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Six quark systems

B=2, 𝟔𝒒, Dibaryon

Baryon-baryon molecule

By baryon number:

By internal structure:

B=0, 𝟑𝐪𝟑ഥ𝒒, Baryonium

Genuine hexaquark
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Dibaryons
prehistoric studies



Ancient history

Deuteron – “trivial dibaryon”
proton                   neutron

1931 Harold Urey,
Nobel prize 1934

Deuteron phtodisintegration
J. Chadwick, M. Goldhaber
Nature 134, 237, (1934)
„Disintegration of the Diplon by 𝛾-Rays“

The first search for the excited deuteron 4



Quark era
Six non-strange dibaryons
F. J. Dyson, N.-H. Xuong, Phys. Rev. Lett. 13, 815 (1964).

I=0, J=3 I=3, J=0

I=1, J=2

I=0, J=1
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I=1, J=0

I=2, J=1

Mirrored quantum numbers

Mass

NN threshold

N threshold

 threshold



Quark era
Six non-strange dibaryons
F. J. Dyson, N.-H. Xuong, Phys. Rev. Lett. 13, 815 (1964).
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

PRL 106 (2011) 242302



Quark era

p n p n
2.2 MeV

66 keV

deuteron
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~10 MeV

D. Arndt
resonance

NN threshold

N threshold
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PRL 121 (2018) 052001

~70 MeV

𝒅∗(𝟐𝟑𝟖𝟎)

 
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I=0, J=3 I=3, J=0

I=1, J=2 I=2, J=1

I=0, J=1 I=1, J=0

Loosely Bound/Unbound == Molecular
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Quark era

p n p n
2.2 MeV

66 keV

deuteron

NN-FSI

N 
~10 MeV

D. Arndt
resonance

NN threshold

N threshold

 threshold

N 
~10 MeV

PRL 121 (2018) 052001

~70 MeV

𝒅∗(𝟐𝟑𝟖𝟎)

 
PLB 762 (2016) 455

I=0, J=3 I=3, J=0

I=1, J=2 I=2, J=1

I=0, J=1 I=1, J=0

Strongly Bound
Far from thresholds

potential Hexaquark
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



Deuteron SU(3) multiplet
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pn

𝑁Λ

𝑁Ξ

𝑑
Jp = 1+

ΣΞ



𝑵𝚲 from heavy ions

10
ALICE: PRC 99, 024001

Hades: PRC 94, 025201 (2016)



𝐩𝚵−

11

ALICE: Nature 588, 232–238 (2020)

J-PARC: PRL 126, 062501, 2021

Ξ− 14𝑁 → Λ
10𝐵𝑒Λ

5𝐻𝑒

HAL QCD: Nucl.Phys.A 967 (2017) 856



Deuteron SU(3) multiplet

12

pn

𝑁Λ

𝑁Ξ

𝑑
Jp = 1+

ΣΞ



“Demon” Deuteron SU(3) 
multiplet (27-plet)

13

Jp = 0+



𝑵𝚫 multiplet (27-plet)
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Jp = 2+


N

Λ*



Λ

*

*

*

N

N*

*

N*

Λ*



𝑵𝚫 R. Arndt resonance
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Binding energy ~10 MeV binding energy



𝑵𝛀 from heavy ions
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ALICE: Nature 588, 232–238 (2020)

2.5 MeV binding energy (Coulomb+strong)


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
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*

*
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N*

*

N*

Λ*



𝑵𝚫 multiplet (35-plet)
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Jp = 1+

Wasa-at-Cosy: PRL 121, 2018

Binding energy ~10 MeV binding energy



ΛN*




N

*

*

*

*


Λ

N Λ*

N* Λ*



𝚫𝚫 multiplet (28-plet)
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Jp = 0+

Wasa-at-Cosy: PLB762, (2016),  455

Either slightly bound or unbound

HAL QCD: PRL 120, 212001, 2018

*



*

*

*



++++

**

**

**



New methods

19

arXiv:2108.03134, see N. Zachariou talk for the details



New facilities
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Hyperon-Nucleon scattering at KLF
arXiv:2008.08251

Flux at LH2/LD2 target



𝒅∗ 𝟐𝟑𝟖𝟎 hexaquark
SU(3) multiplet



*

*

𝑑∗(2380)

𝑑𝑠 (2.53 − 2.60)

𝑑𝑠𝑠(2.68 − 2.76)

𝑑𝑠𝑠𝑠(2.82 − 2.90)

Jp = 3+


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𝒅∗(𝟐𝟑𝟖𝟎) size

size~
1

𝑚𝐸𝐵

𝐷𝑒𝑙𝑡𝑎𝑟𝑜𝑛

𝐷𝑒𝑢𝑡𝑒𝑟𝑜𝑛
=

𝑚𝑁𝐸𝐷𝑒𝑢𝑡𝑒𝑟𝑜𝑛

𝑚Δ𝐸𝑑∗
~

1

7

𝑅𝑑𝑒𝑢𝑡𝑒𝑟𝑜𝑛~2.2 𝑓𝑚 𝑅ΔΔ~0.3 𝑓𝑚

Nearly complete overlap

Deuteron Deltaron
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d*(2380)

𝒅𝝅𝟎𝝅𝟎 𝒅𝝅+𝝅−

𝒑𝒑𝝅−𝝅𝟎 𝒑𝒏𝝅𝟎𝝅𝟎

𝒑𝒏

𝒑𝒏𝝅+𝝅−

d* 

d* d* 

Pathway to discovery
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𝑑∗(2380) decay branches

𝒅∗ decay channel Branching ratio, %

𝑝𝑛 12(3)

𝑑𝜋0𝜋0 14(1)

𝑑𝜋+𝜋− 23(2)

𝑝𝑛𝜋+𝜋− 30(5)

𝑝𝑛𝜋0𝜋0 12(2)

𝑝𝑝𝜋0𝜋− 6(1)

𝑛𝑛𝜋0𝜋+ 6(1)

𝑁𝑁𝜋 0(10)

Eur.Phys.J. A51 (2015) 7, 87
෍Γ𝑖 ∼ Γ𝑡𝑜𝑡



Argand plot

P. Adlarson et al. Phys. Rev. Lett. 112, 202301, (2014)
P. Adlarson et al. Phys. Rev. C 90, 035204 , (2014) 25



𝒅∗ 𝟐𝟑𝟖𝟎 𝒊𝒏𝒕𝒆𝒓𝒏𝒂𝒍 𝒔𝒕𝒓𝒖𝒄𝒕𝒖𝒓𝒆
EXPERIMENTAL VERIFICATION
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Hexaquark Autopsy

3 1/2

1/2

electron
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d*(2380) photoproduction

d*

𝛾𝑑 → 𝑑𝜋0𝜋0
𝛾𝑑 → 𝑑𝜋0𝜋0

Conventional Background
M. Egorov, A. Fix,
Nucl.Phys. A933 (2015) 104-113

𝑑∗

B. Krusche, NStar 2019

T. Ishikawa et al. Phys.Lett. B772 (2017) 398 28

BGO-OD, new data soon



Photon beam 
spin asymmetry

d𝜸

p

n

𝜙

𝑑∗ M3 transition seems to be preferable

Σ Θ 𝜎 Θ

𝜎0
~σ𝐽=2𝑎𝐽𝑃𝐽

2(𝑐𝑜𝑠Θ)

𝑑∗ E2 transition likely to be small

M. Bashkanov et al., Phys. Lett B789, (2019), 7-12 29



Experimentum crucis

30

𝜸

Target

p𝒏
Θ, 𝜙, 𝐸

𝚯′, 𝝓′

𝛾𝑑 → 𝑑∗ → 𝑝𝑛

Polarimeter

p



Nucleon polarisation at 𝟗𝟎°

𝛾𝑑 → 𝑑∗ → 𝑝𝑛 𝛾𝑑 → 𝑑∗ → Ԧ𝑝𝑛

neutron

proton

M. Bashkanov et al.,  PRL 124 (2020) 13
31



Argand type plots Re vs Im
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𝐶𝑥&𝑃𝑦 at 90 degree



𝒅∗ the full experiment
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Observable Beam Target Recoil Status

𝑑𝜎/𝑑Ω unpol unpol unpol Measured
Σ lin unpol unpol Measured

𝑃𝑦 unpol unpol pol Measured

𝐶𝑥 circ unpol pol Prepared for publication

𝑂𝑥 Lin unpol pol Preselected data

𝑂𝑧 lin unpol pol
𝑇 unpol ⊥ unpol Measured 2022
𝐸 circ ∥ unpol To be analysed
𝐹 circ ⊥ unpol Measured 2022
𝐺 lin ∥ unpol To be analysed
𝑇11 lin ⊥ unpol Measured 2022
𝑇1−1 lin ⊥ unpol Measured 2022

Ԧ𝛾 Ԧ𝑑 → 𝑑∗ → Ԧ𝑝𝑛



Hidden interior

𝒅∗(𝟐𝟑𝟖𝟎)

I. Vidaña, M. Bashkanov, D.P. Watts, A. Pastore
Phys.Lett. B781 (2018) 112-116

34see M. Mocanu poster



Hexaquarks in Neutron Stars

I. Vidaña, M. Bashkanov, D.P. Watts, A. Pastore
Phys.Lett. B781 (2018) 112-116

Nuclear Matter
Hexaquark Matter

35Submitted to arXiv: 28.06.2017



𝒅∗ 𝟐𝟑𝟖𝟎 hexaquark
SU(3) multiplet



*

*

𝑑∗(2380)

𝑑𝑠 (2.53 − 2.60)

𝑑𝑠𝑠(2.68 − 2.76)

𝑑𝑠𝑠𝑠(2.82 − 2.90)

Jp = 3+


36

see G. Clash poster

see M. Nicol poster



Conclusion

▪ A lot of new data in dibaryon sector.

– Heavy ions

– Photon beams

– J-PARC

▪ 𝑑∗ 2380 multiplet

– Internal structure

– 𝑑∗ 2380 in nuclear medium

– SU(3) members

– e-m probes → size and structure (A2, ELPH, BGO-OD, CLAS)

▪ New facilities (KLF)
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


