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IntroducFon

What	is	the	relaPon	between	the	spectrum,	structure	and	interacFons	
of	hadrons	and	their	fundamental	consPtuents?	

What	is	the	nature	of	quark	confinement?	

Existence	of	states	beyond	the	convenPonal	quark	(-anPquark)	picture?	

Interpret	experimental	results	in	terms	of	Quantum	Chromodynamics,	
including	the	non-perturbaPve	regime	

Broad	variety	of	complementary	experiments	and	theorePcal	tools;	
electromagnePc	vs.	hadronic	probes	

Stress	the	role	of	FAIR	as	unique	research	environment	for	hadron	
physics
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SubsecFon:	TheoreFcal	Framework

General	features	of	QCD;	confinement;	asymptoPc	freedom	

TheorePcal	methods:	effecPve	theories,	funcPonal	methods,	la:ce	
QCD,	dispersion	theory,	models	

Confinement;	glueballs	and	exoPcs	

Chiral	symmetry	and	its	spontaneous	breaking	

Heavy	quark	symmetry	

QuanPfy	hadronic	uncertainPes	in	precision	observables	—	work	
towards	“precision	era”	of	hadron	physics	

Strongly	interacPng	systems	and	mulP-scale	problems
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Lattice Methods for Nuclear Science - A Grand Challenge for Computational 
Science 
 
Numerical simulations of Quantum Chromodynamics formulated on a discrete 
space-time lattice have become an essential tool in strong interaction physics. 
Lattice QCD aims at providing quantitative information on nuclear and hadronic 
properties in terms of the fundamental constituents of matter and their 
interactions. 

 
Baryonic mass splittings computed in Lattice QCD by the BMW collaboration. !" 
denotes the proton neutron mass difference including electromagnetic effects. 
 
 
Thanks to the significant increase in the capabilities of large-scale 
supercomputers in conjunction with the enormous progress made in developing 
efficient simulation algorithms, calculations can now be performed at the physical 
value of the pion mass on a routine basis. The overall accuracy has even been 
pushed to a level at which it is possible to resolve isospin-breaking effects 
induced by electromagnetism, as well as the mass splittings between the up and 
down quarks. These recent refinements have, for instance, allowed for an 
accurate determination of the mass difference between proton and neutron from 
first principles. Lattice QCD is also an essential ingredient for the interpretation of 
experimental data collected in heavy-ion collisions, in order to explore the phase 
diagram of strongly interacting matter. Furthermore, lattice methods are applied 
to study properties of nuclear matter. Here the numerical simulation of effective 
theories for light nuclei has proved very successful and enabled, for instance, the 
ab initio study of the scattering of alpha particles. 
 
These examples show that numerical simulations of theories describing strongly 
interacting systems have become an indispensable tool for a great variety of 
problems in nuclear science. Further progress in this field relies not only on 
further theoretical and algorithmic developments but also on the availability of 
sufficient computer power. At the dawn of the era of Exascale computing, nuclear 
science has an important strategic role in supporting European leadership in 
computing. 
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Effective Field Theories 
Effective field theories (EFTs) are a standard method for analysing physical 
systems with different energy scales. Crucial for the construction of an EFT is the 
notion of factorisation, whereby the effects in a physical system can be separated 
into short-distance and long-distance (low-energy) contributions, with each factor 
amenable to calculation by different techniques. The short-distance factor is 
typically calculated using analytic techniques, such as weak-coupling perturbation 
theory and the renormalisation group, while the low-energy contribution may be 
determined in lattice QCD or phenomenological methods. Low-energy EFTs such 
as Chiral Perturbation Theory retain as dynamical variables the relevant hadronic 
degrees of freedom, while the short-distance contribution is absorbed into 
effective coupling constants. The underlying scale separation is largely based on 
symmetries that emerge from QCD in some limit.  
	
The approximate chiral symmetry among the up, down and strange quarks forms 
the basis for Chiral Perturbation Theory (ChPT) which is formulated in terms of 
the Goldstone boson fields describing the pions, kaons and !-mesons. ChPT is 
instrumental for our understanding of many of the properties of light mesons and 
baryons, in studies of pion and kaon interactions and in the construction of 
nuclear forces from QCD. It also plays an important role in lattice QCD 
calculations, by providing theoretical constraints for the chiral extrapolation to the 
physical pion mass. 
	
The properties of hadrons that contain heavy quarks (charm and bottom) whose 
masses are bigger than Λ!"# depend only weakly on the spin and the flavour of 
the heavy quarks. This approximate spin-flavour symmetry forms the basis for the 
Heavy Quark Effective Theory, which has been instrumental for studying the 
properties of D and B mesons. For hadrons containing two or more heavy quarks 
further symmetry emerge that allow for the construction of other EFTs such as 
potential non-relativistic QCD. In this way a QCD-derived description of the 
properties of heavy quarkonia and of baryons with two heavy quarks could be 
achieved, which is important for our understanding of the X,	Y	and	Z resonances 
discovered in the charm sector. 
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Functional Methods 
	
Functional approaches to QCD, including Dyson-Schwinger and Exact 
Renormalization Group equations, are formulated at the level of the Green's 
functions of the theory, which contain all information on the physical content of 
QCD. Applications include determinations of the hadron spectrum, form factors 
and observables describing decays, and other processes involving hadrons such 
as Compton scattering or pion-nucleon interactions. Functional equations come 
in the form of an infinite tower of relations that couple Green's functions to one 
another in a hierarchical fashion. These exact equations need to be 
approximated ('truncated') in practice to allow for a numerical treatment. 
Truncation schemes at very different levels of sophistication have been 
developed: very simple approximations allow for making contact with quark 
model calculations; highly sophisticated and numerically demanding schemes 
admit a direct comparison with lattice QCD.  
	
Phenomena of QCD in the strongly interacting regime like confinement and 
dynamical chiral symmetry breaking have been and are still being studied using 
these methods. Bound state equations are derived which allow for the 
determination of the spectrum and the wave functions of mesons and baryons 
including also 'exotic' objects like glueballs and tetraquarks. The gauge-invariant 
coupling of external currents allows for the extraction of form factors and 
production processes. One of the benefits of functional methods is the possibility 
to maintain Poincaré covariance. Thus they can be used in the light and heavy 
quark region alike, allowing for fruitful interactions with chiral perturbation theory 
and heavy quark effective theory, respectively. Systematic comparisons with 
other approaches including lattice QCD offer a very high potential for the 
identification of the physical mechanisms behind the observable phenomena. 
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Lattice Methods for Nuclear Science - A Grand Challenge for Computational 
Science 
 
Numerical simulations of Quantum Chromodynamics formulated on a discrete 
space-time lattice have become an essential tool in strong interaction physics. 
Lattice QCD aims at providing quantitative information on nuclear and hadronic 
properties in terms of the fundamental constituents of matter and their 
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pushed to a level at which it is possible to resolve isospin-breaking effects 
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These examples show that numerical simulations of theories describing strongly 
interacting systems have become an indispensable tool for a great variety of 
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Effective Field Theories 
Effective field theories (EFTs) are a standard method for analysing physical 
systems with different energy scales. Crucial for the construction of an EFT is the 
notion of factorisation, whereby the effects in a physical system can be separated 
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Functional approaches to QCD, including Dyson-Schwinger and Exact 
Renormalization Group equations, are formulated at the level of the Green's 
functions of the theory, which contain all information on the physical content of 
QCD. Applications include determinations of the hadron spectrum, form factors 
and observables describing decays, and other processes involving hadrons such 
as Compton scattering or pion-nucleon interactions. Functional equations come 
in the form of an infinite tower of relations that couple Green's functions to one 
another in a hierarchical fashion. These exact equations need to be 
approximated ('truncated') in practice to allow for a numerical treatment. 
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dynamical chiral symmetry breaking have been and are still being studied using 
these methods. Bound state equations are derived which allow for the 
determination of the spectrum and the wave functions of mesons and baryons 
including also 'exotic' objects like glueballs and tetraquarks. The gauge-invariant 
coupling of external currents allows for the extraction of form factors and 
production processes. One of the benefits of functional methods is the possibility 
to maintain Poincaré covariance. Thus they can be used in the light and heavy 
quark region alike, allowing for fruitful interactions with chiral perturbation theory 
and heavy quark effective theory, respectively. Systematic comparisons with 
other approaches including lattice QCD offer a very high potential for the 
identification of the physical mechanisms behind the observable phenomena. 
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Boxes with overlap among different WGs: 

WG1: Hadron Physics 
Lattice simulations of QCD allow for ab initio calculations of hadronic properties. 
Significant progress has been made in controlling the systematic uncertainties 
associated with discretisation artefacts, finite-volume effects and the variation 
with the quark mass to the precent level. Lattice QCD provides important 
information on the hadron spectrum, as well as on structural properties encoded 
in form factors and structure functions. A particular challenge for the next decade 
is the complete characterisation of a variety of hadronic resonances in terms of 
their masses and widths. This includes the newly discovered states in the charm 
sector, as well as glueballs, tetra- and pentaquarks. Finite-volume techniques, 
based on the Lüscher formalism, provide an elegant but computationally costly 
methodology for this purpose. Lattice studies of properties of the nucleon and 
other baryons have to overcome the large noise-to-signal ratio inherent in 
baryonic correlation function. This is a particular challenge for accurate 
determinations of form factors and other structural quantities of the nucleon. 
	
WG2: Strongly interacting matter 
Lattice QCD calculations are essential theoretical tools to study the phase 
diagram of QCD. At LHC energies the inclusion of dynamical charm quarks is 
particularly important. Increased computational power and further conceptual 
developments are required in order to tackle real-time processes and determine 
transport properties and spectral functions. The region of the phase diagram at 
low temperature and high baryon density is still inaccessible due to the severity of 
the sign problem. However, additional computational resources will allow one to 
push the boundary of the red region in the figure towards larger densities !, 
possibly encompassing the region of the critical endpoint. 
	
WG3: Nuclear Structure 
Understanding the stability of nuclear matter is a major challenge for 
experimental and theoretical physics. Lattice methods have successfully captured 
the properties of nuclei up to ! ≈ 6, above which other many-body methods may 
be applied. The interplay between different theoretical formalisms, which provide 
complementary information, is crucial for further progress. Electromagnetism 
plays a major role, and lattice simulations of both QCD and QED have produced 
first promising results for small systems. 
	

4.2 Properties of Strongly Interacting Matter

Box 3 - Features of the QCD Phase Dia-
gram at Low Temperature and High Den-
sity The 3-dimensional QCD phase dia-
gram at high baryonic µB and moderate
isospin µI densities has a rich and yet
largely unexplored structure: a critical end-
point separates a smooth cross-over from a
first order as well as a chiral phase transition
at high baryon densities. New and exotic
phases like quarkyonic matter or color su-
perconducting phases might appear at bary-
onic high densities. At very high µ

B

a su-
perfluid color-flavor-locked phase is specu-
lated on. Supernovae are formed at initial
proton fractions ⌃ 0.4 which reduce to ⌃ 0.1
for cold neutron stars. Heavy-ion collisions
at FAIR or NICA energies are expected to
probe this region as well as the conjectured
phase boundaries to quarkyonic or fully de-
confined matter.

the phase diagram. The general experimental strategy
is thus to scan the T ⌥ µ

B

plane by variation of the
collision energy and the system size, looking for non-
monotonicities or discontinuities in the excitation func-
tion of observables sensitive to the properties of the hot
and dense matter. In the following, we discuss some of
these observables.

The collective flow of hadrons is driven by the pres-
sure gradient created in the early fireball, and thus
provides information on the dense phase of the col-
lision. In particular, the directed flow v

1

and the el-
liptic flow v

2

are expected to be sensitive to the de-
tails of the phase transition and the softening of the
QCD matter EOS, and are important observables for
clarifying the role of partonic degrees of freedom. Re-
cently, the STAR collaboration has measured directed
flow and elliptic flow in AuAu collisions at energies from⇤
s
NN

= 62.4 GeV down to
⇤
s
NN

= 7.7 GeV. A signifi-
cant difference in the flow of particles and anti-particles
is found at lower collision energies, i.e., with increas-
ing µ

B

. Moreover, both the sign and the magnitude of
this difference are species-dependent. This points to
the turn-off of the flow scaling with the number of con-
stituent quarks, which is indicative for partonic degrees-
of-freedom. However, at the lowest energy only pions,
kaons, (anti-) protons and (anti-) � could be identified,
and no firm conclusion on the origin of the species-
dependent splitting could be reached. The data situ-
ation will drastically improve by measuring the flow of
identified particles in the FAIR and NICA energy range,
including multi-strange hyperons and dileptons. Of par-

ticular interest is the flow of particles not suffering from
rescattering like ⇤ hyperons or ⌃ mesons, for which no
experimental data exist. These measurements will sig-
nificantly contribute to our understanding of the QCD
matter EoS at neutron star core densities.

Particles containing strange quarks are important
probes of the excited medium created in heavy-ion col-
lisions. At higher energies, strange particle yields are
consistent with those expected from an equilibrated
hadron gas. In particular, the equilibration of ⇤ baryons
was taken as a strong argument for the system hav-
ing undergone a transition to a deconfined state, since
it cannot be understood in terms of hadronic two-body
relaxation processes in the limited lifetime of the fire-
ball. Following this argumentation, the yields of multi-
strange hyperons are indicative for a deconfinement
phase transition. This conjecture is supported by micro-
scopic transport calculations modeling both a hadronic
and a partonic phase, which find anti-hyperon yields
strongly sensitive to a possible QGP phase.

According to hadronic transport models not featuring
a partonic phase, multi-strange baryons are produced
in sequential collisions involving kaons, � and, possi-
bly, higher-mass resonances. Their yields are therefore
strongly sensitive to the density of the fireball. This sen-
sitivity is expected to increase towards lower beam en-
ergies close to or even below the production threshold
in elementary collisions. Measuring the excitation func-
tion of multi-strange hyperons (⌅�

, ⌅̄+

,⇤�
, ⇤̄+) in AA

collisions with different A values is thus most promising
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Boxes with overlap among different WGs: 

WG1: Hadron Physics 
Lattice simulations of QCD allow for ab initio calculations of hadronic properties. 
Significant progress has been made in controlling the systematic uncertainties 
associated with discretisation artefacts, finite-volume effects and the variation 
with the quark mass to the precent level. Lattice QCD provides important 
information on the hadron spectrum, as well as on structural properties encoded 
in form factors and structure functions. A particular challenge for the next decade 
is the complete characterisation of a variety of hadronic resonances in terms of 
their masses and widths. This includes the newly discovered states in the charm 
sector, as well as glueballs, tetra- and pentaquarks. Finite-volume techniques, 
based on the Lüscher formalism, provide an elegant but computationally costly 
methodology for this purpose. Lattice studies of properties of the nucleon and 
other baryons have to overcome the large noise-to-signal ratio inherent in 
baryonic correlation function. This is a particular challenge for accurate 
determinations of form factors and other structural quantities of the nucleon. 
	
WG2: Strongly interacting matter 
Lattice QCD calculations are essential theoretical tools to study the phase 
diagram of QCD. At LHC energies the inclusion of dynamical charm quarks is 
particularly important. Increased computational power and further conceptual 
developments are required in order to tackle real-time processes and determine 
transport properties and spectral functions. The region of the phase diagram at 
low temperature and high baryon density is still inaccessible due to the severity of 
the sign problem. However, additional computational resources will allow one to 
push the boundary of the red region in the figure towards larger densities !, 
possibly encompassing the region of the critical endpoint. 
	
WG3: Nuclear Structure 
Understanding the stability of nuclear matter is a major challenge for 
experimental and theoretical physics. Lattice methods have successfully captured 
the properties of nuclei up to ! ≈ 6, above which other many-body methods may 
be applied. The interplay between different theoretical formalisms, which provide 
complementary information, is crucial for further progress. Electromagnetism 
plays a major role, and lattice simulations of both QCD and QED have produced 
first promising results for small systems. 
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Experimental	methods	and	their	relaPve	merits	and	complementarity:	
lepto-producPon	
		
photon	beams	
pion-nucleon	sca-ering	

Lepto-producPon	and	Drell-Yan:	FactorisaPon	of	cross	secPons	into	soo	
and	hard	processes	

e+e–	annihilaPon,	photon-photon	fusion,	ISR,	B-meson	decay	

							annihilaPon;	gluon-rich	environment	—>	glueballs,	hybrids	
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General	introducPon	

Heavy	quarks:	X,	Y,	Z		states	in	the	charmonium	sector
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Spectrum	of	X,	Y,	Z	states Charmonium	spectrum	from	la:ce	QCD
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Baryon	resonances	

Light	exoPcs	and	glueballs	

Pentaquark	discovery	at	LHCb	

Heavy	hybrid	states
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mostly because of limitations in the statistics and detector capabilities of previous 
experiments. Current and future experiments present a real opportunity for a 
dramatic improvement in our knowledge of the spectrum.  

Evidence for the observation of states with explicitly exotic quantum numbers, for 
instance the π1(1400) and π1(1600), has been reported by several experiments. 
However, even after many years definitive conclusions have still to be reached.  

The light quark sector is definitely more complicated than that of heavy quarks, but 
an understanding of light quark systems is an absolute necessity to claim that we 
understand hadrons. In the past, theoretical predictions were limited and quite model 
dependent but in the last decade, lattice QCD has made incredible progress in giving 
robust predictions for the light meson spectrum. Recent calculations reproduce the 
main features of the meson spectrum and provide indications for multiplets with 
exotic quantum numbers.  

The self-interacting nature of gluons remains one of the most fascinating predictions 
of QCD. A direct observation of glueball states – states made prominently of gluons – 
will be the ultimate check of this prediction. While lattice simulations can make clear 
predictions for the glueball spectrum in the pure gauge theory without quarks, the 
mixing of states in the presence of light quarks is a challenge.  

For several decades our knowledge of the light, non-strange baryon excitation 
spectrum stemmed essentially from data on elastic pion-nucleon scattering. The 
spectrum exhibited severe problems, one of which was that the number of observed 
states is significantly lower than expected by quark-models based on SU(6) x O(3) 
symmetry or recent lattice calculations. A dramatic improvement in the situation 
occurred with new high-precision photoproduction data from MAMI, ELSA and JLab 
including polarisation degrees of freedom, which were analysed by state-of-the-art 
partial wave analyses. This has lead to the discovery of several new states while 
other previously discovered states have been established more firmly. This is 
illustrated by the following table, which lists the entries of several baryon states in the 
Review of Particle Properties (RPP) in 2010 and 2012 along with their star ratings 
assigned by the Particle Data Group. 

 RPP 2010 RPP 2012 
N(1860)5/2+  ** 
N(1875)3/2-  *** 
N(1880)1/2+  ** 
N(1895)1/2-  ** 
N(1900)3/2+ ** *** 
N(2060)5/2-  ** 
N(2120)3/2-  ** 
∆(1940)3/2- * ** 

 

In addition, our understanding of the properties of the observed states has greatly 
improved in the light of the new data. In the future, new data to be taken and 
analysed – for instance from double-polarised photo-production of protons and 

Baryon	resonances

EFT	predicPons	for	heavy	hybrid	states
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Proton	radius	puzzle		—>		WG	5	
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Nucleon	transverse	profile	and	projected	
uncertainPes	for	JLab	12	GeV

Transverse	Momentum	DistribuPons	(TMDs)	
Processes:	SIDIS,	Drell-Yan,	e+e–	annihilaPon,	polarised	pp	
COMPASS,	PANDA,	AFTER@CERN,	SPD@NICA

PolarisabiliPes:	
ElectromagnePc	and	spin	polarisabiliPes	
pion	and	kaon	polarisabiliPes:	COMPASS,	JLab,	BES-III
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and quark momenta in hadron lepto-production. Precise information on the 
fragmentation process is expected in the near future thanks to the ongoing BELLE-II 
and BESIII upgrades, complementing SIDIS measurements that constrain the 
fragmentation functions at different centre-of-mass energy with specific flavour 
sensitivity. 

Combining the multi-dimensional results from HERMES and COMPASS with the 
proposed experiments using the 12 GeV electron beam at JLab, as well as the 
forthcoming measurements at COMPASS will probe the kinematic dependence of 
azimuthal asymmetries for pion and kaon lepto-production. A combined analysis of 
all three data sets will constrain different TMDs and provide important input for global 
analyses of PDFs. This will constitute a significant step towards the full tomography 
of the nucleon. Combining the measurements at different energies allows for a 
comprehensive study of the !!-dependence of TMDs. The coverage in ! and !! will 
be significantly extended with the realisation of the EIC. 

An overview of experiments to study TMDs and GPDs is presented in Table 1. 

 

Table 1: A compilation of previous, running and planned experiments accessing 
TMDs and GPDs. Targets for fixed target experiments are in square brackets. Only 
reactions with lepton beams are reported here for GPD determinations. 

Experiment/Lab Running 
Time 

Reactions 
for TMDs 

Reactions 
for GPDs 

! 
!"!!!!!  

! 
GeV 

Completed 
Hermes/ DESY 1996-2007 !! !↑, !,! !"#.  !± → !,! ↑→, !,! !"#.  > 10!" 7 

H1, ZEUS/ DESY 1996-2007  !± →!   

BaBar/ SLAC 1999-2008 !!!!  > 10!! 10 

Belle/ KEK 1999-2010 !!!!  10!" 10 

Hall ABC/JLab  2005-2014 !! !, ! ↑, !,! !"#.  !! → !,! ↑→, !,! !"#.  10!" 3 

Running 
COMPASS/ CERN 2002→ !! !,! ↑, !,! !"#.  

!![!↑ ] 
!± → !!"#.  

 
> 10!" 17-19 

BesIII/ BEPC 2009→ !!!!   4 

Hall ABC/ JLab12 2016→ !! !, ! ↑, !,! !"#.  !! → !,! ↑→, !,! !"#. 	 10!" 5 

Star, Phenix/ RHIC 2001→ !↑!↑  10!" 200-500 

Foreseen 
Belle2/ KEK >2016 !!!!  10!" 10 

SeaQuest/FLab >2018 !!↑  > 10!" 15-30 

COMPASS/ CERN >2020 !!!↑ 
!,! !,! ↑  

!± → !,! ↑→  
 

> 10!" 17-19 

PANDA/ FAIR >2022 ! ↑ !↑    5 

EIC >2025 !! !, !,! ↑ !! → !, !,! ↑→ 
!! → !, !,! !"#)). 

> 10!" 25-145 

SPD/NICA/JINR >2020 ! !,! ↑    12-27 

AFTER/CERN >2017 ! !,! ↑   > 10!! 115 

Past,	present	and	future	experiments	for	TMDs	and	PDFs:
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MulP-hadron	systems;	hadronic	molecules;	hyper-nuclei	

Study	ππ,	πK,	πN,	KN,	NN,	πH,	NH	interacPons	

πN	sca-ering	and	the	sigma-term	discrepancy	with	la:ce	QCD	

πK	sca-ering	and	the	two-pole	structure	of	the	Λ(1405)	

Chiral	effecPve	theory	and	its	role	for	ab	ini&o	calculaPons	for	nuclear	
structure	and	reacPons	

Box	on	muon	(g	–	2)
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Boxes with overlap among different WGs 

  

Meson form factors and the muon anomalous magnetic moment 
	
The muon anomaly !! = (! − 2)!/2 is a low-energy observable, which can be 
both measured and computed within the Standard Model with extremely high 
precision (see the discussion in WG 5). The present experimental value stems 
from the BNL E821 experiment and corresponds to an uncertainty of 0.54 ppm. It 
deviates from the SM prediction, whose accuracy is even slightly better, by more 
than three standard deviations. While the discrepancy is not sufficient to claim the 
observation of “new physics”, it calls for a concerted international effort to 
increase the accuracy of both the direct measurement and the SM prediction. 
New direct measurements of (! − 2)!  are being prepared at Fermilab and 
JPARC and are scheduled to start taking data in 2017 and 2019, respectively. 
The goal is to reduce the uncertainty on the direct measurement by a factor of 
four. In order to allow for an interpretation of the improved direct measurements, 
improvements in the overall accuracy of the SM prediction are mandatory. 
 
The SM prediction is limited by hadron-induced quantum corrections that cannot 
be estimated in perturbation theory. While the hadronic vacuum polarisation 
(HVP) contribution can be related to hadronic cross section measurements via a 
dispersion relation, one has had to rely mostly on model estimates to quantify the 
hadronic light-by-light scattering (HLbL) contribution. Recently, phenomenology-
driven approaches were suggested for HLbL, relying on meson transition form 
factor data. Therefore, meson form factors not only provide insights into the 
structure of hadrons, but are also of utmost importance to increase the precision 
of the SM estimate for the HVP and HLbL contributions to (! − 2)! . The 
exclusive channel !!!! → !!!!, which is determined by the pion vector form 
factor, contributes almost 75% to the dispersion relation for HVP. The importance 
of this channel and other channels with higher multiplicities has led to detailed 
experimental studies of the hadronic cross section at electron-positron colliders. 
 
For the HLbL contribution, a dispersion-theory-based strategy was only recently 
suggested. In this approach, the relation to experimental data is much more 
subtle, and so is the diversity of the required data input. The most relevant 
contribution comes from pseudoscalar pole terms, which are linked to meson 
transition form factors, describing the coupling of the neutral mesons !!,! and 
!� to two photons. A new campaign of precision measurements of these form 
factors is currently ongoing at various hadron facilities worldwide. Finally,	 also 
large-scale efforts using lattice QCD as well as Dyson-Schwinger equations are 
currently ongoing to determine the HVP and HLbL contributions. 
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Describe	role	of	la:ce	QCD	for	previous	three	subsecPons	

Hadron	spectroscopy:	
ExcitaPon	spectrum,	mixing	pa-erns	
Isospin	breaking	effects	

Hadron	structure:	
Benchmark	quanPPes:	nucleon	charges,	⟨x⟩u–d	,	em.	form	factors	

Precision	issue:	tackle	noise	problem,	disconnected	diagrams	

Hadronic	interacPons:	
Resonances	and	sca-ering:	finite-volume	methods	
πN-sigma	term,	muon	(g	–	2)
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Physics	PerspecFves

Europe:	

FAIR/GSI	
• PANDA:	unique	experiment;	anPproton-proton	interacPons	
• HADES:	baryon	spectroscopy	and	transiPon	form	factors	

Lepton	beams	
• DAΦNE:	kaons	and	kaonic	atoms,	hypernuclei	
• ELSA:	baryon	spectroscopy	with	polarised	beams	and	targets	
• MAMI/MESA:	photoproducPon	near	threshold,	KN	interacPons,	
light	hypernuclei;	form	factors,	parity-violaPng	processes	

CERN	
• COMPASS:	hadron	structure	and	spectroscopy;	GPDs	
• LHCb:	pentaquark	discovery
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Physics	PerspecFves

Europe	(cnt’d):	

CERN	
• COMPASS:	hadron	structure	and	spectroscopy;	GPDs	
• LHCb:	pentaquark	discovery	
• AFTER:	run	LHC	in	fixed-target	mode	

NICA	
• Longitudinally	polarised	proton	/	deuteron	beams	for	spin	physics
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Physics	PerspecFves

Global	PerspecFves:	

JLab	
• GlueX:	light	meson	spectroscopy	
• CLAS12:	meson	and	baryon	spectroscopy	
• 12	GeV	upgrade:	hadron	structure,	GPDs,	TMDs	

BES-III	
• Hadron	spectroscopy:	light	and	charm	sector;	exoPcs	
• Form	factors	and	fragmentaPon	funcPons	

BELLE2;	LEPS	
• hadron	spectroscopy;	CP-violaPon	

Electron-Ion	Collider	and	its	role	for	European	physics?
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RecommendaFons

I. CompleFon	of	the	PANDA	experiment	at	FAIR	without	further	delays	
The strategic importance of PANDA for hadron physics cannot be 
overestimated. […] PANDA’s discovery potential for new states, coupled with 
the ability to perform high-precision systematic measurements is not realised at 
any other facility or experiment in the world. Despite the delays in its 
construction, PANDA continues to be viewed as a major flagship experiment, 
which attracts a large international community.  
One of the key features […] is the availability of an antiproton beam. Therefore, 
the completion and continued operation of the High Energy Storage Ring 
(HESR) is vital to sustain this unique research environment.
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RecommendaFons

II. Support	for	a	research	programme	in	precision	physics	at	exisFng	
faciliFes		

[…] Very significant new results can be expected not only from the big 
laboratories (such as CERN, JLab and IHEP), but also from smaller scale 
facilities, such as ELSA, HADES, MAMI and, in the near future, MESA, where 
high-precision experiments can be performed. They will not only greatly 
advance our knowledge about hadrons and their underlying structures, but also 
explore the limits of the Standard Model. A quantitative understanding of 
hadronic effects with sufficient precision is necessary to detect signatures for 
physics beyond the Standard Model. 
These facilities, whose scientific potential is complementary to FAIR, provide an 
ideal training environment for future generations of scientists and a highly 
qualified workforce.
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RecommendaFons

III. Support	for	theory	and	compuFng		
Many of the major insights of recent years have been gained by confronting 
increasingly sophisticated theoretical tools with experimental data. The interplay 
between complementary theoretical approaches such as lattice QCD, effective 
field theories and functional methods has been a great asset for obtaining a deep 
understanding of hadronic properties in terms of fundamental interactions. Further 
progress depends crucially on the availability of large-scale computing facilities. 
We recommend that European computing laboratories receive the support that is 
necessary to provide an environment for internationally competitive calculations in 
lattice QCD.
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