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Our	Interests	



Experiments?

Jefferson Lab (USA)
COMPASS (CERN)
MAMI & ELSA (Germany)
EIC (USA)
. . .

�
� �

Use electromagnetic probes: 

Extract properties of
individual hadrons

Quark-gluon substructure,
“Hadron tomography”

Extraction of resonances

ep → Xe  e  ↔ X

eN scattering meson
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Some	open	ques<ons	



Emergence of mass 

Teresa Pena (IST ULisboa) 

Emergence	of	mass	in	Hadrons:	

Bare	quark	 Dressed	quark		



Emergence of mass 

Teresa Pena (IST ULisboa) 

Emergence	of	mass	in	Hadrons:	

Bare	quark	 Dressed	quark		

A	quark	can	interact	with	itself	through	the	same	
mechanism	as	with	another	quark.		
	
	
Mass	becomes	momentum	dependent!	

QCD Lagrangian

=L µ⌫Fµ⌫F4
1+ )m+A/i

a
a+@/ ( ̄ g

g g
g 2

Gross, Politzer, Wilczek 1973

At large momenta, quarks & gluons
behave as quasi-free particles:
asymptotic freedom

At small momenta, 
coupling becomes 
large → we need 
nonperturbative 
methods!
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Fig. 1. Left: The conjectured phases of strongly interacting matter and their boundaries and a Critical Point [3, 4, 5, 6] in a diagram of
temperature versus baryochemical potential. Lattice QCD results from [10, 11]. Shaded are indicate the region of µB /T ≤ 2 where the
location of a Critical Point is disfavored. The expectation value of the chiral condensate relative to the vacuum is depicted as orange
gradient. Right: The black symbols are the chemical freeze-out points describing the final state hadron abundances in a statistical
hadronization model [12, 13, 14, 15, 16]. The lila triangle is the point measured from the intermediate invariant-mass slope of dimuons
by the NA60 collaboration [17].

2. The awaited facilities

The important prerequisite for success is the combination of high intensity beams and multi-purpose
detectors with large acceptance, high efficiency, dead time free (free streaming read-out electronics with
high bandwidth online event selection). Table 1 summarises the existing and planned high µB facilities
around the world. The new accelerator facilities are designed to have ever increasing luminosities. To cope
with high beam intensities, substantial progress in detector technologies has been made (mainly driven by the
ALICE upgrade, CBM and sPHENIX). The rate capabilities of existing and planned heavy-ion experiments
are presented in Fig. 2. The interaction rate shown is tied either by the detector capabilities or luminosity.
E.g. at beam energies above

√
sNN = 20 GeV, the reaction rates of STAR are limited to about 2 kHz by the

TPC read-out, and drop down to a few Hz at beam energies below
√

sNN = 7GeV due to the decreasing
luminosity provided by the beams crossing increasing emittance.

Facility SIS18 HIAF Nuclotron J-PARC-HI SIS100 NICA RHIC SPS SPS
Experiment HADES CEE BM@N DHS, D2S CBM MPD STAR NA61 NA60+

/ mCBM / HADES
Start 2012/2018 2023 2019 (Au) > 2025 2025 2021 2010, 2019 2009, 2022 > 2025√

sNN , GeV 2.4 − 2.6 1.8 − 2.7 2 − 3.5 2 − 6.2 2.7 − 5 2.7 − 11 3 − 19.6 4.9 − 17.3 4.9 − 17.3
µB, GeV 880 − 670 880 − 750 850 − 670 850 − 490 780 − 400 750 − 330 720 − 210 560 − 230 560 − 230

Hadrons + + + + + + + + (+)
Dileptons + (+) + + + + +
Charm (+) (+) + + + +

Table 1. Running and planned high µB facilities. The facility and experiment, the anticipated year for data tacking, the range in µB and√
sNN as well as capabilities of measuring hadrons, dileptons and charm are listed.

2.1. CBM and HADES at GSI / FAIR
The Facility for Antiproton and Ion Research (FAIR) accelerator complex (Darmstadt, Germany) is

designed to deliver high-intensity primary beams from protons to uranium to different production targets
and subsequently cool and store selected secondary particles, including exotic nuclei far off stability and
anti-protons, at highest brilliance. Since SIS18 will be the driver for the important experimental program
during FAIR Phase-0 further technical improvements, machine developments and maintenance measures
are continuously conducted. The excavation for the SIS100 tunnel is rapidly advancing [18] and substantial
progress has been made in serial production of major components for SIS100 (e.g. dipoles [19]). The SIS100
commissioning is anticipated to 2024. To recall, the originally proposed FAIR project comprised two main
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2. The awaited facilities

The important prerequisite for success is the combination of high intensity beams and multi-purpose
detectors with large acceptance, high efficiency, dead time free (free streaming read-out electronics with
high bandwidth online event selection). Table 1 summarises the existing and planned high µB facilities
around the world. The new accelerator facilities are designed to have ever increasing luminosities. To cope
with high beam intensities, substantial progress in detector technologies has been made (mainly driven by the
ALICE upgrade, CBM and sPHENIX). The rate capabilities of existing and planned heavy-ion experiments
are presented in Fig. 2. The interaction rate shown is tied either by the detector capabilities or luminosity.
E.g. at beam energies above

√
sNN = 20 GeV, the reaction rates of STAR are limited to about 2 kHz by the

TPC read-out, and drop down to a few Hz at beam energies below
√

sNN = 7GeV due to the decreasing
luminosity provided by the beams crossing increasing emittance.

Facility SIS18 HIAF Nuclotron J-PARC-HI SIS100 NICA RHIC SPS SPS
Experiment HADES CEE BM@N DHS, D2S CBM MPD STAR NA61 NA60+

/ mCBM / HADES
Start 2012/2018 2023 2019 (Au) > 2025 2025 2021 2010, 2019 2009, 2022 > 2025√

sNN , GeV 2.4 − 2.6 1.8 − 2.7 2 − 3.5 2 − 6.2 2.7 − 5 2.7 − 11 3 − 19.6 4.9 − 17.3 4.9 − 17.3
µB, GeV 880 − 670 880 − 750 850 − 670 850 − 490 780 − 400 750 − 330 720 − 210 560 − 230 560 − 230

Hadrons + + + + + + + + (+)
Dileptons + (+) + + + + +
Charm (+) (+) + + + +

Table 1. Running and planned high µB facilities. The facility and experiment, the anticipated year for data tacking, the range in µB and√
sNN as well as capabilities of measuring hadrons, dileptons and charm are listed.

2.1. CBM and HADES at GSI / FAIR
The Facility for Antiproton and Ion Research (FAIR) accelerator complex (Darmstadt, Germany) is

designed to deliver high-intensity primary beams from protons to uranium to different production targets
and subsequently cool and store selected secondary particles, including exotic nuclei far off stability and
anti-protons, at highest brilliance. Since SIS18 will be the driver for the important experimental program
during FAIR Phase-0 further technical improvements, machine developments and maintenance measures
are continuously conducted. The excavation for the SIS100 tunnel is rapidly advancing [18] and substantial
progress has been made in serial production of major components for SIS100 (e.g. dipoles [19]). The SIS100
commissioning is anticipated to 2024. To recall, the originally proposed FAIR project comprised two main
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2. The awaited facilities

The important prerequisite for success is the combination of high intensity beams and multi-purpose
detectors with large acceptance, high efficiency, dead time free (free streaming read-out electronics with
high bandwidth online event selection). Table 1 summarises the existing and planned high µB facilities
around the world. The new accelerator facilities are designed to have ever increasing luminosities. To cope
with high beam intensities, substantial progress in detector technologies has been made (mainly driven by the
ALICE upgrade, CBM and sPHENIX). The rate capabilities of existing and planned heavy-ion experiments
are presented in Fig. 2. The interaction rate shown is tied either by the detector capabilities or luminosity.
E.g. at beam energies above

√
sNN = 20 GeV, the reaction rates of STAR are limited to about 2 kHz by the

TPC read-out, and drop down to a few Hz at beam energies below
√

sNN = 7GeV due to the decreasing
luminosity provided by the beams crossing increasing emittance.

Facility SIS18 HIAF Nuclotron J-PARC-HI SIS100 NICA RHIC SPS SPS
Experiment HADES CEE BM@N DHS, D2S CBM MPD STAR NA61 NA60+

/ mCBM / HADES
Start 2012/2018 2023 2019 (Au) > 2025 2025 2021 2010, 2019 2009, 2022 > 2025√

sNN , GeV 2.4 − 2.6 1.8 − 2.7 2 − 3.5 2 − 6.2 2.7 − 5 2.7 − 11 3 − 19.6 4.9 − 17.3 4.9 − 17.3
µB, GeV 880 − 670 880 − 750 850 − 670 850 − 490 780 − 400 750 − 330 720 − 210 560 − 230 560 − 230

Hadrons + + + + + + + + (+)
Dileptons + (+) + + + + +
Charm (+) (+) + + + +

Table 1. Running and planned high µB facilities. The facility and experiment, the anticipated year for data tacking, the range in µB and√
sNN as well as capabilities of measuring hadrons, dileptons and charm are listed.

2.1. CBM and HADES at GSI / FAIR
The Facility for Antiproton and Ion Research (FAIR) accelerator complex (Darmstadt, Germany) is

designed to deliver high-intensity primary beams from protons to uranium to different production targets
and subsequently cool and store selected secondary particles, including exotic nuclei far off stability and
anti-protons, at highest brilliance. Since SIS18 will be the driver for the important experimental program
during FAIR Phase-0 further technical improvements, machine developments and maintenance measures
are continuously conducted. The excavation for the SIS100 tunnel is rapidly advancing [18] and substantial
progress has been made in serial production of major components for SIS100 (e.g. dipoles [19]). The SIS100
commissioning is anticipated to 2024. To recall, the originally proposed FAIR project comprised two main
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Hadron Structure from first principles 

Teresa Pena (IST ULisboa) 

Can	we	understand		
exo<c	hadron	structures?	

Pentaquark	

Aaij et al., Phys. Rev. Lett. 112 (2019) 222001
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Nuclear Interaction from first principles 

Teresa Pena (IST ULisboa) 



Adding neutrons to a nucleus increases the fraction of 
high-momentum protons  

Teresa Pena (IST ULisboa) 

LETTER RESEARCH

increased fraction of SRC nucleons in an asymmetric nucleus compared 
to carbon. We used carbon as a reference because it is a well studied, 
medium-mass symmetric nucleus and has similar average density to the 
other nuclei measured here. In addition, forming cross-section ratios 
relative to carbon significantly reduces the effects of detector accept-
ance and efficiency corrections (see Supplementary Information). For 
each kinematical setting, we used the same selection criteria on the 
detected scattered electron and associated knocked-out nucleon to 
select quasi-elastic A(e,e′p) and A(e,e′n) events.

Low-initial-momentum events are characterized by low miss-
ing energy and low missing momentum (Emiss < 80–90 MeV and 
pmiss = |pmiss| < 250 MeV c−1, where c is the speed of light in vacuum; 
see Supplementary Information). Because the neutron momentum 
resolution was not good enough to select these events directly, we 
developed a set of alternative constraints to select the same events by 
using the detected electron momentum and the knocked-out nucleon 
angle, which were unaffected by the neutron momentum resolution 
(see Methods).

Similarly, we selected the high-initial-momentum events in two 
steps. We first selected quasi-elastic events with a leading nucleon by 
setting conditions on the energy and momentum transfer and requir-
ing that the outgoing nucleon be emitted with most of the transferred 
momentum in the general direction of the momentum transfer. We 
then selected high-initial-momentum events by requiring large missing 
momentum (pmiss > 300 MeV c−1). These selection criteria ensured that 
the electron interacted with a single high-initial-momentum proton  
or neutron in the nucleus2,3,12. Lastly, we optimized the nucleon- 
momentum-dependent conditions to account for the neutron  
momentum reconstruction resolution and corrected for any remaining 
bin-migration effects (see Methods).

To verify the neutron detection efficiency, detector acceptance  
corrections and event selection method, we extracted the neutron- 
to-proton reduced cross-section ratio for carbon, for both high and low 
initial nucleon momenta: [σ12C

(e,e′n)/σn]/[σ12C
(e,e′p)/σp] (that is, the 

ratio of measured cross-sections for the scattering of electrons from 
carbon, scaled by the known elastic-scattering electron–neutron, σn, 
and electron–proton, σp, cross-sections). Figure 2 shows that these two 
measured cross-section ratios are consistent with unity, as expected for 
a symmetric nucleus. This shows that in both high- and low-initial- 
momentum kinematics, we have restricted the reaction mechanisms 
to primarily quasi-elastic scattering and have correctly accounted for 
the various detector-related effects.

For the other measured nuclei, the low-momentum (e,e′n)/(e,e′p) 
reduced cross-section ratios grow approximately as N/Z, as expected 
from the number of neutrons (N) and protons (Z) in the nucleus. 
However, the high-momentum (e,e′n)/(e,e′p) ratios are consistent with 
unity for all measured nuclei (see Fig. 2).

The struck nucleons could reinteract as they emerge from the 
nucleus, which we refer to as final-state interaction. Such an effect 
would cause the number of detected outgoing nucleons to decrease 
and also modify the angles and momenta of the knocked-out nucleons.  
These effects were estimated for symmetric and asymmetric nuclei 
using a relativistic Glauber framework, which showed that the decrease 
in the measured cross-section is similar for protons and neutrons and 
thus has a minor impact on cross-section ratios (see Methods).

Because rescattering changes the event kinematics, some of the 
events with high measured pmiss could have originated from electron 
scattering from a low-initial-momentum nucleon, which then re -
scattered, thus increasing pmiss. If the high-initial-momentum (high-
pmiss) nucleons originated from electron scattering from the more 
numerous low-initial-momentum nucleons, followed by nucleon res-
cattering, then the high-momentum (e,e′n)/(e,e′p) ratio would show the 
same N/Z dependence as the low-momentum ratio. Because the high- 
momentum (e,e′n)/(e,e′p) ratio is independent of A, these nucleon- 
rescattering effects must be small in this measurement.

Thus, the constant (e,e′n)/(e,e′p) high-momentum ratios indicate 
that there are equal numbers of high-initial-momentum protons and 

neutrons in asymmetric nuclei, even though these nuclei contain up to 
50% more neutrons than protons. This observation is consistent with 
high-initial-momentum nucleons belonging primarily to np SRC pairs, 
even in neutron-rich nuclei25. This equality implies a greater fraction 
of high-initial-momentum protons. For example, if 20% of the 208 
nucleons in 208Pb have high initial momentum, then these consist of 
21 protons and 21 neutrons. This corresponds to a high-momentum 
proton fraction of 21/82 ≈ 25% and a corresponding neutron fraction 
of only 21/126 ≈ 17%.

To quantify the relative fraction of high-momentum protons and 
neutrons in different nuclei with minimal experimental and theoretical  
uncertainties, we extracted the double ratio of (e,e′x) high-initial- 
momentum to low-initial-momentum events for nucleus A relative to 
carbon for both protons and neutrons. We found that the fraction of 
high-initial-momentum protons increases by about 50% from carbon 
to lead (see Fig. 3).

Moreover, the corresponding fraction of high-initial-momentum 
neutrons seems to decrease by about 10% ± 5% (1σ). Nucleon rescat-
tering, if substantial, should increase in larger nuclei and should affect 
protons and neutrons equally (see Methods). Because, unlike the pro-
ton ratio, the neutron ratio decreases slightly with mass number, this 
also rules out sizeable nucleon rescattering effects.

Figure 3 also shows the results of a simple phenomenological  
(that is, experiment-based) np-dominance model5,26 that uses a mean-
field momentum distribution at low momentum (k < kF) and a scaled 
deuteron-like high-momentum tail. This model agrees with our data 
and also predicts momentum-sharing inversion, that is, on average 
protons move faster than neutrons in neutron-rich nuclei.

These results indicate that high-momentum nucleons and short-
range two-body currents are universal and independent of the 
shell model. This conclusion holds for both the quasi-elastic and  
unitary-transformed pictures of the interaction and indicate that 
nuclei must be viewed in a scale-dependent way: nuclear structure 
at higher momentum scales and shorter distances must be described 

Fig. 3 | Relative high-momentum fractions for neutrons and protons. 
Red circles with error bars denote the double ratio of the number of (e,e′p) 
high-momentum proton events to low-momentum proton events for 
nucleus A relative to carbon. The inner error bars are statistical and the 
outer ones include both statistical and systematic uncertainties, both at the 
1σ or 68% confidence level. Blue squares with error bars show the same 
for neutron events. Red and blue rectangles show the range of predictions 
of the phenomenological np-dominance model for proton and neutron 
ratios, respectively (see Supplementary Information). The red line (high-
momentum fraction equal to N/Z) and the blue line (high-momentum 
fraction equal to 1) are drawn to guide the eye. The inset demonstrates 
how adding neutrons to the target nucleus (solid red curve) increases the 
fraction of protons in the high-momentum tail (shaded region).
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•  Neutron	stars?	
	
•  Dissocia<on	of	Borromean	drip-

line	nuclei	such	as	17Ne?			
	
•  General	clusteriza<on	

phenomena?	
	
•  …	
	
	

What	are	the	consequences	for	



Theory	Tool	Kit	



QCD	cannot	be	solved	perturba<vely	in	the	low	energy	limit.	
𝑞 𝑞

𝑞 𝑞

= + →

Dyson-Schwinger Methods  



§  Control	of	model	dependence	

	combine	synergies	with	laVce		
(variable	pion	mass	as	tool)		
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§  Control	of	model	dependence	

	combine	synergies	with	laVce		
(variable	pion	mass	as	tool)		
	
§  Es<mate	theory	uncertainty	
	
compare	results	from	different	methods	
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CST© 

WHAT WE DO AND OBJECTIVES

We study the properties of quarks and qq̄ mesons using covariant quantum-field
theoretical methods of QCD

Main objectives

find a qq̄ interaction for all mesons (unified description)

learn about the Lorentz structure of the confining interaction

understand mass-generation mechanism of dynamical chiral-symmetry breaking

We calculate

dynamical quark mass function

meson spectrum and vertex functions

quark-photon vertex

meson form factors

meson decay properties

q

�

q

q̄

M

Elmar Biernat QUARKS AND MESONS IN CST June 6, 2017 1 / 5

Covariant Spectator Theory  

 
•  Two-body CST equation effectively sums ladder and crossed-ladder exchange 

diagrams, due to cancelations.  

 

•  Smooth non-relativistic limit.  
 
 



Some	Highlights	on	
Results	





Tetraquarks	are	resonances	
	



Excited QCD, Sintra, May 7-13, 2017 Alfred Stadler

Global fits with fixed quark masses and scalar confinement (y=0)
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Fig. 2 Charmonium (left) and bottomonium (right) mass spectrum from BLFQ and CST models compared with the experimental PDG values [36]
and BELLE [37] results. BLFQ states are marked by boxes to indicate the spreads of mass eigenvalues from different magnetic projections. The
mean values marked by dashed bars are defined as M ⌘ [(M2

�J +M2
1�J + ...+M2

+J)/(2J +1)]1/2, and M
l

is the mass eigenvalue associated with
the magnetic projection l , with �J  l +J.

Fig. 3 Comparison between the decay constants determined with CST-LFWFs and with BLFQ-LFWFs as well as with other methods and with
experiment (PDG). The lattice results are from Ref. [38–41] and the DSE results are from Ref. [5].

monium) and 9 MeV (2% in bottomonium), confirming that
the BHL prescription we use works better as one approaches
the non-relativistic limit. Nevertheless, this test provides a
reasonable justification for the procedure we follow in CST
to obtain heavy quarkonia LFWFs, which we will review in
more detail in the next section.

3.3 Light-front wave functions

Having new sets of light-front wave functions for quarko-
nia derived from the CST approach opens the door for sev-
eral calculations. As already mentioned, the CST equation
solved in this work does not respect charge-conjugation sym-
metry, and thus the CST wave functions do not have a defi-

nite C parity. A direct comparison with the BLFQ solutions,
which do have definite C parity, allows for a better identi-
fication of the axial-vector states obtained from CST. From
the BLFQ side, a direct comparison with LFWFs from a dif-
ferent approach also offers benefits. As mentioned earlier,
in BLFQ the inevitable basis truncation breaks the rotational
symmetry. The total angular momentum J is not well defined
and the state identification is based on spectroscopy with the
help of P, C, etc. Comparing with CST results, for which J
is an exact quantum number, gives guidance to validate this
identification. With their rich radial and angular structure,
the bottomonium vector meson LFWFs for instance pro-
vide a non-trivial test of the methods for identifying J in
the BLFQ results.

9

We investigated LFWFs of all states below open fla-
vor thresholds and with J < 2 (cf. Fig. 2) and for all non-
vanishing spin configurations. The obtained wave functions
exhibit close correspondence between CST and BLFQ in
their dominant structures for all states and spin alignments.

To visualize the rich structures of the wave functions, we
adopt the scheme of Ref. [43]. We note that for a particular
polarization l and spin alignment ss̄, the LFWFs can be ex-
pressed as

yss̄ (kkk?,x) = Fss̄ (k?,x)exp(im`f), (46)

where k? = |kkk?| and f = argkkk?. This is valid because the
orbital angular momentum projection m` = l � s� s̄ is def-
inite (l ⌘ mJ). In order to visualize these wave functions,
we drop the phase exp(im`f), while retaining the relative
sign exp(im`p) = (�1)m` for negative values of k?. More
precisely we plot

Y (k?,x)⌘
⇢

Y (k?,x) , k? � 0,
Y (�k?,x)(�1)m` , k? < 0. (47)

This scheme essentially takes a slice of the 3D wave function
yss̄(kkk?,x) at ky = 0.

Let us begin the discussion of the LFWFs with the inter-
esting case of the vector bb̄ because from all the systems this
is the one with the largest number of states below its open
flavor threshold, the BB threshold. These systems admit a
mixture of S- and D-wave components (as long as there is a
tensor force). In Fig. 4 we show the dominant triplet compo-
nent of the ground state and several radial excitations. The
states ° (1S), ° (2S), and ° (3S) are clearly S-wave domi-
nated and in both cases an increasing number of nodes in
both transverse (k?) and longitudinal (x) directions is ob-
served. As a consequence, and for our particular choice of
the coordinate range, a nesting ring pattern emerges. This
is consistent with the non-relativistic interpretation, where
the radial excitation is homogeneous in all three directions.
Prior to the map described in Eq. (27), CST amplitudes ex-
pressed as functions of kkk show precisely this behavior (see
Fig. 3 of Ref. [34]). The 13D1 wave function resembles the
shape of the the spherical harmonic Y 0

2 (k̂kk). The same hap-
pens for 23D1, where the complicated inner structure is also
compatible with a Y 0

2 (k̂kk) but now with an extra node in both
k? and x.

In Fig. 5, in addition to the dominant triplet component,
other sub-dominant components of purely relativistic origin
are shown. Here, significant differences appear between the
CST and the BLFQ LFWFs. While in BLFQ there is only
one y## component, in CST two extra components compat-
ible with a quantum number `= 1 and with spin alignments
y## and spin singlet y("#�#") appear and are presented in the
last row of Fig. 5. These components emerge from the CST
amplitude’s y

++ component [cf. Eq. (20)] and are absent

Fig. 4 Dominant triplet component of the BLFQ-LFWFs and CST-
LFWFs for several bottomonium vector meson states. Both plots have
the same scale and the region outside x= 0.2 and x= 0.8 is not depicted
because it is structureless.
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Fig. 9 CST DAs calculated for increasing values of the cut-off parameter L for hc(1S) (top left) and hb(1S) (top right); BLFQ DAs calculated for
increasing values of the cut-off scale µ = k

p
Nmax (up to Nmax = 32) for hc(1S) (bottom left) and hb(1S) (bottom right). The black dashed curve

represents the pQCD limit [44].

Fig. 10 Parton distributions functions of pseudoscalar states.

Comparison	of	two	Minkowski-space	approaches	(CST	and	BLFQ)		heavy	
quarkonia	

Sofia	Leitão,	Yang	Li,	Pieter	Maris,	M.T.	Peña,	Alfred	Stadler,	James	P.	Vary,	Elmar	P.	Biernat,	Eur.Phys.J	C	(2017)	77	
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Connection to experiment(s) 

Teresa Pena (IST ULisboa) 

Experiments?

LHC (CERN)
RHIC (BNL) 
GSI/FAIR (Germany)
. . .

�
� �

How can we probe quarks and gluons experimentally
if we can never set them free?

→  Hadronization & Jets

→  QCD phase diagram

→  Quark-gluon plasma
 

→  More in the Hands-on tomorrow

pp → X, pA → X,  AA → X, . . . 

p

p

K. Hamilton

Gernot Eichmann (LIP) Feb 5, 2020 8 / 18

Experiments?

Jefferson Lab (USA)
COMPASS (CERN)
MAMI & ELSA (Germany)
EIC (USA)
. . .

�
� �

Use electromagnetic probes: 

Extract properties of
individual hadrons

Quark-gluon substructure,
“Hadron tomography”

Resonances

ep → Xe  e  ↔ X

eN scattering meson
electro-

production

Compton
scattering

BES III,
Belle,
BaBar,
. . .

p

e

e

e

+

+

−

−

Gernot Eichmann (LIP) Feb 5, 2020 9 / 18



Crossing the boundaries to explore baryon resonances 
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Crossing the boundaries to explore baryon resonances 

														Timelike: Q2<0 			Spacelike: Q2>0 

NN̄ ! e+e�
e+e� ! NN̄ Ne� ! N⇤e�

                          BES III   BELLE II          
FAIR/HADES         
                            FAIR/PANDA  

JLab/CLAS: 
most world data 

Timelike physical region 
Electron scattering 

Results have to match at the photon point. 
. 

Timelike physical region 

BES III, BELLE II FAIR/GSI 
HADES 

Non- 
accessible 
region 

TFF 
TFF TFF 

Crossing the boundaries between different  
Experiments  to explore baryon resonances 
	

Q2 = �q2
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Transition form factors 

Crossing the boundaries to explore baryon resonances 

Baryon resonances  
transition form factors 

Asymptotic scaling? Magnitude of Q2 
where space-like and time-like data  
begin to converge, as enforced by 
analyticity? 

Teresa Pena (IST ULisboa) 



Spacelike form factors: 

 

•  Structure information: shape of 
charge distribution,… 

•  qqq excitation vs. hybrid, ... 

 

Transition form factors 

Crossing the boundaries to explore baryon resonances 

Baryon resonances  
transition form factors 

Timelike form factors: 

	

•  Particle production channels:  
vector mesons at small q2

 

 

•  In-medium dilepton production 

CLAS: Aznauryan et al., 
Phys. Rev. C 80 (2009) 
MAID: Drechsel, 
Kamalov, 
Tiator, EPJ A 34 (2009) 

Asymptotic scaling? Magnitude of Q2 
where space-like and time-like data  
begin to converge, as enforced by 
analyticity? 

See	Gernot	Eichmann	and	Gilberto	
Ramalho		
Phys.	Rev.	D	98,	093007	(2018)	

Teresa Pena (IST ULisboa) 



 
 
 

Resonances as Pentaquarks seen in Form Factors 	

Timelike: |G∗M | - new model

New model: consider the explicit connection with the

microscoptic pion cloud structure – quarks with structure

(a) Coupling with pion on the air:
related with pion electromagnetic form factor Fπ(q2)

(b) Coupling with intermediate baryon states (octet/decuplet):
parametrized effectively by [G̃D(q2)]2 ∝ 1/Q8

G̃D(q2) =
Λ4
D

(Λ2
D − q2) + Λ2

DΓ2
D(q2)

,

Λ2
D cutoff: parametrize mass scale of intermediate reson. (Λ2

D ≈ 1 GeV2)
ΓD(q2) effective width, constraint to ΓD(0) = 0

Gilberto Ramalho (IIP/UFRN, Natal,Brazil) SL and TL e.m. baryon FF Estoril, October 9, 2015 37 / 55

+	 +	

Pion cloud component 
supressed for high Q2 
 

1
Q8

For low Q2 : add coupling with pion in flight. 
 Bare	quark		

component	 	Pion	cloud	

			pairs		from	a	single	quark		
			included	in	dressing	

qq̄

Teresa Pena (IST ULisboa) 



Missing strength of GM at the origin is an universal feature. 
In a dynamical quark calculation: 

γN→Δ

Signature of Pion Cloud is Model independent feature  

Eichmann et al., Prog. Part. Nucl. Phys. 91 (2016) 

Effect of vicinity of 
the mass pole of the 
Delta to the pion-
nucleon threshold. 
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G
M

*  (Q
2 )
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Pion cloud
EBAC

γ*N → ∆

FIG. 2: Results for the γ∗N → ∆ transition. Data shown
are for the γ∗p → ∆+ reaction, from DESY [62], SLAC [63],
CLAS/JLab [64] and MAID analysis [65, 66]. Data for the large
Q2 region from CLAS/JLab are not included [77]. EBAC results
are from Ref. [68].

B. Symmetry between different transitions

Roughly, we can classify the results for the γ∗B → B′

transition form factors according to the magnitudes of
magnetic dipole form factor G∗

M :

large : γ∗N → ∆, γ∗Λ → Σ∗0,

γ∗Σ+ → Σ∗+, γ∗Ξ0 → Ξ∗0,

moderate : γ∗Σ0 → Σ∗0,

small : γ∗Σ− → Σ∗−, γ∗Ξ− → Ξ∗−.

This classification has an implication for the magnitudes
of the decay widths as we will see in the next section.
The observed magnitudes for G∗

M mainly reflect the
dominant valence quark structure, although modified by
the effect of the pion cloud. As mentioned in Sec. III A
based on Table III, except for the deviations due to the
mass differences, we can expect similar results for the
γ∗Σ+ → Σ∗+ and γ∗Ξ0 → Ξ∗0 transitions. The same
holds for the reactions γ∗Σ− → Σ∗− and γ∗Ξ− → Ξ∗−.
We compare the results for these reactions directly in
Fig. 6.
Note in Fig. 6, the closeness between the results for the

two reactions both for the bare (dashed lines) and the
total (solid lines). These results are the consequences
of the following two effects: similarity in the valence
quark structure, and identical contribution from the pion
cloud contributions (see Table V). Concerning the va-
lence quark contributions, the similarity in the results of
the two reactions is a combination of the identical tran-
sition current coefficients (jSi ) and the kinematics. In
fact, although the mass configurations are different for
the γ∗Σ → Σ∗ and γ∗Ξ → Ξ∗ reactions, the transition
three-momentum |q| at Q2 = 0 in the baryon B′ rest
frame, are almost the same, 0.18 GeV and 0.20 GeV re-
spectively.
The difference in magnitude between the two sets,

(γ∗Σ+ → Σ∗+, γ∗Ξ0 → Ξ∗0) and (γ∗Σ− → Σ∗−,

Gb
M (0) Gπ

M (0) G∗
M (0) |G∗

M (0)|exp
γ∗p → ∆+ 1.63 1.32 2.95 3.04± 0.11 [4]

γ∗n → ∆0 1.63 1.32 2.95 3.04± 0.11 [4]

γ∗Λ → Σ∗0 1.68 0.92 2.60 3.35± 0.57 [4]

γ∗Σ+ → Σ∗+ 2.09 0.26 2.35 4.10± 0.57 [5]

γ∗Σ0 → Σ∗0 0.97 0.00 0.97

γ∗Σ− → Σ∗− −0.15 −0.26 −0.42 < 0.8 [8]

γ∗Ξ0 → Ξ∗0 2.19 0.26 2.46

γ∗Ξ− → Ξ∗− −0.17 −0.26 −0.43

TABLE VI: Results for G∗
M (0). Values for |G∗

M (0)|exp are es-
timated by Eq. (4.1) using the experimental values of ΓB′→γB .

γ∗Ξ− → Ξ∗−) in our model, is a consequence of the ap-
proximate SU(3) symmetry. Furthermore, as commented
in Sec. III A, a model with the exact SU(3) symmetry
limit would give no contribution for the last two reac-
tions. In contrast, the small violation of the symmetry,
in particular in the SU(2) sector due to the asymmetry
between the isoscalar and isovector quark form factors
f±(Q2), is the reason why the present model is success-
ful in the description of the neutron electric form fac-
tor [34, 35, 39]. In other approaches the small magnitude
of the G∗

M results for the γ∗Σ− → Σ∗− and γ∗Ξ− → Ξ∗−

reactions, can be a consequence of U -spin symmetry [9].
We can also study the relation between the transitions

γ∗N → ∆ and γ∗Λ → Σ∗0 based on the similarity sug-
gested by the valence quark structure given in Table III.
From Table III, we may conclude that the transition form
factors between the γ∗Λ → Σ∗0 and γ∗N → ∆ reactions

differ by a factor
√

3
4 , if only the valence quark con-

tributions are considered. We examine this in Fig. 7,
by comparing the form factor of γ∗N → ∆ to that of

γ∗Λ → Σ∗0 multiplied by
√

4
3 . However, the results

must be interpreted with care. Focusing on the final
results (total, solid lines), the similarity between the re-
sults for the two reactions is an accidental combination of
a large pion cloud effect and a smaller core contribution
for the γ∗N → ∆ reaction, and the opposite, a smaller
pion cloud effect and a larger core contribution for the
γ∗Λ → Σ∗0 reaction. The symmetry properties should be
better observed in the bare contributions (dashed lines).
In fact, the two dashed lines have a similar shape, but
differ in magnitudes by about 20% near Q2 = 0. This is
a consequence of the differences in the masses and radial
wave functions.
Then, we conclude that the closeness between the total

results for the γ∗N → ∆ and γ∗Λ → Σ∗0 reactions, also
predicted by the U -spin symmetry, is accidental, since
the pion cloud contributions should break the symmetry
appreciably. In fact, for the γ∗N → ∆ reaction, the pion
cloud contribution is 80% of the quark core contribution,
while in the γ∗Λ → Σ∗0 reaction, the pion contribution is
55%. Note that, the U -spin symmetry takes into account

Missing strength of GM at the origin is an universal feature. 
In CST quark-diquark model: 

γN→Δ

Signature of pion cloud is Model independent feature 

  2009 CST© 

Bare quark-diquark core 
model: 
•  dominates large 
    region. 
 

 

Q2



In lattice pion mass regime, no pion cloud and only quark core 
contributions.  
 
CST model constrained by LQCD data. 
 
Then one can extract pion cloud indirectly from data.  

14 G. Ramalho
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Lattice data

Fig. 7 At the right: comparison with EBAC estimate of bare core [34]. At the left:
extrapolation to the lattice QCD regime with mπ = 490 MeV. Lattice data from Ref. [71].

Since the experimental value is G∗
M (0) ≃ 3.02 [49], one can conclude that

near Q2 = 0, the model underestimate the data in about 37%. Note that this
estimate provide only an upper limit, and that in the numerical calculations,
one can have even larger underestimations [7,31].

From the previous discussion, we can conclude that the covariant spectator
quark model provides a natural explanation for the underestimation of the data
at low Q2, when we consider only the valence quark degrees of freedom. In
order to explain the missing strength, one needs to take into account explicit
contributions of the pion cloud effects, as concluded from the use of dynamical
baryon-meson reaction models [2,7,34,35,36].

Before explaining how one can parametrize the pion cloud effects, one needs
to discuss how we can parametrize the of the nucleon and the ∆(1232) wave
functions. As discussed in Sect. 2, the structure of the nucleon can be described
within the covariant spectator quark model, considering an SU(6) structure
for the S-state wave function, and a parametrization for the quark current
(1) [6]. As for the nucleon, we consider also an S-state structure associated
with a radial wave function ψ∆ [7,8,11]. The question is, how to determine the
function ψ∆, since, contrarily to the nucleon elastic form factors, the radial
wave function cannot be adjusted directly to the empirical data, because the
data is strongly contaminated by pion cloud effects.

One are then left with two options: i) calibrate the data by some estimate
from the valence quark core contributions to the transition form factors; ii)
calibrate the model by lattice QCD simulations for large pion masses, where
the meson cloud effects are suppressed.

The first option can be implemented using the estimate of the quark core
contributions performed with the assistance of the Sato-Lee/EBAC model,
nowadays known as Argonne-Osaka model [33,34,37,46]. The second option
requires an intermediate step, the extension of the covariant spectator quark
model from the physical regime to the lattice QCD regime. This extension
can be performed taking advantage of the definition of the quark currents
in terms of the hadron masses (vector mesons and nucleon mass) and also

Connection to Lattice QCD 
	

G. Ramalho and M. T. Peña, Phys. Rev. D 80, 013008 (2009)  
	

Control of model dependence 

	



Crossing the boundaries   

HADES Collaboration, Phys.Rev. C95 (2017)

Ramalho, Pena, Weil, Van Hees, Mosel, Phys.Rev. C93 (2016) 

spacelike	

(1232) Dalitz decay  
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Fig. 10 At the right: Calculation of |G∗

M
| in timelike region in terms of W [30]. At the

left: ∆(1232) Dalitz decay cross-sections from HADES [77]. See discussion in the main text.

case the functions are represented in terms of q2 = −Q2, in order to facilitate
the discussion in the timelike regime. The new parametrization improves the
previous one, because it clearly separates the contributions from the photon
coupling with the pion from the photon coupling with intermediate baryon
states (see Fig. 9).

The motivation to the use of the parametrization (16) is based on the
diagrammatic representation of Fig. 9, and in the results of the study of the
octet to decuplet transition from Ref. [32]. In that work a microscopic meson
cloud contribution based on the cloudy bag model [73] was used in combination
with the covariant spectator quark model for the quark core. It was found that
in the case of the γ∗N → ∆(1232) transition each diagram contribute with
about 50% to the pion cloud effect.

In the new representation only a part (50%) of the contribution is then
linked with the photon coupling with the pion, as expected in a realistic de-
scription. The second term, which describes the coupling with intermediate
baryons is now represented phenomenologically, using an effective generaliza-
tion of G2

D to the timelike region, where the pole q2 = Λ2
D is regularized [29,

30].

The present representation of Gπ
M is particularly useful for studies in

the timelike region, in particular to the study of the ∆(1232) Dalitz decay:
∆→ γ∗N → e+e−N , where the final state has a dilepton pair [30,74]. Those
processes have been studied at HADES [74,75,76,77]. This topic was discussed
also in the presentation of B. Ramstein [78].

In timelike region one can calculate the G∗
M form factor, which is complex,

in terms of the running mass W that can differ from the mass of the pole M∆.
The results of |G∗

M | for different values of W are presented in the left panel of
Fig. 10. For kinematic reason the functions are limited by q2 ≤ (W −M)2 [29,
30]. The model for |G∗

M | was used to estimate the∆(1232) Dalitz cross-sections
and it was compared with the results from HADES [77]. The results are pre-
sented in the right panel of Fig. 10. The covariant spectator quark model

Dilepton	mass	
spectrum	
including	pion	
cloud	
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	New	tracks:	
§  NN	interac<on	from	quark-gluon	dynamics	
§  Hybrid	mesons	
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Single pseudoscalar meson pole and pion box contributions to the anomalous

magnetic moment of the muon

Gernot Eichmann,1, ⇤ Christian S. Fischer,2, † Esther Weil,2, ‡ and Richard Williams2, §
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CFTP, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisboa, Portugal
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Institut für Theoretische Physik, Justus-Liebig Universität Gießen, 35392 Gießen, Germany

We present results for single pseudoscalar meson pole contributions and pion box contributions to
the hadronic light-by-light (LBL) correction of the muon’s anomalous magnetic moment. We follow
the recently developed dispersive approach to LBL, where these contributions are evaluated with
intermediate mesons on-shell. However, the space-like electromagnetic and transition form factors
are not determined from analytic continuation of time-like data, but directly calculated within the
functional approach to QCD using Dyson-Schwinger and Bethe-Salpeter equations. This strategy
allows for a systematic comparison with a strictly dispersive treatment and also with recent results
from lattice QCD. Within error bars, we obtain excellent agreement for the pion electromagnetic and
transition form factor and the resulting contributions to LBL. In addition, we present results for the
⌘ and ⌘0 pole contributions and discuss the dynamical e↵ects in the ⌘�⌘0 mixing due to the strange
quarks. Our result for the total pseudoscalar pole contributions is aPS-pole

µ = 91.6 (1.9)⇥ 10�11 and
for the pion-box contribution we obtain a⇡�box

µ = �16.3 (2)(4)⇥ 10�11.

I. INTRODUCTION

The anomalous magnetic moment aµ = 1

2

(g � 2)µ of
the muon is currently under intense scrutiny from both
theory and experiment. With a persistent discrepancy
of about 3–4 standard deviations between the theoretical
Standard Model (SM) predictions and experimental de-
terminations [1], aµ is considered a potential candidate
for the observation of physics beyond the SM. In order
to identify such contributions, both theory and exper-
iment need to improve their precision beyond the 0.54
parts per million level that has been achieved by E821
at Brookhaven [2, 3]. Two new experiments at Fermi-
lab [4] and J-PARC [5] are under way, aiming to reduce
the experimental error by a factor of four.

However, the error budget of the theoretical SM predic-
tion is dominated by hadronic contributions that probe
non-perturbative QCD and at present mask any poten-
tial signals of new physics. The most relevant of these are
hadronic vacuum polarisation (HVP) and light-by-light
(LBL) scattering e↵ects; the latter of which are the focus
of this work and are shown diagrammatically in Fig. 1.
While the currently accepted estimate on hadronic LBL
stems from a combination of calculations based on low-
energy e↵ective models [6], see [7] for a recent overview,
there are great e↵orts both from lattice QCD [8–18] as
well as dispersion theory [19–28] to improve this estimate.

Within the functional approach via Dyson-Schwinger
and Bethe-Salpeter equations (DSEs and BSEs), meson
exchange contributions to LBL as well as an (incomplete)
determination of quark-loop e↵ects (see Fig. 2) have been
presented and discussed in Refs. [29–31]. In the same
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FIG. 1. The light-by-light scattering contribution to aµ. The
main ingredient is the hadronic photon four-point function
⇧µ⌫↵� .

framework, the dispersive results for hadronic vacuum
polarisation have been reproduced on the level of 2-3 per-
cent [32].
A principal challenge for the functional approach is to

provide a reliable error estimate. In all practical calcula-
tions the tower of DSEs must be truncated, and it is ex-
tremely hard to quantify the systematic error of neglected

FIG. 2. Left: The quark loop contribution to aµ (without
permutations of the photon legs). The quark propagators and
quark-photon vertices are fully dressed. Right: The meson-
exchange part of the LBL contribution to aµ (without per-
mutations of the photon legs).
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Dyson-Schwinger  dynamical quark calculations  

•  predict baryon spectrum and light mesons spectrum in agreement with 
experiment 

•  support quark-diquark picture for baryons 

•  allow to establish dynamic generation of tetraquarks;  

•  pentaquarks in the way 

Covariant Spectator  calculations 

•  gives a quark-diquark model which describes different resonance states 

Δ(1232), N*(1440), N*(1535), N*(1520), baryon octet, dilepton mass spectrum. 

•  is consistent with experimental data at high Q2. 

•  also supports quark-diquark picture for baryons 

•  description of meson spectrum from fitting PS sector only, showing  

that spin-dependent forces are correctly predicted through covariance. 
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Recent	results	

Single pseudoscalar meson pole and pion box contributions to the anomalous

magnetic moment of the muon

Gernot Eichmann,1, ⇤ Christian S. Fischer,2, † Esther Weil,2, ‡ and Richard Williams2, §

1

CFTP, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisboa, Portugal

2

Institut für Theoretische Physik, Justus-Liebig Universität Gießen, 35392 Gießen, Germany

We present results for single pseudoscalar meson pole contributions and pion box contributions to
the hadronic light-by-light (LBL) correction of the muon’s anomalous magnetic moment. We follow
the recently developed dispersive approach to LBL, where these contributions are evaluated with
intermediate mesons on-shell. However, the space-like electromagnetic and transition form factors
are not determined from analytic continuation of time-like data, but directly calculated within the
functional approach to QCD using Dyson-Schwinger and Bethe-Salpeter equations. This strategy
allows for a systematic comparison with a strictly dispersive treatment and also with recent results
from lattice QCD. Within error bars, we obtain excellent agreement for the pion electromagnetic and
transition form factor and the resulting contributions to LBL. In addition, we present results for the
⌘ and ⌘0 pole contributions and discuss the dynamical e↵ects in the ⌘�⌘0 mixing due to the strange
quarks. Our result for the total pseudoscalar pole contributions is aPS-pole

µ = 91.6 (1.9)⇥ 10�11 and
for the pion-box contribution we obtain a⇡�box

µ = �16.3 (2)(4)⇥ 10�11.

I. INTRODUCTION

The anomalous magnetic moment aµ = 1
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(g � 2)µ of
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theory and experiment. With a persistent discrepancy
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Standard Model (SM) predictions and experimental de-
terminations [1], aµ is considered a potential candidate
for the observation of physics beyond the SM. In order
to identify such contributions, both theory and exper-
iment need to improve their precision beyond the 0.54
parts per million level that has been achieved by E821
at Brookhaven [2, 3]. Two new experiments at Fermi-
lab [4] and J-PARC [5] are under way, aiming to reduce
the experimental error by a factor of four.

However, the error budget of the theoretical SM predic-
tion is dominated by hadronic contributions that probe
non-perturbative QCD and at present mask any poten-
tial signals of new physics. The most relevant of these are
hadronic vacuum polarisation (HVP) and light-by-light
(LBL) scattering e↵ects; the latter of which are the focus
of this work and are shown diagrammatically in Fig. 1.
While the currently accepted estimate on hadronic LBL
stems from a combination of calculations based on low-
energy e↵ective models [6], see [7] for a recent overview,
there are great e↵orts both from lattice QCD [8–18] as
well as dispersion theory [19–28] to improve this estimate.

Within the functional approach via Dyson-Schwinger
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DSE	and	CST©:	quark	self-interac<on	is	consistent	with	quark-
an<-quark	interac<on	



Two-body	equa<on	for	bound	state	is	consistent	with	one-body	equa<on	
for	self-energy,	in	the	chiral	limit.		
	
Necessary	for	dynamical	chiral	symmetry	breaking.	

DSE	and	CST©:	quark	self-interac<on	is	consistent	with	quark-
an<-quark	interac<on	



Big Questions 

Teresa Pena (IST ULisboa) 

Is	there	cri<cal	endpoint	in	
	the	QCD	phase	diagram?		

How	important	are	baryons		
for	the	phase	transi<on?		

LH
C	

CriAcal	point	



The Gap and the Scope  

Teresa Pena (IST ULisboa) 

•  How do excess neutrons in neutron-rich nuclei  
form such close-proximity pairs? 

 
•  Is the tensor force indispensable for 

light nuclei to be bound or stable against breakup?  
 
•  What is the nature of the repulsive core  

of the nuclear interaction? 
 
  

The project  
 
•  operates at the level of the nuclear interaction  

and its relation to low-energy QCD 
 

•  reaches out into nuclear astrophysics.  



Benefits of JRA 

Teresa Pena (IST ULisboa) 

•  The teams cover all these methods. 

•  Strengthens international & interdisciplinary collaborations. 

•   Optimizes the connections between theory and experiment. 
 
•  Postdoc position strengthen existing connections. 

 

•  Computer programs can be made accessible. 

•  OPEN repositories of reports available online. 
 
•  Opportunity for attracting students and organize joint training programs.  



§  R3B@FAIR 

(p,2p) reactions with radioactive beams 
high-energy protons. 
 
15O (2p, gamma)17Ne 
 

 
 
§  LNS@Catania 

     Charge exchange reactions 
 
 
•   ...Task Force for Experimental activities 

Connections to Experiment 

Natural Coupling:  “TheoS” JRA for Theory of ENSAR2 
US Analogue:  “FRIB Theory Alliance” 

 
 
 



	ENERGY						

TIME		

Connec<ons	to	Programs	at	Experimental	Facili<es	

																									Nuclear	Astrophysics			
			CERN							JLAB;						Radioac<ve		
																				FAIR							Ion		Beams	

Ac<ve	
Collabora<ons	
JLab		
HADES/GSI	
Giessen	U	
Iowa	State	U	
	
	
Brazil	(Rio	
Grande	do	Sul)	



	
So	far:	
	
Light	nuclear	bound	states	(deuteron,	3N),	3N	Forces	
	
High	precision	NN	force	models	with	few	number	of	
parameters	
	
Elas<c	electromagne<c	form	factors	with	consistent	
gauge-invariant	currentseo.	

	

Our	Focus	now:	
	
Meson	and	Baryon	proper<es		with	funcAonal	
methods	(	DS/BS	and	CST)	
	
Mul<quark	systems.		



VMD	as	link	to	LQCD	

4

FIG. 4: Electromagnetic current to the quark. The first term
is the coupling of the photon to a bare quark. The loops cor-
respond to quark-antiquark excitations and the black dot ver-
tices to the quark-antiquark interaction kernel. The diagram
gives a representation of the inhomogeneous Bethe Salpeter
equation (2.5) for the quark-photon vertex.

where M is the nucleon mass, j1 and j2 are the Dirac
and Pauli quark form factors. Each of these form fac-
tors ji (i = 1, 2) has an isoscalar and an isovector com-
ponent, respectively fi+ and fi� (functions of Q

2, the
4-momentum transfer squared), ji =

1
6fi+ + 1

2fi�⌧3.
The inclusion of the second term in the second equation

in (2.3) is equivalent to using the Landau prescription for
the electromagnetic current Jµ

NR. Since the phenomeno-
logical wave functions of the baryons include the propa-
gators of the quark interacting with the photon in Fig.
3, that term guarantees current conservation.

The explicit forms of the Dirac and Pauli quark form
factors, f1± and f2±, are chosen to be consistent with the
mechanism of vector meson dominance, depicted in Fig.4.
VMD motivates the following parametrization [23, 27]

f1±(Q
2) = �q + (1 � �q)
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(2.4)

where mv is a light vector meson mass, Mh is a mass of
an e↵ective heavy vector meson, ± are quark anoma-
lous magnetic moments. The mixture coe�cients c±, d±
are phenomenologically fixed by the proton and neutron
elastic electromagnetic form factors. The parameter �q

is related to the quark density number and fixed by deep
inelastic scattering data. In the applications mv = m⇢

(' m!) to include the physics associated with the ⇢-pole
and Mh = 2M (twice the nucleon mass) to take into
account e↵ects of meson resonances with a larger mass.
The quark form factors are moreover normalized to re-
produce the charge and anomalous magnetic moment of
the u and d quarks.

The CST phenomenological choice for a VMD param-
eterization of the current, as represented in Fig. 4, is

consistent with the inhomogeneous Bethe-Salpeter equa-
tion that is to be solved to find the quark-photon vector
vertex �µ [30]

�µ(p,Q) = �µ + (2.5)
Z

d

4
q

(2⇡)4
K(p, q,Q)S(q + ⌘Q)�µ(q,Q)S(q � ⌘Q)

where ⌘ gives the momentum sharing in the initial and
final quark, K is the quark-antiquark interaction, S is
the quark propagator. It becomes clear from (2.5) how
the meson spectrum ties with the behavior of the quark-
photon coupling. The iterations to all orders of the in-
teraction kernel K (the first iterations are represented in
Fig. 4) are summed by the integral equation.Therefore
for timelike kinematics the vector meson bound states
appear as poles of the vector interaction vertex.

B. Connection of the model to LQCD

The connection to LQCD arises from the following re-
alizations [31, 32]: i) the pion cloud e↵ects are negligible
for large unphysical pion masses, ii) since the electro-
magnetic quark current within the CST model is built
from the mechanism of vector meson dominance, and
the vector meson mass is a function of the running pion
mass, the bare quark core model can be calibrated by the
LQCD data for large pion masses, iii) by taking the limit
of the model back to the physical pion mass value, the ex-
perimental data is well described in the high momentum
transfer Q2 region.
It was in the N� ! �(1232) excitation that this

connection was first checked in practice [31, 32]. The
�(1232) wave function was fixed by calibrating it to the
LQCD results for the three N� ! �(1232) electromag-
netic form factors, and this calibration made use of a
running pion mass to vary the ⇢ meson mass. In ad-
dition, the assumption was made that for all the three
form factors of the reaction the contributions from the
constituent quark core and from the pion cloud are to
be added. This is supported by the experimental data
for the dominant form factor, GM [27]. Therefore, by
subtracting the experimental data from the CST con-
stituent quark model, we could make estimations for the
pion cloud e↵ects, which were non-zero in the vicinity of
Q

2 ⇡ 0. Important conclusions are: i) by first fitting
the form factors to the LQCD data and then restoring
back the physical pion mass value, one could predict the
experimental data, however, the reverse was not true (by
fitting the physical data one does not succeed describ-
ing the LQCD data), ii) although the experimental data
alone does not fix the weight of the D wave component
in the �(1232) wave function at a reasonable value, the
LQCD data does.
Finally, the information that the CST model extracts

on the pion cloud contribution to the �(1232) electroex-
citation is consistent with the EBAC (Excited Baryon

4
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�  VMD enables link to LQCD:  

in the electromagnetic current the vector meson mass is 
taken as a function of the running pion mass.  

 

�Pion cloud contribution negligible for large pion masses: 

and bare quark model could be calibrated to the lattice data. 
 

�After that, in the limit of the physical pion mass value,  

the experimental data is well described in the large Q2 
region.  

 

VMD	as	link	to	LQCD	



CST© 

WHAT WE DO AND OBJECTIVES

We study the properties of quarks and qq̄ mesons using covariant quantum-field
theoretical methods of QCD

Main objectives

find a qq̄ interaction for all mesons (unified description)

learn about the Lorentz structure of the confining interaction

understand mass-generation mechanism of dynamical chiral-symmetry breaking

We calculate

dynamical quark mass function
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single quark (3), one can write the electromagnetic current
associated with the baryon B in a impulse approximation
[1,3],

J!0B ¼ 3
X

!

Z
k

"#BðPþ; kÞj!q#BðP%; kÞ; (11)

where j!q is the quark current operator, Pþ (P%) is the final
(initial) baryon momentum and k the momentum of the
on-shell diquark, and ! ¼ fs;"g labels the scalar diquark
and the vectorial diquark polarization " ¼ 0,&. The factor
3 in Eq. (11) takes into account the contributions for the
current from the pairs (13) and (23), where each pair has
the identical contribution with that of the pair (12). The
polarization indices are suppressed for simplicity. The
integral symbol represents

Z
k
¼

Z d3k

2EDð2#Þ3
; (12)

where ED ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

D þ k2
q

.

Generally, the baryon electromagnetic current (11) can
be expressed as

J!0B ¼ ~e0B$
! þ ~%0B

i&!'q'
2MB

; (13)

where ~e0B and ~%0B are the functions of Q2, and, respec-
tively, correspond to the valence quark contributions for
the F1BðQ2Þ and F2BðQ2Þ form factors. To represent these
quantities for Q2 ¼ 0, we suppress the tildes. Note that in
Eq. (13) we omit the baryon spinors as in Eq. (1).

C. Quark current

The quark current operator j!q has a generic structure,

j!q ¼ j1

"
$! % 6qq!

q2

#
þ j2

i&!'q'
2MN

; (14)

where MN is the nucleon mass and ji (i ¼ 1; 2) are SU(3)
flavor operators acting on the third quark of the jMAi or
jMSi state. In the first term 6qq!=q2 is included for com-
pleteness, but does not contribute for elastic reactions.

The quark current ji (i ¼ 1; 2) in Eq. (14), can be
decomposed as the sum of operators acting on quark 3 in
SU(3) flavor space,

ji ¼
1

6
fiþ"0 þ

1

2
fi%"3 þ

1

6
fi0"s; (15)

where

"0 ¼
1 0 0
0 1 0
0 0 0

0
@

1
A; "3 ¼

1 0 0
0 %1 0
0 0 0

0
@

1
A;

"s '
0 0 0
0 0 0
0 0 %2

0
@

1
A

(16)

are the flavor operators. These operators act on the quark
wave function in flavor space, q ¼ ðuds ÞT .
The functions fi&ðQ2Þ (i ¼ 1; 2) are normalized by

f1nð0Þ ¼ 1 (n ¼ 0, &), f2&ð0Þ ¼ %&, and f20ð0Þ ¼ %s.
The isoscalar (%þ) and isovector (%%) anomalous magnetic
moments are defined in terms of the u and d quark anoma-
lous magnetic moments, %þ ¼ 2%u % %d and %% ¼ 2

3%u þ
1
3%d. In the previous works the quark anomalous magnetic
moments were adjusted to reproduce the experimental
magnetic moments of the nucleon and the $% [1,3]. In
this work however, we will readjust the u and d quark
anomalous magnetic moments as will be explained later.
To see explicitly the quark flavor contributions for the

electromagnetic current (14), we sum over the quark
flavors following Refs. [2,3], and get the coefficients

jAi ¼ hMAjjijMAi; (17)

jSi ¼ hMSjjijMSi; (18)

for i ¼ 1; 2. The results, corresponding to the states given
in Table I, are presented in Table II.

D. Valence quark contributions for the
electromagnetic form factors

Using the expressions derived in the previous work for
the nucleon form factors in the S-state approach [1], we
obtain the corresponding expressions for the octet baryons
B by replacing the nucleon coefficients jAi and jSi (i ¼ 1; 2)
by the respective baryon state,

~e 0B ¼ BðQ2Þ (
"
3

2
jA1 þ 1

2

3% (

1þ (
jS1 % 2

(

1þ (

MB

MN
jS2

#
;

(19)
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3

2
jA2 %

1
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1% 3(

1þ (
jS2

#
MB
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% 2

1

1þ (
jS1

%
;

(20)

TABLE II. Mixed symmetric and antisymmetric coefficients
for the octet baryons appearing in Eqs. (17) and (18).

B jSi jAi

p 1
6 ðfiþ % fi%Þ 1

6 ðfiþ þ 3fi%Þ
n 1

6 ðfiþ þ fi%Þ 1
6 ðfiþ % 3fi%Þ

%0 1
6 fiþ

1
18 ðfiþ % 4fi0Þ

&þ 1
18 ðfiþ þ 3fi% % 4fi0Þ 1

6 ðfiþ þ 3fi%Þ
&0 1

36 ð2fiþ % 8fi0Þ 1
6 fiþ

&% 1
18 ðfiþ % 3fi% % 4fi0Þ 1

6 ðfiþ % 3fi%Þ
'0 1

18 ð2fiþ þ 6fi% % 2fi0Þ % 1
3 fi0

'% 1
18 ð2fiþ % 6fi% % 2fi0Þ % 1

3 fi0
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for i ¼ 1; 2. The results, corresponding to the states given
in Table I, are presented in Table II.
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obtain the corresponding expressions for the octet baryons
B by replacing the nucleon coefficients jAi and jSi (i ¼ 1; 2)
by the respective baryon state,

~e 0B ¼ BðQ2Þ (
"
3

2
jA1 þ 1

2

3% (

1þ (
jS1 % 2

(

1þ (

MB

MN
jS2

#
;

(19)

~%0B ¼ BðQ2Þ (
$"

3

2
jA2 %

1

2

1% 3(

1þ (
jS2

#
MB

MN
% 2

1

1þ (
jS1

%
;

(20)

TABLE II. Mixed symmetric and antisymmetric coefficients
for the octet baryons appearing in Eqs. (17) and (18).

B jSi jAi

p 1
6 ðfiþ % fi%Þ 1

6 ðfiþ þ 3fi%Þ
n 1

6 ðfiþ þ fi%Þ 1
6 ðfiþ % 3fi%Þ

%0 1
6 fiþ

1
18 ðfiþ % 4fi0Þ

&þ 1
18 ðfiþ þ 3fi% % 4fi0Þ 1

6 ðfiþ þ 3fi%Þ
&0 1

36 ð2fiþ % 8fi0Þ 1
6 fiþ

&% 1
18 ðfiþ % 3fi% % 4fi0Þ 1

6 ðfiþ % 3fi%Þ
'0 1

18 ð2fiþ þ 6fi% % 2fi0Þ % 1
3 fi0

'% 1
18 ð2fiþ % 6fi% % 2fi0Þ % 1

3 fi0

G. RAMALHO AND K. TSUSHIMA PHYSICAL REVIEW D 84, 054014 (2011)

054014-4



Theoretical toolkits 

•  Analyticity 

à Dispersion theory 

•  Dynamics 
à Dyson-Schwinger eqs. 
à Effective Lagrangian models 
à Quark models 
à Vector-meson dominance 

à  In-medium description of  
     resonances! 

Timelike baryon transition form factors not yet within reach in lattice QCD: 
explore alternative methods, estimate theory uncertainty! 
	

Quark-photon coupling  
dynamically generates VM poles!	

•  Medium effects 

52	

Figs	courtesy	of	
Gernot	Eichmann	

Teresa Pena (IST ULisboa) 



Theoretical toolkits 

•  Analyticity 

à Dispersion theory 

•  Dynamics 
à Dyson-Schwinger eqs. 
à Effective Lagrangian models 
à Quark models 
à Vector-meson dominance 

à  In-medium description of  
     resonances! 

Timelike baryon transition form factors not yet within reach in lattice QCD: 
explore alternative methods, estimate theory uncertainty! 
	

Quark-photon coupling  
dynamically generates VM poles!	

•  Medium effects 

53	

Figs	courtesy	of	
Gernot	Eichmann	

Teresa Pena (IST ULisboa) 



Crossing the boundaries   

V. RESULTS

In this section we present the results in the timelike
region for the Λ, Σ−, Σ0, Ξ−, and Ξ0 of the baryon octet and
also for the Ω− (baryon decuplet). The results for the
baryon octet are based on the model from Ref. [34]. The
results for the Ω− are based on the model from Ref. [48].

A. Octet baryons

The results of our model in the timelike region are
presented in Figs. 1–3 for the cases of Λ, Σ−, Σ0, Ξ−, and
Ξ0. The thick solid lines represent our best estimate based
on Eqs. (4.1) and (4.2). The dashed lines represent the
upper limit Glðq2Þ ¼ GSL

l ð4M2
B − q2Þ and the lower limit

Glðq2Þ ¼ GSL
l ð−q2Þ (l ¼ M, E). The thin solid line results

are those obtained with the approximation GE ¼ GM and
will be discussed later. Naturally, all curves get closer
together as q2 increases. In all cases, we use the exper-
imental masses or the averages (respectively, for Σ and Ξ).
We recall that in the present model, the SUð3Þ flavor

symmetry is broken by the radial wave functions and that
the quark electromagnetic structure is parametrized based
on a VMD representation.
Our estimates are compared with the world data for the

hyperon electromagnetic form factors in the timelike
region. The data for the Λ, Σ0, and ΛΣ̄0 (from eþe− →
ΛΣ̄0 and eþe− → Σ0Λ̄ reactions) for values of q2 up to
9 GeV2 are fromBABAR [17]. There are also data fromBES-
III for the Λ [19] below q2 ¼ 10 GeV2 and for Σ0, Σþ, Ξ−,
and Ξ0 for q2 ≃ 14.2 GeV2 [ψð3770Þ decay] [18]. Finally,
there are data from CESR (CLEO-c detector) [11,12] for the
baryon octet (Λ, ΛΣ̄0, Σ0, Σþ, Ξ−, and Ξ0) and Ω− for q2 ≃
14.2 and 17.4 GeV2 [ψð3770Þ and ψð4170Þ decays]. In the
near future, we expect results on the proton-antiproton
scattering from PANDA (pp̄ → BB̄) [28].
Contrary to the case of the proton form factor data in the

timelike region, which is about 2 times larger than those in
the spacelike region [6,55–57], the hyperon form factors
have about the same magnitude (central value lines in
the figures) in both regions (spacelike and timelike).

FIG. 2. Timelike form factor G for the Σþ (left) and Σ0 (right). Data are from Refs. [11,12,17,18]. See also caption of Fig. 1.

FIG. 3. Timelike form factor G for the Ξ0 (left) and Ξ− (right). Data are from Refs. [11,12,18]. See also caption of Fig. 1.
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I. INTRODUCTION

The understanding of internal structure of hadrons has
been a great challenge after the discovery that the proton is
not a pointlike particle. In the last decades, great progress
has been made in the study of the nucleon electromagnetic
structure, particularly through the scattering of electrons
with nucleon targets (γ%N → N transition),which probes the
spacelike momentum transfer kinematic region (Q2 ≥ 0)
[1–4]. For hyperons (B), however, it is difficult to get
information on the internal structure based on the γ%B →
B process due to their very short lifetimes. The available
information is restricted at the moment only to the magnetic
moments of a few hyperons (determined at Q2 ¼ 0).
The other possibility of disclosing the electromagnetic

structure of baryons is eþe− scattering. It enables us to
access the timelike region (q2 ¼ −Q2 > 0) and was pro-
posed a long time ago by Cabibbo and Gatto [5]; however,
it became possible only recently. The eþe− → BB̄ (and the
inverse) reactions open a new opportunity to study the
role of valence quark effects, clusters of two-quark pairs
(diquarks), and different quark compositions [6–12].

The timelike region form factors appear as a viable tool
to determine the hyperon structure, near the threshold as
well as in the large-q2 region, where in the latter perturba-
tive effects are expected to dominate [4,5,11–16]. A
significant amount of data are already available for the
proton (eþe− → pp̄) [4,13]. In the present study, we focus
on the reactions involving hyperons in the final states. Data
associated with hyperon electromagnetic form factors in the
timelike region also became available in facilities such as
BABAR [17], BES-III [18,19], and CLEO [11,12]. The
available data cover the high-q2 region where we can
expect to probe perturbative QCD (PQCD) physics.
From the theoretical side, there have been only a few

different attempts in interpreting the hyperon timelike
electromagnetic form factor data [20–27]. Although results
from eþe− and pp̄ annihilation experiments are already
available or being planned in the near future, e.g., by the
PANDA experiment at FAIR-GSI [28], theoretical calcu-
lations of hyperon electromagnetic timelike form factors
are scarce. The results presented here intend to fill that gap.
In the large-q2 region, one can expect the behavior

predicted by PQCD [29–33]. However, some of the aspects
from PQCD, including the q2 dependence of the form
factors, can be seen only at very high q2. In the region
covered by the present experiments, finite corrections for
the large-q2 behavior may be still relevant.
One of the goals of the present work is to provide

calculations to be compared with the recent experimental
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