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Allgemeine Methoden 
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  Beugungsmuster  Struktur 
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Formfaktoren des Nukleons 
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Beispiel: Ladungsstruktur, Neutron 
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Rückschlüsse auf Struktur 

•  Transversale Ladungsverteilung im Nukleon (aus 
e.m. FF, Polarisation des Nukleons entlang x-Achse) 2

e.g. in Ref. [12] that the neutron charge density reveals
the well known negative contribution at large distances,
around 1.5 fm, due to the pion cloud, a positive contri-
bution at intermediate b values, and a negative core at b
values smaller than about 0.3 fm, reflecting the large Q2

behavior of the neutron Dirac FF.
It was shown in Ref. [9] that one can also define a prob-

ability distribution to find a quark with a given momen-
tum fraction x of P+, and at a given transverse position
b in the nucleon, when considering a nucleon polarized in
the xy-direction. In the following, we denote this trans-
verse polarization direction by !S⊥ = cosφS êx +sinφS êy.
When integrating the resulting GPD, depending on x and
!b, over all values of x, one can define a quark charge den-
sity in the transverse plane for a transversely polarized
nucleon as :

ρN
T (!b) ≡

∫

d2!q⊥
(2π)2

ei !q·!b 1

2P+
(3)

×〈P+,
!q⊥
2

, s⊥ = +
1

2
| J+(0) |P+,−

!q⊥
2

, s⊥ = +
1

2
〉,

where s⊥ = +1/2 is the nucleon spin projection along the
direction of !S⊥. By working out the Fourier transform
in Eq. (3), one obtains :

ρN
T (!b) = ρN

0 (b) (4)

− sin(φb − φS)

∫ ∞

0

dQ

2π

Q2

2MN
J1(b Q)F2(Q

2),

where the second term, which describes the deviation
from the circular symmetric unpolarized charge density,
depends on the orientation of !b = b(cosφbêx + sin φbêy).
Furthermore, this term depends on the Pauli FF F2 and
the nucleon mass MN .

In the following we are using the current empirical in-
formation on the nucleon e.m. FFs to extract the trans-
verse charge density in a transversely polarized nucleon,
complementing the pictures given in Ref. [12], for the
transverse charge densities in an unpolarized nucleon.
For the proton e.m. FFs, we use the recent empirical pa-
rameterization of Ref. [14] and show the resulting trans-
verse charge density for a proton polarized along the x-
axis (i.e. for φS = 0) in Fig. 1. One notices from Fig. 1
that polarizing the proton along the x-axis leads to an
induced electric dipole moment along the negative y-axis
which is equal to the value of the anomalous magnetic
moment, i.e. F2(0) (in units e/2MN) as first noticed in
Ref. [9]. One can understand this induced electric dipole
field pattern based on the classic work of Ref. [16] (see
also the pedagogical explanation in Ref. [17]). The nu-
cleon spin along the x-axis is the source of a magnetic
dipole field, which we denote by !B. An observer moving
towards the nucleon with velocity !v will see an electric
dipole field pattern with !E′ = −γ(!v × !B) giving rise to
the observed effect.
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FIG. 1: Quark transverse charge densities in the proton. The
upper panel shows the density in the transverse plane for a
proton polarized along the x-axis. The light (dark) regions
correspond with largest (smallest) values of the density. The
lower panel compares the density along the y-axis for an un-
polarized proton (dashed curve), and for a proton polarized
along the x-axis (solid curve). For the proton e.m. FFs, we
use the empirical parameterization of Arrington et al. [14].

For the neutron e.m. FF, we use the recent empirical
parameterization of Ref. [15]. The corresponding trans-
verse charge density for a neutron polarized along the x-
axis is shown in Fig. 2. One notices that the neutron’s un-
polarized charge density gets displaced significantly due
to the large (negative) value of the neutron anomalous
magnetic moment, F2n(0) = −1.91, which yields an in-
duced electric dipole moment along the positive y-axis.

We next generalize the above considerations to the
N → ∆ e.m. transition as it allows access to l = 2
angular momentum components in the nucleon and/or ∆
wave functions. We will use the empirical information on
the N → ∆ transition FFs to study the quark transition
charge densities in the transverse plane which induce the
e.m. N → ∆ excitation. It is customary to characterize
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FIG. 2: Same as Fig. 1 for the quark transverse charge den-
sities in the neutron. For the neutron e.m. FFs, we use the
empirical parameterization of Bradford et al. [15].

the three different types of the γN∆ transitions in terms
of the Jones–Scadron FFs G∗

M , G∗
E , G∗

C [18], correspond-
ing with the magnetic dipole (M1), electric quadrupole
(E2) and Coulomb quadrupole (C2) transitions respec-
tively, see Ref. [4] for details and definitions.

We start by expressing the matrix elements of the
J+(0) operator between N and ∆ states as :

〈P+,
"q⊥
2

, λ∆|J+(0)|P+,−
"q⊥
2

, λN 〉 = (2P+)ei(λN−λ∆)φq

× G+
λ∆ λN

(Q2), (5)

where λN (λ∆) denotes the nucleon (∆) light-front helici-
ties, and where "q⊥ = Q(cosφq êx+sinφq êy). Furthermore
in Eq. (5), the helicity form factors G+

λ∆ λN
depend on Q2

only and can equivalently be expressed in terms of G∗
M ,

G∗
E , and G∗

C .

We can then define a transition charge density for the
unpolarized N → ∆ transition, which is given by the

Fourier transform :

ρN∆
0 (b) =

∫ ∞

0

dQ

2π
Q J0(b Q)G+

+ 1

2
+ 1

2

(Q2), (6)

where the helicity conserving N → ∆ FF G+
+ 1

2
+ 1

2

can be

expressed in terms of G∗
M , G∗

E , and G∗
C as :

G+
+ 1

2
+ 1

2

= I
(M∆ + MN )

MN Q2
+

√

3

2

(

−
Q2

4

)

×
{

G∗
M + G∗

E

3

Q2
−

[

(3M∆ + MN)(M∆ − MN ) − Q2
]

+ 2 G∗
C

[

−
(M∆ + MN)

M∆
+

3 Q2

Q2
−

]}

, (7)

with M∆ = 1.232 GeV the ∆ mass, and where the isospin
factor I =

√

2/3 for the p → ∆+ transition, which we
consider in all of the following. We also introduced the
shorthand notation Q± ≡

√

(M∆ ± MN )2 + Q2.
The above unpolarized transition charge density gives

us one combination of the three independent N → ∆
FFs. To get information from the other combinations, we
consider the transition charge densities for a transversely
polarized N and ∆, both along the direction of "S⊥ as :

ρN∆
T ("b) ≡

∫

d2"q⊥
(2π)2

ei #q·#b 1

2P+
(8)

×〈P+,
"q⊥
2

, s∆
⊥ = +

1

2
| J+(0) |P+,−

"q⊥
2

, sN
⊥ = +

1

2
〉,

where sN
⊥ = +1/2 (s∆

⊥ = +1/2) are the nucleon (∆)

spin projections along the direction of "S⊥ respectively.
By working out the Fourier transform in Eq. (8), one
obtains :

ρN∆
T ("b) =

∫ ∞

0

dQ

2π

Q

2

{

J0(b Q)G+
+ 1

2
+ 1

2

+ sin(φb − φS)J1(b Q)
[√

3G+
+ 3

2
+ 1

2

+ G+
+ 1

2
− 1

2

]

− cos 2(φb − φS)J2(b Q)
√

3G+
+ 3

2
− 1

2

}

. (9)

One notices from Eq. (9) that besides half the unpolar-
ized transition density, one obtains two more linearly in-
dependent structures. The N → ∆ FF combination with
one unit of (light-front) helicity flip, which corresponds
with a dipole field pattern in the charge density, can be
expressed in terms of G∗

M , G∗
E , and G∗

C as :

√
3 G+

+ 3

2
+ 1

2

+ G+
+ 1

2
− 1

2

= I
(M∆ + MN)

MN Q2
+

√

3

2
Q (10)

×
{

G∗
M (M∆ + MN ) + G∗

C

Q2

2M∆

}

,

whereas the N → ∆ form factor with two units of (light-
front) helicity flip, corresponding with a quadrupole field

Proton Neutron 

C.E. Carlson and M. Vanderhaeghen, Phys. Rev. Lett. 100, 032004 (2008) 
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GE/GM raumartig 
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•  Keine Uebereinstimmung zwischen 
•  Messungen beruhend auf  Rosenbluth Separation 
•  Doppel-Polarisationsmessungen 

•  Erklaerungsversuch: 2-Photonen-Austausch,  
•  1/Q4  (N. Kivel, M. Vanderhaeghen, Phys.Rev.Lett.103(2009)092004) 

Rosenbluth Separation 

Doppel-Polarisationsmessungen 



GE/GM raum und zeitartig 
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Dispersive description of the ratio GE/GM
The “inverse problem”

Two photon contribution to e+e− → pp

Introduction
Dispersive approach
Results and conclusions

Space-like and time-like data
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The ratio

R(q2) = µp
GE (q2)
GM(q2)

Theoretical constraints

R(0) = 1 R(4M2
N) = µp

Simone Pacetti Ratio |GpE (q2)/GpM (q2)| and dispersion relations

raumartig zeitartig 

Simone Pacetti, N05, Frascati 
In Annihilation oder Produktion 
eines Proton-Antiproton-Paares 

unerreichbarer Bereich 



•  Dispersionsrelation 
  Ausschl. Doppel-Pol.-Daten im raumartigen Bereich 

  Große Ungewissheiten im zeitartigen Bereich  

GE/GM Fits 
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Dispersive description of the ratio GE/GM
The “inverse problem”

Two photon contribution to e+e− → pp

Introduction
Dispersive approach
Results and conclusions

R(q2)

Reconstructed R in space-like and time-like region

Comparison
BaBar-Lear

q2(GeV 2)

R
(q

2 )

space-like time-like

Simone Pacetti Ratio |GpE (q2)/GpM (q2)| and dispersion relations

raumartig zeitartig 

Simone Pacetti, N05, Frascati 



GM zeitartig 

•  Extraktion unter 
der simplen 
Annahme  
    |GM|=|GE| 

•  Künftige 
Messungen 
sollten 
  GM und GE 

trennen, 
  präzisere 

Ergebnisse bei  
q2>10(GeV/c)2 

liefern. 
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Strukturfunktionen 
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Partonen-
Verteilungs-
Funktionen 
(PDFs) 

Im Quark-Parton Modell: 

in tiefinelastischer Streuung (DIS) 

Dirac, Pauli FF 

Spinabhängige SF 
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Spinstruktur des Nukleons 

•  Naives Bild 
  3 Valenz-Quarks richten sich 

aus, d.h.:  

•  Spinkrise – EMC 
   ΔΣ ≅	
 0.114+/-0.012+/-0.026 

•  Spinrätsel - HERMES 
  Ca. 1/3 dieses Spins tragen die 

Quarks. 

  Wo bleibt der Rest? 

A. Airapetian et al, Phys. Rev. D75(2007)012007 
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Spinstruktur des Nukleons 

•  Proton Spin 

•  ΔΣ : Quark-Spin 
  Anteil ca. 1/3 

•  ΔG : Gluonen-Spin 
  erste Ergebnisse 

•  Lq : Quark-Drehimpuls 
  unbekannt 

•  Lg : Gluonen-Drehimpuls 
  unbekannt 
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Spinstruktur des Nukleons 

  Ji Summenregel: 

GPDs 

•  Proton Spin 

•  ΔΣ : Quark-Spin 
  Anteil ca. 1/3 

•  ΔG : Gluonen-Spin 
  erste Ergebnisse 

•  Lq : Quark-Drehimpuls 
  unbekannt 

•  Lg : Gluonen-Drehimpuls 
  unbekannt 
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Was sind GPDs? 

Partonen-
Verteilungsfunktion 

Formfaktoren 
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Generalisierte Partonen-Verteilungen 

Generalisierte 
Partonen- 
Verteilung 

(GPD) 

Formfaktor 
Partonen-

Verteilungsfunktion 
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Generalisierte Partonen-Verteilungen 

•  Funktionen von 
  Impulsanteil des Partons x  

  skewedness ξ  
  p Impulstransfer t!

•  4 (chiralitätserhaltende) 
Quark GPDs 
  unpolarisiert 

  polarisiert 

ungerade (Spin) gerade (Spin) 
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Generalisierte Partonen-Verteilungen 

•  Grenzfälle der GPDs: 
  Partonen-

Verteilungsfunktionen (PDFs) 

  Formfaktoren 
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Interpretation der GPDs 

•  Die Fouriertransformation von GPDs bei ξ=0 führt  
 zu einem 2+1 dimensionalen Bild des Nukleons  
  d.h. longitudinal im Impulsanteil und transversal im 

Stoßparameterraum 
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Modellrechnungen 

•  GPD Modell beschränkt durch experimentelle Formfaktor-
Daten  [P.Kroll, AIP Conf.Proc.904:76-86,2007] 

•  Dichteverteilung in der Stoßparameterebene für u- (links) und 
d-Quark (rechts). Proton entlang x-Achse polarisiert. 

y 

x 

y 

x 



QCD Gitterrechnungen 
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3

FIG. 3: Pion mass dependence of the generalized form factors
BT (n=1,2)0(t=0) for up-quarks. The shaded error bands show
extrapolations to the physical pion mass based on an ansatz
linear in m2

π. The symbols are as in Fig. 2.

mp = 1.233(27) GeV (all for p = 2.5). We have checked
that the final p-pole parametrizations only show a mild
dependence on the value of p chosen prior to the fit. In
order to see to what extent our calculation is affected
by discretization errors, we plot as an example in Fig. 2
the tensor charge AT10(t=0) = gT (t=0) versus the lat-
tice spacing squared, for a fixed mπ ≈ 600 MeV. The
discretization errors seem to be smaller than the statis-
tical errors, and we will neglect any dependence of the
GFFs on a in the following. Taking our investigations of
the volume dependence of the nucleon mass and the axial
vector form factor gA [13, 23] as a guide, we estimate that
the finite volume effects for the lattices and observables
studied in this work are small and may be neglected.

As an example of the pion mass dependence of our
results, we show in Fig. 3 the GFFs B

u
T (n=1,2)0(t=0) ver-

sus m2
π. Unfortunately we cannot expect chiral pertur-

bation theory predictions [24] to be applicable to most
of our lattice data points, for which the pion mass is
still rather large. To get an estimate of the GFFs
at the physical point, we extrapolate the forward mo-
ments and the p-pole masses using an ansatz linear in
m2

π. The results of the corresponding fits are shown as
shaded error bands in Fig. 3. At mphys

π = 140 MeV,

we find B
u
T10(t=0) = 2.93(13), B

d
T10(t=0) = 1.90(9) and

B
u
T20(t=0) = 0.420(31), B

d
T20(t=0) = 0.260(23). These

comparatively large values already indicate a significant
impact of this tensor GFF on the transverse spin struc-
ture of the nucleon, as will be discussed below. Since the
(tensor) GPD ET can be seen as the analogue of the (vec-
tor) GPD E, we may define an anomalous tensor mag-
netic moment [7], κT ≡

∫
dxET (x, ξ, t=0) = BT10(t=0),

similar to the standard anomalous magnetic moment
κ =

∫
dxE(x, ξ, t=0) = B10(t=0) = F2(t=0). While the

u- and d-quark contributions to the anomalous magnetic
moment are both large and of opposite sign, κup

exp ≈ 1.67
and κdown

exp ≈ −2.03, we find large positive values for
the anomalous tensor magnetic moment for both flavors,

FIG. 4: Lowest moment (n = 1) of the densities of un-
polarized quarks in a transversely polarized nucleon (left)
and transversely polarized quarks in an unpolarized nucleon
(right) for up (upper plots) and down (lower plots) quarks.
The quark spins (inner arrows) and nucleon spins (outer ar-
rows) are oriented in the transverse plane as indicated.

κup
T,latt ≈ 3.0 and κdown

T,latt ≈ 1.9. Similarly large positive
values have been obtained in a recent model calculation
[25]. Large Nc considerations predict κup

T ≈ κdown
T [26].

Let us now discuss our results for ρn(b⊥, s⊥, S⊥) in
Eq. (1). For the numerical evaluation we Fourier trans-
form the p-pole parametrization to impact parameter
(b⊥) space. The parametrizations of the impact param-
eter dependent GFFs then depend only on the p-pole
masses mp and the forward values F0. Before showing
our final results, we would like to note that the mo-
ments of the transverse spin density can be written as
sum/difference of the corresponding moments for quarks
and antiquarks, ρn = ρn

q + (−1)nρn
q , because vector and

tensor operators transform identically under charge con-
jugation. Although we expect contributions from anti-
quarks to be small in general, only the n-even moments
must be strictly positive. In Fig. 4, we show the lowest
moment n = 1 of spin densities for up and down quarks
in the nucleon. Due to the large anomalous magnetic
moments κu,d, we find strong distortions for unpolarized
quarks in transversely polarized nucleons (left part of the
figure). This has already been discussed in [6], and can
serve as a dynamical explanation of the experimentally
observed Sivers-effect. Remarkably, we find even stronger
distortions for transversely polarized quarks s⊥ = (sx, 0)
in an unpolarized nucleon, as can be seen on the right
hand side of Fig. 4. The densities for up and for down
quarks in this case are both deformed in positive by direc-
tion due to the large positive values for the tensor GFFs

B
u
T10(t=0) and B

d
T10(t=0), in strong contrast to the dis-

tortions one finds for unpolarized quarks in a transversely

M. Goeckeler et al., Phys.Rev.Lett.98:222001,2007 

unpol. Quarks 
pol. Nukleon 

pol. Quarks 
unpol. Nukleon 

•  Niedrigstes 
Moment der 
transversalen 
Dichte 
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Zeitartige Modelle 
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Production of a pion in association with a high-Q2 dilepton pair in p̄p annihilation at
GSI-FAIR

J.P. Lansberga,b, B. Pireb and L. Szymanowskib,c,d

a
Institut für Theoretische Physik, Universität Heidelberg, D-69120 Heidelberg, Germany
b
Centre de Physique Théorique, École Polytechnique, CNRS, 91128 Palaiseau, France

c
Fundamental Interactions in Physics and Astrophysics, Université de Liège, Belgium

d
Soltan Institute for Nuclear Studies, Warsaw, Poland

We evaluate the cross section for p̄p → �+�−π0 in the forward direction and for large lepton
pair invariant mass. In this kinematical region, the leading-twist amplitude factorises into a short-
distance matrix element, long-distance dominated antiproton Distribution Amplitudes and proton
to pion Transition Distribution Amplitudes (TDA). Using a modelling inspired from the chiral limit
for these TDAs, we obtain a first estimate of this cross section, thus demonstrating that this process
can be measured at GSI-FAIR.

PACS numbers: 12.38.Bx,25.43.+t

Transition Distribution Amplitudes (TDAs) [1] are
universal non-perturbative objects describing the transi-
tions between two different particles ( e.g. p→ π, π → γ,
π → ρ). They appear in the study of backward electro-
production of a pion [2], of γ�γ → ρπ and γ�γ → ππ
reactions [3] as well as in hard exclusive production of a
γ�π pair in p̄p annihilation:

p̄(pp̄)p(pp)→ γ�(q)π(pπ)→ �+(p�+)�−(p�−)π(pπ) (1)

at small t = (pπ − pp)2 (or at small u = (pπ − pp̄)2),
which is the purpose of the present work. The TDAs are
an extension of the concept of Generalised Parton Distri-
butions (GPDs), as already advocated in [4]. The proton
to meson TDAs are defined from the Fourier transform of
a matrix element of a three-quark-light-cone operator be-
tween a proton and a meson state. They obey QCD evo-
lution equations which follow from the renormalisation-
group equation of the three-quark operator. Their Q2

dependence is thus completely under control.
Whereas in the pion to photon case, models used for

GPDs [5, 6, 7, 8] could be applied to TDAs since they
are defined from matrix elements of the same quark-
antiquark operators, the situation is clearly different for
the nucleon to meson TDAs. Before estimates based on
models such as the meson-cloud model [9] become avail-
able, it is important to use as much model-independent
information as possible. In [2], we derived constraints
from the chiral limit on the TDAs p→ π and made a first
evaluation of the cross section for the backward electro-
production of a pion in the large-ξ (or small Eπ) region.
Related processes were also recently studied in [10] sim-
ilarly to what was proposed in [11]. In this work, we
apply the same setting to evaluate the cross sections for
p̄p→ �+�−π0 in the kinematical region accessible by GSI-
FAIR [12] in the forward limit and at moderate energy
of the meson.

In the scaling regime where Q2 = q2 is of the or-
der of W 2 = (pp̄ + pp)2, the amplitude for the pro-
cess (1) at small t – or CM angle of the pion θ∗π
close to 0 – involves the p → π TDAs V pπ(xi, ξ,∆2),

Apπ(xi, ξ,∆2), T pπ(xi, ξ,∆2), where xi (i = 1, 2, 3) de-
note the light-cone-momentum fractions carried by par-
ticipant quarks and ξ is the skewedness parameter such
that 2ξ = x1 + x2 + x3. The amplitude is a convolution
of the antiproton DAs, a perturbatively-calculable-hard-
scattering amplitude and the p→ π TDAs.

k1 k3

p(pp) π0(pπ)

Mh

�1
DA

p̄(pp̄)
γ�(q)

�3

TDA

FIG. 1: The factorisation of the annihilation process pp̄ →
γ�π into antiproton-distribution amplitudes (DA), the hard-
subprocess amplitude (Mh) and proton→ pion transition dis-
tribution amplitudes (TDA) .

The momenta of the subprocess p̄p→ γ�π are defined
as shown in Fig. 1. The z-axis is chosen along the collid-
ing proton and antiproton and the x−z plane is identified
with the collision or hadronic plane. We define the light-
cone vectors p and n such that 2 p.n = 1, as well as
P = (pp + pπ)/2, ∆ = pπ − pp and its transverse com-
ponent ∆T (∆2

T < 0). ξ is defined as ξ = − ∆.n
2P.n . We

express the particle momenta through a Sudakov decom-
position :

pp =(1 + ξ)p +
M2

1 + ξ
n

pp̄ =
2M2(1 + ξ)

α
p +

α

2(1 + ξ)
n

pπ =(1− ξ)p +
m2

π −∆2
T

1− ξ
n + ∆T (2)
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•  Raumartige Modelle 
  Faktorisieren in harten und GPD Anteil 

•  Zeitartige Modelle 
  Zeitartige GPDs 

  Generalisierte Verteilungsamplituden 
(GDAs) 

•  A. Afanasev, et al., arXiv:0903.4188 
•  M. Diehl, et al., Phys. Rev. Lett. 81(1998)1782  

  Übergangs-Verteilungsamplituden 
(TDAs) 

•  B. Pire, L. Szymanowski, Phys. Lett. B622:83-92,2005 

p’p

GPDs(x,!,t)

x+!

t

x-!

e

e’

"# "



Bisherige Messungen 
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HERMES an HERA, DESY 

•  Long. polarisierter 
Elektronen-/Positronen-
Strahl 27.6 GeV 

OLYMPUS 
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HERMES an HERA, DESY 

Magnetisches Spektrometer mit transv. and long. polarisierten Targets 
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DVCS, Zugang zu GPDs 

tiefvirtuelle 
Compton 
Streuung 
DVCS  
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DVCS, Zugang zu GPDs 

Bethe-Heitler Streuung BH 

  Ununterscheidbar and Wirkungsquerschnitt dominiert durch BH 
  Extraktion aus deren Interferenz 

BH: Bekannt aus QED DVCS: Zugang zu GPDs 

tiefvirtuelle 
Compton 
Streuung 
DVCS  
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Asymmetriemessungen 

•  Strahl-Spin-Asymmetrie 

•  Strahl-Ladungs-Asymmetrie 

•  Longitudinal-Target-Spin-Asymmetrie 

•  Transversal-Target-Spin-Asymmetrie 

  Imaginär- und Realteile der Compton-Formkaktoren 
                    sind direkt mit GPDs verknüpft 
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DVCS Asymmetrien: Strahl-Spin 

•  Erste Messungen der DVCS 
Asymmetrien:  
  Strahl-Spin-Asymmetry 

HERMES und CLAS, beide 
in PRL87(2001) 

•  Präzisierte Analyse: 
  Konsistentes Ergebnis 

•  Beschränkt GPD H 
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DVCS Asymmetrien: Strahl-Ladung 

•  Beschränkt GPD H 
•  t-Abhängigkeit schränkt Modelle ein 
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DVCS Asymmetrien: Transvers. Target 

JHEP 0806:066,2008 



Globales Bild: Ju/Jd 

•  Veröffentlichtes HERMES Resultat 
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Erratum: arXiv:0810.3899 
Modellfehler Faktor 1.5-2 

JHEP 0806:066,2008 



Überblick 

•  Asymmetrien aus 
Messungen 
tiefvirtueller Compton-
Streuung an HERMES 
  Zusammenhang mit 

Real- und Imaginärteilen 
der Compton-
Formfaktoren 

  D.h. Rückschlüsse auf 
GPDs möglich 

•  Viele weitere 
Messungen, u.a. 
  F2: kleines x, mittl. Q2 

  SSA in DIS – 2γ  
  Kern-Attenuation 
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HERMES Targetspektrometer 

  Untergrundreduktion (insbes. assoziierte BH/DVCS Prozesse 
mit Δ-Resonanzen und andere semiinklusive Prozesse) 
  Reduktion von einem Anteil von 17% auf  ca. 1% 

  Verbesserung der Auflösung in t bei kleinen t (mit Si-Detektor) 

  Hohe Luminosität durch unpolarisiertes Target 
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Targetspektrometer an HERMES 
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HERMES Targetspektrometer 

•  Unpolarisierte 
Gastargets 

•  Anspruchsvolle 
Detektoren 

Solenoid 

Targetzelle 

Silizium-Streifen- 
Detektoren 

Faserdetektoren 

Photonendetektor 
e Strahl 



Anlaufschwierigkeiten 

•  Löcher in der Targetzelle  – Überhitzung? 
•  Siliziumdetektoren funktionsuntüchtig 

•  Ursachen? 

•  Lösungsansatz 
  RF-Shield für Si-Detektoren & Elektronik 
  Strahlrohrmodifikation 
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Anlaufschwierigkeiten 

•  Löcher in der Targetzelle  – Überhitzung? 
•  Siliziumdetektoren funktionsuntüchtig 

•  Ursachen? 

•  Lösungsansatz 
  RF-Shield für Si-Detektoren & Elektronik 
  Strahlrohrmodifikation 
  Neue Targetkühlung 
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9.0o37



Anlaufschwierigkeiten 

•  Löcher in der Targetzelle – Überhitzung? 
•  Siliziumdetektoren funktionsuntüchtig 

•  Ursachen? 

•  Lösungsansatz 
  RF-Shield für Si-Detektoren & Elektronik 
  Strahlrohrmodifikation 
  Neue Targetkühlung 
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Spurrekonstruktion 

Inti Lehmann Struktur des Nukleons 42 

•  Optimierte 
Algorithmen  
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Daten des Targetspektrometers 

•  Exclusivität 
  DVCS (Gamma) 
  DVCS π0 Produktion 

Spurrekonstruktion durch Ortsauflösung 
Teilchenidentifikation durch Energieverlußt 

Caroline Riedl (DESY), HERA DVCS Working Group Meeting, Hamburg 28.10.2009 

Separation of Resonant and 
Elastic States with the Recoil

20



Zukünftige Messungen 
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OLYMPUS 
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BLAST an BATES... 

...am früheren ARGUS 
Platz an DORIS, DESY 
2GeV e+ und e- 

Messung in 2011-12 



OLYMPUS 
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•  Diskrepanz 
  Rosenbluth Ansatz 
  Polarisationsmessungen 

•  2-Photonen-Austausch? 

•  e+/e- Verhältnis bei 
Q2=0.6-2.4(GeV/c)2 

!"#$%&'()"*+,& -!.//(0,12$,+((((((((((((((((((((((((((((((((((((((((((
3#245,&(6789(8::;(

<

!"#$%&'%()*+,-!./)"%012'0

344)5#1"0)#6)(7'7)'789:;)6#")%7&5)#6)%<)7:()%= 7')>)?%@
A)B)C)<)>DC< E'7:> F>)G)=C

500h OLYMPUS Strahlzeit 
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PANDA an FAIR 

•  Facility for Antiproton and Ion Research 

•  HESR an FAIR 
  Speicher- und Beschleunigerring für Antiprotonen 

  1.5 - 15 GeV/c, Δp/p = 10-4 - 10-5  



Inti Lehmann Struktur des Nukleons 48 

PANDA-Detektor 

  Doppel-Magnetspektrometer mit ruhendem Target 

Strahl 

Wechselwirkungs- 
punkt 

Target-Spektrometer Forwärts-Spektrometer 

Solenoid 

Dipol 
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PANDA Physikprogramm 

•  Charmonium Spektroskopie 

•  Gluonische Anregungen (Hybride, Gluebälle) 
•  Hadronische Eigenschaften im Kern 

•  Baryonen mit Strangeness oder Charm 
•  γ-Spektroskopie an Hyperkernen 

•  Struktur des Nukleons 
  Zeitartige GPDs, GDAs, TDAs 
  Zeitartige Formfaktoren 

  Drell-Yan-Prozesse 

•  ... 



PANDA: Zeitartige Formfaktoren 
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•  PANDA  
  R=|GE|/|GM| mit 

höchster 
Präzision 

  |GM| absolut bis 
30(GeV/c)2   

]2[(GeV/c)2q
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PANDA Physics Performance Report: arXiv:0903.3905 



•  Zeitartige Version von GPDs 
  zeitartige generalisierte Partonen-Amplituden (time-like GPDs) 
  generalisierte Verteilungsamplituden (GDAs) 
  Übergangs-Verteilungsamplituden (TDAs) 
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PANDA: Zeitartige Verteilungsfunktionen 

p

e-, µ-

!
"

! 
p

e+, µ+



PANDA Magnetdesign 

•  Solenoid Design 
  Zusammenarbeit Dubna, Genua, Krakau  
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PANDA Magnetdesign 

•  Dipol Design 
  Projektmanagement 

  Finanzierung erstritten...  
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Magnet TDR (begutachtet Mai 2009): arXiv:0907.0169 



Weitere Ideen 
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p

e-, µ-

!
"

p

e+, µ+

!, !" 

•  Photoinduzierte Dilepton-
Produktion 
  Zeitartiger FF im 

Ausgangskanal 

  Messung bei q2 < 4Mp
2    

•  „unphysikalischer Bereich“ 

  Beitrag von Bethe-Heitler 
  Machbar an MAMI? 

•  virtuell oder reell? 
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•  Photoinduzierte Dilepton-
Produktion 
  Zeitartiger FF im 

Ausgangskanal 

  Messung bei q2 < 4Mp
2    

•  „unphysikalischer Bereich“ 

  Beitrag von Bethe-Heitler 
  Machbar an MAMI? 

•  virtuell oder reell? 

•  Elektron-Positron-Vernichtung 
  BESIII 
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Weitere Ideen 
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M. Vanderhaeghen,  
ENC/EIC Workshop GSI,  
29.May 2009 

DVCS with PANDA at ENC@FAIR

38

W.Gradl, University of Mainz, 
ENC/EIC Workshop
GSI Darmstadt, 29.May 2009

PANDA acceptance 
for DVCS at ENC

ENC Kinematic Plane

M.Vanderhaeghen, University of Mainz, 
ENC/EIC Workshop
GSI Darmstadt, 29.May 2009

38Monday, 14 September 2009

•  Photoinduzierte Dilepton-
Produktion 
  Zeitartiger FF im 

Ausgangskanal 

  Messung bei q2 < 4Mp
2    

•  „unphysikalischer Bereich“ 

  Beitrag von Bethe-Heitler 
  Machbar an MAMI? 

•  virtuell oder reell? 

•  Elektron-Positron-Vernichtung 
  BESIII 

•  Erweiterung der DVCS-
Kinematik, doppel-virtuell 
  ENC 



Zusammenfassung 

•  Struktur des Nukleons noch unverstanden 

•  Raumartige Proton-Formfaktoren 
  Viel-Photonen-Beiträge? 

•  Zeitartige Proton-Formfaktoren 
  Formfaktoren bei kleinem q2 < 4Mp

2 

  Magnetischer FF bei q2 > 10(GeV/c)2 

  Daten für Dispersionsansätze 

•  Neutron-Formfaktoren 
  Noch weitgehend unergründet 

•  Kombination zeit- und raumartiger Messungen 
  Mit Hilfe neuer theoretische Ansätze (GPDs, GDAs, 

TDAs) 
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Zusammenfassung 

•  Struktur des Nucleons noch unverstanden 

•  Raumartige Proton-Formfaktoren 
  Viel-Photonen-Beiträge? 

•  Zeitartige Proton-Formfaktoren 
  Formfaktoren bei kleinem q2 < 4Mp

2 

  Magnetischer FF bei q2 > 10(GeV/c)2 

  Daten für Dispersionsansätze 

•  Neutron-Formfaktoren 
  Noch weitgehend unergründet 

•  Kombination zeit- und raumartiger Messungen 
  Mit Hilfe neuer theoretische Ansätze (GPDs, GDAs, 

TDAs) 
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Multidimen-
sionales Bild 

des 
Nukleons? 



Backup 
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Eine kleine Historie... 

•  Atomkerne (Rutherford) 

•  Proton (Gell-Mann, Zweig) 
  3 Quarks 

  Gluonen und Seequarks (QCD) 

•  Partonen (Feynman/Bjorken) 

•  Proton Spin  
  1/2 (Quarks auch) 

•  Spinbeitrag durch Quarks  
  ca. 0: Spin Krise, EMC Effekt 

  1/3: Spin Rätsel 

•  Viele Nobelpreise, zuletzt  
  2004: Gross, Wilczek, Politzer 
  2008: Kobayashi, Maskawa, 

Nambu 



HERMES F2 

•  F2 on proton  
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HERMES SSA 

•  SSA shows 
no 2-photon 
effects  
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HEDT - 2nd anniversary - July 7th, 2009G. Schnell - DESY Zeuthen

Any Sign of Two-Photon Exchange?
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HERMES Nucl. Attenuation 
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Struktur des Nukleons 
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Figure 1: Gen extracted from quasi-elastic scattering of polarized electrons from

D, �D and �3He. The data are taken from refs. [16, 17, 18, 19, 20, 21, 22, 23, 24].

A selection of theories is shown: the quenched lattice calculation of ref. [1] (solid),

the GPD based theory of ref. [2] (long-dashed), the light front dynamics of ref. [9]

(dot-dot-dashed), the soliton model of ref. [8] (dot-dashed), the vector dominance

models of ref. [3] (dot-dash-dashed) and ref. [4] (dashed). In addition the slope of

Gen at Q2
= 0 is drawn.

part, the bump was interpreted as resulting from the pion cloud. In the Breit

frame this corresponds to a negative charge distribution reaching out as far as 2

fm. In contrast, the authors of ref. [11] separated the contribution of the two-pion

continuum and found a peak at a distance of only 0.3 fm.

In the constituent quark model the pion cloud results from the repulsive force

between pairs of d-quarks and the attraction between u- and d-quarks. From the

classical point of view a picture of the neutron as a proton surrounded by a pion

is suggested by the negative charge radius of the neutron rn. This radius was

measured via neutron transmission through Pb and Bi by [12, 13]. The charge

radius is directly related to the neutron’s rest frame internal charge distribution and

is not dominated by the Foldy term. The latter is compensated by contributions

from relativistic effects [14].

In ref. [15] an interesting relation was found between the ratio of the electric

to magnetic form factor of the neutron to the multipole ratio C2/M1 of the N →
∆ transition using SU(6) flavor symmetry. Neglecting exchange currents C2 is only

non-zero if the nucleon and/or the ∆ contains d-waves, i.e if at least one of them

is deformed. This is the only way to observe a possible quadrupole deformation

because it can not directly measured for spin 1/2 particles. Recent measurements

give a negative C2/M1 ratio over the range measured (up to Q2
= 4 (GeV/c)

2
)

which indicates a prolate deformation of the ∆. Within the error bars the relation

to Gen/Gmn was confirmed using experimental data. In particular this relation

remains valid even when the SU(6) flavor symmetry is broken.

The electric form factor of the neutron is not only important to understand the

2
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GPD Ansatz 

MAMI A1 

From PDFs to GDAs
γ∗(q)γ(p1)→ γ(q�)γ(p2) process

The diphoton GDA Φq
1 (z, ζ)

QCD evolution equations
Conclusion

Deep Inclusive Scattering
Deep Virtual Compton Scattering

Crossed Process : s � −t

A

B

s

γ∗

Q2

γ

CF GDA

t

Amplitude = Coefficient Function (perturbative)
�

Generalized Distribution Amplitude Φ(z , ζ, t)

⇒ Physics of hadronization (A, B = hadrons)
� 1

0
dz Φ(z , ζ, t) ∝ Fhadron (timelike region)

Mounir EL BEIYAD Di-Photon Generalized Distribution Amplitude (arXiv:0805.1098)

Mounir EL BEIYAD, AGdTdPN, 
24-25 June 2008 arXiv:0806.1098 
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Kinematical Coverage of DVCS Experiments 

•  HERA collider 
experiments H1 and 
ZEUS have small 
skewedness 

•  Fixed target 
experiments are 
crucial to explore 
GPDs !  
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The Role of GPDs 

orbital angular momentum	


“hadron tomography”	



GPDs	



Crossed Compton	


Scattering	



Wide Angle	


Compton Scattering	



pp annihilation	

-	



Form Factors	



Deeply Virtual	


Compton Scattering	



exclusive meson	


production	



PDF in DIS	
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First Results From the Recoil 
Detector 

Momentum resolution:  
Δp/p = 1-15% for protons  

Elastic scattering:  
e and p back-to-back   

Data 
MC 
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Energy Deposit in Silicon Detectors 

Data 
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70 

PDF measured in DIS 
H(x=ξ) measured in DVCS 



Inti Lehmann Struktur des Nukleons 71 

Erste Ergebnisse für Ju/Jd 
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Ju/Jd in Neutron-Asymmetrie 

  An HERMES können 
wir ALU messen  

Dominant am Proton 

Dominant am Neutron 

Leider an HERMES durch Proton-Asymmetrie überdeckt.  

An HallA (JLab) werden abs. Wirkungsquerschnitte ermittelt, d.h. 
Proton-Beitrag läßt sich abziehen.  
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Globales Bild: Ju/Jd 

QCD-Gitter-Punkt: 
Ju , Jd =  0.214(16) , 0.001(16) 
Ph. Haegler et al. 
arXiv:0705.4295 [hep-lat] 

HallA Resultat 
am Neutron: 
M. Mazouz et al. 
arXiv:0709.0450 [nucl-ex] 
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Silizium-Streifendetektor 

•  16 Silizium-Sensoren: 
  10 x 10 cm2 Fläche 
  300um Dicke 
  doppelseitige Streifen 

•  In 2 Lagen angeordnet 
•  Herausforderung 

  Detektor + Elektronik 
nahe am e Strahl 

  im HERA Vakuum 

•  Zweck 
  135-500 MeV/c 

Protonen detektieren 
  Impuls- und Spur- 

Rekonstruktion 
  Teilchenidentifikation 
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Szintillierende Fasern 

•  2 Zylinder mit je 
  2 Lagen parallel bzgl. der 

Strahlachse 
  2 Lagen 10° dagegen geneigt 
  6910 Fasern 

•  Auslese 
  64-Kanal-PMTs (Hamamatsu)                 

  insgesamt 5120 Kanäle  

•  Zweck 
  Impuls- und Spur-

Rekonstruktion  
  Teilchenidentifikation               

  Bereich: pp = 250-1200 MeV/c 
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Photonendetektor 

•  3 Lagen Wolfram and 
Szintillatorstäbe 
  1. Lage parallel zum Strahl  
  2. Lage +45° bzgl. des Strahls  

  3. Lage -45° bzgl. des Strahls  

•  Zweck  
  Nachweis von Photonen aus 

π°-Zerfällen (z.B. Δ+ → p π°) 
  Teilchenidentifikation 

  Untergrundreduktion 
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