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In Memoriam 
Mannque Rho (1936-2026)

Dedicated to a distinguished 
physicist, a cherished collaborator 
for 25 years, and a deeply missed 
friend. 

His profound insights into chiral 
symmetry and hadron structure 
continue to light our path 
forward.



Outline

Part I: The lowest scalar nonet
1. A puzzle: non-exotic or exotic?

2. Production of scalar mesons and glueballs in HICs

3. A new classification       [Yasui et al., arXiv:2603.13764]

Part II: Glueballs as topological solitons
1. The Skyrme-Faddeev model

2. Glueballonia [Amari et al., Phys. Lett. B (2025)]

3. Gravitational FFs   [Hutauruk et al., to appear on arXiv]



Part I:
The lowest scalar nonet



Revisiting light exotic mesons

Long-standing puzzle: why is that mass hierarchy?



Bob: “They are compact tetra-
quark states.”

Diquarks [Jaffe (1977)]    or    Molecules [Close & Tornqvist (2002)]



ALICE: “No, 𝒇𝟎(𝟗𝟖𝟎) is not a  
tetra-quark state.”

[ALICE Collaboration, PLB (2024)]



A new classification

✓Abandon 𝑓0(500) and 𝐾0
∗ 700  .

✓𝑓0(980) and 𝑎0(980) as the lowest states.

➔ Nonet: 𝑓0 980 , 𝑎0 980 , 𝐾0
∗ 1430 , 𝑓0(1770)



Summary of the new nonet

Production 
in HICs



Phenomenological approaches

❑Statistical model [Andronic, Braun-Munzinger, Redlich, Stachel (2003)]

❑Coalescence model                   [Greco, C. M. Ko, P. Levai (2003)]

❑S-matrix approach

[Dashen, Ma, Bernstein (‘69); Venugopalan, Prakash (‘92); Lo (‘20-)]



Reference           New nonet            2Q             4Q             gg                S-matrix









Summary of Part I

❑New nonet scheme
▪ 𝑓0 980 , 𝑎0 980 , 𝐾0

∗ 1430 , 𝑓0(1770)

❑Their production in HICs
▪ Statistical model

▪ Coalescence model

▪ S-matrix model

❑𝑓0(1500) as a scalar glueball



Part II:
Glueballs as topological 
solitons



Why glueballs?

The key objects to understand the mass gap in pure 
Yang-Mills theory

BESIII (2024): 𝑋(2370) as a 0− glueball ?!



The goal

Topological approach to non-perturbative physics

❑IR phenomenology of SU(2) Yang-Mills theory

❑Glueballs as topological solitons
cf. Faddeev and Niemi (‘99), the lowest glueball as a 
Hopfion

➔ Higher-lying states and their structure, 
comparison to available experimental & lattice data

Based on the work in collaboration with Amari, Nitta, Sasaki, 
Shigaki, Yano and Yasui, Phys. Lett. B 869, 139805 (2025)



The Skyrme-Faddeev model (SFM)

A low-energy effective model of SU(2) YM

[Faddeev & Niemi (99)]

❑Topological solitons: Hopfions    𝜋3 𝑆2 = ℤ

❑Hopf charges: 𝑄 = 𝑙𝑚                                         
[𝑙, 𝑚 ∈ ℤ  winding numbers]



Energy eigenvalues

Ansatz for a torus-shape Hopfion
𝑛(𝑙, 𝑚; 𝜃, 𝜑)



Phenomenological parameters 

Energy specified by
➢Winding numbers (𝑙, 𝑚)

➢Quantum numbers (𝐽, 𝐾3)

➢Model parameters (𝜅, 𝑒)

Input (Q=1)

❑J=0: 𝑙, 𝑚 , 𝐽, 𝐾3 = { 1,1 , (0,0)} as 𝑓0 1500

❑J=2: { 1,1 , (2,0)} as e.g. 𝑓2(2300)

Τ𝜅 𝑒 = 5.5 MeV, 𝜅𝑒3 = 88 GeV



Mass spectrum of scalar glueballs

Input

Prediction vs. PDG ☺

Prediction to be verified

● Listed as established states in PDG
Solid: narrow states (Γ < 150 MeV)
Broken: broad states (Γ > 150 MeV)



Mass spectrum of scalar glueballs

Input

Prediction vs. PDG ☺

Prediction to be verified

● Listed as established states in PDG
Solid: narrow states (Γ < 150 MeV)
Broken: broad states (Γ > 150 MeV)

Q=1 Hopfion 
➔The lowest glueball

Q=2 Hopfion w/ 𝑙, 𝑚 = (2,1)
➔Bound state of 2 Q=1 Hopfions
➔Tightly bound glueballonium
      B.E. = 577 MeV

Q=2 Hopfion w/ 𝑙, 𝑚 = (1,2)
➔Bound state of 2 Q=1 Hopfions
➔Loosely bound glueballonium
      B.E. = 230 MeV



Remarks  

❑Non-topological approach
▪ A model for dilatons          [Giacosa, Pilloni & Trotti, (‘22)]

▪ The lowest glueballonium of the mass 3.4 GeV

▪ cf. our Hopfion approach predicts 2.4 GeV

On our agenda:

❑Extension to color SU(3)

❑Coupling to light quarks

❑ …

❑GFFs toward EIC



Gravitational form factors
❑Encode the gluon momentum fraction and 

distribution of quantities e.g. the energy inside 
hadrons. Defined from the matrix elements of 𝑇𝜇𝜈.

❑In YM for the scalar glueball,

▪ Energy density ℰ 𝑛 = 𝑇00

▪ Pressure & shear forces in 𝑇𝑖𝑗 A- & D-terms



Glueball GFFs in the SF model

[Hutauruk, Amari, Sasaki, to appear]

Preliminary

from Lattice SU(3) YM
Abbott et al., PRL (2026)



Glueball GFFs in the SF model

[Hutauruk, Amari, Sasaki, to appear]

Preliminary

from Lattice SU(3) YM
Abbott et al., PRL (2026)



Mass radius

How gluons are concentrated?

→Mass radius of the scalar glueball ≈ spatial 
distribution of mass or energy inside the glueball.

❑SF model: 0.253 fm
▪ Input: f0(1500)  k/e = 5.5 MeV

❑SU(3) Lattice YM: 0.263 fm      [Abbott et al. (2026)]

❑Earlier studies: SU(2) Latice YM [de Forcrand-Liu 
(92)], instanton model [Schaefer-Shuryak (95)]

[Hutauruk, Amari, Sasaki, to appear]



Summary of Part II

❑Conjecture: 𝑓0 2470  as a molecule of 2 glueballs 
(glueballonium) with B.E. = 577 MeV
▪ Their internal structures and binding energies

▪ Characteristic multiplets of glueballonia (scalar & tensor)

❑GFFs of scalar glueball (preliminary)
▪ A- & D-terms and the mass radius align with Lattice YM.

▪ Toward the nucleon GFFs, in progress

❖BESIII 𝑋(2370) as another benchmark test
▪ So far, only rotational modes                [Amari et al., in progress]

▪ Vibration modes of a Hopfion → excited states



Summary



Implications

QCD phase diagram: Hopfions at 𝑇 ≳ 𝑇𝑐?

❑Chiral-scale interplay               [Left: Sasaki-Mishustin (2012)]

❑Quark Spaghetti & Glueballs  [Right: McLerran et al. (2025)]



Fascinating Light Scalars: 
Bridging from Quark to 

Gluon Dynamics 



Backup





The Skyrme-Faddeev model (SFM)

An axial-symmetric Hopfion → a torus

[Gladikowski & Hellmund (97)]

[Battye & Sutcliffe (98)]

❑Hopf charges: 𝑄 = 𝑙𝑚

     𝑙, 𝑚 ∈ ℤ    winding numbers

❑Static energy configurations via rational map



cl

Energy eigenvalues

❑Classical mass [𝑀 = 𝜅

𝑒
𝑀∗]

❑Inertia tensors [𝑋𝑗𝑘 = 1

𝜅𝑒3𝑋𝑗𝑘
∗ ]

cl
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