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> Background

» Four fundamental interactions:

Interaction Strength Range Mediator Participating particles Bound states

Strong interaction 1 1075 m gluon quarks, gluons hadrons
Standard Model Electromagnetic interaction 1/137 Foc1/r? photon electrically-charged particles atoms

Weak interaction 10°° <10 m | W+ 2° fermions none

Gravitational interaction 107 F x 1/1=2 graviton? all particles solar system, etc.

> The Coupling Constant 0 f Q CD : Ji - =23 Mevict ~1275 GeVic® ~173.07 GeVic® 0 ~126 GeVic?
Hifif- 23 23 23 0 0
Hfig= " u‘y’ 112 g,», 1”2 t,v 1 \W 0 H

0.35 ; i
' 1 decay (N'3LO) bt k&5 E =1 Ti#5e 'S5 KRS i 4uEg
|0W Q2 COnL (N3LO) =4.8 MeVic =95 MeV/ic® =4.18 GeVic* ]
03 Heavy Quarkonia (NNLO) ++— 7] ) d .
HERA jets (NNLO) =+~ B - B HI
025 [ e*e jets/shapes (NNLO+NLLA) —+ | w @ || @ ||~ Q’ ! w
: e*e” Z0 pole fit (N3LO) +e— F# 7 HHE % HoF
o pp/pp jets (NLO) +=—
% 02 F pp top (NNLO) +e— ~ 0.511 Mevic? 108.7 MeVie? 1777 GeVier 912 GeVic?
pp TEEC (NNLO) 4 4 4 0 va
0 15 12 e 2 ]’1 12 T,J’ 1 w
' W uy T Yty
0. 1 L . <2.2eVic* <0.17 MeVie® <15.5 MeVi¢” 80.4 GeV/e?
T '
Ml —r— 0 0 [ 1
I e og(mz?) = 0.1180 £0.0009 . 5 - & l. & . & || W
A . 2023 10 100 1000 [~ MR | wrhEE | e WH T
vauet Q[GeV]

PDG, Phys. Rev. D 110, 030001 4



> Background
Conventional
hadrons
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hadrons
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> Background

» Diquark:

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL-MANN

that it would never have been detected. A search
for stable quarks of charge -} or +% and/or stable
di-quarks of charge -4 or +% or +% at the highest
energy accelerators would help to reassure us of
the non-existence of real quarks.

Phys. Lett. 8 (1964) 214-215

» Study for diquark-quark structure:

Color:

Factor:

D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Lett. B 659, 612-620 (2008);
D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Rev. D 84, 014025 (2011);

X. Luo, H. X. Chen et al., AAPPS Bull. 36, 9 (2026).

» Study for diquark-antidiquark structure:

V. R. Debastiani and F. S. Navarra, Chin. Phys. C 43, 013105 (2019);
F. S. Navarra, M. Nielsen and S. H. Lee, Phys. Lett. B 649, 166-172 (2007);

L. Maiani et al., Phys. Rev. D 71, 014028 (2005).

33=3PD6

GI model: H{™ = — [ic + ib,n _os(r)

171 .
{(qq)3|Fi - Fj|(qq)5) = _g
1
3

((q9)6|Fi - Fjl(qq)s) = +
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> Background

» Our work for the structure of 4-quark particles

The mixture of hadronic molecule and diquark-antidiquark state:

7,(10610) = BB*/B*B/B*B"/SA/AS/AA

% _ Z. H. Cao, W. He and Z. F. Sun, Phys. Rev. D 107, 014017
*
Z(10650) = B*B /AA W. He, D. S. Zhang and Z. F. Sun, Phys. Rev. D 110, 054006
=0 T D. S. Zh W. He, C. W. Xi dZ.F.S iv: 2410. 05749
ch (4000)+ — DjD /ScuAcs ang, e, iao an un, arx1.v

_ _ Y. Ma, D. S. Zhang, C. Q. Pang and Z. F. Sun, arxiv: 2412. 11144

X(4500) = DZ+D:_/Achcq/AcsAcs D. S. Zhang, J. F. Wang and Z. F. Sun, submited to journal

— % — — —
* ++ *+ o+ [ Pt KRt A cy
Ti0(2900)"" = D" p" /D" " K*" [ Ay Asa Only considering mesons, not gluon

D D Dt A A A

) ¢ ® ?

Tc§0(2900)++ ‘ | 1 |/
I
.

A

mesons diquarks
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> Lagrangians construction

» The Lagrangian of free diquark fields:

1 1 1 1 .
Ls = (050 er — 7m(SSNer, Ls, = §<6HSQ6“S*Q>C— S5 ,(S oS p)c
1 1 1 1 )
Ly =~ (FwF ™ + 5mi@A)cr,  Lag = =7(FonFg e + 3my, (AguAd)c.

Where F(g)uw = 0, A0y — O, A(Q), is strength tensor of axis vector diquark, the flavour and color

matrix of diquark can be written as:

0 S Sus A %Aud %Aus 0 X”g Xb
Sp = =Sw 0 Sgl| AF = %Aud Aua %Ads ’ Xe=-Xp 0 X
_Sus _Sds 0 %Am %Ads Ass —Arb _ng 0
Sor = (SouwS0d:S0s) Aor = (Agu,Aga,Ags) - \
X stand for diquark field. Under SU(3), symmetry, the diquark field transform by:
Only conside the color
Sc - UScUT, antitriplet diquark
Acy — UAc U,
S oc — US ocC UT,
Agcy — UAgc U, 9
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> Lagrangians construction

» The color gauge invariant Lagrangians:

@ Introduce a gauge field: gluon field
G, =Git®, |G, — UGt +15,)U" |

G, = 0,G% — 9,G4% + gf"*GvGs, |G, — UG UT

@ Replace partial derivative with covariant derivative:

D,S = 8,8 —iV,S —iSV, —igG,S —igSG,, D,S — UDSU",
DA, = 8,4, — iV A, — AV, —igGLA, — igA,G] D,A, —» UD,AUT,
D,Sg = 8,8S¢—iSgaf, —igGuS o —igS oG, D,So — UD,S,U",
D,Ag, = 8,Ag, —iAg,ay, —igG,Ag, —igAg,G,. D,Ag, — UD,ApU".

The SU(3), gauge invariant Lagrangians of diquarks are:
i " 1 ; _
Ly = DuSD!SNep = 7m(SSer, F, = D,A, —D,A,,
L= = 1 ; =
Ly = g FuF")cr + smy(AAM)cr, Four = DuAgy = DyAgy,
|

LgQ = —<D SQD‘“SQ)C mSQ<SQSQ>Cv Fluy - UF,uVUT

l v 1 l T
Loy = ~3FowFye + 3mi (oA Fouw = UFguU", 0
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> Lagrangians construction ‘ﬁm’h"

» Other possible Lagrangians

Consider the symmetry of diquark and gluon, also exist other Lagrangians: Symmetry of Lagrangian:
Liag = id{A*GL,A™)cp SU(3).
Ls,a,6 = dig€”(D,S QGfaATQﬁ + AgsGl, DﬂSTQ> c Parity
Lapnge = idag(AQGTLAT Charge conjugation

Hermitian

Since Ls 5,6 1s a higher-order contribution, we do not consider it.

Due to the symmetry of diquark, Lsac = 0.

» Diquark-meson interactions

(W)

S
|

<

S
|

i

S

&
I

iki (S 0" DSy — ik (DS “a" Sy + -
qq — Qq — Qg Ly = e(iPD,S AN —iA%¥D,S Py + ...

. N . ApuT
/1;3 = m(Sd)" D,SE —iD, Sy ST + -
Qq o Qq —4aq9q Z.H. Cao, W. He and Z. F. Sun, Phys. Rev. D 107, 014017

W. He, D. S. Zhang and Z. F. Sun, Phys. Rev. D 110, 054006 11
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> One-gluon-exchange potentials

» The one-gluon-exchange potentials of

) . S s S@ S - S

diquark-antidiquark systems 3 g

The gauge invariant Lagrangians of diquarks: = E = . E .

@ Saus . s | s 9 Stq) S Aw) A«)

‘["S = Z(DySDuS+>CF — Z_ng (SST)CF, (a) (b)

’ = Ty 1 2 A

LA = _Z<F;1VF# )CF+§mA<A;1A ‘u>CF, SQ 3 AQ A(Q) - A(Q)

1 L 1 . (o g

Ly, = FDuSeD!Sp)c = Emggw oS pdes g g

L e v 1 + =1 3 = - b -

L, = _Z<FQ,WFQ# Yo o 5m,ig<AQ,,A;>C_ Ag S¢ A Ao

Lasc = id(A*GlL A )cr, ) =

Ls,a,6 = dige”(D,S QGZQATQ/; + AgsG,,D,S TQ s (® The one-gluon-exchange potentials in the
_ U AT ATV :
Liagage = idro(AHG,,Ap )c. — coordinate space 3
@ Breit approximate: zero momentum V(r) = f (CZZT(; 1"V (q)
M(q)
V@ =~ 2m~?_[ 2m @ 1 &
VI 2mi Ty 2my Figa: [Va ™ (r) = —o—— ~ 3m2 8 (r),
@

13
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» The one-gluon-exchange potentials of diquark-antidiquark systems

0 g 1 2g 3 g 1
Vl',( )(1') = g ner 61 — ——— € - 615 (r) — 127, May, ES(T, €2, ¢€ ba
Q 8 2 T¢3 %Q 1 i~ t
VE(r) = — Gdiger 8 (r) — 5 == 8(i e, €}),
@ & € eher el 1 ot t 2 2 Foel
L e e eher €} — (o9 + 23q) + ¢')er - ere) - e}
(@)

Without Coulomb term

1

2 f 7|53 2 tora t
+ 2(d2(Q) + dg(Q)g)Gl T €€ - 63]5 (T‘) + T’)’ni()ﬁ —g €y 648(7’, €1, 63)

— d’er - eJ?ES(?", ez,eD + d> >0)€1 - €25(1, 63,64) (da(o) + 9)° 63 e}lS(r, €1, €2)
- (dg(Q) + dy@)g)€r - e]lS(r, €2, e;)—(dQ(Q) + dyg)g)€: - (-:;S(?', €1, el)].

» The one-gluon-exchange potential in GI model:

s s 1 3S,"I’S"I’
Vip.r) = = (r)F Fi- D8 80+ | = —Si-S,-)]F,- -F;.
m;m; 3 r
/ -1 52 2m?4 92 m?‘laq

q q

14
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> The form factor of diquark-diquark-gluon vertices
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» Other study of diquark-diquark-gluon vertices: M. Anselmino, P. Kroll and B. Pire
Z. Phys. C 36, 89 (1987)

In the study of baryon-meson scattering, consider the
diquark-quark structure of baryon. =

o

q] N /,/qz q1'K qzvV
The effective current of diquark coupling to a gluon are:
SgS G A -
g8 = G (@ +q), L
AgA

_/l(l KY v v K S S
AgA — —lj[G1(Q1+Q2)”g - Ga(qr8" + q18"™) v

B Vertices of diquark-diquark-gluon
+Gi(q1 + 2V g\ 5. a quare-s

The coupling constant G5 = g,Fs(Q?), for axis-vector
diquark: G5 = 0,G1 = G = g, Fy(Q?).

The form factor of diquarks are:

AN
S 0+

WO, o @0 é %
+

Diquark form factor

16
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> The form factor of diquark-diquark-gluon vertices
» The one-gluon-exchange potentials after considering form factor:
Form factor: e . Sy
as(g*) Qg 3
F(g") = W;'
&q S¢q) ’ S¢q)

Fourier transform: V(r) = eV (q)F%(¢?) ,

() (@)
The effective potentials in coordinate space; - . /
g1
v = - -+ &),

_(Q 4 2a§ a - 3
PO = — 22027 (o) + L% 200k ™ 3ms( o
3 3m?
@
VIEQ)(T) = - é920@'52 €l Y(Qo, ) + Fales - €2(Qo, ) — 2 FolS (7 €2, €)T(Qo, 1),
3 9m5(Q mA(Q) 9mS(Q>mA( Q)
~Q 8 4
V. (r)= gd%Qaiez . egZ(QO, r) — 9d2Qa S(7, 62,63) (Qo, 1),
~(Q) 4 a?
Vi (r)= — gg e - 6362 GZY(QQ,T) + o2 [g € - e];eg 64 (2dyg )g—|—2d2( ytg ey - 6262 64 (d2( Q)
A(Q)
+dyg)9)€r - elez 63] Z(Qo,7) — [g € - e4S(r 61,63) + g€ - 63S(r EQ,ED d%(Q)Gl - €9(7, e;,el)
A(Q)

- (d + 9)263 645(7’, €1, 62) + (dg(Q) + d2 9)61 645(7', €2, 63)+(d2 + d2 )9)62 : E;S(’I”, €1, €4):| (QO, ) 17
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>Summary and outlook

» Summary

@D Constructed the color gauge invariant diquark fields and diquark-gluon
interaction Lagrangians.

@ Calculated the one-gluon-exchange potential of diquark-antidiquark systems,
obtained the numercial results for the coupling constants.

3 We modified the one-gluon-exchange potentials by introducing a form factor.

> Outlook

@ In the diquark-antidiquark system, considering the confinement potential as well
as spin—orbit and color-magnetic terms.

@ Verify the correctness of the model in diquark-quark systems.

18
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> Appendix 'ﬁm’h"

» The one-gluon-exchange potentials after considering form factor:

Introduce the following form factor:

V(@ur) = (1) - Dar

F(¢*) = A0, o 51 o
2 : _ 2 _ 2
QO - qz Z(QOaT) =V Y(Qo,T') =T EZEY(Q()’TL
: d3q gier 0190
Through Fourier transform: V(r) = @ 1V (q)F*(q?) , T(Qo,r) =ro-—5-Y(Qo,7).
we get the effective potentials in coordinate space: -
(@) g 1 3
Vo) = — o—— &*(r),
_ 4 a2 ¢ 3
V((ZQ)('I") = ——g a2Y(Q0,'f’) + g Z(QO,T) / wr 3mS( o
3 3m?
@
~(Q) 4 5 5 t 2 2 9 o
Vi, (r)= — =g°aer- €,Y(Qo,7) + ——— ae ez , 0. S(7, €z, € T
b (7) 39 €2 €Y (Qo,7) Oy mA@)g 2 €,2(Qo,7) — O miag, (7, €2,€})T(Qo, ),
~Q 8 4
Ve (r) = gdigaier - 42(Qu,r) — gdigalS(i, e, €))T(Qu,7),
~(Q 4 a?
Vfl )(r) — - gg a’e; - 6362 GZY(QQ,T’) + o [g € - 62;62 64 (2dyq )g—|—2d2( )t 9 e - 626; 64 (d2( Q)
A(Q)
+dyg)9)€r - e}lez 63] Z(Qo,7) — [g € - 645(7" 61,63)—1—9 € - 63S(r EQ,ED dg(Q)el-@S(?’, eg,el)
A(Q)

- (d + 9)263 645(7’, €1, 62) + (dg(Q) + d2 g)el €4‘51(7’7 €2, 63)+(d2 + d2 )9)62 : 6:1;5(7"7 €1, €4):| (QO, ) 20
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State A(GeV) E(MeV) rruvs(fm) P (%) Pp (%)
Z(10610) 1.0 -1.83 1.64 94.24/0.09/2.85/0.02 2.18/0.04/0.57/0.01
1.1 -9.96 0.82 84.24/0.06,/8.30,/0.01 5.15/0.10/2.14/0.01
1.2 -26.14 0.57 73.78/0.15,/13.55/0.00 7.83/0.16/4.53/0.01
Z,(10650) 1.0 -2.60 1.45 96.06/0.31 0.03/0.01/3.57/0.02
- 1.1 -9.01 0.88 92.34/0.28 0.09/0.02/7.23/0.04
1.2 -19.82 0.66 88.30/0.26 0.18//0.03/11.17/0.06
DD} /A.S . RS-I1|4018 + i46 4013 + i42|4009 + i39 m = 3991712 *). MeV
RS-I1|4209 + i13|4208 + i13|4207 +i12 I =105%3 T MeV
DD /A A RS-TI| 4105 4106 4107 \ +.
RS-I| 4 4091 4 _ +43
S 083 09 093 m = 4216 + 2473 MeV
DD+ /8 A, RS-I1|4115 +i69 4112 + i66|4108 + i64 T =233 + 52f$37, MeV

LHCb, Phys. Rev. Lett 131, 131901 (2023)
LHCb, Phys. Rev. Lett 127, 082001 (2021)

21



> Appendix

Gmax (MeV) 900

1000

1100

Pole (MeV) |4488.0+1 29.6

4485.8+124.9

4482.2+i121.3

Amax (MEV)

900 |1000{1100

gp:+p:- (MeV)

5244 5408|5340

21,1, (MeV)

3784 3726|3610

gAc'.wic‘.s' (MEV)

1051397959122

m = 4474 4+ 3 + 3 MeV
I'=1774+6"" MeV

4500 :

LHCb, Phys. Rev. Lett 127, 082001 (2021)
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Qs (MEV) 1400 1450 1500
Pole (MeV) |3901+i26 |3894+i22|3888+117
lgpp+| MeV) 8606 8488 8412
lgs. 4.,] MeV) | 15727 15248 14874

Gmar [MeV] 1000 1050 1100 1150 1200

Pole [MeV] | 2948 +i66 | 2948 +i56 | 2048 + i48 | 2947 + i43 | 2945 + 38
gyl [MeV] | 11620 10540 9415 8557 7919
lgpx+| [MeV] | 9421 7834 6287 5179 4310
8.4l [MeV] | 10404 10371 10117 9837 9577

m

3900 : I

= 3884.6 £ 0.7 £+ 3.3 MeV
=3724+13+6.6 MeV

BESIII, Phys. Rev. D 112, 092013 (2025)

L 2900 **:

m = 2921 £ 17 £ 20 MeV
I' =137+ 32+ 17 MeV

LHCb, Phys. Rev. Lett 131, 041902 (2023)
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