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“Baryons as relativistic three-quark bound states™,
Prog. Part. Nucl. Phys. 91 (2016), arXiv: 1606.09602

Barabanov, Bedolla, Brooks, Cates, Chen et al.,
“Diquark correlations in hadron physics: Origin,

impact and evidence’, Prog. Part. Nucl. Phys. 116 (2021),

arXiv: 2008.07630

. h-point functions & tensor bases

2
3
4
5. Functional methods
6
7

. Multiquark states

8. Light-front wave functions

Gernot Eichmann (Uni Graz)

1/149



QCD binds us together

@
10 nm @Ql

10m Biology Chemistry
Atomic i
physics @
Nuclear S
Quantum physics
Chromo-
LLLR
(a

P 4 .
a Dynamics g; 1A
§ °

q 1fm 10 fm

Gernot Eichmann (Uni Graz) 2/149



Confinement

Quarks & gluons are
confined in hadrons,
cannot be observed
in isolation

V(r)
Microscopic origin still
unclear — $1M prize
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observable:

Mesons

Baryons

® Only colorless bound states

3x3=1+8

3x3x3=1+8+8+10
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The hadron zoo

http://pdglive.lbl.gov
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The hadron zoo

http://pdglive.lbl.gov

Mesons
0+ 1--
 (140) p(770)

Most hadrons are resonances
and decay into other hadrons
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Baryons
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And it doesn’t stop there ...

Familiar states Exotic states

9 9 4 g g e @
a q U = =
9 q q g
Mesons Baryons .
Glueballs? Hybrid mesons? Tetraquarks?
_ b’ 5:b*
a > i
(q J 2 1200
q ‘% —data i LHCb
2 —total fit }
g q grooor_ boazkglruu'nd
g :
Pentaquarks? %
E
To understand QCD, we must understand

spectrum and interactions of hadrons! 48004250 4300 4350 4400 4450 4500 4550 4600
’"lep

Aaij et al., Phys. Rev. Lett. 112 (2019) 222001
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Mass generation

Three current quarks
do not make a proton:

2m, +mg ~10MeV << 1 GeV ?

Higgs: Current-quark masses

QCD: Mass generation from
quark-gluon interactions,
“constituent-quark masses”

u d s c b t
3 5 100 1000 4000 175000
350 350 350 350 350 350

MeV]
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QcCD!

Higgs
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QCD Lagrangian

L=¢(d+igh+m)y+ 1 F,, Frv
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QCD Lagrangian

L=¢(d+igh+m)y+ 1 F,, Frv

A

9
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A X

9

these guys
mean trouble
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QCD Lagrangian

L=¢(d+igh+m)y+ 1 F,, Frv

g g9
these guys
mean trouble
g2 05
o = i
a4 Deep Inelastic Scattering
04 At large momenta, quarks & gluons
behave as quasi-free particles:
03 asymptotic freedom
At small momenta, 02 ] 3 ‘\
coupling becomes 2 | >
large - we need I |
nonpertu'rbatlve o ==QCD  o(MZ)=0.1189 £0.0010 _ )
methods! 1 10 100 Gross, Politzer, Wilczek 1973

Q[Gev)
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Perturbative vs. nonperturbative

Interaction between two electrons:

e G IR DY

0(a) 0(a?)
“Quantum Perturbative QFT:
mechanics” Feynman diagrams & loops

J. S.Schwinger ~ S.Tomonaga R.P.Feynman F.J. Dyson
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Perturbative vs. nonperturbative

Interaction between quark and antiquark?

q q — FOILY
= g + g8+ + § + +
) ) El g 3 E
q q
0(a) 0(a®)

Answer still correct at large momenta:
high-energy scattering experiments

What about low momenta, confinement,
mass generation, hadron physics?

— need nonperturbative methods!

Q [Gev]
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Emergent phenomena

Hadron physics: Biology:

TIXTE A

Perturbation
theory

Protein

Hadron

¥el}
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Many open questions!

¢ Understanding exotic hadrons: e Mass generation and confinement?
Hadron spectroscopy at LHC, Belle I,
BES IIl, PANDA, JLab, ELSA, ... Higgs ‘ Qcp
g = @"
9 q
s o= ;‘ : a : e Quark-gluon structure of hadrons and nuclei:

Glueballs

EIC, JLab, COMPASS/AMBER, ...

Hybrid Tetraquarks ~Pentaquarks
mesons

e QCD contributions to BSM searches,
e.g. muon g-2 at Fermilab

BESIIL

\.

100] l Hadrons

Temperature T [MeV]

4

%
5
J 2

Aliberti et al,, Phys. Rept. 1143 (2025)

Net Baryon Density

Gernot Eichmann (Uni Graz) 10/149



Theory tools

Functional methods
(Dyson-Schwinger & Bethe-Salpeter eqgs, FRG, ...)

o e K K

Amplitude analyses Lattice QCD

AG1z3)] [N :1440,1520, 1535, 1650, 1675, ..

Effective theories
Phenomenological models (Chiral perturbation theory, ...)
(Quark models, ...)

= = e ALK
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Lecture notes “QCD and hadron physics?
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Symmetries in the spectrum
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Symmetries in the spectrum

i 34
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Symmetries of QCD

S:fd4z£ ’C:qz(ia-i_gA—M)w—%F:l,Ffu

Quark ) \ Yo, ()

mass matrix f&
Flavor:1 ... Ny
\ Color:1...3

Dirac: 1 ...4
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Symmetries of QCD

S:fd4z£ ’C:qz(ia-i_gA—M)w—%F:l,Ffu

Quark ) \ ¢a,i,f(x)
mass matrix
,& Flavor: 1 ... Ny
Color:1...3

Dirac: 1 ...4

e invariant under local SU(3) gauge transformations

3®3®3=10s® 8y, B 8ns B 1a = Baryons are
/ \ / / color singlets
Decuplet Octet Singlet
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Symmetries of QCD

S:fd4z£ ‘C:d—)(ia*_gA—M)w“iF:,,Ffu

Quark ) \ Yo, ()

mass matrix f&
Flavor: 1 ... Ny
\ Color:1...3
Dirac: 1 ...4

e invariant under local SU(3) gauge transformations
e invariant under Poincaré group

& Translations, rotations, boosts;

Two Casimir operators which label states:
M (mass), J (total angular momentum, “spin”)
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Symmetries of QCD

a

§=[dzL L= (i +9h-M)y - L Fy Fiv

Quark ) \ Yo, ()

mass matrix
& Flavor: 1 ... Ny
Color:1...3
Dirac:1...4
e invariant under local SU(3) gauge transformations

e invariant under Poincaré group
e invariantunderC, P, T

N

Parity labels states - M, J”
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Symmetries of QCD

S=[daL L= (i +9A-M)yp - L, Frv

Quark ) \ Yai f ()

mass matrix
& Flavor: 1 ... Ny
Color:1...3
Dirac: 1 ...4
e invariant under local SU(3) gauge transformations
e invariant under Poincaré group
e invariantunderC,P, T

e various global flavor (non-)symmetries:

U(l)v conserved: baryon number B = % (N + na +ns)
\ ng ... (# quarks) — (# antiquarks)
P =e 161/) = Baryons carry B =1 (pentaquarks too)
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Symmetries of QCD

S=[daL L= (i +9A-M)yp - L, Frv
Quark / /\ d)a,i,f(x)
mass matrix

Define vector currents and charges:

VI =9y tap, 0,V =it Mt v,
e invariant under local SU(3) gauge transformations
I o rt:/ﬂwm~
e invariant under Poincaré group 2 et
e invariantunderC,P, T Noether theorem: if symmetry preserved,
X i divergence of current vanishes and charge is
e various global flavor (non-)symmetries: conserved. Can only work if M = m.
U(l)y conserved (baryon number) But the diagonal SU(3) generators t, ts
. commute with M — always conserved!
SU(N¢)v if M = m (all quark masses equal) Isospin I3, hypercharge Y:
K I3 = %(n(, - ng), Y = % (ny +ng — 2ny)
’(/), —e ZZ. E‘lt“w for 3 flavors These are still good quantum numbers,

even if flavor symmetry is broken!

Gernot Eichmann (Uni Graz) 15/149



Symmetries of QCD

S=[daL L= (i +9A-M)yp - L, Frv
Quark / /\ d)a,i,f(x)
mass matrix

e invariant under local SU(3) gauge transformations
e invariant under Poincaré group
e invariantunderC,P, T

e various gIobaI flavor (non-)symmetries: Define axialvector currents and charges:
Al =Pyl ystaty,  9,AR =i (Mt} 159,

U(l)y conserved (baryon number) .
chiral {SU(N,)V if M = m (all quark masses equal) Qi) = / drylstay
symmetry | SU(Ns)a  if M =0 (but: spontaneously broken) Symmetry only if M = 0 (chiral limit)
K R ?ut syn_lm(?try _spontaneously broker_\ in QFT:
P =e 3 E“t”w for 3 flavors - chiral ey v brealing
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Symmetries of QCD

S=[daL L= (i +9A-M)yp - L, Frv

Quark ) \ Yai f ()

mass matrix

e invariant under local SU(3) gauge transformations
e invariant under Poincaré group
e invariantunderC,P, T

e various global flavor (non-)symmetries:

U(l)y conserved (baryon number)
chiral {SU(N,)V if M = m (all quark masses equal)

symmetry | SU(Nf)a  if M = 0 (but: spontaneously broken)

Only M = 0, but anomalous breaking in QFT

U)a if M = 0 (but: anomalously broken) (symmetry does not survive quantization)

N ymey

Gernot Eichmann (Uni Graz) 15/149



Symmetries of QCD

S:fd‘lz[: ‘C:J)(ia'i'gA“M)w—%F:l,Ffu
Quark ) \ dja,i,f(x)
mass matrix

e invariant under local SU(3) gauge transformations

e invariant under Poincaré group = Quantum numbers

for labelling baryons:

M, JP I3, Y

e invariantunderC,P, T

e various global flavor (non-)symmetries:

U(l)y conserved (baryon number)
chiral SU(Nys)v if M = m (all quark masses equal)
symmetry | SU(Nf)a  if M = 0 (but: spontaneously broken)
U(1)a if M = 0 (but: anomalously broken)

N ymey
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Symmetries of QCD

P A A A R S
Quantum numbers
N(99)  N(1585) N(1720) N(1520) N(1680) N(1675) for |abe||ing baryons:
N(1440) | N(1650) N(1900) N(1700)
N(1710) N(1875) p
A(1910) A(1620) A(1232) A(1700) A(1905) A(1930)  A(1950) M ) J ) I 3 Y
A(1600)
A(1920) .
AQLO) AGHS) AGEO) AQS®) AGS)  AS0) Symmetries of the spectrum
A(1600)  A(1670) A(1690) .
sty Ao e are the symmetries of £ !
3(1189) ¥(1385) X(1670) £(1915) X(1775)
B(1315) 2(1530) =(1820)
E(1315) (1630) ) A A
Q(1672)
A- A° At A+
"@—@r oo o o nnn
A 0 50
[ ) =@ @ =t > @ @ @ =t - nns
=@ @ = =@ @ = nss
@ o sss
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Symmetries of QCD

SU(3); is broken:

3 i e 1 5 i P
e states inside multiplet
N(@%9) N(1535) N(720) N(1520) N(I680) NQ6TS) (i are not mass-degenerate
N NQ650) N(1%00) N
Nﬁﬁﬁ{ g NE:Z%  Casimirs of SU(3); — octet-decuplet
are not good quantum numbers mixing (%, E)
A(910) A(1620) A(1232) A(1700) A(1905) A(1930)  A(1850) (these distinguish multiplets)
A(1600) i =
A(1920) e But I3,Y still conserved: - singlet-octet
AGne) A(s)  AGss)  AGE)  AGS)  ACIESD) states with same 75 ,Y can mix mixing (A)
A(1600)  A(1670) A(1690) Lo .
A(1810)  A(1800) * In practice: isospin symmetry
. . SU(2); still good (u/d masses)
E‘“\lﬁ?‘)‘ E(1355) 2(1\6717) Eoiy) - D) states with same 1, I3,Y can mix
(1815) 2(15%)  =(1820) . »
(1672) ' A
A- A0 A+ A+
O e o o o nnn
/A AN\ \/ \/so \/
o E‘Q—@—Q S @ @ @ =+ nns
=@ @ = o o nss
[ Xon sss
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Dynamics?

NAAZER NAAZER NAAZXE
iz
2.0 . =
Z . Z2> Z| =
Zi - =
e == = —_ o= —
7z =
15 | = Z - ==
— f—
101
1+ 1= s+ 8= 5t 5~
2 2 2 2 2
Expected Singlet Octet Decuplet
patterns:
,,,,,,,,,,, — SR —
nss 888
° o m——— s -
nns nns nnsg nss
e eeees -
nnn nns
—
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Quark models

HU =EU H = Hyin + ) V(ryj)

i<j

E.g. Breit-Fermi interaction:
non-relativistic limit of one-gluon exchange
de Rujula, Georgi, Glashow, PRD 12 (1975)

V(r) ~a[=2 4 Vi (r) + Vao (1) + .. ]

S oo

Coulomb
Hyperfine (spin-spin) interaction:

generates splittings between s = 1,3
= e.g. N-A splitting

Gernot Eichmann (Uni Graz)
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Glozman, Risk, Phys. Repr. 268 (1996
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Melde, lessas Sengl, PRD 77 (2008

Diquark models

Anselmino, redazz, Ekeln, Fredriksson, Lichtenberg,
Rev. Mod. Phys. 65 (1993
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Santopinto,Ferett, PRC 92 (2015),FBS 57 (2016

String models
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Large-Nc expansion
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Matagne, Stancu, PRO 71 (2005), PRD 85 (2012)
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Light-front & holographic models

Brodsky,de Teramond, Dosch, Elich, Phys Rept. 584 2015)

BSE models

Loring, Kretzschmar, Metsch,Pety, EP)A 10 2001

Loring Metsch, etry, EP) A 10 2001)
ah,EPJA35 (2008)
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Quark potential models

Total wave function:
Y = l'pdynamics ® Yhavor ® Weolor

/ \— Color part is totally antisymmetric:
33®3=105 D8y, D8ns D 1la

Flavor part: Singlet

Must find combined irreducible reps. of
permutation group S (3 valence quarks)
and SU(Ny) (N flavors)

S3
= Nucleon:
w u w o udu — duu
(j ® (sl ® :i SU(Ny) e [’% (s o+ s = 2‘”‘")]

Neutron: 1 udd — dud
eutron: 7 L (dud + udd — 2dd.
75 (dud + uda ddu)
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Flavor

Permutation group S; consists of 6 group elements,
can be reconstructed from transposition P, (1 < 2)
and cyclic permutation P;,3(1-2,2-3,3-1):

1123 =P123 P12 Y123 =213

P1223 Y123 ="P231 P12 P1223 Y123 ="P132
Pi23 Y123 =P312 P12 Pi23 Y123 = P32

Gernot Eichmann (Uni Graz)

321

P12z Cayley
Pi23 graph

123
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