Hadron
Spectroscopy

Classification and phenomenology

Mikhail Mikhasenko - Lecture 1
AEPSHEP 2026 - Taipei
25 October 2026, 09:00-10:30

Mikhail Mikhasenko Hadron Spectroscopy — Lecture 1 AEPSHEP 2026 - Taipei



Lecture 1 roadmap

A. QCD basics
B. Excited states
C. Observation of hadrons

D. Decays and the hadronic continuum
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QCD basics

A - Fields, vacuum and confinement
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The QCD Lagrangian PDG:OE(S%C:)ESEEEEQ

Lacp = ;qf (iy" Dy —my)q, - %Gﬁv G™

Quarks carry colour Gluons interact with gluons
D, =98, —ig T* Aj G, = 8,A; -8,A% +g I A A
q,: quark of flavour f; T?: colour generators. Eight gluon fields, a=1, ..., 8.
q
49
quark—gluon three gluons four gluons

The non-Abelian term generates the three- and four-gluon vertices. Gauge-fixing and ghost terms are omitted here.
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-qcd.pdf
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf

Derek Leinweber: original animations
The QCD vacuum

Empty space is hot empty of fields.

Even the lowest-energy state contains fluctuating chromo-
electric and chromo-magnetic fields.

What are we looking at?

« A lattice-QCD field in a box of 2.4 x2.4x 3.6 fm®> — a few
proton sizes.

+ 50 smoothing sweeps reveal the larger-scale lumps.

« Colour shows topological charge density: the local
sign and strength of the field's winding.

The QCD Lava Lamp - Derek Leinweber, Adelaide | Run on your computer: Akio Tomiya's VisualizingLQCD. |

Aview of a smoothed quantum field, not individual gluons flying through empty space. The animation is not real-time motion.
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http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-qcd.pdf
https://github.com/akio-tomiya/VisualizingLQCD.jl

Confinement and flux tubes esey et B 16 (00 1atets

Biddle et al.: vortices and the potential

Quark-antiquark: qq Three quarks: qqq Illustrative Cornell potential
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Pull the quarks apart V() = 3 + ar +C
. ~ ) energy of the tube
The field forms a longer tube of almost constant short-range attraction
width. More length costs more energy. C sets the energy zero. With light quarks, a long string can break
Surfaces: reduction of vacuum action density around static sources. into two hadrons.

What field structures support confinement? Lattice studies link the linear potential to centre vortices.
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http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/
https://arxiv.org/abs/hep-lat/0606016
https://arxiv.org/abs/2206.00844

- Biddle, Kamleh & Leinweber, PRD 102 (2020) 034504
Centre VO rtl ces Biddle et al.: static potential (2022)
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A 3D slice through the vortex network - Biddle, Kamleh & Leinweber

Remove the identified vortices in a lattice calculation - the confining linear rise disappears. Keep them — the confining
behaviour survives.
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https://arxiv.org/abs/1912.09531
https://arxiv.org/abs/2206.00844

Lsy = —50,920,05 — 9, f*,90959; — 5921 f* gl 90505 — W, OW, —
MWW, — 38,200, Z) — 5 M*Z0Z) — 38, A8, A, — igeu( B, Z) (W W, —
WiW, ) - Z)W oW, — m:auwg) + ZyWra.w, — W a,W) -
195, (O, A (W, W, =W W) - AW oW, - W 0,W,))+ AW oW, —
W, 8,W.)) = 36 WiW, WiW, + 3¢*WIW, WiW, + ¢°c(Z0W, Z0W, —
Z,SZEW:W;} + QQSEu(AﬂW;AUW; - AI‘A“W;W;) +923u!Q4r(Ai:ZB(W;W; -
W,/ W,) — 24, ZW,;W,) — 18, HO,H — 2M*a, H? — 8,67 8,6~ — 10,4°6,¢° —

Effective degrees of
freedom

}.:ur/u)

B (4 + BLH + L(H? + 6°0° + 2679)) + Lo —

0 oUW

Gluons: self-interactions and confinement 9 90, M (H? + H§'¢° + 2H¢ ™) —
};J s an (H' +(4°)! +4(0797)? + 4(¢°)%6" 0" + AH¢7¢™ +2(¢°)H7) -
. . gMW, W, H — 392 Z070H —
Light quarks: u,d,s 12 Lig (W (0,6 — 60,6 — W (90,8 — 6°0,69) +
_ _ _ 13 39 (W (HOp~ — ¢~ 8. H) + W, (HOup" — ¢ 0,H)) + 39— (Z(H,9" — ¢"8,H) +
- Light: u,d nearly massless on hadronic scales; s is heavier. 14 M (=Z,0,8°+ W, 0u6™ + W, 0,07) —ig =M Z)(W,i 6™ —W, ¢") +igsuM AW, ¢~ —
15 W, 6") —ig e= 220" ug™ — 67 0u") +ig5uAu(6Du6™ — ¢ 0u6") -
) . . . 1 207+~ (2 02 a1 21 0D py2 042 2 N2y
« Cheap: light quark—-antiquark pairs are easier to create. o W U9V 4 2077) ~ 50 32,8, (H 4 (§) +2(2s, ~1)'6°97)
17 sPEZIO(Wro™ + Woot) — igP = Z0H(W o™ — Widt) + 30%8,A,0°(Wie™ +
. . . 18 Wrot) + 3igis, A HWF o™ — Wid™) — g*2(2¢] — 1) ZJA, 676 —
- Mixed: neutral light mesons can mix flavour components. 19 P24, A8 + Lig, A (@7465)g5 — (70 + m)ed — (70 + mAA — w)(70 +
20 Imﬁ]uﬁ‘ — dj('yc'? + mé)d;-‘ +igswA, (—{é*"r“e*) + %(ﬂi}“u;“l} — %[d?fr”d;-\)] +
. 21 i Z (P (1+ 7)) + (@9 (4s], — 1 - 77)e?) + (d)y (58, — 1 - 7)d)) +
Heavy quarks: c,b 2 @ 5 P 4 S (PP T+ (L + PO +
_ _ 23 2Wy (Ul (14490 + (@CH(1+ 7)) +
- Massive: charm and bottom provide a large mass scale. 24 St (—mE (AU B (1 — F)er) + mA U (1 + 7)) +
- - - 25 ﬁ;%¢ (m;\(EAU{cp;ﬁ(l PR — m:(EAU{“p;ﬁ(l _ ,},ﬁ)yu) _ %%H(E"'VA) _
» Expensive: creating a heavy pair needs much more energy. 26 S H(E) + SO ) — BB () — Lo ME. (1 —75)5—
) _ _ 27 T ME (1= 75) 0, + 555507 (=m(@]Cre(1 = °)d5) + mi(@}Cxs(1 + 7°)d5) +
- Persistent: a heavy quark usually remains a useful label for its 28 kg™ (MABCL (1 +77)u) — mi(BCL (1 —7P)uf) — 52 H () —
hadron. 20 $HH@D) + 5@ ) — $HOBYE) + GG +.f*0,GC g, +
30 XH(& - MH)XT + X~ (8 = MA)X +X°(8* — 25) X"+ YPY +igeuW,; (8,X°X~ —
Strong interactions conserve net flavour for all quarks. 31 0, X" XO)+igs, W (0,Y X~ — 0,X1Y) +ige, W, (9, X~ X7 —
Thet Kd bef f . di had 32 0, XX ) 4igs W, (0, XY — 8,YX") +ige, Z, (0, X X" —
€ 10p quark decays peiore torming ordinary nadrons. 23 0,X~X")+igs,A,(0,X+ X+ —
I 1 1 34 0. X" X")—-tgM (X‘X"H+X‘X‘H+ éXDXUH)-Fl;—:E“égM (XTX%" — X~ X% )+
35 igM (XOX—¢+ — XOX+¢~)+igMs, (XX ¢+ — X°X+¢~) +
u ] [ C ] 36 Lig (X*X7¢° — X~ X~¢") .
d ] [ S ] [ b ] M. Veltman, Diagrammatica
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https://doi.org/10.1017/CBO9780511564079

Quarks and hadron families

PDG: Light mesons (2025)
LHCb: doubly-charmed baryons (2026)

Mesons-qq

PEPRPIPRO®®

Light Light K Charmonium Bottomonium D
isovectors  isoscalars

Baryons-qqq

PEOOOOPOOPPOOE

=c Qc =cc Qcc Qcce b partners
Exotic configurations

D@ ® B &
Tec Tec

Hybrid Tecs Pcc

omitted

Flavour chooses the family; spin and orbital motion generate its states.

Categories group charge partners and antiparticles; this is not a count of individual particles.
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-light-mesons-spectroscopy.pdf
https://lhcb-outreach.web.cern.ch/2026/06/03/observation-of-the-doubly-charmed-baryon-%CF%89cc/

Excited states

B - Spin, orbital motion and excitation multiplets
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Radial and orbital multiplets

Wavefunctions and nodes
Hy = Ey Radial excitation
P-L=1 D-L=2

* Same orbital angular momentum L.
e More nodes in the radial wavefunction.
e 1S - 25 . 35:0 - 1 - 2radial nodes.

3S
- Orbital excitation
> 2P
o e Increase L: S - P - D.
% 1D » Change the angular shape of the wavefunction.
% 2g » The displayed P waves have an angular nodal
(0 plane.
1P
- Connection to hydrogen
o N = n, + L + 1, while our radial label is n = n, +1.
1S Confinement lifts the Coulomb degeneracy: 1P and 2S need

_ _ . not coincide.
GIModel charmonium clouds - schematic energy spacings
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https://doi.org/10.1103/PhysRevD.32.189
https://mmikhasenko.github.io/GIModel.jl/dev/

Spin and spin projection

i m) = A7 jG + Dlim),  j_lim) = Am|jm).

Fixed spin J; 2j + 1 possible projections: m=—j,—j +1, ..., /.

Spinj % - Reset |jj) © °
. [PO)) = 0.707 |V2,%2) + 0.707 [V2,~V2)
l

T k=  50.0% 50.0%

2 |cm|2 = 1.000 - 2 possible values of m
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PDG: CG coefficients (2025)
PDG: Quark model (2025)

90°
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-clebsch-gordan-coefs.pdf
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf

Adding two spins

1 - Add angular momenta

Ja
J=]J, t1,.

Vector addition — with quantized total angular
momentum.
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PDG: CG coefficients (2025)
PDG: Quark model (2025)

2 - Find the allowed total spins

jl ®12 = Ijl _j2|@ @ (jl +j2)'
J increases in steps of one. Each value labels a
separate multiplet.

3 - Then resolve the projections
For each J, there are 2J + 1 states:
M=-J,...,J, M=m, +m,.
(2, + ‘1)“(2;'2 +1) = ;(ZJ +1).

product states coupled states
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-clebsch-gordan-coefs.pdf
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf

PDG: CG coefficients (2025)

Example: singlet and triplet

Product basis Coupled basis
| 1) > [1,1) = | 1)
1) 1,00 = (| 14) +141)/v2
1) 0,0) = (| 1) — | 41)/v2
oy > [1,—1) = | )

Triplet S = 1: symmetric under exchange. Singlet S = 0: antisymmetric under exchange.

Three projections: M = 1,0, -1. One projection: M = 0.
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-clebsch-gordan-coefs.pdf
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf

Spin and orbital motion

¥, ® Vs

3+
3_

4+

jref o ghh ghh o (L=0.
S =1 ladder S = 2 ladder
1 2"
0" 17 27 17 27
1" 27 3 0" 1 2°
27 3" 47 1" 27 37
J=IL-S|,...L+S, P=P,P,(-1).

5+

PDG: CG coefficients (2025)

PDG: Quark model (2025)

Relative motion

S wave
L=0

P wave
L=1

D wave
L=2

F wave
L=3

Each initial S generates its own orbital ladder. Repeated J” values in different columns are distinct coupled

configurations.

Mikhail Mikhasenko

Hadron Spectroscopy — Lecture 1
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-clebsch-gordan-coefs.pdf
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf

Meson quantum numbers S———

For a neutral, self-conjugate qqg state, charge conjugation exchanges quark and antiquark.

Parity: P = (1)~ Charge conjugation: C = (-1)-*S
S = 0 ladder S = 1 ladder Relative motion
' @ Yo 0" 1 S vave
l+- 0++ l++ 2++ Pﬂafe
v 1 23 Dl_v\ia:e
3+- 2++ 3++ 4++ F:V:age

Forbidden for conventional q ¢q: 0™, 0", 17", 2", 377, ...
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-clebsch-gordan-coefs.pdf

Isospin

PDG: Quark model (2025)
PDG: CG coefficients (2025)

d Nearly equal masses on the strong-interaction scale.
U o QCD treats them almost identically — approximate isospin symmetry.

The same addition rules as spin

One light quark (u, d) forms a doublet:
1= L=+, l@)=-%
Three light quarks:

® @5

[N]O8}

NI
=
Pa—=
M=
]

®
Nucleons: /=1 - p,n
Delta baryons: /=3 - A" A", A", A"

Here “light” means u or d. The s, ¢, b quarks are isospin singlets: / = 0.

Neutral mesons: equal-weight mixtures

The ui and dd flavour configurations mix into states of
definite isospin:

Isoscalar- /=0
) \/j .

Isovector- /=1
1.0) - ut) - |dd)
’ \/j .

Maximal mixing: equal magnitudes, with a plus or minus
relative sign.

Nearly degenerate members of each multiplet — not necessarily equal masses for the / = 0 and / = 1 multiplets.
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-clebsch-gordan-coefs.pdf

PDG: Quark model (2025)

Baryo ns : gOOd an d bad Jaffe: Exo.tic:a, hep-ph/0409065
diquarks

p-mode
Heavy quark: s, =3 .
Light pair: internal S wave, colour 3 P S @
Good diquark Bad diquark o’
-0 oo (@
Antisymmetric flavour Symmetric flavour

Relative L =0: J = s, +jd, ===
/\¢ - good 2. - bad (isospin) =c ='¢c - good + bad Q. - bad (identity)
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf
https://arxiv.org/abs/hep-ph/0409065

A heavy quark and a good T ENE T
diquark

For Q[ud] with jg = 0" and relative L = 0, which J” levels are allowed?

A. 1" only

B. 3" only

[
D.1 only :

©
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf
https://arxiv.org/abs/hep-ph/0409065

A heavy quark and a bad Y=
diquark

For Q{ud} with js = 1" and relative L = 0, which J” levels are allowed?

" only

OO
> 2

) .
| (@)
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf
https://arxiv.org/abs/hep-ph/0409065

Can the good diquark be uu? N

For an internally S-wave, colour-3 uu pair, which spin is compatible with Fermi statistics?
A.j 40 only
B. o =0 only

C.Bothjd :Oandjd =1
D. Neither @@
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https://arxiv.org/abs/hep-ph/0409065

Godfrey—Isgur, PRD 32 (1985) 189

Hyperfine splitting

Spin-spin strength A: 80 MeV

$, 'S, = %[S(S+ 1)=5,(5; +1)=5,(5;, +1)]
Energy shift (MeV) —q.
For two spin-} constituents: SoHn
0
-3/4 §=0,
S, S, )=
(8, °8,) {+1/4 S=1.
. . . . S =0: -3A/4
With a fixed spatial wavefunction,
AEg = A(s, 's,). E, - E, = 80 MeV

Vary A: the singlet and triplet separate while the spin-
Welg hted CentrOid Stays ﬂXEd. Fixed spatial wavefunction - first-order shifts - centroid (E, + 3E }/4 =0

Exact spin algebra; illustrative first-order model. Full GIModel spectra follow.

Mikhail Mikhasenko Hadron Spectroscopy — Lecture 1 AEPSHEP 2026 - Taipei


https://doi.org/10.1103/PhysRevD.32.189
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf

Quark Model calculation BRI p——

PDG: Quark model (2025)

One relatiVized qq Hamiltonian GiModel jl (1 Saearch K Home  Gelting started Manual ~ Tutarials ~ The 1885 paper ~ APl reference Developer notes ~ Learning track  dey ~

18 shared parameters - light, heavy—light and heavy-

quarkonium families. GlModel.jl
Mesons from the

Cornell potential: attraction + confinement Godfrey-Isgur quark

4a model
VComel] (r) - __s + br + C Masses, wavefunctions and decays of quark—
3r antiquark mesons, from the relativized Hamiltonian of

Phys. Rev.D 32, 189 (1985), in Julia.

Relativistic motion and spin interactions

H = Hcentra] +HSS + HLS + Htensor
_ 2 2 2 2 ),
Hcentral _\/p +m1 +\/p +m2 +V M ’ V.. ”

Gl adds running coupling, smearing and relativistic factors.

Radial: 1S - 25 - 3S - -
Orbital: 1S - 1P - 1D - 1F - ---

GIModel.jl - masses, wavefunctions and transitions

18 inputs for the ordinary spectrum; isoscalar annihilation mixing requires additional parameters.
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https://doi.org/10.1103/PhysRevD.32.189
https://mmikhasenko.github.io/GIModel.jl/dev/
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf
https://mmikhasenko.github.io/GIModel.jl/dev/

- - - Godfrey—Isgur, PRD 32 (1985) 189
B u I Id I n g a m eso n fam I Iy GIModel.jl: numerical implementation

PDG: Quark model (2025)

QG MQ —— 1.628 GeV charm ~ H = Hcentral + Hgs + Hyg + Hr

Central only Spin-spin Spin-orbit Tensor  All interactions mg = 0.220 GeV

M — M, S(central) [GeV]

1.5
0- 1- 3+ 2+ 3+ 44
1.0 Lo 2 g
1_ ___—
0- —
0.5 - 1+ gy 1+ 20
1-
0.0 0- —
1S 2S 3S 1P 2P 1D 1F

7 radial-orbital levels — 22 meson states, for just one flavour pair

GIModel numerical eigenvalues - dashed: central-only levels - labels: JP - hover: mass and spectroscopic label. Constituent-mass scan; no interpolation. For unequal
masses, spin—orbit mixes the two J = L states. Model states, not observed-particle assignments.
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https://doi.org/10.1103/PhysRevD.32.189
https://github.com/mmikhasenko/GIModel.jl
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf

Quarkonium spectra

charmonium (c ¢)

93g 3 J‘TE‘ I
alg 3o l'Fﬂ J-Es 1}‘1
= L
RN al -
2P P,
4000 F ﬂ 5p! 2P,
pe:
AP 3 (3030) @
’ 1"0; 3
) A 1°D.
l'{Dl ! ! ?2 B —'-i! 84
[ T ¥
2°S,
N H(2508
se
1'P, -1:1’,_;_:
l.‘§ 3 Rl
B4 1
i . ]
3500 1°P,
oy ,l1FP)
1’8,
-l.l'
3000 ]lé'n 15
o ot 1— 1t 27t 27t 3 4
— 1S —2S 3S —1P

Mikhail Mikhasenko

bottomonium (b b)

Godfrey—Isgur, PRD 32 (1985) 189

3h , LF,
1 alg '5'*_5'}.. , 1’F, UF; 1F
318, .
iyl
- 2 2P,
10250 F 20, 20 o e
' 1'D, |
D 1D, 1°D,
1 2
28
10000 F  2'S, il
1 .
I},:}i} . 1'5[’_.__,_ |
p l:il—,ﬁ . i —
9750 b
9500 - 12

—

‘llSII] .

o0t ottt 1 1t 9= 9ttt 3 4

2P —1D —1F

Hadron Spectroscopy — Lecture 1

GIModel.jl

AEPSHEP 2026 - Taipei


https://doi.org/10.1103/PhysRevD.32.189
https://mmikhasenko.github.io/GIModel.jl/dev/

Observation of hadrons

C - Production, discoveries and the experimental
spectrum
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TikZ Hadron Gallery - collision diagrams

How we search for hadrons

Direct (prompt) production

—+ 7T+
=0 B
. -
Q%R K~

pp - Q) +X, Q - I K.

Reconstruct the long-lived =) and combine it with a kaon
from the collision vertex.

Search for peaks in m(Z) K").

The resonance is prompt; its weakly decaying daughters
travel before decaying.

Mikhail Mikhasenko Hadron Spectroscopy — Lecture 1

LHCb: B . DDK, 2009.00026

Production in decays

D@%
(9- h
DG\
B" .D'DK', T, -DK".

Reconstruct a displaced B decay and inspect the
invariant masses of its daughter pairs.

B
V%
9,

The D" K™ channel reveals the T ., (2900) structures.

Weak c-hadron decays similarly probe lighter hadron
resonances.
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https://mmikhasenko.github.io/TikzHadronGallery/class/collisions/
https://arxiv.org/abs/2001.00851
https://arxiv.org/abs/2009.00026

Observed hadrons: the
experimental inventory

PHYSICAL REVIEW D

Review of Particle Physics

o PDG

PDG

2024

= PARTICLE
e PHYSICS

¥ BOOKLET

The particle physicist’s reference book
Photo: PDG - 2024 edition

Mikhail Mikhasenko
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PDG: Review of Particle Physics
LHCb-FIGURE-2026-010

From a spectrum to a catalogue

Masses, widths, quantum numbers and decay
modes bring experimental results together.

756

hadron entries
Including “Further States”: some entries are less established or
controversial.

Not all entries have the same level of experimental support.
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https://pdg.lbl.gov/2026/
https://cds.cern.ch/record/2970971?ln=en

A centu ry Of had ron LHCb-FIGURE-2026-010 - September 2026
discoveries

W LHCb76  Belle34 M BESII33 I CLEO22 M BaBar16 | Others
20

September 2026

p—
L
I

n
T

Discoveries per year
[—
o
I
|

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year

New beams and detectors keep revealing new states.
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Where the discoveries L HCb-FIGURE-2026-010
happened

Nuclear & cosmic
Chambers
Chicago

Berkeley

AGS / Cosmotron MPS
BNL

PS/ISR  SPS LEP LHC

SPEAR FT PEP-I1

SLAC

fixed target Tevatron

Fermilab
DESY
Argonne

Cornell

Orsay
Serpukhov
Frascati
IHEP
KEK

Bars span each machine’s first to last discovery—not its operating lifetime.
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Discoveries also come from " LCh: 10 ampltude aneysis 2010
a’m p I itu d e an alyses LHCb: pentaquark amplitude analysis (2015)

All hadrons
300
September 2026
250 247
200 | . Not every state is an isolated peak
164
150 | ] Overlapping resonances can require a partial-wave
122 : : o
analysis to separate their contributions.
100 .
LHCDb discoveries also use amplitude analyses—for
50 : example, the J/Y¢ states and hidden-charm pentaquarks.
10
0 The bars show discovery attribution, not the analysis method. “Partial-
2 2 = Q0 k@ = w oz 7 2 2 wave fits” is not the total number of states found using such fits.
ST Z R &= £ 5 2 E S
R - =3 < & @ E E w 2
- B O RCo =" g 2 g
£ ° 8 3
5 % 7
=
5 k-
g
z
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https://lhcb-glance.cern.ch/alcm/public/figure/details/7858
https://arxiv.org/abs/1606.07895
https://arxiv.org/abs/1507.03414

Heavy-flavour baryons: 156 aryon sy i
organise the families

A heavy quark plus two light quarks: Qqq,Q=corb

Light-quark pair Charm families Bottom families
ud - isospin 0 AW AN

uu, ud, dd - isospin 1 2, 2cF 2h, 2h*

us or ds o T = ~b =p» =b"

ss Qc, Q* Qp, Qp*

Each flavour family can support a ladder of orbital and radial excitations.
Family labels, not a checklist of observed states. Here * denotes the spin-3/2 ground-state partner.
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-quark-model.pdf
https://pdg.lbl.gov/2026/

Resolving excited Q baryons

Charm - css - 2017

Reconstruct

B
]
o

Candidates / (1 MeV)
LS ]
S
o

=c* - pK~m*

Mikhail Mikhasenko

=c* K~: five narrow peaks.

TTI]’T

T T I T L) T L -
LHCb ]
+ = K
— Full fit
--- Background

-

Feed-downs
B = sidebands

-

Bottom - bss - 2020

LHCb: Qc, PRL 118 (2017) 182001
LHCDb: Ob, PRL 124 (2020) 222001

Reconstruct =b° K—: four narrow structures.

3000 3100 3200 3300

m(Z.K") [MeV]

=b°
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-—
o

Number of candidates / 1 MeV

)
T

- LHCb
30—

108

s !iia?

500

+ Data
— Full fit
— Signals
Background

d . : llll
550 600
M(Z,K") - M(Z}) [MeV]

=c* i, followed by =c* - p K~ mt*
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https://arxiv.org/abs/1703.04639
https://arxiv.org/abs/2001.00851

Two heavy quarks: the =cc** FHCR. PRLIS 01T 12001 Pl
discovery

L3S0 T T T T
> - LHCb 13 TeV
) :§ 300
Reconstruct a weak-decay chain : .
o s50k — Data RS
—t + + + _+ + + — “VE  4-Data WS
Quark content: ccu. gk
A narrow signal near 3621 MeV. @.@ = 150
- [
(x| -
Check alternative charge combinations @ O 100
and Ac sidebands: the peak is absent. 50 =
+.

A historical milestone in 2017: a baryon containing two charm quarks.

0 PR T T W T TN WY ST WO NN SN WY AN SN (Y W NN N WA NN R S W
3300 3400 3500 3600 3700 3800
m,_, (Z) [MeV/c?]
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https://arxiv.org/abs/1707.01621
https://home.cern/the-lhcb-experiment-is-charmed-to-announce-observation-of-a-new-particle-with-two-heavy-quarks/

NeW had rons at the LHC P. Koppenburg - 24 September 2026

11 5 1 I [ | I I 1 | 1 I 1 1 1 I 1 1
® bb ® ccg§ W bag
11.0 4 86 new hadrons at the LHC o ic o cict caq
10.5 - OX.-;BP] .on(lp} ® bhg ® o B ccg
e Xe1(3P) ® cc ® cdgdg W ccaaq ~
ccl(qq)
7.5 P
.che_'u(_-"]-om
i I BI(25) Teece(6900) -
7-0 Ob\lébl .E—[Z‘J}' . B.A6750)
0x(6350) - .che:c(ﬁﬁoﬂl B 6700)"
- No(6152)7 Q,(6340) . _ v L
6.5 3[1[5227)i A:Eﬁ] 46)° . =p(6227)" .Eniﬁgpj:,;; - 005yt .Ba
Zp(6333) = .
6.0 - 0059451 g Ns(5920)° =5(5955) '3;(5970)"'“ (609.} .U .0511{6100)“- Z.16087)° i
" AU(SQ-I?}I: — B (5840]4—.0 E.'_\ 7 AL[GO?OJ B‘(Gll‘” BS‘ {S?OD)U
55 “6(5939) f 3,(6007) B:‘(GOGB}” [
™~ . 1 B
S
o 5.0 A -
2 P.-(4450) P:(4457)
n 4.5 ] lpcc-t4440)+ .Pcas(4338)° o i
% P:(4380)" P:(4312)"
s 4.0 - N .wuaaz) ° Oh_(4000) . B
3 5 | .—;L Tecl3a/3) . I
D,(3000)+-° _
3.0 1 0y(3000)° D.,(2860) Tea(2900)° : o D (29331 -
D,2760) ; ® ® T.,(2870)° .;“ﬁgggi e
Dy(2740)° D3 (2760)° D (2590)" o
2.5 4 D)(2580)° ' ®5,,(2590) I
2-0 1 I | I | I 1 I 1 I 1 1 1 I 1 1
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
patrick.koppenburg@cern.ch 2026-09-24 Date of arXiv submission
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https://www.koppenburg.ch/hadrons/Masses.pdf

EXOtic hadrons at the LHC P. Koppenburg - 24 September 2026

11.5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

: cc(qq) @ cccc B cCggqg
11.0 - 24 new exotic hadrons at the LHC ccdd o cigi

10.5 L g

7.5 P
Teece(7100)

]
7_0 -1 .T-:i'c(:{ﬁgoﬂ) —

Teece(6600)

6.5 - ] L
6.0 - -
5.5 1 -
5.0 1 -

45 P.-(4450) Po:(4457) ,

Ne By + P.z5(4338 B
[~ lP“[4440) - czs(4338)

P.:(4380) P.:(4312)

4.0 - -

Mass [GeV/c?]

3.5 1 -

3.0 .Tr'::l.;zgom-- @7::(2200)"

' (R0 : 0
T.0(2870) T.:4(2900)°

2.5 1 -

2-0 I ) 1 I I I 1 I I ) 1 | I ) 1 1
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patrick.koppenburg@cern.ch 2026-09-24 Date of arXiv submission
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https://www.koppenburg.ch/hadrons/Masses_exotic_hadrons.pdf

Hiisken, Spadaro Norella & Polyakov - A Brief Guide to Exotic Hadrons
lllustration: 1. Polyakov - Fig. 2



https://arxiv.org/abs/2410.06923

Break
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Decays and the hadronic
continuum

D - Resonances, thresholds and exotic hadrons
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QCD states as resonances

Most excited hadrons can decay through the strong
interaction:

Py — Py +P,.

The same quantum numbers belong to a two-hadron
continuum: the pair can carry any relative
momentum.

A short-lived excitation appears in the interaction of
these hadrons — for example, it - p — .

’7T 0 7T

f A quark-model level becomes a resonance when coupled to open
T decay channels.

=I__'

For an isolated, narrow resonance,
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-resonances.pdf

Resonances

Electrical resonance

Im I
Re Iyms

09

0.6

R=5
7 L =5uH
0.3 C =2nF
Usims = 5mV
0.0
-0.3 F \/
L L L

w (Mrad/s)

Irms (mA)

Mikhail Mikhasenko

A‘.I'l'?f

Hadronic resonance

0.9

0.6

0.3

0.0

-0.3

ml
m2 —s— iml

- — ReA.,

ImA;r

B my, = 0.77 GeV

/\ I'p = 0.15GeV

0.4 0.6 0.8 1.0 1.2
s=m2,_(GeV?)
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PDG: Resonances

An oscillating circuit and a hadronic
system share the same language:

Enhanced response near a characteristic
energy.

Phase motion as the energy passes
through it.

A pole of the complex response function.

Interference can turn a resonance peak
into a dip.
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-resonances.pdf

Hadronic amplitude

The experiment measures an intensity
INwe@) ¥ Ul

do unobserved spins
@: final-state kinematics; ¢: detection efficiency.

Amplitudes for the same final state interfere before

squaring.

A simple resonance model
N(s)

) , y
my =s—=i%, g, p,(s)
The production process changes N(s); the resonance
pole is shared between reactions.

A(S) = s=FE°.

N/

Mikhail Mikhasenko

PDG: Resonances, §50.3

What goes into the width?

Far from relevant thresholds: a constant m,/ can
approximate the imaginary term.

One important channel: retain 92 P(S), with two-body
phase space p(s) = 2k/,/s.

Several channels: sum their contributions, 2, gfpf. (S)

Near a threshold, phase space varies rapidly. A
constant-width peak can be misleading.

A4

KH(\. ’Klzt\. ,KEI

A4

S L~ Y L
KIE{ :Kzl‘.. ,KU\ + /Klzt.. ,K23¢ :K21

7N\
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-resonances.pdf

The amplitude in the complex R —
plane

What is A?

A transition amplitude (matrix element) for chosen
initial and final channels, projected onto a fixed partial
wave.

ImA| Pt ImA:

Ims Ims

- “Res

A(S) = Apa (9).

The angular dependence has been projected out;

channel and spin labels are suppressed.
Analytic continuation: extend the same analytic

What is s? amplitude away from real s, respecting its singularities
s=(p, +p, )y =E~.. and branch choices.

The invariant mass squared of the system whose sER - s=x+iy€eCl.

resonance we study. A(s) can already be complex for real s.
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https://arxiv.org/abs/2606.10634
https://pdg.lbl.gov/2025/reviews/rpp2025-rev-resonances.pdf

Guiding principles for
amplitudes

| Analyticity — Causality

Causal dynamics constrains how the amplitude extends into complex energy.

| Unitarity — Probability conservation

Probability is conserved when all accessible final channels are included.

I Crossing symmetry

Related reactions are described by continuations of the same underlying amplitude.

Consequences: analytic structure

- Hadronic resonances - poles on unphysical sheets.

- Decay-channel thresholds - branch points, joining a non-trivial set of Riemann sheets.
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https://pdg.lbl.gov/2025/reviews/rpp2025-rev-resonances.pdf

First and second Riemann
sheets

"Unphysical" Sheet Analytic continuation

Physical sheet Second sheet Analytic continuation
The red curve follows the physical real- Resonance poles influence the amplitude The upper physical sheet joins the lower
energy axis. on the physical axis. second sheet across the cut.

k(s) x =38, near threshold, Ky = —K;.

A threshold is a branch point: the two signs of the square root lead to two sheets.
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Open the app - mmikhasenko.github.io/riemann-sheet-rpg

EXPEDITION 0B

One plane. A hidden threshold. f(s) = ZI(s) + 2inp,(s)

LEVEL O6 - INFINITELY MANY SHEETS
Chew-Mandelstam - m = ¥ - The origin is regular on the physical sheet.

® SHEET n = -1 Continued branch « LIVE CONTINUATION
YOUR EXPEDITION

COMPLEX 5-PLANE Threshold

Res = -Ilmas . )
The same coordinates can belong to different

worlds. Find a way between them.

m Find the brass key

o
: Sheetn=-1-s = -3.500 + 3000i
BRASS KEY |§| Open the hidden chest ~
o
Sheet ll {n =1) -5 = 3.500 - 3.000i
STABILITY 100%
Beyond |s| = 5.5, infinity pulls you away.
ju—n@) L+l s o1 o1
] am* =1
OBSERVATION
Parspactive
Spot Player
Terrain height / colour
Im f — imaginary part A
-4 Im f +

Easy mode — show key & chest

—-—-- BRANCH CUT @ BRANCH FOINT s = 1.99 +0.4381
Reveal distant markers on viewed sheets; in Player
view, only in the light. Collect them on the required
. sheet.
W A |5 |D orarrow keys drag to walk 0 ‘1 Turn E [ Turn T Terrain Levels & awards R Restart

The entire terrain changes when you cross the

cut. Keys and chests appear nearby; Easy mode


https://mmikhasenko.github.io/riemann-sheet-rpg/
https://mmikhasenko.github.io/riemann-sheet-rpg/

Quar k-mOdeI States and Guo et al., Hadronic molecules
thresholds

o) = A quark-model level is not isolated from
500, - hadron pairs with the same quantum
15LD" D-_.- R Z,(4430) |
ol (27 o : " (%
. o cc » DD
D* D" 7 (4020)
Lol e A0 = e R | @
:f DD (3800, (3572 :'mmmh AL -
E ob ﬂ N ,\'l:s.~.|2.].
n08) a5 Cor The coupling shifts levels and, above an
h(1P) (
Can w * allowed threshold, opens decays.
—— Established QM states For a bound state, schematically,
eis) —— Established exotic states
===z States to be confirmed W) =alQQ)+ S b:|H,.H-: ).
30} n08) —— Lowest S-wave threshold ) QQ) Z;: i1k )
0" 1 1Y ot o1t o2ttt 2 3 0 1 . .
JC The hadron-pair part is the molecular
Charmonium and the lowest S-wave thresholds - historical overview component.
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https://arxiv.org/abs/1705.00141

Why a molecule can be a good
model

Physical sheet Unphysical sheet Physical sheet Unphysical sheet Physical sheet Unphysical sheet
003 T )t E \\\_\\ NN \ ‘\ \ 003 T T \ - vos - ._-——:-..__'_'_' von I."f .-"/ .-/ 0N,
T o T om € o T om E oo T oo
g 001 E 0.01 g 001 E 0.01 g 0,01 g 0,01
0.92 0.92 0.94 Reﬁ{&:)) 098 0.92 0.92 0.92 0.92
Bound _ virtual - resonance: a pole can move A shallow S-wave bound state has a long-distance tail:
. . . —Kr
continuously as the interaction changes. e — ATB — _
y g lﬂ(r) x F K= Z!JB’ B - Eth Ebound .

These are different pole locations, not three unrelated kinds

_ When 1/k exceeds the interaction range, a hadron-pair
of constituent.

description becomes especially useful.
0"0:E0"C)
(@ A (@
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Summary and discussion

Hadron families

10+24+ X

I/ . @I
(o]
\, E/'

Experimental discoveries

Hadrons as resonances

Mikhail Mikhasenko

Conventional hadrons probe QCD in different regimes—from light-quark
dynamics to heavy-quark systems.

Exotic hadrons expand the possibilities for how QCD binds matter.

A golden age of hadron spectroscopy: the past 15 years.

Belle / Belle Il + BESIII + LHC: new forms of hadronic matter, a richer
understanding of what QCD allows—and many puzzles still open.

S-matrix-driven physics: understand hadrons through their scattering and
decay amplitudes.

Intricate mathematics of cuts, poles and Riemann sheets—with ideas
reaching far beyond hadron physics.

Hadronic S-matrix — Veneziano amplitude - string theory
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