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pp bound state
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M. Ablikim et al.(BESIII Collaboration)
Phys. Rev. Lett. 132, 151901(2024)

This indicates the existence of a pp bound state.



q>q> configuration

Calculating the color-color interaction of g3g3 state is challenging because it is
difficult to construct the color wave function when quarks and antiquarks are

present together.
q™ : totally antisymmetric wave function.
q™q™ : antisymmetric for quarks and antiquarks, respectively.

Constructing a total color singlet requires an appropriate connection

between the quark and antiquark color state.



Dibaryon case

For a dibaryon,
33R3R333=0306)0(306)R(3d6)

= 1m=5) D 8m=16) D 10m=10) D 10¢m=5y B 27 1m=9) D 353n=s5) D 28

too complicated

Let’s consider the Young diagrams.

]2 13 1]2 1]3 1[4
|:> cn)=[3[4} |co)=2]4] |c3)=[3]5], |C1)=]2]5] |C5)=]2]5]
56 516 46 46 3l6

We can represent the color state using the Young-Yamanouchi basis.

1. For the Young-Yamanouchi basis, the entries in each row and column are increasing.
2. From one basis, we can generate the remaining basis using the permutation property.



Dibaryon case

For a dibaryon,
303Q®3R¥3Q03K¥3=CBD6)RXBD6)XR(BDH6)

= 1m=5) @ 8m=16) D 10am=10) ® 10¢m=5y B 27 1m=9) ® 353m=s5) D 28
too complicated

Let’s consider the Young diagrams.

1(2 113 1(2 1(3 114
|:> o) =[3]4} |co)=[2]4] |c3)=[3]5] |C1)=]2]5] |C5)=[2]5]
5|6 516 416 416 316
8-8 8-8 8-8 8-8 1-1
16 0 0 0 0
iy 2 0 -16 0 0 0
Aidj =2(ij) — 31 >ah=| 0 0 -16 0 0
i< 0 0 0 -16 0
0 0 0 0 -—16

Conclusion: If we can construct the multiplet only using the fundamental representations
(or antifundamental representations only), then we can easily calculate the color-color matrices.



color basis of g"g"
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color basis of g"g™
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color basis of g"g"

15’ 15 6 3

Y
—_—
b=
e
[l

ol

= |

=1

1
e

A x B;> A'B;

]
ool <

—
—
R
.
'HF‘I
o
||

o T
—
i
-
T
ocl| &l
=]
o ||
M"‘-—_—lﬂ""’




color basis of g"g™

q"q"
ex)n =4
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2 18
15 15
r —
(| 123 ‘; Ed Young diagrams with different shapes cannot make color singlet.
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Number of color basis

The number of color singlet basis of g"g" = ¥, dz

where dy is a dimension of the corresponding Young diagram.

The summation is taken for all possible Young diagrams consisting n boxes satisfying
the SU(3) symmetry.

ex1) q2g?

The possible Young diagrams :

d[Z] == 1, d[l,l] == 1
> Zydizf =2

ex2) ¢33

The possible Young diagrams :

d[g] - 1, d[z’l] == 2, d[l,l,l] = 1 o

9ZYdiZ/=6
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Number of basis

number of basis

99
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4 23
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n=1 1 6 513
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9 414315330 14 1148208090
10 7646001090 15 8026793118
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q°q°

L Baryon-antibaryov
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Color basis of ¢g3g?

31X32X33X§.1X§5X§6
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112
f|CQ)=(3 )1'0‘3}_(3 3

1|3 6
);|C"))=(2 ’ )3lcﬁ)=(123!

[—
o

W=
o

Cy)

Cy) = (

=]

S| |
ol
N—

|| | |

He=
=l
=]

R —

.

(oL
S| =l
|

SV L I SO
Q| W]

There is an additional color basis from the decuplet-antidecuplet.
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Color-color matrix of ¢3g>

A i
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Three-meson configuration: Color

We can obtain another color basis set changing the order of quarks and antiquarks.

(31 % 34) % (32 x 35) x (33 x 3¢)

= (14 8)14 x (1 +8)25 x (1 + 8)36

= [1(114125) + 8(114825) + 8(814125) + 1(814825) + 8(814825) + 8'(814825)
+ 10(814825) + ﬁ(814825) + 27(814825)] X (14 8)36

Here, we can determine six color singlet basis.

|C7) = 11alaslse, |Ch) = 11425(814825]136, |C5) = 81425[114825]836,
|C}) = 81425[814125]836, |Cr) = 81425[814825)836, |C) = 8'405(814825)836.

|C") =UIC)
( 1 2v2 0 2v2 V10
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_V2 2 0 0 4 A5
_ V2 5 1 1 1 5
[ = 33 6+/3 2 2 63 V3
2 5 _1 _1 1 5
f)@ 63 2 2 6+v3 33
5v2 5 3  _ 3 __5 V5
321 6v21 24/7 24/7 6021 3421
V10 /5 V5 5 _ 56 1
\ V51 ~35 of of —as% v5i )
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Three-meson configuration: Spin
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Results: Nucleon-antivucleon

18



Hamiltonian and Jacobi coordinate
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Three-quark potentials

. - 4 .
For antiquarks,  {1%,1A%} = 56“” — 2d9bc )¢
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where sign(i) = —1 for antiquarks.
Phys.Lett.B 862, 139278 (2025)
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Flavor, color, spin state(I1=0,5=0)
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Results: Nucleon-antinucleon(1=0,5=0)
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Results: AA (I = 0,5 = 0)

z
= Singlet
ngile
'E Octet
o Decuplet
=)
-
[ ]
. 1.5 2.0
I'e B
1000
b - ol
0.0 0.5 1.0 15 20 © :
ro = E 3
e S -1000}
£ :
M _2000}
~3000"
0.

VBB — nEP L HEE — (HE + HEg + HE + HEy)



Results: A A (I = 0,5 = 0)
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q°q° : Dibaryon-pntidibaryow
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Color basis : g®g®°

(B3x3x3x3x3x3)x(3x3x3x3x3x3)
= (L(m=5) + 8(m=16) + 10(=10) + 10(n—5) + 27(;n—g) + 35(;ms) + 28)
X (L(m=5) + 8(m=16) + 10(m=10) + 10(m=5) + 27 (;m=9) + 35(1n=5) + 28)

(1 211718 112]|71]9
Cr= (1314 9J10) |, C2= {3448 |10}, -~ 513 color singlet bases
\ 516 (|11|12 5161112
1121371819 11213||71]8/10
026_ 45 7mﬁ 7027_ 45 agﬁ 3 3
6 12 6 12
11213141/ 7/8|9(10 112(3141(|7(8]9]11
0282: 5 3ﬁ 30283: 5) )]._0 5 3
6 12 6 12
o Cfl1|2]3]|7]8]9 O__1237§E N
982 4156 [10[TT|12|)" °¥ 11560 1T|T2])"
o (li[2]sl4][7[8]9[w0)\  _([1]2[s3]4][7[8]9]1
407 516 7ﬁﬁ sy 408 516 ’ﬁﬁ ) )
c _fl1]2|3]4|5]|7|8|9|10[11 C::123457§§EE o
488 6 ’E y 489 6 7ﬁ ) )
0513=(123456,7§§1_0_1E)
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Multiplicity of ¢°g°
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Possibility of q°g®°

I =0,Ib=0,5 =0 case

32 ) 16 | & 8 8 8 2]
‘\]I 5
) 6 g (& _s58V2 ) ) )
3 \ul 5 3
16 [ ¥ _g E 18 -6+/15 ) ) -6+/10
yos oS
CAC R
—Z A O'?J-O'_ = /7 =
i<j g J o _sevz g T 86 94 |3 _o9aq |3 _18Ys6
3 5 \ul 5 \ul 5 5
8 ) 8 -24 /; 24 ] —24 |2
y s Y3
e ) e —24 |2 e 24 -24 |2
\'JI 5
188 2 F 112
8 ) —6-+/10 24 |2 _oa4 |2 112
\ul \ul 5 15

(67.0514, 46.1272, -41.6309, 28.4456, 24., 5.22455, -1.21771)

Lowest threshold :
1. 2 baryons + 2 antibaryons - -32 For a nucleon: -8
2. 1 baryon + 1 baryon + 3 mesons > -64 For a pion: -16

3. 6 mesons =2 -96



Multiplicity of g*s2g*5?

Symmetry: , . —
{1,2,3,4}{5,6}{7,8,9,10},{11,12} S S e
[sospin Spin Multiplicity 5 16
4 2 h=11—1 ! 77
3 10 3 222
h=2L=2 , 30 2 415
1 38 1 461
0 23 0 212
5 2 6 1
I : ?sosp?n of ququs 4 13 5 13
15 : isospin of antiquarks I =2 T,—1 3 50 4 59
) Ih=1,1I2 =0
2 104 3 171
1 130 2 301
0 o8 1 335
. 1 0 144
4 11 6 2
I =2,1=0 3 36 0 12
2 £ L =0,I =0 ! >
1 84 3 133
0 45 2 241
1 241
0 121
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Binding energy: q*s*g*s*(l; = 0,1, = 0,5 = 0)

U __.-".-1..-!'--" """"" i
_...-""....
> -500( p—— .
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w _1000} -
e * ANRA
...-""'..... ]
-1500 e * morrongg or TTKKKK |
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o
q*s°q*s? lowest threshold V. = —A 1 \X\o: - 0o
i<j
B
_ § : cyc
m2 &—
1<J

where B/m? = 18.125 MeV
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Multiplicity of q°s3*g>s°

Symmetry:
{11213}{4I516}{7I819}I{10[ 1 1[ 12}

[sospin Spin Multiplicity

6 1
5 3
L=3I=2 g ;; Isospin SI;m Mlﬂtlfhmty
2 52 5 7
! 60 | , 4 38
0 30 h=3h=3 4 120
5 4 2 229
4 18 1 263
L=3L=5 3 52 0 122
2 103
1 117
0 52




Binding energy: ¢3s3g3s3(l; = 1/2,1, =1/2,S = 0)

500 g..._;___. """"""""" :
L -"'"-.-‘u.-
: -.-.-""'-q._.
— O e
| - |
= : — — My
= -s00f ) o] 0o=1-7¢
w P
-1000} ¢ A=
i * mrmggg or KKKKKK
0.0 0.2 0.4 0.6 0.8 1.0
o
En = Vq432§4§2 lowest threshold V. = —A Z 1 \X\o: - 0o
B = Ves — Vs Cs L gm0
1<J
B

E c\C - .| .

where B/m? = 18.125 MeV
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Summary

« We have investigated the baryon-antibaryon and dibaryon-antidibaryon

configurations in a constituent quark model

« There is a possibility of deeply bound state for baryon-antibaryon

configuration.

« q*s?g*s?(HH) has a possibility of multiquark configuration.

Thank you
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q®g3 : Dibaryon-Antibaryou
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Color basis : g°g3

(3x3x3x3x3x3)x(3x3x3)
= (L(m=5) + 8(m=16) + 10(1n=10) + 10(;=5) + 27 (;n=9) + 35(;n=5) + 28) x (1 + 8(,,—2) + 10)

((1]2]]7
Ol_ 343@9
516119
12 — 1 ——
( 5 718 & 719
Ce=141|5 5 , Cr=11415 3 ,
6 6
112134
Csg = H J71819]],

6

There are (5 x 1416 x 2+ 10 x 1) = 47 color singlet basis.



