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Hadron physics from QCD

Hadron spectroscopy:
strangeness & charm, glueballs, exotics, 
multiquark states, nucleon resonances

Hadron structure:
elastic & transition form factors, spin & OAM, 
GPDs, factorization & perturbative QCD
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A second, much more abundant process that can
be described in terms of handbag diagrams is pp →
π0γ. In contrast to WACS, in this case one pho-
ton is replaced by a pseudo-scalar meson, but oth-
erwise the theoretical description is similar. First
experimental results from the Fermilab experiment
E760 indicate that the handbag approach is ap-
propriate to accommodate the data in the range
s ∼ 8.5− 13.5GeV2 [350].

The handbag approach (i.e. the factorisation as-
sumption) is suitable for the description of further
reactions, like pp → Mγ where M is any neutral
meson (e.g. a ρ0) or pp → γ∗γ, where γ∗ decays
into an e+e−- or µ+µ−-pair. The latter process is
described by the crossed diagram of DVCS. Unfor-
tunately, the factorisation proof in DVCS γ∗p → γp
is not applicable for the crossed diagram pp → γ∗γ,
as the virtuality Q2 of the final state γ∗ is limited
to be smaller than s, in contradiction to the as-
sumption made in the proof of factorisation of this
diagram in DVCS kinematics.

In a complementary theoretical approach, the pro-
cess pp → γ∗γ is not described by the handbag dia-
gram but by so-called transition distribution ampli-
tudes (TDAs) [352, 353] that parametrise the tran-
sition of a proton into a (virtual) photon according
to the diagram in Fig. 4.80. In a similar way the
exclusive meson production pp → γ∗π0 can be de-
scribed (see Fig. 4.108).
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Figure 4.80: The production of a hard virtual photon
(upper part) is a hard sub-process that factorises from
the lower part, which can be described by a hadron to
photon transition distribution amplitude (TDA).

The theoretical understanding of GPDs and related
unintegrated distributions is just at its beginning.
There is an extended experimental endeavour by
lepton scattering experiments at DESY, CERN and
JLAB to get access to these powerful distributions.
PANDA has the chance to join this quest for an

improved description of the nucleon structure by
measuring the crossed-channel counterparts of these
distributions in hard exclusive processes with vari-
ous final states in a new kinematical region. New
insights into the applicability and universality of
these novel QCD approaches can be expected.

Crossed-Channel Compton Scattering

It has been argued [354] that the crossed-channel
Compton scattering, namely exclusive proton-
antiproton annihilation into two photons, pp → γγ
can also be described in a generalised parton pic-
ture at large s with |t|, |u| ∼ s. The two photons
are predominantly emitted in the annihilation of a
single “fast” quark and antiquark originating from
the proton and antiproton. The new double dis-
tributions, describing the transition of the pp sys-
tem to a qq pair, can be related to the timelike
nucleon form factors; by crossing symmetry they
are also connected with the usual quark/antiquark
distributions in the nucleon. With a model for the
double partonic distributions one can compute the
pp → γγ amplitude from the handbag graphs of
Fig. 4.79. The result for the helicity-averaged dif-
ferential cross section is

dσ

d cos θ
=

2πα2
em
s

R2
V (s) cos

2 θ +R2
A(s)

sin2 θ
(4.47)

with the energy dependency of the squared form
factors R2

V (s) and R2
A(s) depicted in Fig. 4.81.

Figure 4.81: The squared form factors R2
V (s) (solid

line) and R2
A(s) (dashed line), as calculated from the

double distribution model (Fig. 2 of ref. [354])

Recent measurements of the time-reversed process
γγ → pp by the BELLE collaboration [351] tend
to confirm the predicted asymptotic behaviour at
higher energies, however at intermediate energies
(2.5 – 4GeV) they can not be entirely explained by
the existing theoretical models.
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Figure 4.1: Charmonium spectrum from LQCD. See [1] for details.

interesting field of research. The recent discoveries
of new states (η′c, X(3872)), and the exploitation of
the B factories as rich sources of charmonium states
have given rise to renewed interest in heavy quarko-
nia, and stimulated a lot of experimental and the-
oretical activities. The gross features of the char-
monium spectrum are reasonably well described by
potential models, but these obviously cannot tell
the whole story: relativistic corrections are impor-
tant and other effects, like coupled-channel effects,
are significant and can considerably affect the prop-
erties of the cc states. To explain the finer features
of the charmonium system, model calculations and
predictions are made within various, complemen-
tary theoretical frameworks. Substantial progress
in an effective field theoretical approach, labelled
Non-Relativistic QCD (NRQCD) has been achieved
in recent years. This analytical approach makes
it possible to expect significant progress in lattice
gauge theory calculations, which have become in-
creasingly more capable of dealing quantitatively
with non-perturbative dynamics in all its aspects,
starting from the first principles of QCD.

Experimental Study of Charmonium

Experimentally charmonium has been studied
mainly in e+e− and pp experiments.

In e+e− annihilations direct charmonium formation
is possible only for states with the quantum num-
bers of the photon JPC = 1−−, namely the J/ψ, ψ′

and ψ(3770) resonances. Precise measurements of
the masses and widths of these states can be ob-
tained from the energy of the electron and positron
beams, which are known with good accuracy. All
other states can be reached by means of other pro-
duction mechanisms, such as photon-photon fusion,
initial state radiation, B-meson decay and double
charmonium.

On the other hand all cc states can be directly
formed in pp annihilations, through the coherent
annihilation of the three quarks in the proton with
the three antiquarks in the antiproton. This tech-
nique, originally proposed by P. Dalpiaz in 1979 [9],
could be successfully employed a few years later at
CERN and Fermilab thanks to the development of
stochastic cooling. With this method the masses
and widths of all charmonium states can be mea-
sured with excellent accuracy, determined by the
very precise knowledge of the initial pp state and

(from PANDA Physics Book)

Dyson-Schwinger approach:

Goal: computation of hadron properties 
from quark & gluon substructure in QCD.

From QCD Green functions to hadron 
wave functions, form factors and reactions.

Ab-initio, nonperturbative, covariant, continuum, 
light and heavy quarks. But: truncations! p

𝛾* 𝛾
q

x−𝜉

e´

e

x+ 𝜉

p´
GPD
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Dyson-Schwinger equations

QCD Lagrangian:
quarks, gluons (+ ghosts)

Quark propagator:

Gluon propagator:

Quark-gluon vertex:

Gluon self-
interactions,
ghosts, . . . 
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QCD & hadron properties are encoded in QCD’s Green functions.
Their quantum equations of motion are the DSEs:
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QCD & hadron properties are encoded in QCD’s Green functions.
Their quantum equations of motion are the DSEs:

Relevant physics
in small subset ⇒ 

Truncation:
closed system,
solvable  

All momentum scales:
perturbative & non-perturbative 
QCD, factorization not required

All quark masses: 
also chiral limit

Applications:
    Hadron properties
    

    QCD phase diagram
    

    Origin of confinement
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Dynamical quark mass

Dynamical chiral symmetry breaking:
explains dynamical generation of 
“constituent-quark masses”

Mass generation for light hadrons

Realized in quark Dyson-Schwinger eq:
momentum-dependent quark mass 𝑀(𝑝�) 
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(C. Fischer)
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Hadrons

Hadron wave functions 
encoded in quark T-matrices:

Covariant bound-state equations
determine hadron masses and wave functions:

Hadron form factors, 
scattering amplitudes,
structure properties:

Meson poles 
at 𝑃� � �𝑚��

𝑇 

𝑇 

𝑇 

𝑇 

𝑃

Baryon poles 
at 𝑃� � �𝑀��

𝑃

�𝜋 𝜋

�𝑁 𝑁

Bethe-Salpeter 
equation:

Faddeev 
equation:

⇒ 

⇒ 
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Covariant bound-state equations
determine hadron masses and wave functions:

�𝜋 𝜋

�𝑁 𝑁

Bethe-Salpeter 
equation:

Faddeev 
equation:

GMOR, em. current conservation,  
Goldberger-Treiman at hadron level

no pion-cloud effects (“quark core”),
no decay channels (𝜌→𝜋𝜋, 𝛥→𝑁𝜋, . . .)  

E.g. “rainbow-ladder” truncation: 
iterated dressed gluon exchange

𝛼 (𝑘  )2⟶

Hadrons
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GMOR, em. current conservation,  
Goldberger-Treiman at hadron level

no pion-cloud effects (“quark core”),
no decay channels (𝜌→𝜋𝜋, 𝛥→𝑁𝜋, . . .)  

E.g. “rainbow-ladder” truncation: 
iterated dressed gluon exchange

𝛼 (𝑘  )2⟶

Hadrons

Everything else is determined self-consistently, 
no further approximations or model ansätze

quark propagator is DSE solution 
(rainbow-ladder: complex conjugate poles)

quark-antiquark vertices are BSE solutions,
develop meson poles (no widths though)

full covariant spin-color-flavor structure of 
hadron wave functions implemented
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Bottomonium

Charmonium

Heavy ground-state mesons  �

Light isoscalars:
𝜂, 𝜂’ (beyond RL)  �

Light mesons:
s waves (RL)  � 

p waves (beyond RL)  �

Blank,  Krassnigg:  PRD 84 (2011)

Alkofer, Fischer, Williams,  EPJ A38 (2008)

Light scalars (𝜎 meson)
Tetraquarks?
Heupel, Eichmann, Fischer,  in preparation

Blank,  Krassnigg:  PRD 84 (2011)

Heavy-light mesons
Nguyen,  Souchlas, Tandy,   AIP Conf. Procs 1361 (2011)

Fischer, Williams,  PRL 103 (2009)
Chang, Roberts,  PRL 103 (2009)

Mesons
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Covariant Faddeev equation

Solved for full Poincaré-covariant 
wave function:

Nucleon:
Eichmann,  Alkofer,  Krassnigg,  Nicmorus:  
Phys.  Rev.  Lett. 104 (2010)

Delta:
Sanchis-Alepuz,  Eichmann,  Villalba-Chavez,  Alkofer:  
PRD 84 (2011)

= ++

Quark-quark correlations
as dominant structure in baryons
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Hadron masses
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Description of mesons and baryons
from a single interaction kernel,
only “active” input parameter is a scale

Eichmann et al.,  PRL 104 (2010)
Eichmann,  PRD 84 (2011)

Nucleon mass:

Maris,  Tandy,  PRC 60 (1999)

𝜌–meson mass:

Sanchis-Alepuz et al., 
PRD 84 (2011)

Delta mass:

Diquark clustering in baryons: 
similar results in quark-diquark model 
Oettel,  Alkofer,  von Smekal,  EPJ A8 (2000)
Eichmann et al.:  PRC 79 (2009)

Dynamical chiral symmetry breaking:
mass generation for quarks & hadrons

Poincaré covariance: 
quark orbital angular momentum 
in wave functions (p waves!)
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Form factors

Microscopic expression for a baryon’s non-perturbative current:  
Eichmann,  PRD 84 (2011)

Baryon form factors inherit properties of (pseudoscalar, vector, axial-vector) 
quark-antiquark vertices:

Meson bound-state poles:
origin of “vector-meson dominance” 

Em. current conservation, 
Goldberger-Treiman relation
automatically satisfied 

Meson poles at timelike 𝑄� in T-matrix 
must also appear in vertex,
timelike 𝑄� structure in form factors

= +  

+ ++
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Form factors

FFs dominated by timelike meson poles
electromagnetic: 𝜌, axial: 𝑎�, etc.

𝐹(𝑄�)

𝑄��𝑚��
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Form factors

FFs dominated by timelike meson poles
electromagnetic: 𝜌, axial: 𝑎�, etc.
 

FFs(𝑄�/𝑀�) roughly current-mass independent
same physics: mostly s wave, p waves fall off slowly,
no chiral singularities, no pion cloud: “quark core”
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FIG. 4: (Color online) Result for the three dominant s−wave
contributions in the nucleon’s Faddeev amplitude. The plot
shows the zeroth Legendre and Chebyshev moments (in the
variables y1, z0 and z1, z2, respectively) of the dressing func-
tions si defined via Eqs. (14) and (16).

where the upper entries are mixed-antisymmetric with
respect to the first two Dirac indices and the lower entries
mixed-symmetric, and two further singlets

ΨA =
1√
3

(
S− − P−

√
3V

)
,

ΨS =
1√
3

(
A− + Ṽ −

√
3 P̃

) (15)

which are fully antisymmetric or symmetric, respectively.

Here we defined P := (P+ + P−)/2, P̃ := (P+ − P−)/2
and accordingly for V and Ṽ.

Eqs. (14–15) imply that, without including a depen-
dence on the relative momenta, only three fully sym-
metric Dirac-flavor combinations Ψ(i) · F can arise in the
s = 1/2, l = 0 subspace. They appear in combination
with symmetric singlet dressing functions which are lin-
ear combinations of those associated with the basis ele-
ments in Eq. (13) and must depend on symmetric combi-
nations of the momentum variables in Eq. (12). Denot-
ing them by si, a fully symmetric spin/momentum-flavor
amplitude is then obtained via

Ψ =
3∑

i=1

si Ψ
(i) · F+ . . . , (16)

where the dots refer to further combinations of Eqs. (14–
15) with mixed-(anti-)symmetric dressing functions, and
also to the remaining p− and d−wave components. In
Eq. (B7) we define momentum variables that transform
as multiplets under S3, namely a symmetric singlet vari-
able

x :=
p2

4
+

q2

3
, (17)

mπ [GeV] 0.14 0.34 0.75
s−wave 0.66 0.67 0.69
p−wave 0.33 0.32 0.30
d−wave 0.01 0.01 0.01

TABLE I: s−, p− and d−wave contributions to the nucleon’s
canonical normalization at three pion masses, expressed as
fractions of 1. The first column corresponds to the physical
u/d−quark mass.

and four dimensionless angular variables y1, y2, w1, w2

which form doublets. The dressing functions si can then
only depend on the variable x and the symmetric combi-
nations y21 + y22 , w

2
1 + w2

2, and y1w1 + y2w2.

The full solution of the Faddeev equation indeed re-
veals the three singlet dressing functions si to contribute
the bulk to the s−wave fraction in the normalization.
Their angular dependence is weak, especially in the vari-
ables z2 and z0, and a corresponding polynomial expan-
sion vanishes rapidly. The zeroth angular moments of
the three si are plotted in Fig. (4) as a function of the
variable

√
x. All three dressing functions turn out to be

large; in particular, s1 and s3 are almost identical in size.

The resulting current-mass evolution of the nucleon’s
mass is displayed in Fig. 5. The pion mass was ob-
tained from its pseudoscalar-meson Bethe-Salpeter equa-
tion with the same rainbow-ladder input. The scale
Λ in Eq. (9) was fixed to reproduce the experimental
pion decay constant. In agreement with previous meson
and quark-diquark studies, the sensitivity to the infrared
shape of the effective coupling α(k2) is small; this is in-
dicated by the band which corresponds to a variation
η = 1.8 ± 0.2, cf. Fig. 3. At the physical u/d−quark
mass, our result MN = 0.94 GeV is in excellent agree-
ment with the experimental value, and its current-mass
evolution compares reasonably well with lattice data at
higher quark masses.

In connection with Fig. 5 we reiterate that contri-
butions from a pseudoscalar-meson cloud are absent
in a rainbow-ladder truncation; the current approach
can therefore be viewed to describe a hadronic quark
core. Such corrections can be estimated from chiral
effective field theory and would yield a reduction of
∼ 20 − 30% of the nucleon’s core mass in the chiral re-
gion [63]. The proximity between our calculated mass
and the experimental and lattice values therefore sug-
gests a non-perturbative cancelation mechanism beyond
rainbow-ladder. Indeed, such a behavior emerges for
the ρ−meson where attractive pion-cloud effects beyond
RL are essentially saturated by further repulsive con-
tributions from the quark-gluon vertex and the quark-
antiquark kernel [67–70]. In addition, the second type of
corrections dominates in scalar and axial-vector mesons
which explains why these quantum numbers are not
well reproduced in a RL truncation. Given the quali-
tatively quite similar behavior of the ρ−meson mass in
the present framework in comparison with lattice data, as
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Electromagnetic structure

Good agreement with
recent data at large 𝑄�

⇒ nucleon quark core
    without pion effects!

Good agreement with
lattice at large quark 
masses

Nucleon em. FFs
vs. momentum transfer
Eichmann,  PRD 84 (2011)
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Electromagnetic structure

Nucleon magnetic moments: 
isovector (p-n), isoscalar (p+n)

[𝜇�]

[𝜇�]

!!
But: pion-cloud cancels in 𝜅�  ⟺ quark core 

       Exp:    𝜅� = –0.12   
Calc:   𝜅� = –0.12(1)
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Large 𝑄�

Electric proton form factor 
at large momenta  Eichmann,  PRD 84 (2011)

Difference likely due to
two-photon corrections

Rosenbluth method suggested 
𝐺�/𝐺� = const., in agreement 
with perturbative scaling

Polarization experiments at JLAB 
showed falloff in 𝐺�/𝐺�, 
with possible zero crossing 

Faddeev result consistent with data:
OAM in nucleon amplitude!

Soon: investigate two-photon effects

Guichon, Vanderhaeghen, PRL 91 (2003) 
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Axial structure

𝐺�(0) =         𝐺���(0)
 𝑓�
𝑀�

Goldberger-Treiman relation
reproduced for all quark masses: 

Timelike meson poles
from quark-antiquark vertices:
𝑎� (1260) in 𝐺�, 
𝜋(138), 𝜋(1300) in 𝐺� , 𝐺���

Pion-cloud corrections?
also missed on the lattice
if volumes too small

Nucleon axial and 
pseudoscalar form factors
Eichmann & Fischer,  1111.2614 [hep-ph]
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Nucleon-𝛥-𝛾 transition  

*

Electric & Coulomb quadrupole transitions  
small & negative, encode deformation. 

Quark model: need d waves or pion cloud.
Perturbative QCD: 𝑅�� → 1, 𝑅�� → const.

Magnetic dipole transition (𝐺� ) dominant: 
quark spin flip (s wave).

Faddeev calculation (here: quark-diquark)
Eichmann & Nicmorus,  1112.2232 [hep-ph]

Ratios reproduced even without pion cloud?!
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Nucleon-𝛥-𝛾 transition  

𝑅�� dominated by p waves!

Poincaré covariance essential: 
Quark OAM in 𝑁 and 𝛥 wave functions, p waves much more important than d waves.
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Nucleon-𝛥-𝛾 transition  

Flat current-mass dependence (in contrast to ChPT!):

Magnetic dipole form factor: 
similar to quark model,
“core + 25% pion cloud”
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N𝛥𝜋 transition  
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𝐺��� determined by pseudoscalar vertex ⇒ 
pseudoscalar meson poles:  𝜋(1300), ... 

Delta decay width  =  𝑔��� × phase space  (=118 MeV at u/d mass); 
current-mass dependence governed by phase space. 

decay channel closes:
𝑚� > 𝑀� � 𝑀�

𝑔��� � 𝐺��� (𝑄� � �𝑚��)
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Hadron scattering

Fully non-perturbative, no factorization into soft and hard physics required!

Compton scattering, 
DVCS, 2𝛾 physics

Meson photo- and
electroproduction 

Nucleon-pion
scattering 

Meson production Pion Compton 
scattering

𝑝𝑝 → 𝛾𝛾*
annihilation 

Nonperturbative description of hadron-photon 
and hadron-meson scattering       Eichmann & Fischer,  PRD 85 (2012)
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Hadron scattering

Perturbative subprocesses included, 
s- and t-channel poles from QCD

Two-photon physics, offshell effects, 
GPDs in the Dyson-Schwinger approach

Obstacles: quality of truncations;
kinematically accessible regions 

Nonperturbative description of hadron-photon 
and hadron-meson scattering       Eichmann & Fischer,  PRD 85 (2012)
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Tetraquarks

Light scalar mesons (0⁺⁺) don’t fit into the conventional meson spectrum:

Why are 𝜎, 𝜅 so light compared to 𝑎₀, 𝑓₀?
Why are the masses of 𝑎₀, 𝑓₀ degenerate?

Why do they have so different decay widths?
     

Why do both 𝑓₀ and 𝑎₀ couple to KK?
(hidden strange-quark content of 𝑎₀?)

Scalar mesons should be predominantly 
p-waves with masses similar to axial-vectors:
𝑎₁, 𝑓₁ ~ 1.3 GeV 

Lattice: lightest scalars ~ 1.2‒1.4 GeV

Consistent with 1st radial excitation?
𝑎₀, 𝑓₀ ~ 1.2‒1.5 GeV 

𝜎

𝜅⁺𝜅⁰

𝜅⁰𝜅⁻
𝑓₀

𝑎⁺₀
₀𝑎⁰

₀𝑎⁻

𝜎
𝜅
𝑓₀

𝑎₀ ( 980 MeV )
( 440 MeV )

( 660 MeV )

( 980 MeV )

 Mathur et al. (2007),  Dudek et al. (2010)

𝛤(𝜎, 𝜅) ≈ 550 MeV
𝛤(𝑎₀, 𝑓₀) ≈ 50‒100 MeV 

𝑢𝑢, 𝑑𝑑, 𝑢𝑑

𝑢𝑠, 𝑑𝑠
𝑠𝑠 

�
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Tetraquarks

Could these be light tetraquark (diquark-antidiquark) states?

Explains mass ordering: 
𝑓₀ and 𝑎₀ have same strangeness content

Explains decay widths: 
𝑓₀ and 𝑎₀ decay into KK ; 
“OZI-superallowed” mechanism 
leads to large widths for 𝜎, 𝜅 :
     

Lightest scalar 𝑞𝑞 states would be 
𝑎₀, 𝑓₀ ~ 1.2‒1.5 GeV, consistent with lattice 

𝜎

𝜅⁺𝜅⁰

𝜅⁰𝜅⁻

𝑓₀
𝑎⁺₀

₀𝑎⁰
₀𝑎⁻

𝜎
𝜅
𝑓₀
𝑎₀ ( 980 MeV )

( 440 MeV )

( 660 MeV )

( 980 MeV )
𝑢𝑠𝑢𝑠, ...

𝑢𝑠𝑢𝑑, ...
𝑢𝑑𝑢𝑑 

�

𝜋⁻

𝜎

𝜋⁺

Jaffe  ‘77
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Tetraquarks

Start from four-quark bound-state equation:

Keep only 𝑞𝑞, 𝑞𝑞 interactions with separable T-matrix.
Obtain coupled diquark-antidiquark / meson-meson equations:

Two-body simplification
induces complications...
    pion poles in integrand; 
    how do pion and diquark
    behave offshell?+

Heupel, Eichmann, Fischer,  in preparation
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Tetraquarks

Coupled diquark-antidiquark / meson-meson system
yields a light scalar tetraquark ~ 400 MeV

Next: study four-quark equation directly!

Heupel, Eichmann, Fischer,  in preparation

      

















 

 





Motivation
Theoretical frame work

Results

Result overview

Setup Mass [GeV]

E 0.43 ± 0.043

E + F 0.44 ± 0.041

E + F* 0.46 ± 0.039

Meson only 0.30 ± 0.042

Prefactors Fit1 0.32 ± 0.038

Prefactors Fit2 0.39 ± 0.038

Main result

A bound 0+ Tetraquark state at ≈ 450 MeV seems to exist

Motivation
Theoretical frame work

Results

Result overview

Setup Mass [GeV]

E 0.43 ± 0.043

E + F 0.44 ± 0.041

E + F* 0.46 ± 0.039

Meson only 0.30 ± 0.042

Prefactors Fit1 0.32 ± 0.038

Prefactors Fit2 0.39 ± 0.038

Main result

A bound 0+ Tetraquark state at ≈ 450 MeV seems to exist

Strategy: solve for 𝑃² � 0, extrapolate BSE eigenvalue to timelike 𝑃² � �𝑀².
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Summary  

Interplay between experiment and theory:

Systematic description of QCD phenomenology
from quark & gluon substructure:

Nonperturbative: factorization property not necessary
Dynamical chiral symmetry breaking: mass generation for quarks and light hadrons
Poincaré covariance: quark orbital angular momentum via p waves
Quark-quark interaction dominant in ground-state baryons
Pion cloud essential for chiral and low-momentum structure
Tetraquark identification for light scalar mesons likely correct

Hadron masses, wave functions, form factors and 
scattering amplitudes from QCD

Refined tools for understanding fundamental
properties of QCD from experiment

PANDA will play important role.

Need to improve truncations (pion cloud, decay channels, 3- and 4-quark interactions)
and kinematical coverage
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