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• Circumference 442.5 m
• Production rate 2x107/sec
• Pbeam   = 1 - 15 GeV/c
• Nstored  = 5x1010 
• Internal Target

 High Resolution Mode

  electron cooling
  Luminosity: 
High Luminosity Mode 

  stochastic cooling
  Luminosity:

HESR - High Energy Storage Ring
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δp/p ∼ 10−4

1031cm−2s−1

2 · 1032cm−2s−1
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The QCD spectrum is much richer than expected from the naive 
quark model, because also gluons can act as hadron components

The “exotic hadrons” fall in 3 
general categories:
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while in the cc meson spectrum the 
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Accessible Mass Range at PANDA
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Nucleon Structure at PANDA

• Timelike Form 
Factors

• Transition 
Distribution 
Amplitudes

• Boer-Mulders 
Parton Distribution 
Function



• All existing data measure 
absolute cross section 
GE = GM

• PANDA will provide 
independent 
measurements of GE and 
GM

• widest kinematic range in 
a single experiment

• Time-like form factors are 
complex

• precision experiments will 
reveal these structures

Gute Daten bei niedrigem Q2, aber keine separate Messung von |GE| und |GM|

PANDA wird die Formfaktoren über die grösste  Q2-Spannweite  für ein 

Einzelexperiment mit Werten bis zu ~20 GeV2/c4 messen.

! Akzeptanz im vollen Raumwinkel und gute e/! Erkennung.

MC Studien

B. Ramstein, Orsay

PANDA range

Time-like Proton Form Factors

up to 25 GeV2



Hard Exclusive Reactions
• The prototype of all hard exclusive reactions 

is Deeply Virtual Compton Scattering.
• DVCS is one of the modern tools to explore 

the structure of the nucleon.
• Simplest process to measure Generalised 

Parton Distributions 
• Allows to access the orbital angular 

momentum of quarks.
• Current and future 

experiments at 
HERMES, COMPASS 
and JLAB



DVCS at PANDA

• PANDA can measure the ‘cross channel’ or 
‘time-like’ version of the same process, that 
depends on the same GPDs

• More precisely on Generalised Distribution 
Amplitutes, introduced by M.Diehl et.al. to 
describe the inverse process [PRL.81:1782 (1998)]. 

γ



Transition Distribution Amplitudes

•TDAs extend the GPD concept to transitions                 
[B.Pire, L.Szymanowski, PLB 622 (2005) 83, J.P.Lansberg et al. 
Nucl.Phys. A782 (2007) 16-23]

• Impact parameter space interpretation as for GPDs
•Fourier transform gives a transverse picture of the pion cloud 

in the proton

2 J.P. Lansberg et al.

where Φ(yj , Q2) is the proton distribution amplitude, Mh is a perturbatively calculable
hard scattering amplitude and T (xi, ξ, ∆2) are transition distribution amplitudes (TDAs)
defined as the matrix elements of light-cone operators between a proton and a photon
state or between a proton and a meson state.

The variable xi describes the fraction of light-cone momentum carried by the quark i
off the initial proton, yj is the corresponding one for the quark j entering the final state
proton, ∆ = pγ − p1 and the skewness variable ξ describes the loss of plus-momentum of
the incident proton (see section 2 for more details on kinematics).

In the large angle regime (around 90 degrees), the large value of −t = −(p1 − p2)2

sets the perturbative scale. In the small angle regime as well as for the backward regime,
it is the large virtuality Q2 of the initial photon which allows a perturbative expansion
of a subprocess scattering amplitude. Of course in the backward regime, small −u =
−(pγ − p1)2 means large −t, and even −t larger than at 90 degrees, but this does not
introduce a new scale in the problem, exactly as for the forward DVCS case for which,
−t being small, −u is very large.
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Figure 1. (a) Factorised amplitude for deeply-virtual Compton scattering on proton in
the backward region; (b) Factorised amplitude for meson electroproduction on proton in
the backward region. (c) Factorised amplitude for meson-pair (Aπ) production in γ"γ
collisions.

In Ref. [ 3], we have defined the leading-twist proton to pion P → π transition distri-
bution amplitudes from the Fourier transform4 of the matrix element

〈π| εijkq
i
α(z1n) [z1; z0] q

j
β(z2n) [z2; z0] q

k
γ(z3n) [z3; z0] |P 〉, (4)

The brackets [zi; z0] in Eq. (4) account for the insertion of a path-ordered gluonic
exponential along the straight line connecting an arbitrary initial point z0n and a final

4In the following, we shall use the notation F ≡ (p.n)3
∫ ∞

−∞

dzie
Σixizip.n.
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quark operator (baryon to meson or baryon to photon transition), we call
them baryonic transition distribution amplitudes.6

Both appear in the description of hard exclusive processes, where a
highly off-shell photon provides a hard scale permitting, on the one hand,
to treat perturbatively the interaction between the photon and the quarks
off the target, on the other hand to advocate the factorisation of the am-
plitude as a convolution of a hard amplitude Mh with the universal TDAs
describing the non-perturbative transition between two hadronic states
and DAs describing the formation of another hadron. This is illustrated
in Fig. 1 for three cases.The first is the process γ!γ → Aπ at small t,
where A is a meson. There appear the mesonic γ → π TDAs. The second
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Fig. 1. (a) Illustration of the factorisation for γ!γ → Aπ at small transfer momentum. (b) Idem
for backward electroproduction of a pion. (c) Idem for p̄p→ γ!π0.
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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

aInstitut für Theoretische Physik, Universität Heidelberg, D-69120 Heidelberg, Germany
bCentre de Physique Théorique, École Polytechnique, CNRS, 91128 Palaiseau, France
cFundamental Interactions in Physics and Astrophysics, Université de Liège, Belgium

dSoltan 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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quark operator (baryon to meson or baryon to photon transition), we call
them baryonic transition distribution amplitudes.6

Both appear in the description of hard exclusive processes, where a
highly off-shell photon provides a hard scale permitting, on the one hand,
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In Ref. [ 3], we have defined the leading-twist proton to pion P → π transition distri-
bution amplitudes from the Fourier transform4 of the matrix element

〈π| εijkq
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α(z1n) [z1; z0] q
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The brackets [zi; z0] in Eq. (4) account for the insertion of a path-ordered gluonic
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Transition Distribution Amplitudes
3

at large ξ. In the following, we shall therefore limit our-
selves to the computation of the cross section for reaction
(1) in this region. At large ξ, the ERBL regime (xi > 0)
covers most of the integration domain. Therefore it is le-
gitimate to approximate the cross section only from the
ERBL contribution, i.e. when the integration range of
the momentum fractions is restricted to [0, 2ξ].

The differential cross section for unpolarised protons
and antiprotons is calculated as usual using Eq. (11).
from the averaged-squared amplitudes,

|Mλλ′ |2 =
1
4

∑

spsp̄

Mλ
spsp̄

(Mλ′

spsp̄
)∗. (16)

|M00|2 vanishes at the leading-twist accuracy, as in the
nucleon-form-factor case. The same is true for |M+−|2
and |M0+|2, etc., since the x and y directions are not
distinguishable when ∆2

T is vanishing. We then define
|MT |2 ≡ |M++|2 + |M−−|2.

To compute I, we need to choose models for the DAs
and the deduced TDAs. For the sake of coherence with
experimental data, we shall use reasonable parametrisa-
tions of CZ [15] and KS [16], which are both based on an
analysis of QCD sum rules. For CZ, they are

V p(xi) = ϕas[11.35(x2
1 + x2

2) + 8.82x2
3 − 1.68x3 − 2.94],

Ap(xi) = ϕas[6.72(x2
2 − x2

1)], (17)
T p(xi) = ϕas[13.44(x2

1 + x2
2) + 4.62x2

3 + 0.84x3 − 3.78],

and for KS (which we used in Fig. 2)

V p(xi) = ϕas[17.64(x2
1 + x2

2) + 22.68x2
3 − 6.72x3 − 5.04],

Ap(xi) = ϕas[2.52(x2
2 − x2

1) + 1.68(x2 − x1)], (18)
T p(xi) = ϕas[21.42(x2

1 + x2
2) + 15.12x2

3 + 0.84x3 − 7.56],

and we evaluate our model TDAs from Eq. (13). This
gives I # 1.28 · 105 for CZ and I # 2.15 · 105 for KS; this
yields an induced uncertainty of order 3 for our estimates
of the cross section. In the following, we use αs = 0.3 as
suggested in [15].

Altogether, we have the following analytic results for
the dominant ERBL contribution:

|MT |2 =
(4παs)4(4παem)f4

N

542f2
π

2(1 + ξ)|I|2

ξQ6
. (19)

From this, we straightforwardly obtain dσ
dt , whose W 2

evolution is displayed on Fig. 2 (a) at ∆T = 0 for the two
extreme values of meson longitudinal momentum where
one may trust the soft pion limit, corresponding to pz

π = 0
or |pz

π| = M/3 in the laboratory frame (ξ = 1 or 1/2).
For the process (1), the averaged-squared amplitude is:

|Mp̄p→$+$−π0 |2 =
1
4

∑

sp,sp̄,λ,λ′

Mλ
spsp̄

1
Q2

Lλλ′ 1
Q2

(Mλ′

spsp̄
)∗,

with Lλλ′ = e2Tr(p/$−ε/(λ)p/$+ε/%(λ′)). Integrating on the
lepton azimuthal angle ϕ$, we have

∫
dϕ$|Mp̄p→$+$−π0 |2 = |MT |2

2πe2(1 + cos2 θ$)
Q2

, (20)
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FIG. 2: (a) Differential cross section dσ/dt for p̄p→ γ!π0 as
a function a W 2 for |pz

π| = 0 (lower curve) and |pz
π| = M/3.

(b) Differential cross section dσ/(dtdQ2) for p̄p→ $+$−π0 as
a function of Q2 for various beam energies.

from which we get, via Eq. (10) and integrating over θ$

the differential cross section displayed in Fig. 2 (b).
Although the cross sections are evaluated at ∆T = 0,

we do not anticipate any dramatic ∆T -dependence of the
TDAs below a few hundred MeV, so that our estimates
are likely to be valid in a not-too-narrow ∆T region. To
evaluate a magnitude of the integrated cross section we
take as an example the kinematical region with W 2 = 10
GeV2 in Fig.2b accompanied by the Q2 window 7 GeV2

< Q2 < 8 GeV2, which corresponds to ξ ≈ 1/2 or to the
pion momentum of the order 310MeV. Integrating over
this Q2-bin and in a t−bin corresponding to ∆T < 500
MeV leads then to a cross section around 100 femtobarns.
Such a cross section is sizable and seems to be accessible
to experimental setups such as PANDA with the designed
value of the FAIR luminosity.

The calculations done till now and which involve the
proton → π0 TDA are valid for the small t region. Let
us however stress that - due to the charge symmetry -
an identical result will be obtained in the small u re-
gion but with the p̄→ π0 TDA. In the laboratory frame
at GSI-FAIR, this second region is quite different from
the previous one since the π0 meson is boosted in the
forward direction. A precise detection of the particles

• Current models 
of TDA predict 
small cross 
section       
(~100 fb)

• Need excellent 
detector system 
to remove 
background

• Measurement 
feasible with 
PANDA J. P. Lansberg et al. arXiv: 0710.1267v1
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Drell-Yan angular distribution

• Experimentally, a violation 
of the Lam-Tung sum rule 
is observed by sizeable 
cos2Φ moments

• Several model 
explanations

• higher twist

• spin correlation due to 
non-trival QCD vacuum

• Non-zero Boer Mulders 
function

NLO pQCD : λ ≈ 1 µ ≈ 0 ν ≈ 0

experiment : ν ≈ 0.3

Lam− Tung SR : 1− λ = 2ν

1

σ

dσ

dΩ
=

3

4π

1

λ + 3

(
1 + λcos2θ + µsin2θcosφ +

ν

2
sin2θcos2φ

)



Azimuthal cos2φ Distribution in π-N Drell Yan

Conway et al., PRD39,92(1989) E615 at Fermilab: 252 GeV π- + W

NA10 at CERN: 140/194/286 GeV π- + W  Z. Phys. C37, 545 (1988)



An approach in terms of h1
┴ can fit the NA10 data at 194 GeV.   

Boer, PRD60,014012(1999)

 

Boer-Mulders Function and NA10 Data

κ1=0.5
mC=2.3
αT=CH=1



Boer-Mulders Function

• Boer-Mulders  distribution function h1
┴  can be 

measured in unpolarised Drell-Yan at PANDA 

• Boer-Mulders function expected to be larger
   than Sivers function (measured at HERMES)
   [M.Burkhardt, hep-ph/0611256]

ν ∼
∑

a

e2
a
h⊥1 h̄⊥1
f1f̄1

1
σ

dσ

dΩ
∼ ν

2
sin2 θ cos 2φ



Nucleon Structure at PAX

• Timelike Form 
Factors with 
relative Phase

• Direct 
Measurement of 
the Transversity 
Distribution



PAX - Phase I - Fixed Target 

direction of 

antiprotons 

Independent from HESR running 

pol./unpol. Antiprotons in CSR 0.2 Gev/c<p<2.5 GeV/c 
polarized internal proton target 

(antiprotons) 





Timelike FF in double polarised pp-Annihilation

E. Tomasi, F. Lacroix, C. Duterte, G.I. Gakh, EPJA 24, 419(2005) 

• Most asymmetries contain moduli of GE,GM, allowing an 
independent measurement and a test of Rosenbluth separation in 
the time-like region

• Access to the GE-GM phase
• Sensitive to different models
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Electric Magnetic 

E. Tomasi, F. Lacroix, C. Duterte, G.I. Gakh, EPJA 24, 419(2005) 



Measurement of Phase Difference

• Timelike formfactors are 
complex

• Single spin asymmetries in 
e+e- ➞ pp and pp ➞ e+e- 
are sensitive to complex 
phase

• sizeable asymmetry 
predicted in models

q2!10 GeV2. The lower three models are also showing sig-
nificant contributions from GE ; at 90°, the difference be-

tween the curves shown and the value 0.5 is entirely due to

!GE!2.

IV. CONCLUSIONS

We have discussed how to measure baryon form factors in

the timelike region using polarization observables. Observ-

ing the baryon polarization in e"e#→BB̄ for spin-1/2 bary-

ons B may be the method of choice for determining the mag-

nitude and the phase of the form factor ratio GE /GM . In the

spacelike region, one recalls that at high Q2, the electric
form factor makes a small contribution to the cross section,
and the Rosenbluth method of separating it from the mag-
netic form factor, by its different angular dependence, is very
sensitive to experimental uncertainties and radiative correc-
tions !3". The more direct method is to use polarization trans-
fer !1,4". Similarly, in the timelike case, the angular distribu-
tion can be used to isolate !GE!, but the numerical size of the
GE contribution is small in many models, whereas two of the
three polarization observables are directly proportional to
GE . Additionally, the phase can only be measured using po-
larization.
The normal polarization Py is a single-spin asymmetry

and requires a phase difference between GE and GM . It is an
example of how time-reversal-odd observables can be non-
zero if final state interactions give interfering amplitudes dif-

FIG. 1. #Color online$. Predicted polarization Py in the timelike

region for selected form factor fits described in the text. The plot is

for %!45°. The four curves are for an F2 /F1&1/Q fit, using Eq.

#3.2$; the (log2Q2)/Q2 fit of Belitsky et al., Eq. #3.3$; an improved
(log2Q2)/Q2 fit, Eq. #3.4$; and a fit from Iachello et al., Eq. #3.5$.

FIG. 2. #Color online$. The predicted polarization Px in the

timelike region for %!45° and Pe!1. The four curves correspond
to those in Fig. 1.

FIG. 3. #Color online$. The predicted polarization Pz in the

timelike region for %!45° and Pe!1. The four curves correspond
to those in Fig. 1.

FIG. 4. #Color online$. The predicted differential cross section
'(%)(d'/d) . The four curves correspond to those in Fig. 1.
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PAX - Phase II - Asymmetric pp-Collider 

direction of 

anti-protons 

direction of 

protons 

polarized protons in HESR (p=15 GeV/c) 
polarized antiprotons in CSR (p=3.5 GeV/c) 

(anti-protons) (protons) 

L>1031s-1cm-2 



Parton Distribution Functions

Leading twist

T-odd

C
hi

ra
lly

 o
dd



Parton Distribution Functions

Leading twist

T-odd

C
hi

ra
lly

 o
dd

PANDA



Parton Distribution Functions

Leading twist

T-odd

C
hi

ra
lly

 o
dd PAX

PANDA



    PAX :   !2/s=x1x2~0.02-0.3   
          valence quarks   
     (ATT large ~ 0.2-0.3 ) 

•! u-dominance 
•! |h1u|>|h1d| 

Similar predictions by Efremov et al.,  
Eur. Phys. J. C35, 207 (2004)  

Anselmino et al. 
    PLB 594,97 (2004) 

1year run: 10 % precision on the  
     h1u(x) in the valence region 

Pp=10% 
Pp=30% 

Transversity



Polarised Antiprotons 

• Spin filtering using an 
internal polarised proton 
target is the most 
promising method to 
polarise the antiproton 
beam

• Positive results in pp-
scattering from the FILTEX 
experiment at the TSR in 
Heidelberg in 1992

• Test experiments planned 
at COSY and AD/CERN

F. Rathmann. et al.,  
PRL 71, 1379 (1993) 



Polarised Antiprotons - Timeline 

Fall 2008 Technical Proposal to COSY 
PAC for spin filtering experiment
Technical Proposal to SPSC for 
spin filtering at AD

2008 - 2009 Design and construction phase

2009 Spin filtering studies at COSY
Commissioning of AD 
experiment

> 2010 Installation at AD
Spin filtering studies at AD



Summary

● In the coming decade FAIR will be one of the leading 
facilities in hadron physics worldwide

● PANDA at FAIR will be a versatile multi purpose 
detector open to a wide physics program: search for 
particles with exotic quantum numbers, charmonium 
spectroscopy and nucleon structure

● PAX at FAIR will extend the measurements of time-
like form factors and provide the first direct 
measurement of the transversity distribution
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Advantages of PANDA
● e+e- annihilation fixes 

quantum numbers of 
initial state

● Other states by decays 
leading to moderate 
mass resolution

● States directly formed 
in pp annihilation

● Excellent mass 
resolution given by 
beam
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Cross Section



Experimental Requirements

Eγ

pT

θ

pbeam=15 GeV/c, s=30 GeV²

Estimates for pbeam = 15 GeV/c

• Photon kinematics:

   Eγ = 15.5 .... 0.5 GeV @ 0º...180º

• Photon angle in CMS and   
   transverse momentum are ‘large’
   for wide angle Compton:
   pT = few 100 MeV ... 2.7 GeV
• Interesting range in Lab around
   Eγ = 8 GeV and θ = 20º

➡ 4π calorimeter needed !

• Background suppression by
- Large acceptance charged particle 

detector veto
- Good resolution calorimeter for 

check of exclusivity (momentum 
balance)

- Large acceptance neutral particle 
veto (neutrons)



Transition Distribution Amplitudes
p̄p→ γ∗π0 → e+e−γγ

•TDAs extend the GPD 
concept further, to  non-
diagonal matrix elements 
[B.Pire, L.Szymanowski,         
PLB 622 (2005) 83]

• Impact parameter space 
interpretation as for GPDs

•Fourier transform gives a 
transverse picture of the 
pion cloud in the proton

p̄p→ γ∗γ → e+e−γ

proton - pion

proton - photon



Time-like Proton Form Factors

• PANDA:
• Wide kinematical range
• Large solid angle coverage
• Large statistics

• Goals:
• To measure time-like FF from 

threshold  up to high s = q2 in 
one experiment
(reduced systematic error)

• To compare with space-like 
FFs (pQCD at large s?)

➡ High-quality measurement 
of both GE and GM

Crossed channel   dσ

d cos θ
=

πα2

2xs

[
|GM|2(1 + cos2 θ∗) +

4m2
p

s
|GE|2 sin2 θ∗

]

pp̄→ e+e−



Collaboration
• At present a group of 350 physicists

   from 47 institutions of 15 countries

Basel, Beijing, Bochum, Bonn, IFIN Bucharest, Catania, 
Cracow, Dresden, Edinburg, Erlangen, Ferrara, Frankfurt, 
Genova, Giessen, Glasgow, GSI, Inst. of Physics Helsinki, 
FZ Jülich, JINR Dubna, Katowice, Lanzhou, LNF, Mainz, 
Milano, Minsk, TU München, Münster, Northwestern, 

BINP Novosibirsk, Pavia, Piemonte Orientale, IPN Orsay, 
IHEP Protvino, PNPI St. Petersburg, Stockholm, 

Dep. A. Avogadro Torino, Dep. Fis. Sperimentale Torino, 
Torino Politecnico, Trieste, TSL Uppsala, Tübingen, 

Uppsala, Valencia, SINS Warsaw, TU Warsaw, AAS Wien 

Austria – Belaruz - China - Finland - France - Germany – Italy – Poland – Romania - 
Russia – Spain - Sweden – Switzerland - U.K. – U.S.A..



Hard Exclusive Reactions at PANDA

Timelike wide angle 
Compton scattering 

(large pT)

π, ρ, φ, ... e-, µ−

e+, µ+Hard exclusive 
meson 

production 
(large pT)

hard 
gluon

Q2 large: DVCS        
Q2 small: Wide angle 
Compton scattering 

(large pT)



First Simulation Results (G.Serbanut)

Experiment 
appears 
feasible



PANDA Magnet Design
• Superconducting 

solenoid, inner radius 
80 cm, length of 2.5 m, 
max field 2 T.

• The length forward of 
the target allows a 
reasonable momentum 
resolution even at the 
smallest polar angles 
(5o) detected only in the 
solenoid. 

• Forward Spectrometer 
dipole magnet at 3.5 m 
to 5.5 m downstream of 
the target, with a 1 m 
gap and a maximum 
bending power of 2 Tm. 



Micro Vertex Detector

FAIR-ESAC/Pbar/Technical Progress Report 89

Figure 5.10: View of the detector structure as out-
lined in the text.

ers. Further improvements in the layouts are de-
scribed below. The considerable error bars in the
very backward region are due to the lack of statistics
for the reaction. Here, muons carry a large longi-
tudinal momentum component from the center-of-
mass motion. The calculation does not yet include
the pipes for the target in- and outlet which will
add further material at angles around 90◦ and re-
sult in smaller efficiencies for particle tracking in
the MVD. For particles penetrating the five detec-
tor layers perpendicular to the sensor orientation,
resolutions better than 20 µm can be achieved.

5.4 Basic Requirements

The basic requirements for the vertex detector can
be deduced from the physics goals of PANDA, the
simulation results, and the overall layout of the ex-
periment. These include:

Spatial Resolution The vertex detector should
have a spatial resolution better than 100µm. One of
the most demanding tasks is the recognition of DD
events in standalone mode as decay products of cc
resonances not much heavier than the meson pair.
Therefore, excellent resolution is required along the

beam (z) direction. The resolution in r/φ direc-
tion should not be significantly inferior to the z-
direction.

Material Budget A five-layer pixel structure
would add too much material and the fifth layer
would does not contribute to the track resolution.
In addition, conversion in the layers would gener-
ate an excessive amount of photon conversion into
e+e− pairs which must be considered to be back-
ground for the observation of reactions such as
Dalitz decays, leptonic decays of charmed mesons
and e+e− decays of vector mesons, for example in
nuclear matter. Therefore, the inner three layers
are planned to be constructed from pixel sensors,
the outer two from double-sided strip detectors.

Minimized Photon Conversion The conver-
sion is in principle connected to the material budget
and further influenced by the charge number of the
material used in the construction. High-Z materi-
als, like lead or gold, will contribute more to the
photon-to-e+e− showers than low-Z material like
carbon fiber.

In view of the last two arguments, the contribution
of the vertex detector to the total material budget,
in units of radiation length, should be kept below
X/X0 = 4%.

Geometry of the Barrel and the Disks The
minimum radius of the innermost layer of the vertex
detector is determined by the beam pipe for which
1 cm was defined. The outer radius of 14 cm defines
the maximum, limited by the straw detector inner
holding structure. Also, the minimal radius is de-
fined by the beam pipe which must allow sufficient
pumping power to generate a gas gradient from the
target to the downstream exit where pumps can be
positioned. With PANDA being a fixed-target ex-
periment, the beam momentum will cause an excess
of particles in the forward hemisphere. The region
around the beam pipe is important for the complete
reconstruction of final states.

Readout Speed The readout has to be different
from other experiments in order to allow continu-
ous data collection from the detector without trig-
gering. Multiplicities are expected to be small with
a maximum of 16 charged particles as estimated in
Sec. 11.2. The more serious aspect of data extrac-
tion from the vertex detector is the high interaction
rates, in excess of 107 annihilations per second. Sev-
eral elements have to be considered as possible bot-

Journée Thématique IPN Orsay, 2004

Tracking: Micro Vertex Detector (MVD)

● good vertex reconstruction     mandatory 
for wide variety of physics channels

● need to cover large momentum range and 
high rates

● low material budget and 100 μm resolution

● go for pixel detectors



Central Tracking SystemFAIR-ESAC/Pbar/Technical Progress Report 107

Figure 6.1: View of STT with 11 double layers.

based gas mixture is proposed. Software simula-
tions have shown that the use of Helium based gas
mixtures does not significantly reduce the density
of the detector while considerably worsening the de-
tector performance (see Fig. 6.2). In the following,
possibilities fulfilling the physics requirements are
described.

6.4.2 Straw Tubes

Straw tubes are gas-filled cylindrical tubes with
a conductive inner layer as cathode containing a
stretched sense wire along the cylinder axis. A high
electric field between the wire and the outer conduc-
tor separates electrons and positive ions produced
by a charged particle along its trajectory through
the gas volume. Usually, the wire is on positive
voltage of a few kV and collects the electrons while
the ions drift toward the cathode. By choosing thin
wires, with a diameter of few tens of µm, the elec-
tric field strength near the wire is high enough to
start further gas ionization by electron collisions.
Depending on the high voltage and the gas charac-
teristics, an amplification of 104–105 of the primary
charge signal is possible and sufficient for readout.

Information about the minimum particle track dis-
tance from the wire is obtained by measuring the
drift time of the electrons arriving earliest. The re-
lation between drift time and radial track-wire dis-
tance is given by the electron drift velocity which
depends on specific gas parameters, electric, and
magnetic field. Therefore, this fundamental rela-
tion has to be calibrated using reference tracks with

known space and drift time information.

To obtain the track coordinate along the wire, sev-
eral straw layers with crossing (skewed) tube orien-
tations could be used like in the WASA or FINUDA
detectors [2, 3]. Another method to obtain the z-
coordinate is to use the length-dependent wire resis-
tivity and comparing the charge amplitude readout
at both straw ends (charge division method).

Straw tubes are made of thin metalized plastic foils
by wrapping two long, thin strips (e.g. 12 µm thick,
16 mm wide mylar film) around a rotating mandrel
and gluing the two half-overlapping strips together.
Then, the cylindrical film tube can be stripped off.
Nowadays, mass products of up to some hundred
thousands of tubes of different film materials, thick-
ness, diameters and lengths are available [4], and
straws are widely used to build up large detector
arrays (see Table 6.1).

High momentum resolution tracking requires min-
imal scattering and energy loss of passing tracks.
In addition, the high particle rate up to 108 per
second needs a high suppression of secondary back-
ground by interactions with the detector material.
Table 6.2 lists the thickness (X) in radiation lengths
(X0) of the different components of a straw tube.
The main contribution comes from the film thick-
ness (d) with X/X0 ∝ d. If thinnest (d ∼ 30 µm)
film tubes are used, a total detector thickness of
X/X0 # 1.3% is feasible.

A straw tracker has several advantages compared
to larger, conventional drift chambers due to the
highly symmetric, cylindrical shape of a drift tube:

• robust electrostatic configuration. The shield-
ing tube around each high voltage wire sup-
presses signal cross-talk and protects neighbor-
ing straws in case of a broken wire;

• robust mechanical stability if the straws are
arranged in close-packed multi-layers;

• high tracking efficiency due to minimal dead
zones (∼ 1%) at tube ends and between neigh-
boring straws if close-packed;

• high spatial resolution, σrϕ < 150 µm, de-
pending on tube diameter and gas character-
istics. Simple calibration of space-drift time
relation due to the highly symmetric, cylindri-
cal, isochronous shape;

• small radiation length, X/X0 ∼ 0.05% per
tube, if straws with thinnest (30 µm) film tubes
are used;

● large volume central 
tracker: 11 double layers 
Straw Tubes

● parallel and stereo layers 
for space point 
reconstruction

● small radiation length      
and reasonable     
resolution

● high rate capability

● possible alternative: TPC 



Hypernuclei

• Hypernuclei = nuclei 
containing hyperons

• Strangeness ⇒ study nuclear 

spectroscopy with and 
additional degree of freedom  

• Λ lifetime 2.6 x 10-10s

• ∼ 35 Λ  and 6 ΛΛ 
hypernuclei  experimentally 
established
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Fig. 1. Λ hypernuclear chart. The experimentally identified Λ hypernuclei and the experimental methods used to
study them (reaction spectroscopies of (K−,π−), (π+, K+), (e, e′K+), etc., γ spectroscopy, and the emulsion
method) are shown.

of the nucleon. However, experimental data was limited to the binding energies of ground
states, and excited states could not be investigated except in a few cases.

The second stage of hypernuclear investigation began in the early 1970’s with counter
experiments using K − beams at CERN and later at BNL. Spectroscopic studies including
excited states of hypernuclei became possible by the (K −,π−) reaction. After the first
experiment by the (K −

stop,π
−) reaction [10], a noble method of the in-flight (K −,π−)

reaction in an almost recoilless condition was introduced and various hypernuclei were
intensively studied [11–17]. In particular, the structure of p-shell hypernuclei was studied
and it was found that the spin–orbit splittings are quite small [13,17]. Studies by the
(K −,π−) reaction were quite powerful, particularly for light p-shell hypernuclei, but
they often suffered from poor statistics due to low kaon beam intensity and from the
limited energy resolution of the spectra. Moreover, because of the characteristics of the
(K −,π−) reaction as further described in the next section, only a limited number of
hypernuclear states were investigated in this era. γ -ray spectroscopy with K − beams was
also first attempted in the early 1970’s [18].

The third stage, which featured the use of the (π+, K +) reaction, began in the mid-
1980’s at the alternating gradient synchrotron (AGS) of Brookhaven National Laboratory
(BNL), USA [19,20] and was extended dramatically when the new experimental
facilities became available at the 12 GeV proton synchrotron (PS) of the High Energy
Accelerator Organization (KEK), Japan [21–25]. In particular, the superconducting kaon
spectrometer (SKS) played a key role in exploring Λ hypernuclear spectroscopy by the
(π+, K +) reaction. High-quality Λ spectra were measured for various Λ hypernuclei and
hypernuclear spectroscopy was established as a broadly applicable, quantitative tool. In the

O. Hashimoto, H. Tamura (Tohoku U.) . 2006. 90pp.
Published in Prog.Part.Nucl.Phys.57:564-653,2006.
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Ξ- capture: 

Ξ- p → ΛΛ + 28 MeVΞ-
3 GeV/c

Kaon
s _

Ξ

Λ
Λ

trigger

p
_

2. 
Slowing down 
and capture 

of Ξ− in
secondary 

target 
nucleus

1.
Hyperon-

antihyperon
production

at threshold
+28MeV

γ

3. 
γ-spectroscopy 

with Ge-detectors

γ

Ξ-(dss) p(uud) → Λ(uds) Λ(uds)

Production of ΛΛ Hypernuclei at PANDA

Expected Event Rate ∼ 500/day



Generalised Parton Distributions



Calculated cross section 

vector

axial 
vector

Simple model by Freund, Radyushkin, 
Schäfer, Weiss PRL 90, 092001 (2003)

Data from e+e- suggest that the model 
underestimates the real rate by a large factor



GPDs – How it all fits together
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GPDs – How it all fits together

orbital angular momentum
hadron tomography

GPD
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Hadron Tomography

• GPDs at ξ =0 can be used to obtain quark 
densities in the mixed representation of 
longitudinal momentum and transverse 
position in the infinite momentum frame

• M.Burkhardt, PRD62  071503 (2000)
• J.R.Ralston, B.Pire, PRD66 111501 (2002)
• M.Burkhardt, hep-ph/0611256, 20.Nov.2006

q(x, b⊥) =
∫

d2∆2
⊥

(2π)2
H(x, 0,−∆2

⊥)e−i∆⊥·b⊥



Hadron Tomography

•GPD Model restricted by form factor data exists:
 [P.Kroll, hep-ph/0612026, 4.Dec.2006]

u-quark (left) and d-quark (right) density in impact parameter 
plane. Proton polarised in x-direction



PANDA Detector Requirements
● multi purpose modular detector for wide physics 

program

● capable of high reaction rates

● precise vertex reconstruction for fast decaying 
particles 

● high momentum resolution in magnetic field

● Identification of charged particles in a large 
momentum range

● Energy reconstruction for neutral particles

● large angular and momentum acceptance 
(cover full solid angle)



Full PANDA Detector Simulation
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∓

● relevant channel for 
Charmonium studies or 
exotics searches

● produced on resonance

● full detector simulation 
plus background

● large acceptance and 
reconstruction efficiency

● clear signal with good 
resolution



Sivers Function from HERMES Data
Fits to the Hermes data “Prediction” of the Compass data

Vogelsang and Yuan, Phys.Rev.D72(2005)054028 [hep-ph/0507266] 

Striking flavor dependence of the Sivers function



Different Sivers Function Extractions 

Ref.[20] M.Anselmino et al, Phys.Rev.D72(2005)094007[hep-ph/0507181]     
Ref.[21] W.Vogelsang & F.Yuan, Phys.Rev.D72(2005)054028[hep-ph/0507266]
Ref.[23] J.C.Collins et al, hep-ph/0510342

Satisfactory agreement between different models to fit HERMS data.

M.Anselmino et al, hep-ph/0511017



Comparing Boer-Mulders Function Models

(a)MIT bag model: F. Yuan, Phys. Lett. B575,45(2003).

(b)Spectator model with axial-vector diquark: Bacchetta, Schaefer & 
Yang, Phys. Lett. B578,109(2004).

(c)Large-NC limit, P.V. Pobylitsa, hep-ph/0301236

Knowledge of the Boer-Mulders functions is very poor. 

Z. Lu, B.Q. Ma and I. Schmidt, Phys. Lett. B639(2006)494.




