b2
⊥δij)

m2
N

Sj
⊥H̃ ′′

T (x, b2
⊥)

}

,

(65)

where the nucleon states are |N⊥〉 = |P+, R⊥ = 0, S⊥〉, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = 〈N⊥|
∞∫

−∞

dη

2π
eiηxq

(
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(65)

where the nucleon states are |N⊥〉 = |P+, R⊥ = 0, S⊥〉, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities

20

Nucleon Tomography

correlated info on transverse position and longitudinal momentum



hermes
POETIC 2013 - March 5th, 2013gunar.schnell @ desy.de

x: average longitudinal momentum fraction of active quark 
(usually not observed & x " xB)

!: half the longitudinal momentum change  # xB/(2-xB) 

!b

u

d

zP

z

zxP

u

xb

yb

Fig. 1. Illustration of a quark distribution in impact parameter space.

is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = 〈N⊥|
∞∫
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(65)

where the nucleon states are |N⊥〉 = |P+, R⊥ = 0, S⊥〉, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = 〈N⊥|
∞∫
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(65)

where the nucleon states are |N⊥〉 = |P+, R⊥ = 0, S⊥〉, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by
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where the nucleon states are |N⊥〉 = |P+, R⊥ = 0, S⊥〉, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by
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where the nucleon states are |N⊥〉 = |P+, R⊥ = 0, S⊥〉, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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• beam polarization PB

• beam charge CB

• here: unpolarized target

|TBH|2 =
KBH

P1(φ)P2(φ)

2∑

n=0

cBHn cos(nφ)

|TDVCS|2 = KDVCS

[
2∑
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cDVCSn cos(nφ) + PB

1∑

n=1

sDVCSn sin(nφ)

]

Fourier expansion for φ:
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• beam polarization PB

• beam charge CB

• here: unpolarized target

|TBH|2 =
KBH

P1(φ)P2(φ)

2∑

n=0

cBHn cos(nφ)

|TDVCS|2 = KDVCS

[
2∑

n=0

cDVCSn cos(nφ) + PB

1∑

n=1

sDVCSn sin(nφ)

]

I =
CBKI

P1(φ)P2(φ)

[
3∑

n=0

cIn cos(nφ) + PB

2∑

n=1

sIn sin(nφ)

]

Fourier expansion for φ:
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Azimuthal dependences in DVCS/BH

40

• beam polarization PB

• beam charge CB

• here: unpolarized target

|TBH|2 =
KBH

P1(φ)P2(φ)

2∑

n=0

cBHn cos(nφ)

|TDVCS|2 = KDVCS

[
2∑

n=0

cDVCSn cos(nφ) + PB

1∑

n=1

sDVCSn sin(nφ)

]

I =
CBKI

P1(φ)P2(φ)

[
3∑

n=0

cIn cos(nφ) + PB

2∑

n=1

sIn sin(nφ)

]

bilinear (“DVCS”) or linear in GPDs

Fourier expansion for φ:
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A wealth of azimuthal amplitudes
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[higher twist]

ep → e∆+γ

Resonant fraction:

∝ Im[F1H]

complete data set!

[Airapetian et al., JHEP 07 (2012) 032]
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HERMES detector (2006/07)
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kinematic fitting

HERMES detector (2006/07)

– All particles in final state detected → 4 constraints from energy-momentum conservation

– Selection of pure BH/DVCS (ep→epγ) with high efficiency (~83%)

– Allows to suppress background from associated and semi-inclusive processes to a negligible 
level (<0.2%)
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good agreement with models

DVCS with recoil detector

48
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indication of larger amplitudes 

for pure sample
(-> assoc. DVCS in “traditional” 

analysis mainly dilution)

DVCS at HERMES

49

basically no contamination 
-> clean interpretation

Amplitude Value

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3

   
)!cos(2

LLA

      !cos 

LLA

   
)!cos(0

LLA

     )!sin(2

ULA

         !sin 

ULA

!cos  )s
!  - !cos(

LT,IA

!sin  )s
!  - !sin(

LT,IA

   
)

s
!  - !cos(

LT,BH+DVCSA

    
)

s
!  - !cos(

LT,IA

!sin  )s
!  - !cos(

UT,IA

!cos  )s
!  - !sin(

UT,IA

   
)

s
!  - !sin(

UT,DVCSA

    
)

s
!  - !sin(

UT,IA

      )!sin(2

LU,IA

   
!sin 

LU,DVCSA

         !sin 

LU,I
A

         )!sin (2

LUA

         !sin 

LUA

   
)!cos(3

CA

   
)!cos(2

CA

      !cos 

CA

   
)!cos(0

CA

HERMES DVCS
Hydrogen
Deuterium
Hydrogen Pure



hermes
POETIC 2013 - March 5th, 2013gunar.schnell @ desy.de

!
s

in
 

L
U

A

-0.5

0

0.5

)!
s

in
(2

L
U

A

-0.5

0

0.5

HERMES
RELIMINARYP

+"
# +$n%+ e&p +e

overall ]2-t [GeV

-2
10

-1
10

Bx

-1
10

Scale Unc.  1.96%

]2 [GeV2Q

1 10

!
s

in
 

L
U

A

-0.5

0

0.5

)!
s

in
(2

L
U

A

-0.5

0

0.5

HERMES
RELIMINARYP

+"
# 0$p%+ e&p +e

overall ]2-t [GeV

-2
10

-1
10

Bx

-1
10

Scale Unc.  1.96%

]2 [GeV2Q

1 10

Associated DVCS with recoil detector

50

       

       

- asymmetry amplitudes consistent with zero

- consistent with pure DVCS results (e.g., dilution in traditional analysis)



Exclusive meson production

exclusive meson production
modified perturbative approach -Goloskokov, Kroll (2006)-

A ∝ F (x, ξ, t; µ2) ⊗ K(x, ξ, z; log(Q2/µ2) ⊗ Φ(z, k⊥; µ2)

t

−2ξ

x + ξ x − ξ

at leading-twist: H, E, eH, eE
H and eH conserve the nucleon helicity

E and eE describe the nucleon helicity flip

quantum numbers of final state selects different GPDs

vector mesons (γ∗
L → ρL, ωL, φL): H, E

pseudoscalar mesons (γ∗
L → π, η): eH, eE

factorization for σL (and ρL, ωL, φL ) only

σL − σT suppressed by 1/Q

σT suppressed by 1/Q2

power corrections: k⊥ is not neglected

regulate the singularity in the transverse

amplitude

γ∗
T → ρ0

T transitions can be calculated

(model dependent)

-Ami Rostomyan- – p. 2

H,E, H̃, Ẽ, . . .
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Exclusive meson production

GPDs convoluted with meson amplitude
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Exclusive meson production

GPDs convoluted with meson amplitude

access to various quark-flavor combinations
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Exclusive meson production

GPDs convoluted with meson amplitude

access to various quark-flavor combinations

factorization proven for longitudinal photons
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Exclusive meson production

GPDs convoluted with meson amplitude

access to various quark-flavor combinations

factorization proven for longitudinal photons

vector-meson cross section:

look at various angular (decay) distributions to study helicity 
transitions (“spin-density matrix elements”)
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ρ0 SDMEs from HERMES 

Results on Meson SDMEs at Average Kinematics

Resulting SDMEs shown according to suggested hierarchy of helicity amplitudes:

scaled SDME
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hierarchy ‘confirmed’

p and d data consistent

vertical line: SCHC

( -channel helicity conservation)

is violated on level

this data can/will be used to

constrain helicity amplitudes

and depend. measured for all 23 SDMEs; arXiv:0901.0701[hep-ex], acc. by EPJC

Wolf-Dieter Nowak, DIS 2009, Madrid, April 28, 2009 – p. 7

target-polarization independent SDMEs

53

[A. Airapetian et al., EPJ C62 (2009) 659]
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ρ0 SDMEs from HERMES 

Results on Meson SDMEs at Average Kinematics
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and depend. measured for all 23 SDMEs; arXiv:0901.0701[hep-ex], acc. by EPJC

Wolf-Dieter Nowak, DIS 2009, Madrid, April 28, 2009 – p. 7

target-polarization independent SDMEs

helicity non-flip much 
larger than helicity-flip and 

double helicity-flip

53

[A. Airapetian et al., EPJ C62 (2009) 659]
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ρ0 SDMEs from HERMES 

Results on Meson SDMEs at Average Kinematics
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clear breaking of s-channel 
helicity conservation

[A. Airapetian et al., EPJ C62 (2009) 659]
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ρ0 SDMEs from HERMES 

Results on Meson SDMEs at Average Kinematics
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target-polarization independent SDMEs
“transverse” SDMEs
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104 HERMES Collaboration / Physics Letters B 679 (2009) 100–105

Fig. 4. Values of SDMEs, or combinations thereof, for a transversely polarized proton target and an unpolarized beam. The SDMEs are sorted into three categories, which
are separated from each other by the solid horizontal lines. From top to bottom: SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at
least one s-channel helicity-changing amplitude, and SDMEs containing two s-channel helicity-changing amplitudes. Within the second category the combinations are sorted
into three groups associated with different virtual photon and ρ0 polarizations. The inner error bars represent the statistical uncertainties. The full error bars represent the
quadratic sum of the statistical and systematic uncertainties. In addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.

lations for the production of a longitudinally polarized ρ0 by a
longitudinal photon Asin(φ−φS )

UT ,γ ∗
L ,ρL

, which is given by Im(n0000)/u
00
00.

The sin(φ − φS ) amplitude for the production of transversely
polarized ρ0 mesons is given by

AT T ,sin(φ−φS )
UT = Im(n++

++ + n−−
++ + 2εn++

00 )

1− (u00
++ + εu00

00)
. (10)

The values for this asymmetry are shown in Fig. 5 (bottom). Also
these are zero within the error bars.

A few groups have performed GPD-based calculations of the
transverse target asymmetry for exclusive ρ0 production. In
Refs. [5,20] the quark GPD Eq is parametrized in terms of the value
of J u , taking J d = 0. Ref. [20] includes the contribution of gluons.
The calculated values of Asin(φ−φS )

UT ,γ ∗
L ,ρL

are in the range 0.15 to 0.00

for J u = 0.0 to 0.4. In Refs. [21,22] the GPDs are modelled using
data for nucleon form factors, sum rules and positivity constraints.
The results of both calculations are similar. Values of J u and J d of
approximately 0.22 and 0.00, respectively, are found, and the cal-
culated values of the asymmetry are very small (−0.03 to 0.02),
which is consistent with the present data. It must be realized that

[A. Airapetian et al., EPJ C62 (2009) 659]

[A. Airapetian et al., PLB 679 (2009) 100]



hermes
POETIC 2013 - March 5th, 2013gunar.schnell @ desy.de

ρ0 SDMEs from HERMES 

Results on Meson SDMEs at Average Kinematics
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target-polarization independent SDMEs
“transverse” SDMEs
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104 HERMES Collaboration / Physics Letters B 679 (2009) 100–105

Fig. 4. Values of SDMEs, or combinations thereof, for a transversely polarized proton target and an unpolarized beam. The SDMEs are sorted into three categories, which
are separated from each other by the solid horizontal lines. From top to bottom: SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at
least one s-channel helicity-changing amplitude, and SDMEs containing two s-channel helicity-changing amplitudes. Within the second category the combinations are sorted
into three groups associated with different virtual photon and ρ0 polarizations. The inner error bars represent the statistical uncertainties. The full error bars represent the
quadratic sum of the statistical and systematic uncertainties. In addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.
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, which is given by Im(n0000)/u
00
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The values for this asymmetry are shown in Fig. 5 (bottom). Also
these are zero within the error bars.

A few groups have performed GPD-based calculations of the
transverse target asymmetry for exclusive ρ0 production. In
Refs. [5,20] the quark GPD Eq is parametrized in terms of the value
of J u , taking J d = 0. Ref. [20] includes the contribution of gluons.
The calculated values of Asin(φ−φS )

UT ,γ ∗
L ,ρL

are in the range 0.15 to 0.00

for J u = 0.0 to 0.4. In Refs. [21,22] the GPDs are modelled using
data for nucleon form factors, sum rules and positivity constraints.
The results of both calculations are similar. Values of J u and J d of
approximately 0.22 and 0.00, respectively, are found, and the cal-
culated values of the asymmetry are very small (−0.03 to 0.02),
which is consistent with the present data. It must be realized that

[A. Airapetian et al., EPJ C62 (2009) 659]

[A. Airapetian et al., PLB 679 (2009) 100]
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Results on Meson SDMEs at Average Kinematics

Resulting SDMEs shown according to suggested hierarchy of helicity amplitudes:
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constrain helicity amplitudes

and depend. measured for all 23 SDMEs; arXiv:0901.0701[hep-ex], acc. by EPJC

Wolf-Dieter Nowak, DIS 2009, Madrid, April 28, 2009 – p. 7

[A. Airapetian et al., EPJ C62 (2009) 659]

Extraction of SDMEs and helicity 
amplitude ratios at HERMES for 
ρ mesons challenges GPD-based 

calculations (giving small values)
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[A. Airapetian et al, EPJ C71 (2011) 1609]

︸︷
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ρ0 SDMEs from HERMES: challenges
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ρ0 and ! production

similar for both phi and rho 
production: helicity-
conserving SDMEs dominate

hardly any violation of SCHC 
observed for phi while some 
indication for rho production

also here: large interference 
effects
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… ! production

helicity-conserving 
SDMEs dominate

hardly any violation of 
SCHC

interference smaller 
than for phi and rho
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Exclusive !+ production 

meson data can also play a vital 
role in accessing the “polarised” 
GPDs, e.g., H and E
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Figure 3: Model predictions for the sin(φ − φS) Fourier amplitude
as a function of −t′. The curves represents predictions of GPD-

model calculations. The full circles show the values of A
sin(φ−φS)
UT,"

taken from Fig. 2. The error bars (bands) represent the statistical
(systematic) uncertainties. See text for details.

larger values of −t′, caused by a negative real part in Ẽ .
The dash-dotted curve arises from an alternative GPD ap-
proach [34], in which the imaginary part of H̃ becomes
negative while the real part of Ẽ remains positive at larger
values of −t′.

An attempt to evaluate the complete set of Fourier am-

plitudes (7), and in particular the value of Asin(φ−φS)
UT," , is

presented in [17]. In this model, the GPDs are calculated
in a similar way as in the models [15, 35], except that the
experimental value of the pion form factor Fπ is used. Here
a large non-pole contribution from Ẽ over-compensates the
pion-pole contribution leading to the zero-crossing behav-
ior of the amplitude as a function of −t′ (see dashed curve
in Fig. 3). This model appears to be qualitatively in agree-
ment with the data. However, within the large experimen-

tal uncertainty Asin(φ−φS)
UT," is also consistent with zero. A

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

In summary, the Fourier amplitudes of the single-spin
azimuthal asymmetry are measured in exclusive electro-
production of π+ mesons on transversely polarized pro-
tons, for the first time. Within the experimental uncer-
tainties the amplitude of the sin(φ − φS) modulation is
found to be consistent with zero, thus excluding a pure
pion-pole contribution to the GPD Ẽ in leading-twist cal-
culations. This could also be an indication for the dom-
inance of Ẽ over the GPD H̃ at low −t′. The observed
amplitude of the sinφS modulation is large and positive
which implies the presence of a sizeable interference be-
tween contributions from longitudinal and transverse vir-
tual photons. A next-to-leading twist calculation as well
as knowledge of the contributions from transverse pho-

tons and their interference with longitudinal photons are
required for a description of the measurements.
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Goloskokov, Kroll (2007)  

exclusive meson production
modified perturbative approach -Goloskokov, Kroll (2006)-

A ∝ F (x, ξ, t; µ2) ⊗ K(x, ξ, z; log(Q2/µ2) ⊗ Φ(z, k⊥; µ2)

t

−2ξ

x + ξ x − ξ

at leading-twist: H, E, eH, eE
H and eH conserve the nucleon helicity

E and eE describe the nucleon helicity flip

quantum numbers of final state selects different GPDs

vector mesons (γ∗
L → ρL, ωL, φL): H, E

pseudoscalar mesons (γ∗
L → π, η): eH, eE

factorization for σL (and ρL, ωL, φL ) only

σL − σT suppressed by 1/Q

σT suppressed by 1/Q2

power corrections: k⊥ is not neglected

regulate the singularity in the transverse

amplitude

γ∗
T → ρ0

T transitions can be calculated

(model dependent)

-Ami Rostomyan- – p. 2

H,E, H̃, Ẽ, . . .
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Our results for the beam spin asymmetry Asinφ
LU,I are shown in Fig. 4-left and compared to

the HERMES data [97]. The agreement between predictions and data is not as good in this
case, our results differ by about 40% (! 0.1 in absolute value) from experiment. Recently
the HERMES collaboration has published data on the sinφ harmonic of the beam spin
asymmetry using a recoil detector and a positron beam [98]. In this experiment all three
final state particles are detected and therefore the resonant background severely reduced.
In so far the recoil data are closer to the exclusive process lp → lpγ to which our theory
applies. The data were taken at about the same average values of xB and Q2. In order
to compare to recoil data, we computed A+

LU using Eq. (49) with ALU,I and AC from the
non-recoil data and ALU,DV CS = 0 (exact at twist 2 and in agreement with experimental
results from Ref. [97]). Then the sinφ coefficient is :

A+sinφ
LU !

Asinφ
LU,I

1 + Acos 0φ
C

(58)

On the right hand side of Fig. 4 we therefore show both A+sinφ
LU from the non-recoil and

the recoil data. We observe that the recoil data are significantly larger in absolute value,
yielding very good agreement with our predictions. Similar effects for other DVCS ob-
servables may occur but with the exception of the beam spin asymmetry, there are no
measurements with the recoil detector available. The effect of the resonant background in
other observables is unknown. Note that Asinφ

LU vanishes for forward scattering, t = tmin.
The trend towards zero is however only visible for t of order tmin = −4m2ξ2/(1− ξ2) which
is very small, about −0.02 GeV2 for HERMES kinematics.

Figure 4: Left plot: Asinφ
LU,I as a function of −t measured by the HERMES collaboration

[97]–Tab. 5. Right plot: A+,sinφ
LU versus −t obtained from the non-recoil data on Asinφ

LU,I and

Acos 0φ
C measured by the HERMES collaboration [97] –Tab. 5 and 6 (solid circles, see text

for details) and the more recent recoil data [98] (open squares). For other notations and
the values of the averaged kinematic variables, refer to Fig. 3.

The CLAS collaboration published accurate data on the beam helicity asymmetry in a

21

[P. Kroll, H. Moutarde, F. Sabatie, 
EPJ C73 (2013) 2278]
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e.g. weak decays 

The relationships between TMDs and GPDs 
are nicely depicted by Cédric Lorcé:

If you want to understand 

the proton, look at it deeply 

from various perspectives!

[Cédric Lorcé]
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