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1. INTRODUCTION

Quantum Chromodynamics (QCD) is the theory that describes the strong 
force responsible for confining quarks and gluons into protons and neutrons, 
and ultimately for the nuclear forces that bind them in nuclei. The structure 
of the basic constituents of matter is therefore rooted in the properties of this 
complex theory.

QCD is a quantum field theory that has a simple formulation in terms of color-
ed quarks and gluons, and the gauge symmetry principle that dictates their 
interactions. Its solution is however beautifully complex, giving rise to a pleth-
ora of emerging phenomena, such as quark confinement. The elementary de-
grees of freedom are confined into composite neutral states, the hadrons, 
whose masses cannot be accounted for by that of its constituents, but by the 
energy density of the confining force. This is the so-called mass gap. Confine-
ment and other geometrical and topological properties of gauge theories, like 
QCD, have made them extremely interesting mathematical constructs that 
have led to spectacular progress in mathematics.

Lacking an analytical solution of QCD, a multi-prong strategy has been imple-
mented that includes a variety of tools: The perturbative treatment whenever 
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Lacking an analytical solution of QCD, a multi-prong
strategy has been implemented that includes a variety
of tools:

1 the perturbative treatment whenever high-momentum
scales are involved,

2 the construction of effective field theories that exploit
symmetries in a maximal way,

3 and a first-principles formulation, based on the
introduction of a space- time lattice, that allows, in
particular, for a numerical solution [LQCD].
Notwithstanding, a formal solution to the theory
continues to be a key challenge for the future both in
physics and mathematics.

In this talk. . .

In Alberto’s very nice previous talk we have already seen quite a lot about
points 1 and 3. In this talk, I will focus more on point EFTs (point 2), and
its application to hadron spectroscopy and extreme conditions, without
forgetting theirmutual connection.
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Effective Field Theories

QCD lagrangian built in terms of (degrees of freedom) quarks and gluons:
L[q, q̄, g]

Quarks are confined into colorless hadrons, which are ultimately the objects
detected in experiments.

EFTs: build QFT with hadrons (π, K, . . . , D, B, . . . ) as degrees of freedom

Example 1: Chiral Perturbation Theory

Light quarks are. . . light: mu ' md ' ms ' 0

8 Goldstone bosons SU(3): φi → π, K, η

[Weinberg, PRL,17,616(’66); Phys. A96,327 (’79)]]
[Gasser, Leutwyler, AP,158,142(’84); NP,B250,465(’85)]

LO lagrangians:

L2 =
f2

4

〈
DµU
†DµU

〉
+

f2

4

〈
χ
†U + χU†

〉
U[φ] = exp

(
i

8∑
i=1

φiλi

)
χ = 2B0diag (mu,md,ms)

' diag
(
m2
π,m

2
π, 2m

2
K − m2

π

)
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Abstract: Nearly 60 years ago, Weinberg suggested a criterion for particle “compositeness”, which
has acquired a new life with the discovery of new, exotic hadrons. His idea resonates with model-
based intuition. I discuss the role it plays in the context of another of Weinberg’s creations, the
model-independent framework of effective field theories.
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1. Introduction

Steven Weinberg was one of those physicists who turned everything they touched into
gold—except, of course, for their less well-known work. Steve once or twice told me that
few things gave him as much pleasure as some recognition, such as a citation, of one of his
more obscure papers that he nevertheless was proud of. The context was his paper on the
algebraic realization of chiral symmetry [1], a beautiful and underappreciated idea related
to some work we were performing in the early 1990s [2–4].

Steve was not a conceited man, and he realized some of his work was not golden—
even though by other people’s standards, it could very well seem so. He has also told
me—and is even on record in some YouTube video I can no longer find—that some of
his papers in the 1960s were better forgotten. I do not know that this is for sure the case,
but he might have been referring to his paper on the evidence that the deuteron is not an
“elementary” particle [5], which followed a series of papers on “quasiparticles” [6–8]. By
2007, this paper had been cited in only about 20 publications, according to inSpire. The
only citation by Steve himself I could locate is [9], where the “compositeness” condition
Z = 0 is not considered particularly “useful” in quantum field theories, except that “it fixes
the coupling of the deuteron to the neutron and proton”. When we were looking into the
deuteron also in the 1990s [10–12], not once did Steve recommend [5] to me. Yet, it has now
300+ citations (again, in inSpire) due to the explosion of interest in the new exotic hadronic
states found since the X(3872) in 2003 [13]. (For a recent review, see [14].) In this context,
Steve’s result has been invoked as a criterion to decide which of the new states should be
viewed as hadronic molecules.

I believe Steve’s loss of interest in that paper [5] is due to his later, much grander,
idea of effective field theory (EFT) [15], where, from the very beginning, experimental
limitations on accessible energies are explicitly incorporated into theory construction. The
notion of compositeness is tied to resolution: one effective field theorist’s “elementary”
particle is most likely another’s “composite” particle. In the nuclear EFTs formulated since
the 1990s [16], Steve’s criterion of compositeness is automatically satisfied. The naive
interpretation that an “elementary” particle is one associated with an explicit degree of
freedom is muddled by the fact that one can always introduce an auxiliary field for the
deuteron and/or another for the virtual spin-singlet S-wave state. If anything, it is for
the latter [17,18] that the auxiliary field [19] has been more useful despite its intuitively
higher “compositeness” coming from its extreme proximity to the scattering threshold.
More generally, because an EFT includes all interactions allowed by symmetries, the choice
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Effective Field Theories

QCD lagrangian built in terms of (degrees of freedom) quarks and gluons:
L[q, q̄, g]

Quarks are confined into colorless hadrons, which are ultimately the objects
detected in experiments.

EFTs: build QFT with hadrons (π, K, . . . , D, B, . . . ) as degrees of freedom

Example 2: HQSS + SU(3) flavour

Heavy quarks are. . . heavy: mc,mb →∞

H(Q)
a =

1 + /v
2

(
P∗(Q)
aµ γ

µ − P(Q)
a γ5

)
HQSS and SU(3) light flavour symmetry:
H(Q)
a ∼

(
Qū,Qd̄,Qs̄

)
∼
(
D(∗)0, D(∗)+, D(∗)+

s

)
[Grinstein et al., NP,B380(’92); Alfiky et al., PL,B640(’06), . . . ]

HH̄ → HH̄ LO lagrangian:

L4H =
1
4
Tr
[
H̄(Q)aH(Q)

b γµ
]
Tr
[
H(Q̄)cH̄(Q̄)

d γ
µ
] (

FA δ
b
a δ

d
c + FλA ~λ

b
a · ~λ

d
c

)
+

1
4
Tr
[
H̄(Q)aH(Q)

b γµγ5
]
Tr
[
H(Q̄)cH̄(Q̄)

d γ
µ
γ5
] (

FB δ
b
a δ

d
c + FλB ~λ

b
a · ~λ

d
c

)
,
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(Convential and exotic) Spectroscopy. The recent LHCb T+
cc “tetraquark”

n
u
d d

p
u
u d

π−

ū
d

D0

ū
c

Conventional hadrons:
Mesons: qq̄′: π+ = ud̄, D0 = cū, . . .
Baryons: q1q2q3: p = uud, n = udd, . . .

Constituent quark models have succesfully described
most of (but not all!) the hadrons discovered so far.

Only possibilities? No, the only requirement is to be
color singlets. There can be tetraquarks (q1q2q3q4),
pentaquarks (q̄1q2q3q4), hybrids (q̄1q2g), glueballs (gg),
hadronic molecules (MM′,MB, BB′),. . .

[LHCb: Nature Phys. 18, 751(’22);
Nature Commun., 13, 3351(’22)]

p p π+

D0 D0

π+

K−

π+ K−
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D∗+D0 threshold
D∗0D+ threshold

mD0D0π+ [GeV]

N
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/

(0
.5

M
eV

)

In 2021, the LHCb collaboration discovers T+
cc , with quark

content ccūd̄, and very close to D∗+D0 threshold

Even if something is explicitly exotic, you still have to
understand how are quarks distributed inside the hadron.

T+
cc

D∗+ D0

c
d̄

c
ū

T+
cc

c
d̄ c
ū

[MA, PL,B829,137052(’21); MA, Nieves, EPJ,C82,724(’22)]

Our analysis favours themolecular picture.

Also, relevant to understand QCD confinement, and color
combinations.
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Nuclear and Astroparticle Physics Group @ ICE-CSIC (Barcelona)

Physics of compact/dense stellar objects from its
hadron/nuclear constituents:
Equation of state P(ε) of dense phases, including
the interplay of dense matter with dark matter, to
determineM and R:

[Tolos et al., Ast.J., 834,3(’17); Ast.Soc.Aus., 34,65(’17)]

EFTs
EoS
P(ε)

TOV (GR)
dP/dr, dm/dr M vs R

Transport properties inside NS (hydrodynamical
modes, rotational properties, and cooling) [W.Weise@HYP2022]

Matter at extreme large temperatures, as those occurring few
microseconds after the Big Bang;
Exploration of QCD phase diagram

Properties of quarks and hadrons in hot and dense matter

Effective descriptions of the dynamics of the hot quark-gluon
plasma

Studied in present particle accelerators, such as the LHC/CERN
or RHIC/BNL.
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D(∗) and D(∗) in nuclear matter

Suppose you make your experiments “inside” of a nuclear
medium, with nucleon density ρ . ρ0 ' 0.17 fm−3

D

N

Tij Vij

DD(q)

Vik Tkj= +

DD(q)
T= +

D(∗), D̄(∗) propagators in nuclear matter:

D−1
Y (q) = q20 −~q

2 − m2
Y − ΠY(q0,~q)

Self-consistent calculation:
D(∗) : Tolos et al., PR,C80,065202(’09)

D̄(∗) : Garcia-Recio et al., PR,C85,025203(’12)

3850 3900

−4

−2

0

EDD̄∗ (MeV)

10
3 Σ

DD̄
∗

(E
;
ρ

)

ρ = 0 ρ = 0.10ρ0
ρ = 0.30ρ0 ρ = 0.50ρ0
ρ = 0.75ρ0 ρ = 1.00ρ0

[MA, Nieves, Tolos, PR,C104,035203(’21)]

With these modified propagators, one can compute DD̄∗
loop functions in nuclear medium.

Threshold effect washed out as ρ increases. D(∗), D̄(∗)

acquire in-medium widths.
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DD∗ amplitudes and the X(3872) peak (high and low P0)
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For P0 low, medium-induced modifications are
small

Broadening is small (smaller for smaller P0)

Some “pre-existence” of X(3872), not directly
associated with DD̄∗, makes that the state does
not wash out with increasing ρ 3800 3840 3880 3920
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DD∗ amplitudes and the X(3872) peak (high and low P0)
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Dπ, Dη, DsK̄ and D∗(2300): Comparison with LQCD energy levels

Important connections between LQCD and EFTs! [MA et al., Phys. Lett. B 767, 465 (2017)]
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En(L) are provided for Dπ, Dη, DsK̄ in a recent LQCD simulation.
[G. Moir et al., JHEP 1610, 011 (2016)]

Red Bands: Our amplitude in a finite volume.
[MA et al., Phys. Lett. B 767, 465 (2017)]

No fit is performed (LECs previously determined)

Level below threshold, associated with a bound state.

Second level has large shifts w. r. t. thresholds, non-interacting
energy levels.

For lattice masses, we find a bound state and a resonance

For physical masses:

The bound state evolves into a resonance above Dπ
threshold.
The resonance varies very little.

PDG: only one resonance, “suspiciously” lying between both.

We also study DK, Dsη, (S, I) = (1, 0), D∗s0(2317) bound state:
M = 2315+18

−28 MeV.
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Dπ, Dη, DsK̄ and D∗(2300): Comparison with experimental data from LHCb

Du, MA, Fernández-Soler, Guo, Hanhart, Meißner, Nieves, Yao, PR,D98,094018(’18)

B− → D+π−π− [LHCb Collab., PR,D94,072001(’16)]
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B0s → D̄0K−π+ [LHCb Collab., PR,D90,072003(’14)]
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Rapid movement in 〈P13〉 [no D2(2460)] between 2.4 and 2.5 GeV. Related to Dη and DsK̄ openings.

Recall: these are the amplitudes with two states in the D∗0(2300) region, and no fit of the T-matrix
parameters is done.
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TÍTULO EN INGLÉS: QCD and Hadronic Physics Thematic Network              
 
2. PROPUESTA CIENTÍFICA  

a) Motivación de la red y justificación de la tipología de red seleccionada:  

Las interacciones entre quarks y gluones y entre hadrones son ubicuas y necesarias para 
cualquier estudio riguroso en física nuclear y de partículas. Conocemos la teoría subyacente, 
la Cromodinámica Cuántica (QCD), e investigamos con vigor sus fundamentos, y aplicaciones 
mediante financiación de varios proyectos europeos y del plan estatal. 
 
Nuestra propuesta, cuyo origen es la Red Temática FIS2014-57026-REDT (HADRONet 
http://jacobi.fis.ucm.es/hadronet/) centrada en Física Hadrónica, ha sido ampliada para dar 
cabida a un importante número de grupos trabajando en QCD y física de más altas energías 
que anteriormente, cubriendo de manera integral la teoría de las interacciones fuertes, e 
incluyendo ahora trece nodos en instituciones públicas mostradas en la siguiente figura. Los 
acrónimos de los grupos participantes se pueden encontrar en el apartado 3 (página 9). 

La red tiene como objetivo aumentar 
la producción y calidad de las 
publicaciones relacionadas con el 
mecanismo de formación de los 
hadrones, su estructura, clasificación 
e interacciones con especial atención 
a sus constituyentes fundamentales, 
quarks y gluones. Proponemos aquí 
mejorar la proyección internacional y 
competitividad de todos los grupos 
implicados, propagando entre todos 
los nodos las mejores prácticas de 
nuestro campo y mejorando la 

interrelación entre los institutos de investigación y los   departamentos universitarios 
implicados. Por ello, el modelo de Red Temática es adecuado. 
 

La red es de orientación prevalentemente teórica, pero está plenamente alineada con el 
esfuerzo experimental internacional gracias a la inclusión de un buen número de físicos 
trabajando en fenomenología. Ese gran esfuerzo incluye experimentos dedicados al espectro 
de hadrones con quarks pesados (LHCb en el CERN, Belle en Japón, BES en China), o 
dedicados a buscar estados hadrónicos más allá del modelo quark, como los 
tetra/pentaquarks, o los glueballs y exóticos (buscados también en el Jefferson National 
Laboratory en EE.UU.). Nos son también de interés los estudios de "materia hadrónica” en 
condiciones extremas de densidad y temperatura, en los experimentos del futuro laboratorio 
FAIR (Alemania) y NICA en Joint Institute for Nuclear Research (Dubna, Rusia), que serán 
dos de los mayores proyectos de investigación a nivel mundial. Además el EIC (colisionador 
electrón-ión, en construcción) será uno de los más grandes y sofisticados del mundo en las 
próximas décadas y abordará algunas de las preguntas más fundamentales, como el origen 
de la masa y espín del nucleón, y las propiedades emergentes de un sistema denso de 
gluones, también estudiadas en el LHCb.    

AGENCIA ESTATAL DE INVESTIGACIÓN - Convocatoria 2022  
 «Redes de Investigación» 

h̄ad CDnet
Application submitted to 2022 call for “Redes de
Investigación”

PI (coordinator): Laura Tolós (ICE)

Several coPIs (representatives) are also from CSIC

Many of the people in the proposal from CSIC too

Joint application between more QCD- and hadron-oriented
researchers

Can be an important, strategic tool for this chapter of the
challenge
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Summary / prospectives

Solving QCD is certainly a fundamental challenge

Currently, in the non-perturbative regimes, we can provide approximate numerical calculations of the
exact solution through LQCD simulations.

Perturbative calculations with (rather complicated) loops, which are currently one of the bottlenecks
in precision calculations, are being improved with new methods developed.

EFTs, supplemented with non-perturbative (unitarity, crossing, . . . ) methods, are also living great
advances, which are playing an important role in the field of hadron spectroscopy, where new
resonances/particles/states are being constantly discovered in experiments (LHCb, BES,. . . )

Many of these aspects can be applied together to increase our knowledge of strong interactions

Summary of summary

In the context of “Understanding the basic components of the Universe,
its structure and evolution”, the problem of “Solving Quantum Chromo-
dynamics” its a lively and exciting challenge, with many developments in
several branches, which can also interact together to achieve this goal

Miguel Albaladejo (IFIC) QCD and applications to nuclear physics and matter in extreme conditions 10/10


	pbs@ARFix@1: 
	pbs@ARFix@2: 
	pbs@ARFix@3: 
	0.0: 
	0.1: 
	0.2: 
	0.3: 
	0.4: 
	0.5: 
	0.6: 
	0.7: 
	0.8: 
	0.9: 
	0.10: 
	0.11: 
	0.12: 
	0.13: 
	0.14: 
	0.15: 
	0.16: 
	0.17: 
	0.18: 
	0.19: 
	0.20: 
	0.21: 
	0.22: 
	0.23: 
	0.24: 
	0.25: 
	0.26: 
	0.27: 
	0.28: 
	0.29: 
	0.30: 
	0.31: 
	0.32: 
	0.33: 
	0.34: 
	0.35: 
	0.36: 
	0.37: 
	0.38: 
	0.39: 
	0.40: 
	0.41: 
	0.42: 
	0.43: 
	0.44: 
	0.45: 
	0.46: 
	0.47: 
	0.48: 
	0.49: 
	0.50: 
	0.51: 
	0.52: 
	anm0: 
	pbs@ARFix@4: 
	1.0: 
	1.1: 
	1.2: 
	1.3: 
	1.4: 
	1.5: 
	1.6: 
	1.7: 
	1.8: 
	1.9: 
	1.10: 
	1.11: 
	1.12: 
	1.13: 
	1.14: 
	1.15: 
	1.16: 
	1.17: 
	1.18: 
	1.19: 
	1.20: 
	1.21: 
	1.22: 
	1.23: 
	1.24: 
	1.25: 
	1.26: 
	1.27: 
	1.28: 
	1.29: 
	1.30: 
	1.31: 
	1.32: 
	1.33: 
	1.34: 
	1.35: 
	1.36: 
	1.37: 
	1.38: 
	1.39: 
	1.40: 
	1.41: 
	1.42: 
	1.43: 
	1.44: 
	1.45: 
	1.46: 
	1.47: 
	1.48: 
	1.49: 
	1.50: 
	1.51: 
	1.52: 
	anm1: 
	pbs@ARFix@5: 
	pbs@ARFix@6: 
	pbs@ARFix@7: 
	pbs@ARFix@8: 
	pbs@ARFix@9: 
	pbs@ARFix@10: 
	pbs@ARFix@11: 
	pbs@ARFix@12: 
	pbs@ARFix@13: 
	pbs@ARFix@14: 


