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Fig. 1. The picture of a diquark-antidiquark state 4.
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Table 1.  The transition properties of the fields and their covariant derivatives under parity (P ) and charge conjugation
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Iy (a000y+ = (131 + 15 = 26) MeV, (47)
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Iz, (a220)+ = (233 & 52797) MeV. (49)
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|
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r H
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Fig. 2. The Feynman diagrams of meson-meson into meson-

os

meson, meson-meson into diquark-antidiquark and diquark-

antidiquark into diquark-antidiquark processes.

B (39) AP BRI IGE, THE T AT T F

SR P A Z I, SCHR [28,46-74) W48 B XU - OWE 5 i AR AR I A A, 2R R
|
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VD 0D —>Acsscu — \/ 2 A, D |:€8(8 — m%cs - m%cu) —|— eg(m%*o —+ mgcu — u)] €1 - 6;, (50)
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SOM* GF A% €2 mD*omsmmAcumD:
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* 1
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2 > 5 ] 1 fo ot
+my,, — 2u) +eg(s — mp.o — mDS*)} mTel -€ler - €), (52)
AHS

Hrp s = (p1+p2)?, u=(p1 —ps)?.
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38 o SR AR 5C T LT #Y Bethe-Salpeter (BS)
TR, ERA 3 T 56

T=(I-VG) 'V, (53)

AL R EK Y], DOD!/AcsScu, DD} /AgAcy LA
DD+ /SesAcy R R TAETE =AS ATER 1 BRI,
WSS B T8 AR I Y (4013 + 42i) MeV
(4208 + 13i) MeV F1 (4112 4 66i) MeV 4b. HiHr |
FE— AR BT SRS LHCD SEgm s
(1 Zes (4000) T EIEFT G, PRI Ze (4000) AT LA il
BR TS ERME ARG, B RS
T 5 Zes(4220) SEH{H— 3, [HHSE T/ N T
Zes(4220)F 5 H1 T Zes(4220)F T B 1 S 30 BOd 1 22
B, ICIRATTI i — 20 0 SR T A T A
BRI, TR Ze (4220) T 215 A T 5 1E
RS FLAMIRA. A, 7 DD /AcAn K F
HIREE— DR S — DA, HEs2h
4100MeV , AEHN J = 1. ¥ T DD /A A F
FEABER 0 F1 2 A, BB S E S HER
1 IS BLAR .

D*OD;F /AcsSeu FIDOD; /SeoAcy FEHRAS I HEIR
FEARTE 435 D*OD F DOD: T, 1 EHEN 0, 1, 2
) DD/ AcsAcy TR A N AT 3245 ) DOD:F . Ik
A, BT ARSHEAER, J/yK®* ] fEJE Z b F
() ZE AN AR Y R RE B SE 6 7T D3 o i S
TASTE I — I Zes WL T-HIPERR.

3.2  ZREEE z.(3900)

2013 4F, BESII SCHfE ete™ — nhnJ/y I
R OO B E R ZF(3900) ) B i Belle
SERGIESE T ik T RIAAAE ), 2014 47, BESIIL A1
HIETT AT eTe™ — = (DD*) ) DD* A28 i 1%
HRELOULI R R Y Z3(3900) B9, 2015 4, BESIII
EIEHTEete — 100 /y Ml ete” — =(DD*)" i
FE P4 2 T E R Y Z0(3900) K 8152, 2017
i, BESIIL SEBARE T Z:(3900) fY FIBETHA 1+ 19,
Z:(3900) [z 3t 5 B BE 10 Sop BE o3 oy 4
m = (3893.1 + 2.2 + 3.0) MeV, (54)

I' = (44.4 £5.2 + 14.0) MeV. (55)
KT Z(3900) AL STIMSE, AT S SCHK [85-87].
SCik [88] HEE T ete™ — J/yntn i FEAY ntn— I
J)yrt RAEFE G, LA ete” — DOD*~nt ad B A

DOD*~ AR i i ik, I XSRS F = 4.23 GeV #ll
4.26 GeV Ab (1 SE BB HE 4T T 8 —H ik, Mk
Z.(3900) [ 5T i 5 B BE RS 0 ot o o

m = (3880.7 £ 1.7 + 22.4) MeV, (56)

I'=(35.9+1.4£15.3) MeV. (57)

2013 4 Z(3900) R T 9 kK L2 J5, F A% H
AFEMERIE T T IZHE. BT Z:(3900) AR g
Sy 1, HXF R = RS [F A AR A, R+, 0, =, ik
Z.(3900) AT RERSEMER RME M HEEN 0).
F—J5 T, f TSR DD /DD (E, Bt
SRR R oy TS SR A A AT A T HE
B, 140 S B0y 2 v S5 | 38 B 4. B
O A REHEE TAEBRI X S8, B4R 11524 1]
SRR 0,

TATHA TR I T A RBIA L, BT WS
A FAHEAEH, M ASR T TS 5I1E RS
SRR TR AR, LIS Z:(3900) K7 T4
J. SRR A BAE ARG ((39) AT (40)
2), 115 T % 1% DD*/DD* 1 SeqAcq/AcgSeq HI A
AENE AT 8. PR R R AE S N 19 BS 2,
PRE) T8 AL b IR AR A BE A [ AR
B AR AL 5 2. 25 BB FE 1400—1500 MeV 36 [ Y,
FIT A M A A SRV R 3901—3888 MeV, HE#RIE
Filh 26—17 MeV. 1% %5 H 5 ik [84,88] 145
[ Z.(3900) ¥+ it & 2 B8 B BEAY A, X R
Z:(3900) A] fi# &4 DD* /DD* 5 SeqAcq/AcqSeq 1Y TR
4. WAL, 55 DD* /DD* K SeqAcq/AcSeq FERTEIARL
A H R M 8.606—8.412 GeV 1 15.727—
14.874 GeV, X F ] IE SO % 5o 85 153 o P 2
Hifor .

3.3 ZEREE x(4500)

LHCb & VE4L7ESCHk [42,89,90) HHAM 6 1 i i
Ty /N7 S5 UL 2] ) PO A SRR A Hoh B A
W44 M X(4140) FIX(4274) , T THCH JPC = 1++;
55 AN T A 44 A X (4500) F X (4700) , T4
Ry JPC = ot IRATTA TAER T X(4500) R T, XF
FENFA R T T ERARISE. 2R 1 5 5 56
e o1

m = (4474 + 4)MeV, ' = (77712)MeV. (58)

LHCb %& B X(4500) ¥i 2 J&, 18 Z BG4 Xt
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H RG24 T W JE4HR. SCHR [34,92-95) iz ]
QCD RAFFLNXT X (4500) #4T THFFE: SCiHk [92,93]
(VEZHG Hf Bl J° = ot 1 D B DUE e 4s, T SC
Hik [34,94,95] BFFE A X(4500) & EA [cs]alcs]a
¥ %1 B 28 DU %5 5 4% . Maiani %5 76 SCHK [27] 0K
X(4140) , X(4500) Fl X (4700) 43 5] it B Ky 1S, 2S
Fe 28 TE S 7025, JF4 HH X (4274) AHR 1Y 92504k
JE AT REXT R T FHCH JPC = 0+t 2+ [PRANIE
ST R . AE SCHR [31,96] 36 T2 e AR Y F
e, X(4500) 9 fife B A 08 8072 M) & A 0 25 5
A MISCHR [97) AAE i i TR SR i 5E &
P, G IR AAEAE S X (4500) X B AR T, M4
IS T S TEARR 98991 X (4500) A fit g A ik T
WO ASIY S PIE RO v s, SCHR [100] @ BF5E
=AU B X(4500) RN P R
RS R0 A7 7E R HE. Sk [101]) A4 &l ad LA
LHCb SZ80%5iE, & B X (4500) AHR. AR [ B
RO EUP) S I Dy D I14R (cusp), HHAUEZSHL
% /0F LHCD RS, teAh, SCHk [102-104]
W X(4500) AR 4P LRI ER.

Wit EIRTHE AT LIE 1, X(4500) BYF R AN
HEBRE. PR, A TAEXT X(4500) #6471 H80HT, 2%
RERTHE R REE T8 5 1EROWE 7 IR A 30N
HEZE T iR X (4500) R, M 7~ HLZE A RFAE .

WG i2 RSO A & W s A AU
PG ((39) 2R (40) 3X), it 2N, 15580 T
5 DID; ™ /AcqAcq/AcsAcs FV G IE AN A . Z
Jo, MR i BS R, 1R AR ARAR N
(4488.0 £ i29.6) MeV ALFEAEILIR AR, BITSECH
Gmax = 900 MeV . ZIIRAS A BT &L | 8 5 X(4500)
(1) S B 58 42— 3K, A5 R HH X (4500) AT ffRE K
TG IERIS ARG, TR T4
I A RO B H R B |gpeeps- | = 5244 MeV
|gauig| = 3784 MeV , g 5| = 10513 MeV, X %
B IE SO FEASEH Y AcsAcs 1 5 B BB

AN, FATE RS, BARTFEI9(J) =
0t (1) FT 0+ (2+4) FI DI DY /AcgAcq/AcsAes RGT
WAFAE LIRS, TEAE I8 A -G | kit )%
BN AT EE T, XA B 205 X (4500) A
I, AT AT J e A 5 P B 6 (X A )

XTI LR RS, BR T T/ v B, FHARIE
(BN DD A DODO) ) [RIREIE# 3. AR 5E

56 ] de i M R X IR SR A TR AT

3.4 T, (2000) KIF

2022 4%, LHCb {{E41% B® — D°Din~ DL K
Bt — D™D nt AR AT T 4T, IFAE D v
DIt A AR i ik & 3T PR JT R (open
flavour) U4 5545 T, (2900)0 Fl T, (2900) T+, H
MR M 8.0 6 F16.5 6 [105:106] 3 PSR T 1 fi%
/NG TEL 4343 0 0 csdu A csud , A1 T A
R I(JP) =1(07), HptE 5 M T P

mpo = (2892 £ 14 4 15) MeV, (59)
o = (119 4 26 + 13) MeV, (60)
mpse = (2921 4+ 17 £ 20) MeV, (61)
Fpee = (137432 £ 17) MeV. (62)

Ti0(2900)0 5Tk, (2900)HF () i 2 25 5 56 i 2% 4%
S|y 11061

Am = (28 £ 20 4 12) MeV, (63)

AT = (15 £ 39 4 16) MeV, (64)

XGRS B0, K, XRARLF [ 2R P
kTR — R 57 e = T A H A AN L

1E LR KR ILZ A, 2F RO R cq5q (B 7 g = u,d)
M5 S RGI R T — R Y| HpfE b,

ZEE R 5, RS % U T T
W%, %1E3] D*K* Al Drp BI{H 5 T2, (2900)0/++ &
AR T, — S E R T T (2900)%/ 4+ 1)
SR T AR SCER [115) , MEE TR A
TFASHALIRG T2 (2900) 0+ it M [l 7 g 25 e 1Y)
D*K* 73 125, SCHik [116,117] SR QCD R FIEL |
XF 3k PSR HEAT T ARGE, JF R T PR [ fig
FE, B T, (2900)° 2 Df p~ 8 T4, Tiy(2900)++ /2
D pt BUDTKT /4. SUHR [118] &I T (2900)°
JE DK Sr A, I B AR IE S DOKO, [FIRY
D~ REARE A ARAS PO B, SRk [119] H, VB
P& T, (2900) 7T % fift BE S HA 1(0%) &+ 5
Z.(3900) 58 &7 S AERERS , TELCATHE T 45 211 Dyn
ANAR [ i 5 SR — B e R SR X B
HEZLR, T, (2900) 1] fift B A D*p — D*K W 4 /1
A 120 FE T, (2900) A D*K* 43 T2 B RTER IR T,
SCHR [121-124] & 13 3 BY - DTD K+, B~ —
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DFK—n~, A, — DKOA K BY — KODOx0 &3 ok
PRI T (2900) . SCHR [125] 3 T4 434 SaR ! AR
BB, 158 T 5 T, (2900) K1 B LR 2.

SR, BEOU S s SRR N R HERR. ST
Tt (2900) J2 FH 4 2R W25 5a 5 50 WU v vy B A s
DY = v A ik — Bk, SCHk [126,127) B9 1R # 2 H
QCD SRAFLI A T H BT & SOk 8 i 7, irds
S50 5 IR A SCEk [128) SR AR XS M
Zrr AL BT csq (B g =u,d) UL
TSI, FE LA R SR 7E 2 T A B AR A o)
He AR B oEAT T e AG 5. STk [129] i 5
K™n — T%(2900)~ A} — =~ Dy AF SN Ay # i, it
T, (2900) 4T T 4007, SCHik [130] Hr, FEA& oK
fit BS 7 BE A3 4598 T (2900)/++ B 1% A J&:
D*K* WRAGAS. ST AR . — 147 50k S oAb i
B, TSP SCHR [131-134).

AT LT Y, T2, (2900)0/+ By A6 78 I A WA 1
U, 38 FHASSCHS 2 #5530 28 B AL 5 305 v R A 3K
WERIE, EHPE T, (2900) MM 20 T 255 TE R
TSR A, i E AL RE.

KT ARG TECN 1Y) =1(01), ACH
&= A FIAIE: Drtpt, D*TK*T LM AgAy . TE
o RS FARR] T AT (2048 + 148) MeV AYFETR
B, AR ZECH gmax = 1100 MeV | FREHE g =
4.89. iz ARAN BT8R 5 LHC A17E41
D2 Y T (2000)HF SAHAF, P Tl (2900) T+ i
TRl RN DT pt /DK /Ay Agg AT IR S
25 M A B A RO SR RO N g | =
9415 MeV, |gpetk-+| = 6328 MeV Lk K |ga_a,| =
10117 MeV , 1ER S A5 A Asg I EENES
ST FASA Y.

HAR, BATATT T AR, Ha 750y
AR IIP) =11 F I(JP) = 1(2%); HFENH
AR, XA RS A B T8 ST
R I(TP) = 1(0%) By AR TS 2 — 2 IRATHIFER
KW S REMEXT AR T4 T4

4 FeHERLHNETARTI

n b frid, JATZRTAIBESE 8 g iy 7 —Fb
eIk, BEASOSHERR NIRRT TS IER
A FEAS TR A RN AT 588 T R R A X

PE, #3134 H R XS - R B - F R A
R U S EEgm: g SUES R = SHE SV E 2l S
- RO TR R A T s . SR
TR v S A (AR A, WU 75 005 7 22 6] ] %
FFAE—E RS FAc R BTk, PRIIL, Gndfal #4002 7
55 I 22 1) (R AR AR FH R T 37 B4 I A

ARV, U (1) BT X BRI A 28 7 s Sl At ik
THLUREAHEAER. 1954 4F, A4k T 5 Mills! 763
AR SRS S, KN AR R
ZARBT DL R BE—— SU(2) B, tiuAEA: T R g e
ST 635) 1% (QCD). A5 — 4% SU(3)
BRI Bt B S IR R, IFEEE T AR
FAE A BB €0 5 X v (0B T8 AN 7 A L
VEFIBEIE.

HTACHIESE, RS T R s R (A
SCHE R IE A sa s, AN RUE 58 22 18]l 5 e
W i RIS L, R AT LATE— e R b Z XL
E VLI EE L, BRSSO A E SR ). A TR
F, PN ES WS T A5 T R I HE
FRE, BRAR SO PR i — A OB B, bR
25 i) i 5 5 3 B TR SR AT I 22 2245 1, AL
(26)—(29) =X, X FEU I —FEEW S 5, Hgi
I PRBCR: SO R ). DRI, 7 B3 60 25 B TR XL e 4
EESV]

0 Xrg Xrb
Xe=|-X, 0 Xpl, (65)

—Arb _ng 0

AL, X =8,A,Sq,Aq, Thi CFRRFIEE THIE
Z3 [, 3 BB I SO RSO T X (b
BRI, S B s ir i o = 1,2,3),
HA b A S THTHE T - I W5 5 R G AU
B, (65) 2 S (AR bR BT I 2 AR i R AL
Ll SYERE T U S CS IS R E DA g I

1 1
Ls = 5 (0,50"S)cr — 7m3(SST)cr,  (66)
1 tuv 1 2 Tr
La= —1<FWF )cr + §mA<AHA )CFs (67)
1 w ot L 5 f
Lsy = 5(0u5e0"Sg)c = 5ms, (SaSg)e,  (68)
1 iy L o o
La, = _Z<FQWFQ Je+ 2"MAq (AguAg'e.  (69)

HH F,, = 0,4, — 0,4, Fl Fo,, = 0,Aq, — 0,Aq,
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SRS s R kR, () er RARTERIE
23 [6] 5 RAE 28 [ ORI, 11 (. ) e FARTEB O 2
[ SRR, 75 SU(3). MTEASHR T, WS se b 17 4
b

Sc = UScUT, (70)
Ac, — UAc U™, (71)
Sqc — USocUT, (72)

Aqcp — UAqge, UT, (73)

Hor U 2 A SU(3) BERYTETC. 25
AR, W (66)—(69) 2 H AL G LK BRI
BRI, FA5H RIRA () U RIS 25 Ak, A
KR [C A RS PERERIER. S G i 7
JRBRBLIE A T X RRIE, TR ARG (D

T), HARAN T A4
G = G = U(G%" + éau)zﬂ, (74)

a

Hr, te = % A (a=1,2,---,8) & Gell-Mann i
M. T g sk &N G, = 0,68 — 0,Go+
gfeteGhGe , HASHHN K G2, — UGa, Ut . W%
SEH ML FHCE LI

DS = 8,8 —iV,S — i8SV, —igG,.S —igSGL, (75)

D, A, = 0,A,—iV, A, —iA V] —igG, A, —igA,G),

(76)
D,Sq = 0,5q —iV,Sq —iSqV,} —i9G,.Sq —igSqG,,
(77)
DyAqy = 0uAqy — iV, Aqy — 14, V),

—igGuAqy — igAq.G). (78)

EAES A Al T AT e
D,S = UD,SU", (79)
D,A, - UD,AU", (80)

Vol. 75, No. 17 (2026) 170202
D,Sq — UD,SQUT, (81)
D, Aq, - UD,Aq,U". (82)

RS e i D Sy skt R
F,, =D,A, — D,A,, (83)
ﬁQ;w = DyAqu — DyAqu, (84)

EATTEA LU AR i

Fu = UF,U", (85)
Fouw — UFguUT. (86)

FT UL s, Bn] AR B E AR Y
PG, HRaAnr:

, 1 1
Ly = 1(DuSD"ST)cr = ms(SST)er,  (87)
/ Lz L o T
EA = 71<ELVF >CF + §mA<A/J.A >CF7 (88)
/ L wat L i ]9
SQ = §<DILSQD SQ>C - imSQ<SQSQ>C7 ( )
/ L= tuy L 5 Tr
Lo = *Z<FQWFQ )c+ §mAQ<AQuAQ de.  (90)

FHN, BFAE Sqg — Ag— G, A—-A-GUK
Aq — Aq — G TS, AR RYHZ G R AR :

Lanc = ida (A" G}, A )cr, (91)
Lsqagc = deewaﬁ<DuSQGZaATQﬁ

+ Ags Gl DySh)c, (92)

Lagags = idag(ASG], AY )c. (93)

R b -3 R A S - IR A FLR LS
LR Sl SVESETRD N & o S Y '
- R A T IS AP G R B AR AT SCA R
(38)—(40) =K. #5 ELA5 2 HH I 1 B LR YEAS AR B
PG, )75 4 3 SE R G i v 1 P AR B O 4
(75)—(78) A AH R Y MR AL, JFu I TA S
IV FEUALE G, 1930, ]I

Ly = iky (S&4T D, ST cr — ik (D S&4TST)cr + ika(SaT, A" )cr

— ik (AT, ST )cr + ks (Fl ] AT cr — iks( AV, F™ 1) cr

+ kae P (F, a8 Al cr + kae™ P (Agal L )cr,
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Ly = é(iPD,SAY —iALD, S Pl)c + & (iPA* D, Sy —iD, SqAl,Pf)c + é3(e"** PF,,, F{
+ P FoupFl PTc + e4(iPF D SSE — iSq DM ST P + &5 (P P* D, SF . + e FoupD, ST P
€ Qapl yy C T €4(17, Q Q w /C T €E5(\€ v ligas T€ Qapl/v w /C
+E6(e" P PrF, oD SY + € P DgSoF Pit)c + e7(iPTFM AL, — iAq, FM T P;T)c
+es(iPr A FY T —iFLY AL P + o (1P, AM ALY — 1AG AMT Pl

+E10(e" P PALGLL AL + P AqpGlL, Al PP + &11 (7P PrSGY, AL 5 + €7°P Ags Gl STPiT)c

+ E1a(e P PrA, G Sh + P SoGl s AL PYY ),

@

(95)

L3 = (iSd/;! DSy — 1D, Sed! Sh)c + ha(e! ™ Fopud)), DS + € Dy Sqd ) FY . )

/

+ ha(idgud!l’ Sh — iSodT AL e + ha(iAqudr), FET — i 4}, AL e

L “7Qu

+ h’5 <€HUQBAQH&}:VF5QB + euyaﬁFQaﬁé[iVAg/JC

+ e (e A G, a7, 5Sh + P Sqa), 5 GT AL ). (96)

DL B LG, X5 g 39 78 B 25 6] 1 E L5
(38)—(40) P BIFETE— 2 22 5, P (94)—(96)
5 (38)—(40) AP AR H BAAAELL T K &:

by = —2k;, i=1,234, (97)
éi:_Q\/mei, Z:]-v?a 7127 (98)

hi = —=2y/Mg; M} hi, i=1,2,-- 6, (99)

o, 1 Méfg o3 FR NP G B R — I rh E R

M FHERIS 5 .
TS 5 5 ROW S 5 2 (8] 1 B A8

P EEEEEXT N T E 3 TR P2 A R T

T, WU IRIE M 5 Bl 2 8] i A AR ez 1]

i1 Breit JyFERECR, B

M(q)

/Hi o /Hf me’ (100)

FErb g Fm g 7350127 2% & R Pl S AR L1
(e AR 2 18] R A 58 V() T o o L
ARHATE:

Vig) =

3 .
V(r) = / (;1133 IV (q). (101)
XU 5 5 OB b () 8, B PR IR R U

1
Xc = %(xrgifg + XibXib T XebXab)- (102)

\

H AR 5 B S s i N BB Z5 1), B XL2 v
PRV HE SR, SR, R 5 19 72 [B) 28 JRE 50N AN 7]
2%, 5 3CHk [136-138] 241, FRATR IR A 7
F(q%) KRN 5 (4 BB EE 14

Q5

Q5 —q*
AL, B ag(g?) ~ 0.6, Q% =3.2GeV2 [, F &
FEl 3(a)—(d) HAHR A R R o M an T IE

F(q*) = as(q”) (103)

) 4 g*a?
2 2 s
V;(Q (T> =39 G Y(Q()a T) + 2 Z(QOa ’I“),
3 3mg
@
(104)
(a) S —é— S@ (b) S —é— S
= =
q q
[=| [=|
[= | [=|
_ g _ _ 3 _
S@ ¢ S@ A ¢ A
(¢) S j— A (d) A j— A
o o
[=| [=|
[=| [=|
g g
— g — — [ —
A S@ A A

3 WIS ROW A b 2 8] B BT 58 4 A H AR
Sy FREE () VKRR RERUS 92, Aq) F i () bR %
W 5. S(Q) %S SQ i} A(Q) 2% A Ag

Fig. 3. The one-gluon exchange interaction between
diquarks and antidiquarks. S(qy denotes a light (heavy)
flavor scalar diquark, and A(q) denotes a light (heavy) fla-
vor axial-vector diquark. Sq) stands for S or Sq, while

A(q) stands for Aor Aq.
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4 2
Vi) = — Zg%aler- €Y (Qo, 1) + ——————g?ales - €1 2(Qo, 7)
37 ° IMs o MAg) "
2 2arn i
N 2028 T 105
9mS(Q) mA(Q) g Qg (T7 €2, 64) X (Q07 T)a ( )
Q 82 o i 45 9q/m +
Vi(r) = §d10045 € - €37(Qo, 1) — §d1QasS(r, €2,€5)T(Qo, 1), (106)
Ve(r) =0, (107)
4
‘/;(Q)(r) = — ggQOzfel . 6;62 . elY(Qo,r) + o2 {9261 . egez . el + (¢* + 2d§(Q)
A

+ 2dyq)9)€r - 625; ’ E:r; - Q(dg(Q) +dy)9)€r - 6162 : 6; x Z(Qo,r)

o?| g€y - €l x S(ﬁ,el,eg) + g€ - e;gS('f',eQ,e:rl) - dg(Q)el : 625(13,6;,6:[1)

— (da(q) + 9)%€l - €)S(F, €1, €) + (dg(Q)+d2(Q)g)el ~6£S(’f‘, €2, eg)

+ (d3(q) T d2(0)9)€2 - €4S (7, €1, €h) [T(Qo, 7). (108)

_ 1
gm?\(Q)
Al
Hrp
Y(Qo,r) = ﬁ(l — e or) — %e*%r, (109)
Z(QO,T’) = V2Y(Q0,T), (110)
T(Qo,7) = T%%%Y(Qoﬂ“)- (111)

IRBE AT LA RSO H AR XS T A AR EAE
FHRHL AR &, IR T DU re R R B s
H SR, eI ] DLEE G 5 s A, T
BEH TR

5 HibgEZE

ARSCRGE M T FeA 142 Y ) 56 T B Ry O3
XFRIEAE SR A 5 W5 e A RO e, TR
BT 24 DU %5 v 285 A 1k A RO TS, 4 2R R B
Z5(4000) , Z.(3900), X(4500) F1 T, (2900) 554 F
G — R o T TS IE RS S IR A,
FOPE RO seds oy oA M ok, b T %
N TS T RIAHE A, 2D S 1 B E R
JEAAS S 7oA A0 380E, TFFE RN - HE S
TS T A 5 805 s A AR

|
A BOHHEeA T 2ot

KA, AT LI L BB HESL, SRR E L5
TG IERAS S AR AN, LAt L B
KRS T ARG NS, 5 R,
FVEAAS 2 5 A A e 5 2 s B A 25
FRHFETF RN, RKEIRATEIS A IE
Witk BT TAE¥ 9 LHCD, BESIII, Belle II %
F e SR LA B LS.

T, B A SR B RE R A ]
PR B PSS SR —AN R S A R A T
2015 4%, LHCb &L T P, (4380) " F1P,(4450)F [140.141])
Hf/NE FE4H 4y uudee . X JE MR A AR T
GRASMET. BEE LA R, LHCD L5k
LT Pe(4312)F , 48 H IR Y P (4450)+ i HSL
EWANEAE R, Bl P (4440) T 1 P (4457)F 142, 2
J&, ZEHR LT Fa 555 R B 5
25 Peg(4459)0 1431 D) JZ P (4338)0 LM (BT 4H 4 24
A udsct ).

E A, X3 86 2 T 25 A P S 4 4 %) B A
TE AR, AR A B A R R T T L B EL
5w AR ), AR FRATTRAE Fi S A
[ 52 BRI &, N H T HS w8 NI,

@ FT Z(4000) , Zs(4220) , X(4500) , Z(3900) , #7 KR &I F AR, FATICREAL S V-1 FRBARRL AU X T T2, (2900) , #HI
H AL FA, WA — RS MR B — M ERIE (cusp), FHRLIIIETT S5 3CHk [107).
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Abstract

Since the discovery of the charmonium-like state X(3872) in 2003, a large number of new hadronic states
have been observed in high-energy experiments (BESIII, LHCb, Belle, etc.), challenging the conventional quark-
antiquark (meson) and three-quark (baryon) paradigms. Among various interpretations, hadronic molecules and
diquark-antidiquark states have emerged as two important scenarios. Studies by different theory groups have
shown that some of the observed tetraquark candidates can be well explained within both the molecular and the
diquark-antidiquark frameworks. Therefore, we argue that in certain tetraquarks these two components should
coexist with a certain proportion. Under this premise, we have recently proposed a new theoretical approach,
namely, to consider the mixing effect between molecular and diquark-antidiquark states within an effective field
theory framework. Specifically, based on the hidden local gauge symmetry, we introduce diquark fields and
construct a complete set of interaction Lagrangians, including vertices for two light diquarks with one light
meson, a heavy meson with a heavy diquark and a light diquark, and two heavy diquarks with one light meson.

Meanwhile, we apply this theory to study the following tetraquark candidates: Z.(4000), Z.(3900),
X(4500), and T}y(2900). By using the constructed Lagrangians, we compute the effective potentials for the
coupled channels consisting of molecular and diquark-antidiquark configurations, and solve the coupled-channel
Bethe-Salpeter equation in the on-shell approximation. And we obtain the following results:

For Z.(4000), the pole at (4013 £+ 42i) MeV in the 5*0D§+/KCSSCU coupled system matches the LHCD data,
while a second pole at (4208 & 13i) MeV is consistent with Z.(4220) in mass but narrower in width, calling for
more precise experimental measurements.

For Z.(3900) , the pole position lies in the range 3888-3901 MeV with a width of 17-26 MeV (depending on
the cutoff), in excellent agreement with the BESIII results. The extracted effective coupling constants indicate
that the diquark-antidiquark component contributes significantly, with a coupling strength about 15 GeV,
nearly twice that of the molecular component.

For X(4500), the DItD!™ /AqAc/AcsAcs coupled system yields a pole at (4488.0 £i29.6) MeV, precisely
reproducing the LHCb mass and width. Notably, the AcAc channel has the largest coupling (~10.5 GeV),
indicating the importance of the diquark-antidiquark configuration.

For T%(2900)™ | the Df pt /D*TK*t /Ao Aw system gives a pole at (2948 +i48) MeV, again consistent with
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the LHCb measurement. The couplings of the molecular and diquark-antidiquark state channels are comparable.

Another innovative aspect of this work is the systematic construction of a color gauge-invariant effective
field theory with diquark fields. By requiring gauge invariance in color space, we introduce gluon fields as gauge
bosons and obtain the diquark-gluon interaction vertices. On this basis, we derive the one-gluon-exchange
potential between a diquark and an antidiquark.

The theoretical approach described above can be applied not only to tetraquark systems but also, in
combination with chiral quark models, to the study of baryon and pentaquark systems, thereby providing a new
theoretical perspective for understanding the internal structure of tetraquarks and offering meaningful guidance

for future experimental investigations.
Keywords: tetraquark, hadronic molecule, diquark-antidiquark state, effective field theory
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