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Incredible success of pQCD

2

have a pretty good knowledge on how 
many partons (with longitudinal 
momentum fraction x) we have in the 
nucleon

BUT: proton not a 1D object!
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3D glasses for a hadron physicist

3

momentum space
(“TMDs”)

position space (“GPDs”)
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Is it interesting?
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a slice of the proton in transverse momentum space:
A slice of the proton in transverse momentum space

With long. spinWithout spin

Interpretation in terms of
Quark-Proton Helicity Amps.

Bacchetta et al

PRD2008without spin
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Is it interesting?
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Is it relevant?

pQCD: single-spin asymmetries (SSA) heavily suppressed:

                                                       [Kane, Repko, Pumplin, 1978]   
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Is it relevant?

pQCD: single-spin asymmetries (SSA) heavily suppressed:

                                                       [Kane, Repko, Pumplin, 1978]   

BUT: large SSA in pp collision and semi-inclusive DIS

6

• Measurement of AN in p p-scattering for different center of mass energies:

1976 2002 1991 2008

4.9 GeV 6.6 GeV 19.4 GeV 62.4 GeV

3

NR - NL

NR + NL
AN = 

• Only two models consistently describing the data:
* TMDs (Transverse Momentum Dependent) distributions
* high-twist correlations

• Interpretation not yet completely satisfactory

• All available models predict AN goes to zero at 
high pT  values.

• BUT: not yet DATA at such kinematic region

• all available data coming from p p scattering

MOTIVATION
Alejandro López Ruiz

Universiteit Gent
Florence/DIS 10

SSA in inclusive hadron production 

at HERMES

ANL BNL FNAL RHIC

√
s =

AN ∝ αS
mq

Q2
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Is it relevant?

Unpolarized Drell-Yan cross section:

7
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Exploring the partonic structure of hadrons through the Drell–Yan process S109
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Figure 3. The cos θ dependence of the proton–proton Drell–Yan cross section as measured by the
Fermilab E866/NuSea experiment. The curve shows the result of a fit of the data to A(1+λ cos2 θ)
[9].

where the cross section is reduced by the final factor of 1/3 since the colour charge of the quark
and antiquark must match, ei is the fractional charge on the quark and Mγ ∗ is the dilepton
mass. To obtain the hadron–hadron cross section, it is necessary to sum over the available
quark flavours and account for the parton distributions. To leading order in the strong coupling
constant, αs , the Drell–Yan cross section is then

d2σ

dx1 dx2
= 4πα2

9M2
γ ∗

∑

i

e2
i [fi(x1,Q

2)f̄ i(x2,Q
2) + f̄ i (x1,Q

2)fi(x2,Q
2)], (2)

with the sum over quark flavours, i ∈ {u, d, s, . . .}. The parton distributions functions (PDFs)
are given by fi(x,Q2), where x is Bjorken-x and Q2 is the QCD scale at which the parton
distribution is probed. In the case of Drell–Yan scattering, Q2 = M2

γ ∗ . (In general, M2
γ ∗

will be used when discussing an invariant mass measured by an experiment and Q2 will be
used when discussing the QCD scale.) The subscripts 1 and 2 denote the interacting hadrons,
which in a fixed target experiment, are conventionally take as 1 for the beam hadron and 2
for the target hadron. Detailed derivations of this cross section may be found in the literature
[6–8]. The leading order Drell–Yan mechanism also predicts that the spin of the virtual photon
will be aligned providing a cross section that has a (1 + cos2 θ) dependence, where θ is the
polar angle of the lepton in the rest frame of the virtual photon [1], in agreement with data as
shown in figure 3. Additional features of the angular distributions and their deviations from
(1 + cos2 θ) are discussed in section 5.

Experimentally, one measures the momenta of the outgoing lepton and antilepton,
allowing for the reconstruction of the virtual photon’s mass, Mγ ∗ , longitudinal momentum, pl

and transverse momentum, pT . It is generally more convenient to use the variables
τ = M2

γ ∗
/
s (3)

and

y = 1
2

ln
(

E + pl

E − pl

)
(rapidity), (4)

where s is the square of the centre-of-mass energy of the interacting hadrons and E is the
virtual photon’s energy. From these, the momentum fractions x1 and x2 (Bjorken-x) of the
interacting partons are given by

x1,2 =
(

τ +
p2

T

s

)1/2

e±y (5)

[Fermilab E866/NuSea experiment]
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are given by fi(x,Q2), where x is Bjorken-x and Q2 is the QCD scale at which the parton
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[6–8]. The leading order Drell–Yan mechanism also predicts that the spin of the virtual photon
will be aligned providing a cross section that has a (1 + cos2 θ) dependence, where θ is the
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(1 + cos2 θ) are discussed in section 5.

Experimentally, one measures the momenta of the outgoing lepton and antilepton,
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where s is the square of the centre-of-mass energy of the interacting hadrons and E is the
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Is it relevant?

Unpolarized Drell-Yan cross section:

pQCD predicts Lam-Tung relation 2ν=1-λ ≈ 0

BUT: significant violations seen by Drell-Yan experiments
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Is it relevant?

spin of quarks and gluons don’t sum up to give proton spin ½ 

8

½ = ½ ΔΣ

       + ΔG

       + Lq + Lg

quark spin ≈ ½ 1/3

gluon spin  ≈ 0

orbital angular 
momentum ≈ ?
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Is it relevant?

spin of quarks and gluons don’t sum up to give proton spin ½ 

need orbital angular momentum (transverse space and 
momentum d.o.f.)

8

½ = ½ ΔΣ

       + ΔG

       + Lq + Lg

quark spin ≈ ½ 1/3

gluon spin  ≈ 0

orbital angular 
momentum ≈ ?
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Some tradition in position-space

decades of nucleon form factor measurements:

9
Fig. 15. Nucleon form factors F1 (top) and F2

(bottom) in the isovector channel compared to
experimental data (from [AKNT06]).
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results were obtained for the “fine” lattices, with an estimated lattice spacing of ≈ 0.084 fm,
and the “coarse” lattice with a ≈ 0.114 fm. The spatial volumes are V ≈ (2.7 fm)3 in both
cases. As indicated by the dipole fits, the slope in Q2 of both form factors slightly increases
with decreasing pion masses, but even at the lowest pion mass the lattice data at non-zero Q2

is still far above the experimental results.

A preliminary comparison of a full nf = 2 + 1 DW calculation with a hybrid calculation
for nf = 2 + 1 flavors of domain wall fermions and staggered Asqtad sea quarks, based on
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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⊥) =
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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⊥) =
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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

0.60.40.200.20.40.6

bxfm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.60.40.200.20.40.6

bxfm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.60.40.200.20.40.6

bxfm

0.6

0.4

0.2

0

0.2

0.4

0.6

b
y
mf

0.60.40.200.20.40.6

bxfm

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

1 n=1 n=

2 n=2 n=

Fig.109.Densityoftransverselypolarizedup-quarksintheπ+

(from[B+08h]).

!0.6!0.4!0.200.20.40.6

by!fm"

0

0.5

1

1.5

2

"
n#
1!
mf

!
2"

bx#0.15fm

!0.6!0.4!0.200.20.40.6

by!fm"

0

0.5

1

1.5

2

"
n#
1!
mf

!
2"

!0.6!0.4!0.200.20.40.6

by!fm"

0

0.5

1

1.5

2
p#1.6
p#2
ChPT

bx#0.15fm

!0.6!0.4!0.200.20.40.6

by!fm"

0

0.5

1

1.5

2

"
n#
1!
mf

!
2"

"
n#
1!
mf

!
2"

Fig.110.Densityprofilesfortrans-
verselypolarizedup-quarksinthe
π+(from[B+08h]).

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.
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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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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
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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⊥) =
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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.
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π
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⊥)inimpactparameterspacearerelatedtothemomentum-

spaceGFFsA
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(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
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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
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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

−1
dxx

n−1
ρ(x,b⊥,s⊥)=

1

2

(

A
π
n0(b

2
⊥)−

s
i
⊥ε

ij
b
j
⊥

mπ

∂

∂b2
⊥

B
π
Tn0(b

2
⊥)

)

,(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
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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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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
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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

−1
dxx

n−1
ρ(x,b⊥,s⊥)=

1

2

(

A
π
n0(b

2
⊥)−

s
i
⊥ε

ij
b
j
⊥

mπ

∂

∂b2
⊥

B
π
Tn0(b

2
⊥)

)

,(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
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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
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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

(
−

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
⊥)

)

+
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⊥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
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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

(
−

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
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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

(
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2
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)
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=
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2

{
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(
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1

4m2
N
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⊥)

)

+
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⊥εji

mN

(
Si
⊥E ′(x, b2

⊥) + si
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′
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⊥)
)
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⊥ − 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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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
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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⊥|
∞∫
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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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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-
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⊥
f(b2
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⊥) is the spherically symmetric
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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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Azimuthal dependences in DVCS/BH
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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)

Fourier expansion for φ:

calculable in QED 
(using FF measurements)
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|TDVCS|2 = KDVCS

[
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bilinear (“DVCS”) or linear in GPDs

Fourier expansion for φ:
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Azimuthal asymmetries in DVCS/BH

15

Cross section:

Azimuthal asymmetries, e.g.,

• Beam-charge asymmetry AC(φ):

• Beam-helicity asymmetry ALUI(φ):

• Transverse target-spin asymmetry AUTI(φ):

dσ(e+,φ)− dσ(e−,φ) ∝ Re[F1H] · cosφ

dσ(e→,φ)− dσ(e←,φ) ∝ Im[F1H] · sinφ

dσ(φ,φS)− dσ(φ,φS + π) ∝ Im[F2H− F1E ] · sin(φ− φS) cosφ
+ Im[F2H̃− F1ξẼ ] · cos(φ− φS) sinφ

(F1, F2 are the Dirac and Pauli form factors)
(H,E ... Compton form factors involving GPDs H, E, ...)

σ(φ,φS, PB, CB, PT )=σUU(φ) ·
[
1 + PBADVCSLU (φ) + CBPBAILU(φ) + CBAC(φ)
+PTADVCSUT (φ,φS) + CBPTAIUT(φ,φS)

]
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Experimental requirements

different beam charges
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target polarization:
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exclusivity:

missing-mass technique

recoil-proton detection
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First DVCS signals … 
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support of handbag approach
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TABLE II: Angular Harmonics fit results, Im and Re parts, and their statistical uncertainties.

Q2\〈t〉 (GeV2) t = −0.33 −0.28 −0.23 −0.17

Im 1.5 2.1 ± 0.3 2.1 ± 0.3 2.0 ± 0.2 3.2 ± 0.2

[CI(F)] 1.9 1.9 ± 0.2 2.3 ± 0.2 2.5 ± 0.2 3.2 ± 0.2

2.3 2.1 ± 0.2 2.4 ± 0.2 2.6 ± 0.2 3.3 ± 0.3

Im 1.5 2.8 ± 2.0 2.5 ± 2.0 0.1 ± 2.1 0.6 ± 2.4

[CI(Feff)] 1.9 0.3 ± 1.4 3.8 ± 1.5 −0.9 ± 1.8 4.7 ± 2.7

2.3 5.3 ± 1.6 0.7 ± 1.8 0.2 ± 2.5 4.0 ± 4.6

Q2 = 2.3 GeV2, Re part of Angular Harmonics

C(F) −2.4 ± 0.1 −2.0 ± 0.1 −1.7 ± 0.1 −0.7 ± 0.2

[C + ∆C] (F) 0.1 ± 0.1 0.8 ± 0.1 1.6 ± 0.1 2.5 ± 0.1

[C(Feff)] −1.4 ± 0.5 0.6 ± 0.6 1.0 ± 0.8 3.4 ± 1.4

tons are applied according to the VCS (BH+Born am-
plitude) specific prescriptions of Ref. [25]. This results in
a global correction factor (independent of φγγ or helicity)
of 0.91±0.02 applied to our experimental yields. Within
the quoted uncertainty, this correction is independent of
the kinematic setting.

For each (Q2, xBj, t) bin, we fit the Re and
Im parts (as appropriate) of the harmonics Cn ∈
{CI(F), CI(Feff),

[

CI + ∆CI
]

(F)} as independent pa-
rameters. In Kin-1 and Kin-2, due to the lower photon
energy Eγ (Table I), our acceptance, trigger, and readout
did not record a comprehensive set of ep → eπ0X events.
For those events we were able to reconstruct, we found
only a few percent contribution to dΣ, but a larger con-
tribution to dσ. For Kin-1,2, we only present results on
dΣ. Our systematic errors in the cross-section measure-
ments are dominated by the following contributions: 3%
from HRS×PbF2 acceptance and luminosity; 3% from
H(e, e′γ)γX (π0) background; 2% from radiative correc-
tions; and 3% from inclusive H(e, e′γ)Nπ . . . background.
The total, added in quadrature, is 5.6%. The dΣ results
contain an additional 2% systematic uncertainty from the
beam polarization. In order to compute the BH contri-
bution in the dσ analysis we used Kelly’s parametrization
of form factors [26], which reproduce elastic cross-section
world data in our t range with 1% error and 90% CL.

For one (Q2, xBj, t) bin, Fig. 3 shows the helicity-
dependent and helicity-independent cross sections, re-
spectively. We notice that the twist-3 terms make only
a very small contribution to the cross sections. Note
also that dσ is much larger than the BH contribution
alone, especially from 90◦ to 270◦. This indicates that
the relative Beam Spin Asymmetry BSA = d4Σ/d4σ
cannot be simply equated to the imaginary part of the
BH-DVCS interference divided by the BH cross section.
Table II lists the extracted angular harmonics. Fig-
ure 4 (Left) shows the Q2 dependence of the imaginary
angular harmonic Im[CI ] over our full t domain, with
〈t〉 = −0.25 GeV2 (〈t〉 varying by ±0.01 GeV2 over Kin
1–3).

The absence of Q2 dependence of Im[CI(F)] within its
3% statistical uncertainty provides crucial support for the
dominance of twist-2 in the DVCS amplitude. Indeed, it
sets an upper limit ≤ 10% to twist-4 and higher contri-
butions. Im[CI(F)] is thereby a direct measurement of
a linear combination of GPDs. The two twist-2 angular
harmonics extracted from dσ determine distinct combi-
nations of GPD integrals, providing most valuable com-
plementary information on GPDs. As noted above, the
angular harmonic terms in Table II may include contri-
butions from kinematically suppressed bilinear DVCS2

terms omitted in our analysis. In our experiment the
acceptance-averaged ratios of the kinematic coefficients

FIG. 3: (color online). Data and fit to d4Σ/[dQ2dxBjdtdφγγ ],
and d4σ/[dQ2dxBjdtdφγγ ], as a function of φγγ . Both are in
the bin 〈Q2, t〉 = (2.3,−0.28) GeV2 at 〈xBj〉 = 0.36. Error
bars show statistical uncertainties. Solid lines show total fits
with one-σ statistical error bands. Systematic uncertainty
is given in the text. The dot-dot-dashed line is the |BH|2

contribution to d4σ. The short-dashed lines in d4Σ and d4σ
are the fitted Im and Re parts of CI(F), respectively. The
long-dashed line is the fitted Re[CI + ∆CI ](F) term. The
dot-dashed curves are the fitted Im and Re parts of CI(Feff).

    Transversity 2011 – Veli-Losinj, Croatia, 8/28-9/2   Page 8 

Hall A DVCS/BH cross section on proton 

Verify Bjorken scaling in small Q2 range  

High statistics in small range in Q2, xB, t 

!"#$%&'(#)*#+,"-#./01"#2)3"#4)5"#67#89::;<#9;9::9#

New data taken 2010 on hydrogen and deuterium at two beam energies  

Hall A  

JLab

    Transversity 2011 – Veli-Losinj, Croatia, 8/28-9/2   Page 8 

Hall A DVCS/BH cross section on proton 

Verify Bjorken scaling in small Q2 range  

High statistics in small range in Q2, xB, t 

!"#$%&'(#)*#+,"-#./01"#2)3"#4)5"#67#89::;<#9;9::9#

New data taken 2010 on hydrogen and deuterium at two beam energies  

!(TDVCS)
H(x,ξ,Q2)  @  x=ξ 

Information about GPD H

[Phys. Rev. Lett. 97 (2006) 262002]



Ringberg 2011G. Schnell - EHU/UPV & IKERBASQUE

GPD H in VGG Model

14

PDF measured in DIS

H(x=!) measured in DVCS

q(−x) = −q̄(x)

Thursday, 11 August 2011

20

4

TABLE II: Angular Harmonics fit results, Im and Re parts, and their statistical uncertainties.

Q2\〈t〉 (GeV2) t = −0.33 −0.28 −0.23 −0.17

Im 1.5 2.1 ± 0.3 2.1 ± 0.3 2.0 ± 0.2 3.2 ± 0.2
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2.3 5.3 ± 1.6 0.7 ± 1.8 0.2 ± 2.5 4.0 ± 4.6
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C(F) −2.4 ± 0.1 −2.0 ± 0.1 −1.7 ± 0.1 −0.7 ± 0.2

[C + ∆C] (F) 0.1 ± 0.1 0.8 ± 0.1 1.6 ± 0.1 2.5 ± 0.1

[C(Feff)] −1.4 ± 0.5 0.6 ± 0.6 1.0 ± 0.8 3.4 ± 1.4

tons are applied according to the VCS (BH+Born am-
plitude) specific prescriptions of Ref. [25]. This results in
a global correction factor (independent of φγγ or helicity)
of 0.91±0.02 applied to our experimental yields. Within
the quoted uncertainty, this correction is independent of
the kinematic setting.

For each (Q2, xBj, t) bin, we fit the Re and
Im parts (as appropriate) of the harmonics Cn ∈
{CI(F), CI(Feff),

[

CI + ∆CI
]

(F)} as independent pa-
rameters. In Kin-1 and Kin-2, due to the lower photon
energy Eγ (Table I), our acceptance, trigger, and readout
did not record a comprehensive set of ep → eπ0X events.
For those events we were able to reconstruct, we found
only a few percent contribution to dΣ, but a larger con-
tribution to dσ. For Kin-1,2, we only present results on
dΣ. Our systematic errors in the cross-section measure-
ments are dominated by the following contributions: 3%
from HRS×PbF2 acceptance and luminosity; 3% from
H(e, e′γ)γX (π0) background; 2% from radiative correc-
tions; and 3% from inclusive H(e, e′γ)Nπ . . . background.
The total, added in quadrature, is 5.6%. The dΣ results
contain an additional 2% systematic uncertainty from the
beam polarization. In order to compute the BH contri-
bution in the dσ analysis we used Kelly’s parametrization
of form factors [26], which reproduce elastic cross-section
world data in our t range with 1% error and 90% CL.

For one (Q2, xBj, t) bin, Fig. 3 shows the helicity-
dependent and helicity-independent cross sections, re-
spectively. We notice that the twist-3 terms make only
a very small contribution to the cross sections. Note
also that dσ is much larger than the BH contribution
alone, especially from 90◦ to 270◦. This indicates that
the relative Beam Spin Asymmetry BSA = d4Σ/d4σ
cannot be simply equated to the imaginary part of the
BH-DVCS interference divided by the BH cross section.
Table II lists the extracted angular harmonics. Fig-
ure 4 (Left) shows the Q2 dependence of the imaginary
angular harmonic Im[CI ] over our full t domain, with
〈t〉 = −0.25 GeV2 (〈t〉 varying by ±0.01 GeV2 over Kin
1–3).

The absence of Q2 dependence of Im[CI(F)] within its
3% statistical uncertainty provides crucial support for the
dominance of twist-2 in the DVCS amplitude. Indeed, it
sets an upper limit ≤ 10% to twist-4 and higher contri-
butions. Im[CI(F)] is thereby a direct measurement of
a linear combination of GPDs. The two twist-2 angular
harmonics extracted from dσ determine distinct combi-
nations of GPD integrals, providing most valuable com-
plementary information on GPDs. As noted above, the
angular harmonic terms in Table II may include contri-
butions from kinematically suppressed bilinear DVCS2

terms omitted in our analysis. In our experiment the
acceptance-averaged ratios of the kinematic coefficients

FIG. 3: (color online). Data and fit to d4Σ/[dQ2dxBjdtdφγγ ],
and d4σ/[dQ2dxBjdtdφγγ ], as a function of φγγ . Both are in
the bin 〈Q2, t〉 = (2.3,−0.28) GeV2 at 〈xBj〉 = 0.36. Error
bars show statistical uncertainties. Solid lines show total fits
with one-σ statistical error bands. Systematic uncertainty
is given in the text. The dot-dot-dashed line is the |BH|2

contribution to d4σ. The short-dashed lines in d4Σ and d4σ
are the fitted Im and Re parts of CI(F), respectively. The
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dot-dashed curves are the fitted Im and Re parts of CI(Feff).
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<‐t> = 0.18 GeV2 <‐t> = 0.30 GeV2 <‐t> = 0.49 GeV2 <‐t> = 0.76 GeV2

multi-dimensional binning in (xB,-t,Q2)  

[Phys. Rev. Lett. 100 (2008) 162002]
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Figure 4. The cos(nφ) amplitude (n = 0–3) of the beam-charge asymmetry AC, extracted from
the 1996–2005 hydrogen data in the entire experimental acceptance, and as a function of −t, xB,
and Q2. The error bars (bands) represent the statistical (systematic) uncertainties. The theoretical
calculations are based on the models that are unable to describe the data in figure 2. For the VGG
model the parameter settings bval = ∞ and bsea = 1 are used and the contribution from the D-term
is set to zero. The bottom row shows the fractional contribution of associated BH production as
obtained from a MC simulation.

DVCS term (twist-3), respectively, whereas earlier measured beam-helicity asymmetries

with a single beam-charge are sensitive to only their linear combination. In addition, the

most precise determination of the beam-charge asymmetry is presented, which provides

access to the real part of the DVCS amplitude. The GPD models presented are not able to

describe the sinφ amplitude sensitive to the interference term, while they can be adjusted

to resemble the results on the beam-charge asymmetry, presumably because the model

calculations have additional degrees of freedom in the latter case. The amplitudes related

to higher-twist or gluon helicity-flip GPDs are found to be compatible with zero. The

results presented on these charge-decomposed beam-helicity asymmetries and on the high-

precision beam-charge asymmetry have the potential to considerably constrain the GPD

H when used in comparison with future GPD models or as input to global fits.

– 13 –
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Figure 2. The first (second) row shows the sinφ amplitude of the beam-helicity asymmetry ALU,I

(ALU,DVCS), which is sensitive to the interference term (squared DVCS term), extracted from the
1996–2005 hydrogen data in the entire experimental acceptance, and as a function of −t, xB, and Q2.
The third row shows the sin 2φ amplitude of ALU,I. The error bars (bands) represent the statistical
(systematic) uncertainties. Not included is a 2.8% scale uncertainty due to the beam polarization
measurement. The calculations are based on the recently corrected minimal implementation [33, 34]
of a dual-parameterization GPD model (Dual-GT) and on a GPD model [30, 38] based on double-
distributions (VGG). Both models use a Regge-motivated t-dependence. The band for the VGG
model results from varying the parameters bval and bsea between unity and infinity. The bottom row
shows the fractional contribution of associated BH production as obtained from a MC simulation.

sensitive to the squared DVCS term is shown in the second row of figure 2. It also shows

no kinematic dependence, with an overall value of Asinφ
LU,DVCS = 0.043 ± 0.028(stat.) ±

0.004(sys.). As explained above (see eq. (2.1)), the beam-helicity asymmetries measured

previously with a single beam-charge are sensitive only to the combination of the results

presented here, i.e., the single-beam-charge results are given as

Asin φ
LU (e") ≈ el A

sinφ
LU,I + Asin φ

LU,DVCS, (6.1)

if the contributions cI
n from the interference term in the denominator of eq. (2.1) can be

neglected. Previous HERMES measurements [24, 25] found these contributions to be small

compared to the remainder of the denominator, and a more precise constraint is presented

below. Using the present data, the separate analysis of the positron {electron} data yields

values for Asinφ
LU (e") of −0.177 ± 0.022(stat.) {0.255 ± 0.051(stat.)}, in agreement with

−0.181±0.046(stat.) {0.267±0.065(stat.)} calculated from eq. (6.1) neglecting correlations

from the commonality of the data sets.

– 9 –

data:
1996-2005

model prediction “VGG”: Phys. Rev. D60 (1999) 094017 & Prog. Nucl. Phys. 47 (2001) 401
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Figure 2. The first (second) row shows the sinφ amplitude of the beam-helicity asymmetry ALU,I

(ALU,DVCS), which is sensitive to the interference term (squared DVCS term), extracted from the
1996–2005 hydrogen data in the entire experimental acceptance, and as a function of −t, xB, and Q2.
The third row shows the sin 2φ amplitude of ALU,I. The error bars (bands) represent the statistical
(systematic) uncertainties. Not included is a 2.8% scale uncertainty due to the beam polarization
measurement. The calculations are based on the recently corrected minimal implementation [33, 34]
of a dual-parameterization GPD model (Dual-GT) and on a GPD model [30, 38] based on double-
distributions (VGG). Both models use a Regge-motivated t-dependence. The band for the VGG
model results from varying the parameters bval and bsea between unity and infinity. The bottom row
shows the fractional contribution of associated BH production as obtained from a MC simulation.

sensitive to the squared DVCS term is shown in the second row of figure 2. It also shows

no kinematic dependence, with an overall value of Asinφ
LU,DVCS = 0.043 ± 0.028(stat.) ±

0.004(sys.). As explained above (see eq. (2.1)), the beam-helicity asymmetries measured

previously with a single beam-charge are sensitive only to the combination of the results

presented here, i.e., the single-beam-charge results are given as

Asin φ
LU (e") ≈ el A

sinφ
LU,I + Asin φ

LU,DVCS, (6.1)

if the contributions cI
n from the interference term in the denominator of eq. (2.1) can be

neglected. Previous HERMES measurements [24, 25] found these contributions to be small

compared to the remainder of the denominator, and a more precise constraint is presented

below. Using the present data, the separate analysis of the positron {electron} data yields

values for Asinφ
LU (e") of −0.177 ± 0.022(stat.) {0.255 ± 0.051(stat.)}, in agreement with

−0.181±0.046(stat.) {0.267±0.065(stat.)} calculated from eq. (6.1) neglecting correlations

from the commonality of the data sets.
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HERMES: DVCS On Transversely Polarised Hydrogen 15
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Figure 5. Asymmetry amplitudes describing the dependence of the squared DVCS
amplitude (circles, AUT,DVCS) and the interference term (squares, AUT,I) on the
transverse target polarisation, for the exclusive sample. The filled symbols indicate
those results of greatest interest (see text). The circles (squares) are shifted right
(left) for visibility. The error bars represent the statistical uncertainties, while the top
(bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS), excluding
the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in Fig. 4 as a continuous
curve, with three different values for the u-quark total angular momentum Ju and fixed
d-quark total angular momentum Jd = 0 [15]. See text for details.

DVCS amplitude, in this case related to transverse target polarisation.

The amplitude Acos(φ−φS) sinφ
UT,I shown in the bottom row of Fig. 5 is sensitive mainly

to the GPDs H̃ and Ẽ, while the contribution from the GPD E is suppressed by an

additional factor of xB (see Eq. 11). The measured asymmetry amplitudes are consistent

with zero.

The amplitudes represented by the unfilled symbols are expected to be suppressed,
and are indeed found to be typically small. However, values that depart from zero by

more than twice the total uncertainty are found for the entire experimental acceptance

for two of the four amplitudes in Fig. 6 that receive a contribution from gluon helicity-

flip, which are Acos(φ−φS) sin(2φ)
UT,DVCS and Acos(φ−φS) sin(3φ)

UT,I . The asymmetry amplitudes related

to the squared DVCS amplitude in the bottom two rows of Fig. 6 correspond to

coefficients that do not appear in Eq. 4 as a consequence of the one-photon exchange
approximation. They are found to be consistent with zero.

∝ Im[F2H− F1E ]

∝ −Asin(φ−φS) cosφUT

∝ Im[F2H̃− F1ξẼ ]

model “VGG”: Phys. Rev. D60 (1999) 094017 & Prog. Nucl. Phys. 47 (2001) 401
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Figure 5. Asymmetry amplitudes describing the dependence of the squared DVCS
amplitude (circles, AUT,DVCS) and the interference term (squares, AUT,I) on the
transverse target polarisation, for the exclusive sample. The filled symbols indicate
those results of greatest interest (see text). The circles (squares) are shifted right
(left) for visibility. The error bars represent the statistical uncertainties, while the top
(bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS), excluding
the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in Fig. 4 as a continuous
curve, with three different values for the u-quark total angular momentum Ju and fixed
d-quark total angular momentum Jd = 0 [15]. See text for details.

DVCS amplitude, in this case related to transverse target polarisation.

The amplitude Acos(φ−φS) sinφ
UT,I shown in the bottom row of Fig. 5 is sensitive mainly

to the GPDs H̃ and Ẽ, while the contribution from the GPD E is suppressed by an

additional factor of xB (see Eq. 11). The measured asymmetry amplitudes are consistent
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The amplitudes represented by the unfilled symbols are expected to be suppressed,
and are indeed found to be typically small. However, values that depart from zero by

more than twice the total uncertainty are found for the entire experimental acceptance

for two of the four amplitudes in Fig. 6 that receive a contribution from gluon helicity-
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Figure 5. Asymmetry amplitudes describing the dependence of the squared DVCS
amplitude (circles, AUT,DVCS) and the interference term (squares, AUT,I) on the
transverse target polarisation, for the exclusive sample. The filled symbols indicate
those results of greatest interest (see text). The circles (squares) are shifted right
(left) for visibility. The error bars represent the statistical uncertainties, while the top
(bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS), excluding
the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in Fig. 4 as a continuous
curve, with three different values for the u-quark total angular momentum Ju and fixed
d-quark total angular momentum Jd = 0 [15]. See text for details.
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UT,I shown in the bottom row of Fig. 5 is sensitive mainly

to the GPDs H̃ and Ẽ, while the contribution from the GPD E is suppressed by an

additional factor of xB (see Eq. 11). The measured asymmetry amplitudes are consistent
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The amplitudes represented by the unfilled symbols are expected to be suppressed,
and are indeed found to be typically small. However, values that depart from zero by
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HERMES detector (2006/07)
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– All 3 particles in final state detected → 4 constraints from energy-momentum conservation

– Selection of pure BH/DVCS (ep→epγ) with high efficiency (~84%)

– Allows to suppress background from associated and semi-inclusive processes to a negligible level (~0.1%)
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Event samples
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Exclusive meson production

34

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
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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 modulations to study helicity 
transitions (“spin-density matrix elements”)
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dσ

dxB dQ2 dt dφS dφ d cos θ dϕ
=

dσ

dxB dQ2 dt
W (xB , Q

2, t, φS , φ, cos θ, ϕ)

W = WUU + PBWLU + SLWUL + PBSLWLL + STWUT + PBSTWLT
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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:
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Wolf-Dieter Nowak, DIS 2009, Madrid, April 28, 2009 – p. 7

target-polarization independent SDMEs
36

[A. Airapetian et al., arXiv:0901.0701]
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ρ0 SDMEs from HERMES 
Results on Meson SDMEs at Average Kinematics
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[A. Airapetian et al., arXiv:0901.0701]
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[A. Airapetian et al., arXiv:0906.5160]

ρ0 SDMEs from HERMES 
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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
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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
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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
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Fig. 5. The extracted amplitudes of the sin(φ − φS ) component of AUT for longitu-
dinally (top) and transversely polarized (bottom) ρ0 mesons. 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% from the uncertainty in the target polarization.

the results depend on the modelling of the relevant GPDs of both
quarks and gluons, and that the kinematic conditions of the cal-
culations are in several cases outside the kinematic range of the
present data.

In summary, the transverse target single-spin asymmetry was
measured for exclusive ρ0 electroproduction on a transversely po-
larized hydrogen target. Spin density matrix elements were de-
termined by using the angular distributions of the produced ρ0

mesons and their decay into two pions. Almost all of the SDMEs
describing transverse target polarization were found to be consis-
tent with zero. A notable exception is an SDME that corresponds
to the production of a longitudinally polarized ρ0 by a transverse
virtual photon. The fact that it is non-zero indicates a small viola-
tion of s-channel helicity conservation in the case of a transversely
polarized target. The amplitude of the sin(φ − φS) component of
the asymmetry for the production of longitudinally polarized ρ0

mesons was found to be small (−0.035 ± 0.103). Neglecting dou-
ble helicity changing SDMEs, this component can be identified
with the leading-twist term of the asymmetry. Calculations based
on generalized parton distributions predict small values, consistent
with the measured value.
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The exclusive electroproduction of ρ0 mesons was studied with the hermes spectrometer at the Desy
laboratory by scattering 27.6 GeV positron and electron beams off a transversely polarized hydrogen
target. Spin density matrix elements for this process were determined from the measured production-
and decay-angle distributions of the produced ρ0 mesons. These matrix elements embody information on
helicity transfer and the validity of s-channel helicity conservation in the case of a transversely polarized
target. From the spin density matrix elements, the leading-twist term in the single-spin asymmetry
was calculated separately for longitudinally and transversely polarized ρ0 mesons. Neglecting s-channel
helicity changing matrix elements, results for the former can be compared to calculations based on
generalized parton distributions, which are sensitive to the contribution of the total angular momentum
of the quarks to the proton spin.
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Exclusive electroproduction of mesons can provide new infor-
mation about the structure of the nucleon because of its relation
to generalized parton distributions (GPDs) [1–3]. In Ref. [4] it has
been proven that the amplitude for hard exclusive electroproduc-
tion of mesons by longitudinal virtual photons can be factorized
into a hard-scattering part and a soft part that depends on the
structure of the nucleon and the produced meson. In the case of
exclusive vector meson production, also the produced meson is
longitudinally polarized (in addition to the virtual photon being
longitudinal). The amplitude for the soft part can be expressed in
terms of GPDs.

GPDs provide a three-dimensional representation of the struc-
ture of the nucleon at the partonic level, correlating the longitu-
dinal momentum fraction of a parton with its transverse spatial
coordinates. They are related to the standard parton distribution
functions and nucleon form factors [3,5–7]. At leading twist, meson
production is described by four types of GPDs: Hq,g , Eq,g , H̃q,g ,
and Ẽq,g , where q stands for a quark flavour and g for a gluon.
The GPDs are functions of t , x, and ξ , where t is the squared four-
momentum transfer to the nucleon, x the average, and ξ half the
difference of the longitudinal momentum fractions of the quark or
gluon in the initial and final state. The quantum numbers of the
produced meson determine the sensitivity to the various GPDs. In
particular, at leading twist, production of vector mesons is sensi-
tive only to the GPDs Hq, Eq, Hg , and Eg .

The transverse target-spin asymmetry in exclusive electropro-
duction of longitudinally polarized vector mesons by longitudinal
virtual photons is an important observable, because it depends
almost linearly on the GPD E [5]. This is in contrast to the un-
polarized cross section, where the contribution of E is generally
small compared to the contribution of H . At leading twist, the
asymmetry is proportional to sin(φ − φS ), where φ and φS are the
azimuthal angles about the virtual-photon direction of the hadron
production plane and the transverse part "ST of the target spin, re-
spectively, with respect to the lepton scattering plane (see Fig. 1).

The cross section and asymmetry for exclusive ρ0 electropro-
duction e + p → e′ + ρ0 + p′ can conveniently be described using
spin density matrix elements [8–10]. By using the angular distri-
bution of the produced vector meson and of its decay products,
as described by the polar and azimuthal angles ϑ and ϕ (see
Fig. 2), one can separate the contributions of mesons with longi-
tudinal and transverse polarization to the measured asymmetries.
If s-channel helicity conservation (SCHC) holds, the helicity of the
virtual photon is transferred to the produced vector meson. In that
case studying the asymmetry for the production of longitudinally
polarized vector mesons is tantamount to selecting longitudinal

Fig. 1. The lepton scattering and hadron production planes together with the az-
imuthal angles φ and φS .

Fig. 2. The polar and azimuthal angles of the decay π+ of the ρ0 in the ρ0 rest
frame. The positive z-axis is taken opposite to the direction of the residual proton,
while the angle ϕ is defined with respect to the hadron production plane.

virtual photons. Measurements have shown that SCHC holds rea-
sonably well for exclusive electroproduction of ρ0 mesons on an
unpolarized target at Hermes kinematics [11]. Thus information on
the GPD E can be obtained from measurements of the transverse
target-spin asymmetry in exclusive ρ0 electroproduction.

Ultimately, these studies will help to understand the origin of
the nucleon spin, because it has been shown [3] that the x-mo-
ment in the limit t → 0 of the sum of the GPDs Hq and Eq is
related to the contribution J q of the total angular momentum of
the quark with flavour q to the nucleon spin.

In this Letter, measurements of exclusive ρ0 electroproduction
on transversely polarized protons are presented. For the first time,
values of the spin density matrix elements (SDMEs) and the trans-
verse target-spin asymmetry for this process were determined.

The data were collected with the Hermes spectrometer [12]
during the period 2002–2005. The 27.6 GeV Hera electron or
positron beam at Desy scattered off a transversely polarized hy-
drogen target [13] of which the spin direction was reversed every
1–3 minutes. The average magnitude of the target polarization was
|PT | = 0.724 ± 0.059. The lepton beam was longitudinally polar-
ized, the helicity being reversed periodically. The net polarization
for the selected data was 0.095±0.005, mainly because more data
were taken with positive helicity.

[A. Airapetian et al., arXiv:0906.5160]
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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
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Fig. 5. The extracted amplitudes of the sin(φ − φS ) component of AUT for longitu-
dinally (top) and transversely polarized (bottom) ρ0 mesons. 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% from the uncertainty in the target polarization.

the results depend on the modelling of the relevant GPDs of both
quarks and gluons, and that the kinematic conditions of the cal-
culations are in several cases outside the kinematic range of the
present data.

In summary, the transverse target single-spin asymmetry was
measured for exclusive ρ0 electroproduction on a transversely po-
larized hydrogen target. Spin density matrix elements were de-
termined by using the angular distributions of the produced ρ0

mesons and their decay into two pions. Almost all of the SDMEs
describing transverse target polarization were found to be consis-
tent with zero. A notable exception is an SDME that corresponds
to the production of a longitudinally polarized ρ0 by a transverse
virtual photon. The fact that it is non-zero indicates a small viola-
tion of s-channel helicity conservation in the case of a transversely
polarized target. The amplitude of the sin(φ − φS) component of
the asymmetry for the production of longitudinally polarized ρ0

mesons was found to be small (−0.035 ± 0.103). Neglecting dou-
ble helicity changing SDMEs, this component can be identified
with the leading-twist term of the asymmetry. Calculations based
on generalized parton distributions predict small values, consistent
with the measured value.
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Exclusive electroproduction of mesons can provide new infor-
mation about the structure of the nucleon because of its relation
to generalized parton distributions (GPDs) [1–3]. In Ref. [4] it has
been proven that the amplitude for hard exclusive electroproduc-
tion of mesons by longitudinal virtual photons can be factorized
into a hard-scattering part and a soft part that depends on the
structure of the nucleon and the produced meson. In the case of
exclusive vector meson production, also the produced meson is
longitudinally polarized (in addition to the virtual photon being
longitudinal). The amplitude for the soft part can be expressed in
terms of GPDs.

GPDs provide a three-dimensional representation of the struc-
ture of the nucleon at the partonic level, correlating the longitu-
dinal momentum fraction of a parton with its transverse spatial
coordinates. They are related to the standard parton distribution
functions and nucleon form factors [3,5–7]. At leading twist, meson
production is described by four types of GPDs: Hq,g , Eq,g , H̃q,g ,
and Ẽq,g , where q stands for a quark flavour and g for a gluon.
The GPDs are functions of t , x, and ξ , where t is the squared four-
momentum transfer to the nucleon, x the average, and ξ half the
difference of the longitudinal momentum fractions of the quark or
gluon in the initial and final state. The quantum numbers of the
produced meson determine the sensitivity to the various GPDs. In
particular, at leading twist, production of vector mesons is sensi-
tive only to the GPDs Hq, Eq, Hg , and Eg .

The transverse target-spin asymmetry in exclusive electropro-
duction of longitudinally polarized vector mesons by longitudinal
virtual photons is an important observable, because it depends
almost linearly on the GPD E [5]. This is in contrast to the un-
polarized cross section, where the contribution of E is generally
small compared to the contribution of H . At leading twist, the
asymmetry is proportional to sin(φ − φS ), where φ and φS are the
azimuthal angles about the virtual-photon direction of the hadron
production plane and the transverse part "ST of the target spin, re-
spectively, with respect to the lepton scattering plane (see Fig. 1).

The cross section and asymmetry for exclusive ρ0 electropro-
duction e + p → e′ + ρ0 + p′ can conveniently be described using
spin density matrix elements [8–10]. By using the angular distri-
bution of the produced vector meson and of its decay products,
as described by the polar and azimuthal angles ϑ and ϕ (see
Fig. 2), one can separate the contributions of mesons with longi-
tudinal and transverse polarization to the measured asymmetries.
If s-channel helicity conservation (SCHC) holds, the helicity of the
virtual photon is transferred to the produced vector meson. In that
case studying the asymmetry for the production of longitudinally
polarized vector mesons is tantamount to selecting longitudinal

Fig. 1. The lepton scattering and hadron production planes together with the az-
imuthal angles φ and φS .

Fig. 2. The polar and azimuthal angles of the decay π+ of the ρ0 in the ρ0 rest
frame. The positive z-axis is taken opposite to the direction of the residual proton,
while the angle ϕ is defined with respect to the hadron production plane.

virtual photons. Measurements have shown that SCHC holds rea-
sonably well for exclusive electroproduction of ρ0 mesons on an
unpolarized target at Hermes kinematics [11]. Thus information on
the GPD E can be obtained from measurements of the transverse
target-spin asymmetry in exclusive ρ0 electroproduction.

Ultimately, these studies will help to understand the origin of
the nucleon spin, because it has been shown [3] that the x-mo-
ment in the limit t → 0 of the sum of the GPDs Hq and Eq is
related to the contribution J q of the total angular momentum of
the quark with flavour q to the nucleon spin.

In this Letter, measurements of exclusive ρ0 electroproduction
on transversely polarized protons are presented. For the first time,
values of the spin density matrix elements (SDMEs) and the trans-
verse target-spin asymmetry for this process were determined.

The data were collected with the Hermes spectrometer [12]
during the period 2002–2005. The 27.6 GeV Hera electron or
positron beam at Desy scattered off a transversely polarized hy-
drogen target [13] of which the spin direction was reversed every
1–3 minutes. The average magnitude of the target polarization was
|PT | = 0.724 ± 0.059. The lepton beam was longitudinally polar-
ized, the helicity being reversed periodically. The net polarization
for the selected data was 0.095±0.005, mainly because more data
were taken with positive helicity.

[A. Airapetian et al., arXiv:0906.5160]
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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

HERMES Collaboration / Physics Letters B 679 (2009) 100–105 105

Fig. 5. The extracted amplitudes of the sin(φ − φS ) component of AUT for longitu-
dinally (top) and transversely polarized (bottom) ρ0 mesons. 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% from the uncertainty in the target polarization.

the results depend on the modelling of the relevant GPDs of both
quarks and gluons, and that the kinematic conditions of the cal-
culations are in several cases outside the kinematic range of the
present data.

In summary, the transverse target single-spin asymmetry was
measured for exclusive ρ0 electroproduction on a transversely po-
larized hydrogen target. Spin density matrix elements were de-
termined by using the angular distributions of the produced ρ0

mesons and their decay into two pions. Almost all of the SDMEs
describing transverse target polarization were found to be consis-
tent with zero. A notable exception is an SDME that corresponds
to the production of a longitudinally polarized ρ0 by a transverse
virtual photon. The fact that it is non-zero indicates a small viola-
tion of s-channel helicity conservation in the case of a transversely
polarized target. The amplitude of the sin(φ − φS) component of
the asymmetry for the production of longitudinally polarized ρ0

mesons was found to be small (−0.035 ± 0.103). Neglecting dou-
ble helicity changing SDMEs, this component can be identified
with the leading-twist term of the asymmetry. Calculations based
on generalized parton distributions predict small values, consistent
with the measured value.

Acknowledgements

We thank M. Diehl for providing us with the theoretical for-
malism in an early stage and for many interesting and helpful
discussions. We gratefully acknowledge the Desy management for
its support and the staff at Desy and the collaborating institu-
tions for their significant effort. This work was supported by the
FWO-Flanders, Belgium; the Natural Sciences and Engineering Re-
search Council of Canada; the National Natural Science Foundation
of China; the Alexander von Humboldt Stiftung; the German Bun-
desministerium für Bildung und Forschung (BMBF); the Deutsche
Forschungsgemeinschaft (DFG); the Italian Istituto Nazionale di
Fisica Nucleare (INFN); the MEXT, JSPS, and COE21 of Japan; the
Dutch Foundation for Fundamenteel Onderzoek der Materie (FOM);
the UK Engineering and Physical Sciences Research Council, the
Particle Physics and Astronomy Research Council and the Scottish
Universities Physics Alliance; the US Department of Energy (DOE)
and the National Science Foundation (NSF); the Russian Academy
of Science and the Russian Federal Agency for Science and Inno-
vations; the Ministry of Trade and Economical Development and
the Ministry of Education and Science of Armenia; and the Eu-
ropean Community-Research Infrastructure Activity under the FP6
“Structuring the European Research Area” program (HadronPhysics,
contract number RII3-CT-2004-506078).

References

[1] D. Müller, et al., Fortschr. Phys. 42 (1994) 101.
[2] A.V. Radyushkin, Phys. Lett. B 380 (1996) 417;

A.V. Radyushkin, Phys. Rev. D 56 (1997) 5524.
[3] X. Ji, Phys. Rev. Lett. 78 (1997) 610;

X. Ji, Phys. Rev. D 55 (1997) 7114.
[4] J.C. Collins, L. Frankfurt, M. Strikman, Phys. Rev. D 56 (1997) 2982.
[5] K. Goeke, M.V. Polyakov, M. Vanderhaeghen, Prog. Part. Nucl. Phys. 47 (2001)

401.
[6] M. Diehl, Phys. Rep. 388 (2003) 41.
[7] A.V. Belitsky, A.V. Radyushkin, Phys. Rep. 418 (2005) 1.
[8] K. Schilling, G. Wolf, Nucl. Phys. B 61 (1973) 381.
[9] H. Fraas, Ann. Phys. 87 (1974) 417.

[10] M. Diehl, JHEP 0709 (2007) 064.
[11] A. Airapetian, et al., Eur. Phys. J. C (2009), doi:10.1140/epjc/s10052-009-1082-3.
[12] K. Ackerstaff, et al., Nucl. Instrum. Methods A 417 (1998) 230.
[13] A. Airapetian, et al., Nucl. Instrum. Methods A 540 (2005) 68.
[14] T. Sjöstrand, et al., Comput. Phys. Commun. 135 (2001) 238.
[15] P. Liebing, Dissertation, Universität Hamburg, September 2004, DESY-THESIS-

2004-36.
[16] A. Hillenbrand, Dissertation, Friedrich-Alexander-Universität Erlangen-Nürn-

berg, September 2005, DESY-THESIS-2005-035.
[17] B. Maiheu, Ph.D. thesis, Universiteit Gent, March 2006, (Hermes report 06-061).
[18] L.N. Hand, Phys. Rev. 129 (1963) 1834.
[19] S.I. Manaenkov, Hermes report 06-117 and private communication.
[20] F. Ellinghaus, W.-D. Nowak, A.V. Vinnikov, Z. Ye, Eur. Phys. J. C 46 (2006) 729.
[21] S.V. Goloskokov, P. Kroll, arXiv:0708.3569v2 [hep-ph];

S.V. Goloskokov, P. Kroll, Eur. Phys. J. C 59 (2009) 809.
[22] M. Diehl, W. Kugler, Eur. Phys. J. C 52 (2007) 933.

HERMES Collaboration / Physics Letters B 679 (2009) 100–105 101

x Department of Physics and Astronomy, Vrije Universiteit, 1081 HV Amsterdam, The Netherlands
y Andrzej Soltan Institute for Nuclear Studies, 00-689 Warsaw, Poland
z Yerevan Physics Institute, 375036 Yerevan, Armenia

a r t i c l e i n f o a b s t r a c t

Article history:
Received 30 June 2009
Accepted 12 July 2009
Available online 16 July 2009
Editor: L. Rolandi

PACS:
13.60.Le
13.88.+e
14.20.Dh
14.40.Aq
12.38.Qk

The exclusive electroproduction of ρ0 mesons was studied with the hermes spectrometer at the Desy
laboratory by scattering 27.6 GeV positron and electron beams off a transversely polarized hydrogen
target. Spin density matrix elements for this process were determined from the measured production-
and decay-angle distributions of the produced ρ0 mesons. These matrix elements embody information on
helicity transfer and the validity of s-channel helicity conservation in the case of a transversely polarized
target. From the spin density matrix elements, the leading-twist term in the single-spin asymmetry
was calculated separately for longitudinally and transversely polarized ρ0 mesons. Neglecting s-channel
helicity changing matrix elements, results for the former can be compared to calculations based on
generalized parton distributions, which are sensitive to the contribution of the total angular momentum
of the quarks to the proton spin.
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Exclusive electroproduction of mesons can provide new infor-
mation about the structure of the nucleon because of its relation
to generalized parton distributions (GPDs) [1–3]. In Ref. [4] it has
been proven that the amplitude for hard exclusive electroproduc-
tion of mesons by longitudinal virtual photons can be factorized
into a hard-scattering part and a soft part that depends on the
structure of the nucleon and the produced meson. In the case of
exclusive vector meson production, also the produced meson is
longitudinally polarized (in addition to the virtual photon being
longitudinal). The amplitude for the soft part can be expressed in
terms of GPDs.

GPDs provide a three-dimensional representation of the struc-
ture of the nucleon at the partonic level, correlating the longitu-
dinal momentum fraction of a parton with its transverse spatial
coordinates. They are related to the standard parton distribution
functions and nucleon form factors [3,5–7]. At leading twist, meson
production is described by four types of GPDs: Hq,g , Eq,g , H̃q,g ,
and Ẽq,g , where q stands for a quark flavour and g for a gluon.
The GPDs are functions of t , x, and ξ , where t is the squared four-
momentum transfer to the nucleon, x the average, and ξ half the
difference of the longitudinal momentum fractions of the quark or
gluon in the initial and final state. The quantum numbers of the
produced meson determine the sensitivity to the various GPDs. In
particular, at leading twist, production of vector mesons is sensi-
tive only to the GPDs Hq, Eq, Hg , and Eg .

The transverse target-spin asymmetry in exclusive electropro-
duction of longitudinally polarized vector mesons by longitudinal
virtual photons is an important observable, because it depends
almost linearly on the GPD E [5]. This is in contrast to the un-
polarized cross section, where the contribution of E is generally
small compared to the contribution of H . At leading twist, the
asymmetry is proportional to sin(φ − φS ), where φ and φS are the
azimuthal angles about the virtual-photon direction of the hadron
production plane and the transverse part "ST of the target spin, re-
spectively, with respect to the lepton scattering plane (see Fig. 1).

The cross section and asymmetry for exclusive ρ0 electropro-
duction e + p → e′ + ρ0 + p′ can conveniently be described using
spin density matrix elements [8–10]. By using the angular distri-
bution of the produced vector meson and of its decay products,
as described by the polar and azimuthal angles ϑ and ϕ (see
Fig. 2), one can separate the contributions of mesons with longi-
tudinal and transverse polarization to the measured asymmetries.
If s-channel helicity conservation (SCHC) holds, the helicity of the
virtual photon is transferred to the produced vector meson. In that
case studying the asymmetry for the production of longitudinally
polarized vector mesons is tantamount to selecting longitudinal

Fig. 1. The lepton scattering and hadron production planes together with the az-
imuthal angles φ and φS .

Fig. 2. The polar and azimuthal angles of the decay π+ of the ρ0 in the ρ0 rest
frame. The positive z-axis is taken opposite to the direction of the residual proton,
while the angle ϕ is defined with respect to the hadron production plane.

virtual photons. Measurements have shown that SCHC holds rea-
sonably well for exclusive electroproduction of ρ0 mesons on an
unpolarized target at Hermes kinematics [11]. Thus information on
the GPD E can be obtained from measurements of the transverse
target-spin asymmetry in exclusive ρ0 electroproduction.

Ultimately, these studies will help to understand the origin of
the nucleon spin, because it has been shown [3] that the x-mo-
ment in the limit t → 0 of the sum of the GPDs Hq and Eq is
related to the contribution J q of the total angular momentum of
the quark with flavour q to the nucleon spin.

In this Letter, measurements of exclusive ρ0 electroproduction
on transversely polarized protons are presented. For the first time,
values of the spin density matrix elements (SDMEs) and the trans-
verse target-spin asymmetry for this process were determined.

The data were collected with the Hermes spectrometer [12]
during the period 2002–2005. The 27.6 GeV Hera electron or
positron beam at Desy scattered off a transversely polarized hy-
drogen target [13] of which the spin direction was reversed every
1–3 minutes. The average magnitude of the target polarization was
|PT | = 0.724 ± 0.059. The lepton beam was longitudinally polar-
ized, the helicity being reversed periodically. The net polarization
for the selected data was 0.095±0.005, mainly because more data
were taken with positive helicity.

[A. Airapetian et al., arXiv:0906.5160]
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Transverse SSA 

COMPASS results: no L/T separation

more data to come from 2010 run and future transverse 
DVCS program

in principle sensitive to GPD E -> total angular momentum
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Towards global GPD analyses (cf. next speaker)
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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

Goloskokov, Kroll (2007)  
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The proton - seen with multi-D glasses

A Few Main Threads/Common Themes

!The study of hadron structure in the LHC era involves a  large set of 
of increasingly complicated and diverse observations from which 
PDFs, TMDs, GPDs, etc… are extracted and compared to patterns 
predicted theoretically.

! Experimental observations can be linked to the momentum, spin, and 
spatial configurations of the hadrons’ constituents.

Ph. Hagler, INT 2009
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Fig. 114. Transverse spin densities of quarks in
the nucleon for n = 1 (from [G+07d]).

Fig. 115. Transverse spin densities of quarks in
the nucleon for n = 2 (from [G+07d]).

and nucleon, respectively. For fixed n, the moment ρn(b⊥, s⊥, S⊥) of the density is therefore
fully determined by the five unpolarized (vector) and tensor GFFs An0(b2

⊥), Bn0(b2
⊥), ATn0,

BTn0(b2
⊥) and ÃTn0(b2

⊥) and their respective derivatives in impact parameter space.

To make use of the lattice results obtained in momentum (t-) space, the p-pole parametrization
in Eq. (158) was Fourier-transformed to impact parameter space and used in combination with
the numerical lattice results for the forward values of the GFFs, F (t=0), and the respective
p-pole masses, mp, as obtained obtained from the p-pole fits. The lattice results obtained by
QCDSF for the relevant (generalized) form factors for n = 1 and n = 2, that were (in parts)
discussed in section 3.4.2 for A10(t = −Q2) = F1(Q2), B10(t = −Q2) = F2(Q2), section 3.4.5
for AT10(t), section 4.4.2 for A20(t), B20(t), and finally in this section for AT20(t) and BTn0(t),
all linearly extrapolated in m2

π to the physical pion mass, were employed for a numerical study
of the density of quarks in the nucleon [G+07d].

Densities for n = 1 are displayed in Fig. 114 and for n = 2 in Fig. 115 19 . For the case of
unpolarized quarks in a transversely polarized nucleon with transverse spin S⊥ = (1, 0) on the
left in Fig. 114, the densities are deformed in positive and negative by-direction for up- and down
quarks, respectively. This is a consequence of the dipole-term ∝ bj

⊥εjiSi
⊥B′

10(b
2
⊥) in Eq. 161 and

the large positive and negative values for the anomalous magnetic moment contributions of up-
and down-quarks, being of the order of κu = Bu

10(t = 0) ≈ 1.3 and κd = Bd
10(t = 0) ≈ −1.5. in

this lattice study (somewhat below the values from experiment, κu ≈ 1.67 and κd ≈ −2.03).

This type of dipole distortion of quark densities in a transversely polarized nucleon has first
been noted and numerically studied in the framework of a GPD model by Burkardt [Bur02,
Bur04], where also a relation to measurable transverse single spin asymmetries in semi-inclusive
deep inelastic scattering was established.

An even stronger deformation of the density is observed for the case of transversely polarized
quarks in an unpolarized nucleon, as shown on the right hand side in Fig. 114 for s⊥ = (1, 0),

19 Note that ρn=1 corresponds to the difference of quark- and anti-quark-densities, while ρn=2 is given
by a sum and therefore must be strictly positive (see Eqs. (54,56)).
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A slice of the proton in transverse momentum space

With long. spinWithout spin

Interpretation in terms of
Quark-Proton Helicity Amps.
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