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@ Binding energy ~2.2MeV, or 1.1MeV/A

Which has to be compared to the averaged binding
energy of 8 MeV/A in Nuclei

@ Its charge radius of 2.1fm (loosely bounded)

The centers of the proton and neutron are far apart
from each other than the pion exchange range r~hc/mn ~1.4fm

@® Proton-neutron (dominated),
six-quark content (2-3% or 0.15-0.3%)+ AA(0.4%)
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Beginning: (*Dyson and Xuong,1964)

1964, when quarks were still perceived as merely mathematical entities
SU(6) multiplet in 56x56 product : contains the SU(3) \bar{10} and 27;
Deuteron Dy; and NN virtual state D;;D;,(NA) and Dy3(AA)

oM~ A+ B[I(I+ D+SS+1)- 2] with the NN threshold mass 1878, a value B ~ 47MeV

was reached by assigning D, to pp <> 77d resonance at Js =2160MeV

(near the NA threshold)

2>M(D,;) =2350MeV. This dibaryon has been the subject of several quark-based model

calculations since 1980

MNonstrange s-wave

dibaryvon SU(6) predictions MassMeV dibaryon

1876

1876

D 2160

IS 2160

2350
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Observation: d*(2380)_lih‘r flavor dibaryon

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

CERN cerncourier.com/cws/article/cern
/57836

(2014)

VoLume 54 MNumBER 6 JuLv/AucusTt 2014

Exparimeats ot the folich Cogler Synchaatran [COFY] have tewndcampeling

wvidance bor 5 new state in the Swe-barpsn sysbem, with s maes of 2330 MV, wi.d:h-.

af 80 Ma'd and auiniym murbars I =370 The drecture. containine six valenoe

quarky, constitutes 3 dibarven, ond cowld be efther an ewotic compast partide ar 2 CD‘SY'S new
hadroni decule. The renakt £ Enx lang-standing question of whathes them =

ara mare sigenstatet n the two-baryon sysbam thai fust the deuteren ground-state, evldanﬂe fﬂr a
Thiz fumd amantal quas ien has been awalting an snrwer sincs ~t leart 1964, whan Six—qua rk sta te

Ffirst Freeman Dysan amo Liter Robert Jafe envisaped the possible exins~ce of nos

Experiments at the Julich Cooler Synchrotron (COSY) have
found compelling evidence for a new state in the two-baryon

system, with a mass of 2380 MeV, width of ~ 80MeV and

quantum numbers-- I(J?) = 0(3™) ...since 2009 6




The d* Resonance I (JP) =0 (3%) EEGEEEaulWAVA 84MeV

2380 — d*% 71MeV
2309 7= ANTT M, ~ 2380MeV
0.3 2 | ~2M, —84MeV
- 2154 — NNmm
0-2; ; B > MANTC
0. 1:dm‘c threshold > MNNTm
° > M,

1878 == NN »r ~ 230Mev

r,~70Mev )
o
<1/3x(2r,)

: | it I | Neither N*N (Roper),
T=0,1 : T=0,1 T=1 ' ‘ nor AA

Intermediate state
040620 o) © They need this d*(2380)




Signals in np processes WASA @ COSY

PRL 106 (2011) 242302
PLB 721 (2013)229 E°° po = dm £ dmTm1—
. é - i é
a8 & WASAdats B 3 i Y ‘*
Fusion dx°%x® 2 - A
\ ) T T

dibaryon 1(1%)=0(3%
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np scattering
process

i = d* — pn

fusion 27
processes

Measured also in fusion reactions

to helipm isotopes:
p+d—>3He +n° + n°
pt+d—>3He+n"+m
d+d—>4%He +m0 + n°
d+d—>%He+n"+m




A short summary of Characters of
d*(2380): 0(3*)

e d* mass locates between AA and ANT thresholds

Effect from threshold is expected small

M, =2310MeV M,. = 2380MeV
I',.~80MeV

70MeV 80MeV

® d* narrow width -  Possible 6q structure

M,, =2460MeV

Review articles: by Heinz Clement, be different
PPNP, 93 (2017), 195-142
CPC.,45 (2021), 022001

from normal hadrons



Possible interpretations of d*(2380)

compact 6q dominated d*(2380)
A After COSY's observations

® Quark model

J.Ping (09/14)-10 coupled channels QM A).a compact
Bashkanov, Brodsky, Clement (13) -- AA+CC '6q dominated

% F.Huang, YBD, Zhang. (14-18)--AA+CC QM exotic state

® Hadronic model B), a AN% (or Dj,m) @ some Other
Gal (14) ---ANn T S interpretations

Kukulin (15,16) - Dym “



2, %SU(3) chiral constituent quark model:

SU(3) CCQM

PRC 60 (1999) 045203
CPC 39 (2015) 071001

® Quark model framework
SU(3) chiral QM + RGM approach (ight flavor)

1 . __ 1/ Conf . OGE ch chv
A Interactions: Vl,j = Vij + Vij + Vij + Vij
. ch __ s(a) ps(a)
q-q pOtentlal: I/ij _ Za (I/l] + I/ij )scalar+PS

* Interactive Lagrangian
£,=-g, 0 c A +iY m AV ¥
{O‘a : scalar nonet fields

2024/6/20 7, : psudoscalar nonet fields !



% Extended SU(3) chiral constituent quark model:

SU(3)ECCQM
e z - —sf'(gc,wnz‘;pw +2%;Zia,waﬂp:ﬂ"}w

% Model parameters: could p, : vector nonet fields
well-reproduce and match the
experimental data for N-N Values of model parameters in SU(3)CCQM and SU(3)ECCOM
scatterings SU(3)CCQM SU(3)ECCQM
Set | Set 1l
— 1 . b, (fm) 0.5 0.45 0.45
NN phase shifts; o 05 045 045
. . Eoh 2621 2.621 2621
& hyper-nucleon interaction o 0 2351 1973
_r:':ﬁ :-_."Ech-_- 0 0 Elf 3
T m, (MeV) 595 535 547
. . 3 0.875 0.237 0.363
+ deuteron properties: { a (82) 0.766 0.056 0.132
sige at, (MeV/fm?) 46.6 445 39.1
o (MeV) 424 —723 —629

Binding Energy (BE);" = 2.22MeV _Biusn (MeV) 209 2.24 220
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The S-Wave phase shifts of the N-N scattering in SU(3)CCQM and SU(3)
ECCOM. Dotted, dashed and solid curves: (f/g=0, 2/3).
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A Trial wave function of d*

I(J¥) = 0(3")

Wey, = A [r:)&(gl £2) dPa(&a.&5) nan(r) +

% 6-quark

Pc(&1.&2) Pc(&4.85) '?FGC("“)]SZE,,;:D,C:(GD] :

two clusters
+ RGM

(05)” [3]orb. S = 3

*ﬂ.:
@ .

(05)” [3]orn. S = 3

= 3/2,C = (00),

—1/2,C = (11),

Naa (r) and nec (r)
are not orthogonal

A Hadronization- - - -channel wave function:

Using the projection method to integrate out the internal coordinates

inside the clusters (or Hadronization approach)

Uge = |AA) xaa(r) + |CC) xeo(r)

xan(r) = (da(€1.€2) da(€a.€5) | Peyq) -

xco(r) = (dc(&1.&2) dc(€4.8&5) | Yeq)

@the two components orthogonal

@ the quark exchange effect included

14



IJ*)=03"
*x
3 ’ On d (2380) PRC 60 (1999) 045203

a, Mass & wave function of d*(2380) CPC 39 (2015) 071001
1.2 ' I ' ! ' ' ' I ’

A Results:

) (™)

d* (WFs)




® Binding energy (BE) (BE)d*{

Expt.~ 80MeV
Theor.~ 80MeV

B Intrinsic
character of d*

PRC 60 (1999) 045203

1(J%)=0(3")

AA

Ext. SU(3) (f/g=0)

AA-CC

(L=0,2) | (L=0,2)

quark exchange

effect of sfc large
(negative:-4/9

2, Dynamical effect

2024/6/20

d’ Binding
. 83.9
Energy(MeV) Ria 3
QA (L=D) 98.01 (31.22
Fraction
of Wave | AA(L=2) 1.99 0.45
Function aQCC [L=U' 0 | 68.33°
(%) | |
CC (L=2) 0 0.00

(IS=03)

OGE & Vector
meson exchange
induced A-A short
range interaction is
attractive

| **d*(2380) is

deep bound

| & narrow width




Reason for large component of CC (67%)  Due to guark exchange effect

— Ppr sfc exchange effect in spin-flavor-color spaces
Pe= Pss Psg <P > ——
' . intrinsic  (AA)q;_30 (AA)g 130 (CC)g30
<P_:6 > IS deter.mlned by the ) (AA)g1—30 (CC)gy-30 (CO)gy-30
dynamical wave function <psfes. _1 4 7
36 9 9 9

For d* The effective A-A interaction induced by OGE and vector meson exchange
enables the short range interaction attractive.

—> Two clusters AA closer,

/ 1) d* special characters
\ spin-flavor-color spaces exchange effect

should also large

2) AA (IS=03), A—A short range interaction is attractive

Dynamical effect ¢mmmmm) Model independent d* might be a
6q dominant state
P

e Effect large, large CC component
2024/6/20 d* deep bounded and narrow width 17



b, S"'I"Oﬂg decayI: A 27 decay widths

PRC91 064002, PRC94 014003

Three-body decay

. d* = dr’r’ Typical
13" =0G3") o dingram NG
* " 9 d* > nnn'nt" (ppr'n)
d*>dn'n . .
— AA is considered B
A (.I ................. ";:\:"‘ N Only and no CC A lf.‘\l .................. _;_.:\ """ '-v\'
:/ \ yl L
d* e a”
> e e ANe) —
e Rt
(a) i/ I
° - - 1. 1
Parameter’SO qqﬂ- ] Hf,rfnr = BqqnT - kﬂr ) Qb A l,ﬁfa_}\ra
Interaction (e £Wx
A > Nr

2024/6/20

Coupling & form factor

Four-body decay

d* - pnr’n’ (pnnn)

2

Dasnn = Ek;}r[gqqn I,)




“CC” fraction of 68% in d* (AA+CC)

PRC91,064002(15), PRC94,014003(16)

d* — dota— 16.8 16.7
d* — dnxn° 9.2 10.2
d* — pnnta— 20.6 21.8
& — prrOz 9.6 8.7
d* — pprn~ 3.5 4.4
d* — nnalnrt 3.5 4.4
d* — pn 8.7 8.7

Total 71.9 74.9

2024/6/20 A 27 decay widths

Our interpretation of d*_Compact 6q dominated exotic state I(J")=0(3")
(wave function of SU(3) (COM+ECQM))

* All partial and total widths
agree with data reasonably

'™ =70 ~75MeV
l-\Theor. ~ 72MeV

The narrow width is due to
large CC component

@, A compact system : size~~0.8fm
2, Components

1 [2
I* >miq | =|AA > 44/ =|CC >,
|d* = \/;m;x::- vﬂl( >

3, AA component plays of the most
important role in the calculations



c, Strong decay;;: Single-pion decay 1(J°)=0(3")
T (= O = 3 Tnm o = Tonmren) ® Experimental status

=  5(1=0) I The WASA-@-COSY Collaborations,
" . PLB774 (2017), 599-607

Dash-dotted line illustrates a 10%

)N d* resonance contribution
2:— Upper limit of branching ratio for
- “d*(2380)>NN=n” is 9%.
0
]
235t hase s —4ass——  This channel might serve as a test!
/s [MeV] One of Typical _* - o
diagrams il

Our prediction, ~1% is

AA i idered L
compatible with the Exp't upper-limit: 1 consudere el NG whg NGD

2024/6/20 only and no CC



d, Form factors of d* relative to size 1J7)=0(3")
For'm fGCTOI"Si 25"'1 arXiv:1704.01253, PRD96,094001

Mf};yrr apy = LG (O*)P*(gwa(gppg,y + Gp,9,) + permutations] TH = (e)PT (p )My wp €7 (P)
+ G2(Q*)P* 9w qal9ppgyy + 9py9yp) + permutations]/(2M3.)
+ G3(0?)P*[qwqaqp 459, , + permutations]/ (4M %)
+ Gu(O)P*qudaapapqy a,/ (8MG.) + Gs(O*)[(dvaa — Faqu ) (9p sy + 9py9p,) + permutations]
+ Ge( Q) (g Ga — 9aqu ) (apapgyy + a4y a,955 + Gp Gy 9,5 + Gy dpgdys ) + permutations]/(2M73. )

+ G1(0*)[(doGa — Jad0)9p 959, G, + permutations]/ (4M )],

Electric multi-poles Magnetic multi-poles
oo (Mg [Ax (204 1) ,
GHO) ===\ 5 pigr— Z(2).
; ; - ‘haree : oo
with e being the unit of charge and {d* |pM {§}|d*} e Z i1/ é;l;ll GM;{QZ} }’H,{Q.q}, (10)
6 =0 2i-1
Tp(Q?) = (d'| Y f d*r(d*X]e,ji(Q|7; — R|)Y 10(L;,,)|d") o , ,
i—1 where p™ (g) denotes the magnetic density of the system

o L R
= 3(d"| ‘[djf’[de] le3ji(Qlrs — R[)¥10(2; _5) with ¢ ﬁ?—"; and
+ e6ji( Q|76 — R|)Y 10(Q5, _p)]d"), 21



(a) Compact quark model

d*(2380) charge distributions

(b) tAN three-body system

da* | 2380) a2
| Al A2
| rms (fm) 1.09 0.78 2.39
0.4 L BN AL AL A L R B LN RN BN L BN 0.4 r T I T T
( ) Scenario A (d*) Du{jSz} ]
a) | -=— = =— == AA(S) * e e e e} 25 MeV | o
ozl 7N 20 |- V] ® s m s == =18 MeV [T
b I \5 —_———— CC(C) -1 :
N N U ] -
()2-'1. v ] o 02 STUS .
S N . 3 p - ]
é - I ) N % K . - - - :.. _—
= (1 ~ = ..L s ~. -~
) . 0.1 = R - -
B \ - E L ~eao T~ ]
\\ | p—r—r ——— T - Te=. .=“.
0o N — b-'-’ Scenario A : :
- 0.8 \_.-‘ . ﬂnl.ﬂ:h.:"ﬂﬂ X Scenario B (D7) .
N F4b N T, Coupled-channel e e e e E—{L25 MeV ] 1 :l _'3 3
0.1k : . —_—w - £=18 MoV . N ’
E Magnetic Moment
both 3 Naive quark model
9 M 3 2.79
AA and CC ] Nucleon Z2-_="_, =%
. ] u, 1.91 gxer.
are considered L T M,
i d*(2380) AA+CC H,.=—"~T6
E .Hq
2024/6/20 JI._-S 2

d*(2380)

& x5.1

o

2M
D120 My =
3m




4, summary and discussion

% @D Our SUB)(CCQM & ECCQM) approaches are employed to study the
mass, and wave function of [d*(2380), 37]. These approaches could well
reproduce the experimental data for the N—N scatterings as well as the
properties of deuteron and hyperon-nucleon interaction, and the model
parameters are fixed.

% (2 Within the approaches and by employing the same set of parameters,
the mass of d*(2380) is well-reproduced and its wave function j
expressed as AA+CC, hidden color parts dominated. Vector meSgn , 1|

exchange plays essential role.

[2
Hl.|_'~._'~h +y/ 31C¢

% (@ Itis a compact 6-quark state with some large-portion |[AA> component,
due to its spin and quark exchange effect.



% @ We also obtained channel wave function for the two channels and they
are orthogonal. Then, the channel wave function are employed to calculate
the strong decays of d*(2380). Double pion decays are well reproduced
comparing the available measurement, and the single pion decay is
expected to be much small.

% (® The electromagnetic form factors of d*(2380) are also calculated and its
charge radius, magnetic moments, quadupole moments are obtained. The
scenarios of compact and loosely bounded are compared.

% (© More experimental information of this dibaryon is necessary to confirm
its existence. Some possible observations are expected (BGOOD, ELPH)

@ The study of dibaryons is not a new story. It is a window of multi-quark states.

Jhanks fer your attention
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The P-wave phase shifts of the N —N scattering in SU(3)CCQM and SU(3)ECCQM approaches.
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comparison of two interpretations
(A) Compact quark model: (deeply) (B) AnN three-body system:

Mass, energy and
6ood J H Double-pion strong decays Goc;d /
Quarls | P@30) sngle-n decay
Our prediction 1% which The result of three-body

Expfgmzﬁm"ﬁp_nﬂns the 1J%) = 0(3") (AnN) scenario is about 18%.

Wae = |AA) xan(r) + |CC) xcc(r) ‘
A: (05) Blor, S = 3/2,] =3/2,C = (00), Recently (PLB769)
In order to match the up-

Exp. gives 9% up-limit

C: (08)° [3]on, S = 3/2,1 =1/2.C = (11),

limit of exp.

EM Form Factors : More sophisticated

« admixture '
Photo-absorption | d* >~ /i |AA > +\/z | NArx >
7 7

on deuteron by d*(2380) Cloud




d, Form factors of d*

Form factors: 25+1 relative to size arXiv:1704.01253, PRD96,094001
. = N@@) | J& | N(p) >= Un @) [F1(0Q2)# + i T2
NUC'COH(I/Z)- @) |y | N(p) @) [F1@) +ioar, 2@ H|v@).
GE(Q?) = F1(Q%) —nFa(Q?),  Gu(Q?) = F1(Q?) + F2(Q?),
Breit frame < N(q/2) | JR | N(—q/2) > = (1+rr}—1*'21+1ﬁg|:@2‘
< N(q@/2) | In | N(=q/2) > = (1 +mn)~ Y %:%, L\ Gar (Q?)

Deuteron(1):  7i®.p) =< ()Sisei)

St = = [G1(@")005 — Ga(@) FHZ| P = G2(@%)(Qud — Qaet)
Iy
Gol(@®) = Gi(Q%) + 2npGa(Q%),  Gu(Q) = Ga(Q?)
Go(Q?) = G1(Q%) — G2(Q?) + (1 +1p)Ga(Q?) ,
. — ‘ 1 y] N -
Breit frame Go(Q2?) m——py o>, <p' A|J°|p, A=

2024/6/20 28



Form factors of d*(2380)

spin=3 system, 25+1=7

1

I(J* )=0(3%), high spin

form factors

PRD96 094001 (2017)
PRD97 114002 (2018)

Charge Distributions | (related to the size of system

. &= 04

0.2

0

-0.2 -

B M Compact AA+CC

0.6 =+

Scenario A
Single channel
— AN

Coupled-channel

)

Magnetic
Moment

Other
multipoles

Scenario B (Du:rl:)

" o = on om= = = g2=(L25 MeV
- O O S W lE:lS M‘EV

0 — . — 1 1.5 > .
Scenario A | Q*GevH Scenario B
d=(2550) | D1
(_‘nsos A1 A rms | Cases Bl B2
PRS2 (Tm) T.03 072 | rms  (fm) 2.64 1.87




« 2
(.Mli()}

(2]

0

[2%]

B Single Channel A4 Coupled Channel b
L S e e — — —_——_——— = AN 8-S 4
— .S i e emee . C ‘( ": 5.5 -
L N~ e AMCC o S-D
B me— e — e = AAGC O DD
B - Total ]
- “\ -
=3 el \ . -
. i
L~ —
-
-
= ~—_ i
I I B
) 0.5 1 1.

The magnetic dipole form factor M1 of d*.

2024/6/20

20182 E IR & (DYB)

(5]

T T T T | T T T T | T T T T
Total
_____ Ad: B-D+D-5
N [ YL )
~

P — e — e OO 5D DS

C,Cp: D-D

The quadrupole form factor of 4*.
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e, Productions at other facilities

Photo-absorption on deuteron contributed

1@

NGGa+R)  ABTA+E+H)
A

N
NRLE) o %
S A0 3
S . 5
Y N-ga-F) : A-gi-k-p Y
a)
19
NGiA+R)  ABIATE+R)
N a
o [N S
YON(-ga-k) A= - v -

by d*(2380) resonance
IJMPA34, 1950100(2019)

20 T T 20 r r T r T r r T
....... m“=+l
—_—— m=0
15 - 15 d -
----- m= 1
= =
= -
£ = 7
e =
l: E. 10 = I,‘ . \\ -
g z a A
= ‘o F \
o r
© i \
R \
sk NS \ \ T
L g - J
I 5t v
< : A
F P AT
b o T T
M cxziy I L
235 24
W(GeV)

W(GeV)

FIG. 2: Total photon-absorption cross section o? (W;T) on the deuteron target in the d* resonance region (left

and the individual contributions o (W;my) with mg = 1,0, —1 deuteron target (right).



e, Productions at other facilities I

. . . rf:E _ - T g
p+p—>d*(2380)+(p+n) P
% E 3
o4 ""':_'P:I f.'l-":‘l"':["r?] M'i_ -
n’;E 3
’"Ji = al .:; = 's!ol : fJJ
.'inhsz;t'y)
' "w T 'lf(:"el T o T T
A wlpe) F 3 ;L?'|:i|.i'j ':. . ka ' - _. - ._ Z:: 3
' i o ’ '
' By Nips)
s
Flpa) ky i o
Ay N(pa)
‘ _
(pn)y _(pn) 5 (& > ()
Lapn = 8o Iy 05 X (d"(P)™ +hec,, Panda

—— LM:2 X10°’cm™ /s
w1, AA Contribution
O P Js, =(4.8,5.0,5.2,5.4)GeV
#*3, Breit-Wigner (3.6,5.6,7.2,9.3)x 10*
form considered (20,100,600,3200)

evens

evens




Productions at other facilities o p+n
A Suggest other experimental search than P+ d
and study for possible dibaryon signals: d+d
.’y + d| Process (Mainz, Jlab., ELPH, BGOOD) Int.J.Mod.Phys.A34,1950100(2019)
@Y — d" + X| Process (Belle) PRD99 036015 (2019)
— CPC42 064012 (2018)
[BR(» > 7+ X) ~2.86 X10-]
.‘eJr +e —-d+p+n Processes (BEPC, Babar, Belle)
Yp+pPp—>d*d*+X Processes (Panda) CPC46 113102(2022)

> d*+pr CPC45 023105(2022)

Theoretical study of other dibaryon candidates: - -
|d* >~ |||. 3|_"-_"1 > 4 11'; CC >,

1A (5=3,1=0)(2380), d* g 1=3)ls [D =2 1=1)» D(s=1,1=2)



@ Suggest other possible experimental searching for it

and study for possible dibaryon signals (non-strange):
@ Process (Mainz, Jlab., ELPH, BGOOD):|y + d

@ Process (Belle), Y-decays: rod+ i(
BR(Y > d+X),,, ~29x107

(3 Processes (BEPC, Babar, Belle?): |¢' +e” — d*+p+n
@ Processes (Panda): p+p —>d *d*+ X

@ Theoretical study of other dibaryon candidates:

[k d(s=3,1=0)*(2380)= |d* >~ \,-"'%u_\. > *1.-"':

[Ds2,1-10 Dis-1,1-2)]> [ROper+Al_y,q@cosy

0| b

Other

Than

WASAwCOSY
NICA

|CC >, d(s=0,1=3)*(2380) ]9

p+n
p+d
d+d

If the d* is further confirmed by experiments, Our interpretation looks
reasonable. Thus, it might be a state with 6q structure dominant. Moreover,
the more information about the short range interaction is expected.




& Some Lattice Calculations (HALQCD)

Binding energy
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An H-dibaryon exists in the flavor SU(3) limit.

Binding energy = 25-50 MeV at this range of quark mass.

A mild guark mass dependence.

Preliminary !

4 - — ]
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(0]
0 1 2 3 4 5 6 7

V ({2) [fm]

Dibaryon with Highest Charm Number near Uhitarity from Lattice
QCD

Yan Lyu, Hui Tong, Takuya Sugiura, Sinya Aoki, Takumi Doi, Tetsuo Hatsuda, Jie Meng, and Takaya
Miyamoto
Phys. Rev. Lett. 127, 072003 — Published 11 August 2021

Some others:
deuteron-like (shallow bounded)
heavy dibaryons, PRL.123,162003

35

F o — I A A AH (QececQece ) D+ A—TF]



Summarizing, in the barvon-baryon (BB) system we have so far clear-cut experimental evidence only
for a single boundstate, which is the deuteron groundstate known since 1932. In particular, there is no
boundstate in the hyperon-nucleon system with strangeness S =-1. In the strangeness S = -2 sector the
existence of a possible boundstate, the H dibaryon. has not yvet been ruled out completely at present.
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