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high count rate per crystal 
(~ 500 kHz)

more demanding than 
CMS ECAL



Muon Identification

Segmented yoke 
allows installation of 
muon detectors

optimised for moderate 
Mµµ avoiding Φ and 
J/Ψ

background rejection 
better than 1.5 × 105



Physics at PANDA 

➜???p̄p

Precision 
Charmonium 
Spectroscopy

New Forms of 
Hadronic matter 

(hybrids, Glueballs)

Hypernuclei

CP Violation in 
charmed systems Medium 

modifications 
of mesons

Time-like 
Formfactors

Generalised 
Distribution 
Amplitudes

 Non kt integrated 
structure functions 

(Drell Yan)



Measurement of Time-like 
Formfactors



Discrepancies in Space-like 
Form Factor measurements

Rosenbluth separation 
shows flat Q2 dependence

Polarisation technique 
shows linear Q2 
dependence

Formfactors provide limits 
for Generalised Parton 
Distributions

Formfactors crucial for our 
understanding

J. Arrington, Phys. Rev. C 68 (2003) 034325 

II. OVERVIEW OF FORM FACTOR MEASUREMENTS

We begin with a brief description of the Rosenbluth sepa-

ration and recoil polarization techniques, focusing on the ex-

isting data and potential problems with the extraction tech-

niques.

A. Rosenbluth technique

The unpolarized differential cross section for elastic scat-

tering can be written in terms of the cross section for scat-

tering from a point charge and the electric and magnetic form

factors:
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where #!Q2/4Mp
2 , % is the electron scattering angle, Q2

!4EeEe!sin
2(%/2), and Ee and Ee! are the incoming and scat-

tered electron energies. One can then define a reduced cross

section,
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where ( is the longitudinal polarization of the virtual photon
)(#1!1"2(1"#)tan2(%/2)* . At fixed Q2, i.e., fixed # , the
form factors are constant and !R depends only on ( . A
Rosenbluth, or longitudinal-transverse $LT&, separation in-
volves measuring cross sections at several different beam

energies while varying the scattering angle to keep Q2 fixed

while varying ( . GEp

2 can then be extracted from the slope of

the reduced cross section versus ( , and #GMp

2 from the in-

tercept. Note that because the GMp

2 term has a weighting of

#/( with respect to the GEp

2 term, the relative contribution of

the electric form factor is suppressed at high Q2, even for

(!1.
Because the electric form is extracted from the difference

of reduced cross section measurements at various ( values,
the uncertainty in the extracted value of GEp

2 (Q2) is roughly

the uncertainty in that difference, magnified by factors of

(+()#1 and (#GMp

2 /GEp

2 ). This enhancement of the experi-

mental uncertainties can become quite large when the range

of ( values covered is small or when # (!Q2/4Mp
2) is large.

This is especially important when one combines high-( data
from one experiment with low-( data from another to extract
the ( dependence of the cross section. In this case, an error in
the normalization between the datasets will lead to an error

in GEp

2 for all Q2 values where the data are combined. If

,pGEp
!GMp

, GEp
contributes at most 8.3% $4.3%& to the

total cross section at Q2!5(10) GeV2, so a normalization
difference of 1% between a high-( and low-( measurement
would change the ratio ,pGEp

/GMp
by 12% at Q2

!5 GeV2 and 23% at Q2!10 GeV2, more if +($1. There-
fore, it is vital that one properly accounts for the uncertainty

in the relative normalization of the data sets when extracting

the form factor ratios. The decreasing sensitivity to GEp
at

large Q2 values limits the range of applicability of Rosen-

bluth extractions; this was the original motivation for the

polarization transfer measurements, whose sensitivity does

not decrease as rapidly with Q2.

B. Recoil polarization technique

In polarized elastic electron-proton scattering, p(e! ,e!p! ),
the longitudinal (Pl) and transverse (Pt) components of the

recoil polarization are sensitive to different combinations of

the electric and magnetic elastic form factors. The ratio of

the form factors, GEp
/GMp

, can be directly related to the

components of the recoil polarization )10–13*:

GEp

GMp

!#
Pt

Pl

$Ee"Ee!&tan$%/2&
2Mp
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where Pl and Pt are the longitudinal and transverse compo-

nents of the final proton polarization. Because GEp
/GMp

is

proportional to the ratio of polarization components, the

measurement does not require an accurate knowledge of the

beam polarization or analyzing power of the recoil polarim-

eter. Calculations of radiative corrections indicate that the

effects on the recoil polarizations are small and at least par-

tially cancel in the ratio of the two-polarization component

)14*.
Figure 2 shows the measured values of ,pGEp

/GMp
from

the MIT-Bates )4,5* and JLab )6–8* experiments, both coin-
cidence and single-arm measurements, along with the linear

fit of Ref. )8* to the data from Refs. )6,8*:

,pGEp
/GMp

!1#0.13$Q2#0.04&, $4&

with Q2 in GeV2. Comparing the data to the fit, the total -2

is 34.9 for 28 points, including statistical errors only. Assum-

ing that the systematic uncertainties for each experiment are

fully correlated, we can vary the systematic offset for each

data set and the total -2 decreases to 33.6. If we allow the

systematic offset to vary for each dataset and refit the Q2

dependence to all four datasets using the same two-parameter

fit as above, i.e.,

FIG. 1. $Color online& Ratio of electric to magnetic form factor

as extracted by Rosenbluth measurements $hollow squares& and
from the JLab measurements of recoil polarization $solid circles&.
The dashed line is the fit to the polarization transfer data.

J. ARRINGTON PHYSICAL REVIEW C 68, 034325 $2003&
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Space-like and Time-like FF

Time-like form factors are analytically connected to space-like FF

Time-like form factors are complex, get phase in addition

expect a rich structure in time-like region from dispersion relation 
model

Hep:-ph/0507085

R. Baldini et al. EPJ C 46(2006) 412



Time-like Formfactors
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



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

Ay =
sin2! · Im(G∗

EGM)
[(1 + cos2!|GM|2 + sin2!|GE|2/")]

√
"

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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Three Dimensional Structure 
of the Nucleon



Hadron Tomography
Generalised Parton 
Distribution functions 
provide correlation 
between quark 
momentum and location

Concept can be 
extended to Generalised 
Distribution Amplitudes 
and Transition Distribution 
Amplitudes

Left-right asymmetries sensitive to quark orbital motion for + (ud–), 
– (du–), and K + (us–) mesons produced from a transversely polarized 

target. !e asymmetries are shown as a function of the fraction x of 
the proton’s momentum carried by the struck quark. !e di"erence 
between the +, –, and K+ asymmetries reveals that quarks and 
antiquarks of di"erent flavor are orbiting in di"erent ways within the 
proton.

distributions of the proton’s magnetism and significantly less 
of its charge. New data will soon place limits on these contri-
butions at smaller spatial separations. !ese measurements, 
and the technological developments that made them possible, 
also enable the next generation of even more precise experi-
ments that use parity-violating electron scattering to search 
for evidence of interactions beyond the Standard Model in a 
way that is complementary to the sensitivities expected from 
high-energy experiments at the LHC. 

Polarizabilities. Another important property of the nucleon 
is its electromagnetic polarizability—the ability of its internal 
constituents to orient themselves in response to external 
electric and magnetic fields. !e most direct method of 
determining such polarizabilities is Compton scattering, the 
direct scattering of a photon from the nucleon. !is provides 
stringent tests of calculations that link the e"ective low-
energy description of nucleons to QCD. As with the nucleon 
electromagnetic distributions, the formalism to describe the 
polarizabilities can be extended to probe di"ering distance 
scales, using the technique of virtual Compton scattering. 
Collectively, the results indicate that the nucleon’s paramag-
netic (or intrinsic) polarizability is of opposite sign to its 
diamagnetic (or induced) response. !e next generation of 
such experiments will be carried out at the HI S facility.

Linking Space and Momentum Maps. While much of 
what is known about the spatial structure of the nucleon 
comes from the above experiments, these measurements do 
not provide details of how fast the quarks move or how much 
momentum and energy they carry, or how their spin and 
angular momentum contribute to the nucleon’s spin. Access 
to this information is one of the main goals of the high-
energy hard-scattering experiments described above. Two 
experimental processes used to reveal correlations between 
space and momentum are deeply virtual Compton scattering 
(DVCS) and deeply virtual meson production, in which—
similar to the form factor measurements—the recoiling 
nucleon remains intact after the scattering. In these processes 
a photon or meson is produced in a short-distance reaction 
of the electron with a single quark inside the nucleon, which, 
thanks to the celebrated “asymptotic freedom” of QCD, can 
be calculated in terms of well-known elementary quark-
gluon interactions. !e experimental data can thus be used 
to extract the long-distance information about the distribu-
tion of quarks in the nucleon, described by the GPDs, which 

Illustrations of the spatial distribution of up quarks that will 
become accessible with the 12 GeV CEBAF Upgrade. !e red and 
green forms outline the regions of highest quark density in a proton 
viewed by a beam traveling along the z axis. !e images are for 
two di"erent values of quark momentum fraction x, showing the 
expected di"erence in the spatial distribution of high and low x 
quarks.

29QCD and the Structure of Hadrons
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Transition Distribution 
Amplitudes

2 J.P. Lansberg et al.

where !(yj , Q2) is the proton distribution amplitude, Mh is a perturbatively calculable
hard scattering amplitude and T (xi, !, "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
o# the initial proton, yj is the corresponding one for the quark j entering the final state
proton, " = p! ! p1 and the skewness variable ! 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 =
!(p! ! 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.

TDA

DA!1

!3

k1 k3

Mh

P (p1) "(p")

P (p2)"#(q)

(a) !!P " P !!

TDA

DA!1

!3

k1 k3

Mh

P (p1)

P (p2)

"(pM )

"#(q)

(b) !!P " PM

TDA

Mh

DA

"#(q)

"(p")

!

!!#

$(p$)

A(pA)

k k#

(c) !!! " A"

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 (A") production in #"#
collisions.

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

$"| $ijkq
i
#(z1n) [z1; z0] q

j
$(z2n) [z2; z0] q

k
!(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
!ixizip.n.
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In Ref. [ 3], we have defined the leading-twist proton to pion P " " transition distri-
bution amplitudes from the Fourier transform4 of the matrix element

$"| $ijkq
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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
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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 ! !+!!"0 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 di!erent particles ( e.g. p! !, ! ! ",
! ! #). They appear in the study of backward electro-
production of a pion [2], of "!" ! #! and "!" ! !!
reactions [3] as well as in hard exclusive production of a
"!! pair in p̄p annihilation:

p̄(pp̄)p(pp)! "!(q)!(pπ)! $+(p#+)$!(p#!)!(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 di!erent 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! ! and made a first
evaluation of the cross section for the backward electro-
production of a pion in the large-% (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! $+$!!0 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 &"π
close to 0 – involves the p ! ! TDAs V pπ(xi, %,"2),

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

k1 k3

p(pp) !0(p!)

Mh

"1
DA

p̄(pp̄)
#$(q)

"3

TDA

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

The momenta of the subprocess p̄p! "!! 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). % is defined as % = " !.n
2P.n . We

express the particle momenta through a Sudakov decom-
position :

pp =(1 + %)p +
M2

1 + %
n

pp̄ =
2M2(1 + %)

'
p +

'

2(1 + %)
n

pπ =(1" %)p +
m2

π ""2
T

1" %
n + "T (2)
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Transition Distribution Amplitudes extend the concept 
of Generalised Parton Distributions to transitions

Applies to backward DVCS/HEMP and antiproton 
annihilation

2

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 o!-shell photon provides a hard scale permitting, on the one hand,
to treat perturbatively the interaction between the photon and the quarks
o! 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 !!! ! A" at small t,
where A is a meson. There appear the mesonic ! ! " TDAs. The second

TDA

Mh

DA

!"(q)

!(p!)

#

!#"

$(p$)

A(pA)

k k"

(a) "!" ! A#

TDA

DA!1

!3

k1 k3

Mh

P (p1)

P !(p2)"#(q)

$(p$)

(b) "!P ! P !#

k1 k3

p(pp) !0(p!)

Mh

"1
DA

p̄(pp̄)
#$(q)

"3

TDA

(c) p̄p! "!#0

Fig. 1. (a) Illustration of the factorisation for "!" ! A# at small transfer momentum. (b) Idem
for backward electroproduction of a pion. (c) Idem for p̄p! "!#0.



Predictions

Current models of TDA 
predict small cross 
section

Need excellent 
detector system to 
remove background

Measurement feasible 
with PANDA
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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) Di!erential cross section d!/dt for p̄p! "!#0 as
a function a W 2 for |pz

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

(b) Di!erential cross section d!/(dtdQ2) for p̄p! $+$!#0 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

J. P. Lansberg et al. arXiv: 0710.1267v1

p̄p! !!""
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at large !. In the following, we shall therefore limit our-
selves to the computation of the cross section for reaction
(1) in this region. At large !, 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, 2!].

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

|M!!! |2 =
1
4

!

spsp̄

M!
spsp̄

(M!!

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) = "as[11.35(x2
1 + x2

2) + 8.82x2
3 " 1.68x3 " 2.94],

Ap(xi) = "as[6.72(x2
2 " x2

1)], (17)
T p(xi) = "as[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) = "as[17.64(x2
1 + x2

2) + 22.68x2
3 " 6.72x3 " 5.04],

Ap(xi) = "as[2.52(x2
2 " x2

1) + 1.68(x2 " x1)], (18)
T p(xi) = "as[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 #s = 0.3 as
suggested in [15].

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

|MT |2 =
(4$#s)4(4$#em)f4

N

542f2
"

2(1 + !)|I|2

!Q6
. (19)

From this, we straightforwardly obtain d#
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

" = 0
or |pz

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

|Mp̄p#$+$""0 |2 =
1
4
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1
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)!,

with L!!! = e2Tr(p/$"%/(&)p/$+%/%(&$)). Integrating on the
lepton azimuthal angle "$, we have

"
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FIG. 2: (a) Di!erential cross section d!/dt for p̄p! "!#0 as
a function a W 2 for |pz

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

(b) Di!erential cross section d!/(dtdQ2) for p̄p! $+$!#0 as
a function of Q2 for various beam energies.

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

the di!erential 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 ! $ 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 % $0 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% $0 TDA. In the laboratory frame
at GSI-FAIR, this second region is quite di!erent from
the previous one since the $0 meson is boosted in the
forward direction. A precise detection of the particles

J. P. Lansberg et al. arXiv: 0710.1267v1
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Distribution Functions in 
Drell Yan Processes



Nucleon Structure Functions

Preserving kT 
dependence generates 
additional quark 
distribution functions

Boer-Mulders and 
Sivers function require 
Initial- or Final State 
Interaction

accessible in Drell Yan 
processes

H. E. Jackson, PIC0435



The Drell Yan Process

Cross section depends 
on quark distributions 
in both participating 
hadrons

Antiproton annihilation 
enhances sensitivity to 
valence quarks
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The Drell Yan Process

Cross section depends 
on quark distributions 
in both participating 
hadrons

Antiproton annihilation 
enhances sensitivity to 
valence quarks
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Lam Tung Sum Rule
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-trivial QCD vacuum

Non-zero Boer Mulders 
function
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Lam Tung Sum Rule
Experimentally, a violation of 
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cos2Φ moments
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Measurement of Sivers 
Function
Single polarised 
transverse target 
provides measurement of 
Sivers function

Sign provides crucial test 
for QCD and factorisation

Model predictions based 
on HERMES data look 
promising

A.V. Efremov et al. / Physics Letters B 612 (2005) 233–244 241

(a) (b)

Fig. 5. The azimuthal SSA A
sin(!h!!S)q"/MN
UT in Drell–Yan lepton pair production, p#h $ µ+µ!X, as function of y: (a) for the kinematics

of the PAX experiment where the hadron h = p̄, (b) for the kinematics of the COMPASS experiment where h = "!. The different curves
correspond to the fits I and II (see Eq. (12)), including the sign-reversal in (1).

In the COMPASS experiment using a "! beam (s = 400 GeV2) one could also measure the asymmetry (15).

In Fig. 5(b) we show the asymmetry for Q2 = 20 GeV2 using for the pion the parameterization from Ref. [61].

Although f
a/"
1 (x) is far less constrained by data compared to f

a/p
1 (x) the result in Fig. 5(b) is rather insensitive

to the choice of parameterization, and changes very little if we use the pion distributions of Ref. [62] (consistently

in combination with the nucleon distributions from Ref. [53]). We observe a situation, which is qualitatively and

quantitatively similar to the case of DY from pp̄-collisions. Note that we neglected evolution effects (from Q2
0 =

2.5 GeV2 in Eq. (12) to Q2 = 20 GeV2 in Fig. 5) for the Sivers function. However, the influence of evolution is

presumably much smaller than other uncertainties in our study. Note that by using the q"-weighted SSA we have
avoided another serious problem in this context, namely, Sudakov suppression [55], see the remarks in the previous

section.

In order to extract quantitative information from the future COMPASS and PAX experiments it is necessary to

go beyond the LO formalism, to consider effects of soft gluons and K-factors, and to study the role of possible

higher twist effects. The corrections due to these effects cannot be expected to be negligible. However, they are

unlikely to be able to change the sign of the asymmetry. Thus, both the COMPASS as well as the PAX experiment

could provide a thorough experimental test of the QCD prediction in Eq. (1).

SSA in DY can also be studied at RHIC in p#p $ µ+µ!X. Since only one proton needs to be polarized

the counting rates would be somehow more sizeable than in the case of double spin asymmetries related to the

transversity distribution ha
1(x) which are, however, small [63]. Moreover, in this case, one is sensitive to the Sivers

antiquark distribution which is not constrained by the HERMES data. We remark that the RHIC experiment is well

suited to learn, e.g., about the Sivers function from SSA in p#p $ "X [3] or the gluon Sivers function [64,65].

5. Conclusions

The recently reported HERMES data [7,8] on SSA provide a theoretically unambiguous experimental evidence

for the existence of T -odd distribution (and fragmentation) functions. We analyzed the HERMES data and demon-

strated that they are consistent with predictions from the large-Nc limit of QCD [26] for the Sivers functions,

namely f "u
1T = !f "d

1T modulo 1/Nc corrections. Imposing this large-Nc result as an exact constraint we were able

to obtain parameterizations of the Sivers quark distribution functions. The neglect of 1/Nc corrections (as well as

antiquark effects) in a first approximation is reasonable, keeping in mind the large error bars of the present data

which do not allow to constrain more sophisticated ansätze.

ADY
N ! f!1T(x1, k1!)" f(x2)(f!1T)DY = !(f!1T)DIS
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Polarised Physics at PANDA
Transversely polarised 
protons increase PANDA 
physics potential

SSA in Drell Yan 

Phase difference 
between GE and GM

Polarised target inside 
solenoid very difficult 

Exploit modular upstream 
design for polarised target 
with storage cell 

Possible 
target location



Prospects 

Unpolarised Nucleon Structure Physics at PANDA

access to non-kT integrated distribution functions

test of QCD scaling laws in exclusive reactions

access to Transition Distribution Amplitudes 

Independent measurement of time-like GE and GM

additional possibilities with polarised targets

access to Sivers function in DY processes

Measurement of phase difference between GE and GM



Exciting Nucleon Structure 
Experiments ahead from 2014
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