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Co,, (or Co,,ys) for the scalar (S), pseudoscalar

(P), vector (V'), axialvector (A) and tensor (7') di-
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The tensor diquarks have both J* = 17 and 1~ com-
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the corresponding .J P'— 1" and 1~ diquarks as A and
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The correlation functions I1(p?) do not depend on the energy scale y,
that 1s

d
—TI(p?) = 0 10
@L@) , (10)
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d [
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due to the following two reasons inherited from the QCD sum rules:
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We perform the Borel transformation with respect to the variable P? =
—p? and obtain
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Now the QCD sum rules have two typical energy scales y and T2

where the 77 is the Borel parameter. The integrals in Eq.(12) are sensi-
tive to the heavy quark masses mg.

EARTEOERNL, REREFOHDER, TUI LR K
Jal 4mé(,u) — sy #QCDi# 28 & pocop(s, 1) B9 Z 1K, X AL K 5| -
W%mén%ﬁﬂ,%mwﬁiﬁ%ﬁ%ﬁmﬁmﬁwﬁﬂ -1
TREY ISR . A TS IR mo KK, TR KIET
BRI,

I ETTE D, FHVTT AT LA R ATRIREE, JER
F IR K,



HOVTRARS BB RIFEAWERRR (7QQ » TEWMERRLK
q7QQ F, EERQFHI—THIHHH, RIBESR (BRI
BREERAGRERAED,,,

g+Q — Dy, (13)
HHERINZER (R ELRRECRNELR,

§+Q — 7Q (7NQ). (14)
EERQTEIBIIN—T#RISB, RIBEFR]BABEEZERL
REHXAZD,,,

§+Q — Dy, (15)
RERIZEI g, FBREEIRECRNER,
¢+Q — Qq (QXq), (16)

where the 7 1s color index, the A\ 1s Gell-Mann matrix.



Then

DZQ + D_,Q — 33 — type tetraquark states,
q7Q + Qq — 11 — type tetraquark states,
gAN'Q 4+ Q\'q — 88 — type tetraquark states, (17)

the two heavy quarks Q) and () stabilize the four-quark systems ¢q’'QQ.
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The heavy four-quark systems are characterized by the effective heavy
quark masses Mg (or constituent quark masses) and the virtuality 1/ =

\/ X/v/z (2M)?, where the X /Y /Z denote the four-quark systems
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The vacuum condensates are taken to be the standard values (Gq) =
—(0.24 + 0.01GeV)3, (55) = (0.8 + 0.1)(qq), (Ggs0Gq) = md(qq),
(39s0Gs) = m3(ss), m§ = (0.8 & 0.1) GeV?, (255) = (0.33GeV)? at
the energy scale y = 1 GeV.
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We take the MS masses m.(m.) = (1.275%0.025) GeV,
my(my) = (4.18 + 0.03) GeV and m (1 = 2 GeV) = (0.095 =+ 0.005) GeV

from the Particle Data Group, and take into account the energy-scale

dependence of the M S masses from the renormalization group equa-
tion,
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e Phys.Rev. D102 (2020) 014018

Z(X,) JPC T GeV?) | /50(GeV) | u(GeV) pole |D(10)|
[uc]s[dc]s 0T+ | 27—3.1 |440£0.10| 1.3 |(40—-63)%| <1%

[uc) aldc] a 0¥t | 28—-32 [4524+0.10| 15 |(40-63)%| <1%

[uc] 5[dc] 5 0+ | 31-35|455+£010| 1.6 |(42-62)%| <1%

[uc]y [dc]y 07+ | 3.7—4.1 5224010 29 |(41-60)%| < 1%
[ucly[dcly 0"t ] 49—-57 [590£0.10| 39 |(4l-61)%| <1%

[uc] pldc|p 0+ | 52—-6.0 |6.03£0.10| 4.1 |(40—-60)%| < 1%
[uc)sldc]a — [uc]alde]s | 177 | 2.7 —3.1 |4.404£0.10| 14 |(40-63)%| < 1%
[uc] aldc] 4 1t~ ] 3.3—-37[460£0.10| 1.7 |(40—-59% | < 1%
uclglde] 7 — [ud) zldcls | 177 | 3.3 —=3.7 [4.60£0.10| 1.7 |(40-59)% | < 1%
uc] zldc]a — [uclalde] 7 | 177 | 32-3.6 |4.60+£0.10| 1.7 |(41-61)%| < 1%
ludgldely + [uclv[de]y | 177 | 3.7—4.1 |525+£0.10| 29 |(41-60)%| < 1%
[uc]y [dc]y 1t~ | 5.1 —-59 [6.00£0.10| 41 |(41—-60)%| < 1%
[uc]p[dcly + [ucly[ddp | 17~ | 5.1 —-59 |6.00£0.10| 41 |(41—-60)%| < 1%
[uc)sldc]a + [ucalde]s | 17| 2.7—-3.1 [440£0.10| 1.4 |(40—-62)%| < 1%
lud)s[de] 5 + [uc] zldc]s | 17 | 3.3—3.7 [4.60£0.10| 1.7 |(40—-59)% | < 1%
[uclgldely — [ucly(de]y | 177 | 2.8 -3.2 |4.62+0.10| 1.8 |(40-63)%| < 2%
luc] zldcla + [uclalde] 7 | 171 | 46 —5.3 |5.73+£0.10| 3.7 |(40-60)% | < 1%
[uc]pldc]y — [uc]y|ddp | 177 | 5.1 —59 | 6.00+0.10| 4.1 |(40—-60)% | <« 1%
[uc] a[dc] 4 27+ 133 —-3.7 [465+£010| 1.8 |(40—-60)%| <1%

[uc]y [de]y 27+ 1 5.0-58 |595+£0.10| 4.0 |(40-60)%| < 1%




e Phys.Rev. D102 (2020) 014018 ; Chin.Phys. C44 (2020) 063105

Z/(X,) JPC ] Mz (GeV) | Assignments Z! (X))
[uc]s[dc]s 07" 3.8840.09| ?X(3860)
[uc] a[dc| a 07 13.954+0.09| ?X(3915)
[uc] 5ldc] 4 0™+ | 3.98 4 0.08
[uc]y [dc]y 0™ | 4.65 4 0.09
[ucy[dcly 0T+ | 5.35 4 0.09
[uc] p[dc]p 0™+ | 5.49 & 0.09
[uc]sldc]a — [ud] 177 13.90+£0.08 |  ?2.(3900) |?Z.(4430)
[uc] 4[dc] 4 17~ [ 4.02 £ 0.09 | ? Z,(4020/4055) | ? Z.(4600)
uclslde] 7 — [uc] zlde]s | 177 | 4.01 £ 0.09 | ? Z.(4020,/4055) | ? Z.(4600)
uc] gldcla — [uc]aldc] 7 | 177 | 4.02+0.09 | ? Z.(4020/4055) | ? Z.(4600)
[uc)s:[delyv + [uc]y[dc]y | 177 | 4.66 £ 0.10 ? Z.(4600)
[uc]y [dc]y 17~ | 5.46 +0.09
[uc]pldc]y + [uc]y|dc]p | 11~ | 5.45 £ 0.09
[uc]s[dc]a + [uc]aldc]s | 17+ [3.91 £0.08| ?X(3872)
[ucls[de] ; + [uc] 7[dc]s | 177 [ 4.02£0.09 |  ?Z,(4050)
[uc][dc]y — [uc]y[dc] | 177 | 4.08 £0.09 ? Z.(4050)
[uc] zldc]a + [uc]aldc] 7 | 17 | 5.19 4 0.09
[uc]pldc]y — [ucly[de]lp | 177 | 5.46 £ 0.09
[uc] 4]dc] 4 2t 14.084+0.09| ?2.(4050)
[uc]y[de]y 27+ | 5.40 & 0.09




e arXiv:2011.10959; EHIFSUQ)sd FRIEBR 3K 15 F-F i

Z(Xc) JPC | Mz(GeV) | Assignments
luc)s[5¢]s 0"+ [3.97 + 0.09
[uc] a[5¢]a 0+t | 4.04 + 0.09
[uc] 5[5¢] 5 0+ | 4.07 £ 0.08
[ucly[5cly 0+t | 4.74 + 0.09
[ucly[5e]y 0++ | 5.44 + 0.09
[uc] p[sc|p 0+t | 5.58 + 0.09

luc]s[s¢)a — [ud] 17=[3.99+£0.09 | ?Z.(3985)
[uc] a[5¢)a 1t~ | 4.11 4+ 0.09
lucls[se] 3 — [ud] 1t~ 1 4.10 £ 0.09
luc] 7[5¢] 4 — [uc] 17~ 14.11 +0.09
[UC]V[E]V ol [UC]V 17~ 14.75£0.10
luclv [5¢]v 1t~ | 5.55 + 0.09
[uc|p[sely + [uc]y[3elp | 17~ | 5.54 £ 0.09

[uc]s[5¢la + [uc]a[5cs | 17F [3.99+£0.09 | ? Z,,(3985)
[uc]s[3e] 7 + [uc| [5¢)s | 17+ | 4.11 £0.09
lud)z[5elv — [ucly[sely | 17T | 4.17 £0.09
[uc] 7[5€] 4 + [uclafse] 7 | 1T | 5.28 £ 0.09
[uc]p[se]y — [uc)y[selp | 17 | 5.55 £ 0.09
[uc|aldc]a 2 1417+ 0.09
[uclv[dc]v 2++ | 5.49 + 0.09




e The vector tetraquark states, possible assignments and the corre-

sponding vector tetraquark currents, where the mixing effects are
neglected; Eur.Phys.J. C79 (2019) 29

|Sqe, Sge; S, Ly J) Maiani Ali-Maiani | Currents
0,0;0,1;1) Y (4008) Y(4220) | J,(x)
% (]1,0;1,1;1) +10,1;1,1;1)) | Y (4260) Y(4330) | Ju(z)
11,1;0,1;1) Y (4290/4220) | Y(4390) | Ji(x)
11,1;2,1; 1) Y (4630) Y (4660) | J:(x)
1,1;2,3; 1)




e Eur.Phys.J. C79 (2019) 29: X F-12E&YAEIRL 5K, 45 A TTHK
IRET

|Syer Sqe; S, L J) 1(GeV) | T?(GeV?) | {/30(GeV) pole D(10)

0,0:0,1; 1) 1.1 | 22—-28 |4.80=+0.10 % < 1%

1,1;0,1; 1) 12 | 22—28 | 4.85=+0.10 % (1 =5%

1
V2

( )

( )
(I1,0;1,1;1) +]0,1;1,1;1)) | 1.3 | 26—32 |490+0.10| (46— 75)% | < 1%

( )

1,1;2,1;1) 1.4 | 26—232]4.90=+0.10 % <1%




e Eur.Phys.J. C79 (2019) 29: = B #rs¢g.k, QCDk %o 3 N £E 3%
BHRRABENESRAREE, TTFLORBRENT,
Y (4660)&9 5k 52, 2% FEur.Phys.J. C76 (2016) 387

|Sqe, Sge; S, Ly J) My (GeV) | This Work | Ali-Maiani
0,0:0,1; 1) 124£010| Y(4220) | Y (4220)
L (10,1, 1;1) +10,1;1,1;1)) | 4.31 £0.10 | Y(4320/4390) | Y (4330)
1,1;0,1;1) 428 £0.10 | Y(4220/4320) | Y (4390)
1,1;2,1;1) 4.33£0.10 | Y (4320/4390) | Y (4660)




e Eur.Phys.J. C79 (2019) 489

7 JPC T T2(GeV?) | /50(GeV) | u(GeV) pole |D(10)|

[ub] s[db]s 0| 7.0—-80 |[11.16+0.10| 240 |(44—66)%| < 3%

[ub] 4[db] 4 0f* | 64—74 |11.144£0.10| 230 |(44—68)% | < 11%

[ub] 1[db] ; 0f* | 7.2-82 |11.174+0.10| 240 |(45—66)% | < 4%

ub] [db]y 07+ 114 —12.8|12.224+0.10| 540 |(44—-61)%| < 1%
[ub]g[db]4 — [ub]a[dbls | 17~ | 7.0 8.0 |11.16 £0.10| 240 |(44—-66)% | < 4%
[ub] 4[db] 4 1t~ 71-81 |11.17£0.10| 240 |(44—-65%| <4%

[ub) z[db] 4 — [ub)aldbl; | 177 | 6.9—7.9 |11.17+£0.10| 240 |(44—-66)% | < 7%
[ubls[db] ; — [ub] z[dbls | 17~ | 7.1—8.1 |11.17+£0.10| 240 |(44—66)% | <4%
[ubls[db] 4 + [ub]aldbls | 177 | 7.1—8.1 |11.18£0.10| 245 |(44—-65% | < 3%
[ubl[db]y — [ubly[db] | 17| 6.8—7.8 [11.19+0.10| 250 |(44—66)% | < 4%
ub) z[dbla + [ublaldb] 5 | 1t+ | 9.7 —11.1 [11.994£0.10 | 4.90 | (44—-63)% | < 1%
[ub] 4[db] 4 2T | 72-82 |11.19£0.10| 250 |(44—65%| < 4%

BARTTARIRTS, FITFRIRNBRIFUIRERIEZR =




e Eur.Phys.J. C79 (2019) 489

Z JEC | My (GeV) Az(GeV?)
[ub] s[db]s 07 ]10.61 £0.09 | (1.10 £ 0.17) x 10~*
[ub] A[db] 4 07 1 10.60 £ 0.09 | (1.61 £ 0.25) x 107+
[ub] ;[db] 5 0t | 10.61 £ 0.09 | (1.81 £0.27) x 10~*
[ub][db]; 0™+ | 11.66 £ 0.12 3.03 £0.31
[ub]s[db] 4 — [ub]4[db]s | 17~ | 10.61 £0.09 | (1.08 £ 0.16) x 10~
[ub] A[db] 4 1t~ 110.62 £0.09 | (1.07 £0.16) x 107!
[ub] z[db] 4 — [ub]aldb] 5 | 177 | 10.62 £ 0.09 | (2.12£0.31) x 107!
[ub)s[db] 5 — [ub] 5[dbls | 17 | 10.62 £ 0.09 | (1.08 £ 0.16) x 10~
[ub]g[db] 4 + [ub]a[dbls | 17 | 10.63 £ 0.09 | (1.17 £0.17) x 10~
[ubl[db]y — [ub]y[db]s | 17+ | 10.63 £ 0.09 | (1.22 £ 0.20) x 107!
[ub] z[db] 4 + [ub]aldb] 7 | 177 | 11.45 £0.14 | (8.52 £1.02) x 107!
[ub] A[db] 4 27+ 110.65 4 0.09 | (1.72 £0.24) x 1071




H & R ) FaK .

X(4500) = [cs|alcsla (28) (with 0+F),
X(4700) = [es]y[cs]y (with 07+,
Y (4140) — %([cs]f/[@]v—[cs]v[@]f/) (with 1),
Y (4274) = %([CS}A[@]V—[CS]V[@}A) (with 1),
Y (4660/4630) — %([CS]A@]P—[CS]P[@]A) o %([cs]v[@]s—i—[cs]g[@]v) (with 177,
Y (10750) = [bq]s BM [bg]s (with 177),

27)
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o FKEDT

ZBr & : Chin.Phys. C41 (2017) 083103
T%(GeV?) | /50(GeV) pole 1(GeV) | My(GeV) | A&y (1072GeV?)
DDy (177) | 3.2—-3.6 | 494+0.1 | (45 —65)% 2.3 4.36 £0.08| 3.97£0.54
DDy (177) | 35—=3.9 | 51+0.1 | (44 —-63)% 2.7 4.60 £ 0.08 | 5.26 £ 0.65
D*D§{(177)| 40—44 | 53+£0.1 |(44—-61)% 3.0 478 £0.07| 7.56 £0.84
D*D;(17")| 3.8—42 | 52401 |(44—-61)% 2.9 473 £0.07| 6.83=L£0.84




e arXiv:2012.11869

ZA(X.) JPC I T?(GeV?) | /50(GeV) | u(GeV) pole |D(10)|
D*D* 0+ ] 28—-32[455+£010] 1.6 |(40—-62)%| <1%
D*D? 0" | 29—-33 [465+£010| 1.6 |(41-63)%| <1%
D:D? 0"t | 31—-35 |475+0.10| 16 |(40-61)%| <1%
DD*—D*D | 177 ] 27-31[4404£0.10] 1.3 [(40-63)%| < 1%
DD!—D*D, |17 ] 29—-33 |455+£0.10| 1.3 |(41-63)%| < 1%
D,Df—D:D,|1t7 | 3.0-34 |4654+0.10| 1.3 |(42-63)%| < 1%
DD*+D*D |17~ [ 27—-3.1 [440+£0.10| 13 [(40-63)%| < 1%
DD+ D*D, [ 177 29-33 |455+£0.10| 1.3 |(41-63)%| < 1%
DD+ D:D,| 177 | 3.0-34 |4654+0.10| 1.3 |(42-63)%| < 1%
D*D* 171 3.0-34 |455£0.10] 16 |(42-63)%| < 1%
D* D¢ 1171 32-36 |4654+0.10| 16 |(41-61)%| < 1%
D:D? 1= 33-37 |4754+0.10| 16 |(42—-610)%| < 1%
D*D* 27+ 1 3.0—-34 (4554010 1.6 |(41-62)%| <1%
D*D? 27T | 3236 (4654010 1.6 |(40—-60)%| < 1%
D:D: 2T+ 1 33—-37 |475+010| 16 |(41-61)%| < 1%




e arXiv:2012.11869

ZA(X.) JPC | Myz(GeV) | Assignments
D*D* 0+ 4.02 £0.09
D*D* 0tt | 4.10 £ 0.09
D:D? 0™+ | 4.20 4 0.09
DD*—D*D | 177 [3.80+0.09| ? X.(3872)
DD* — D*D, | 17F 1 3.99 4 0.09
D,D* — D*D, | 1t | 4.07 + 0.09
DD*+D*D |1t [3.89+0.09| ? Z.(3900)
DD+ D*D, | 1t~ [3.99 4 0.09 | ? Z.,(3985)
D,D* + DD, | 17~ | 4.07 + 0.09
D*D* 17~ [4.024£0.09 | ? Z.(4020)
D*D? 1t~ 1 4.114+0.09
D*D* 17~ | 4.19 4+ 0.09
D*D* 2++14.02 £0.09
D*D* 2t+ | 4.11 4+ 0.09
D*D* 2t+ 1 4.19 4 0.09




8 QCDXKFomn it A dy
E-k 3

) HE = SR BRE K

I(p,q) = & / d4xd4yeipxeiqy<O|T{JB(:I:)JC(y)JL(O)} 0) . (28)

where the currents J4(0) interpolate the tetraquark states A, the Jp(x)
and Jo(y) interpolate the conventional mesons B and C, respectively,

(0[Ja(0)|A(p")) = Aa,
(017B(0)|B(p)) = A ,
(01Jc(0)IC(q)) = Ac, (29)

the A4, Ap and Ao are the pole residues or decay constants.



We write the correlation functions I1y(p’, p?, ¢*) at the hadron side as

i /27272:/ d/d/d pr(s', s, u)
R = o— g
pu(s', s, u)
d d d 3C
/ S/m S/m US’_p ( p)(u—q2)+<

through dispersion relation, where the py (s, s, u) are the hadronic spec-
tral densities.




We carry out the operator product expansion at the QCD side, and write
the correlation functions Ilgop(p’?, p?, ¢°) as

Su
Tocn(?, 0% ¢%) / ds/ du ”QCD ) .. 6
A2 A2 U—CI>

through dispersion relation, where the pocp (p 2, s, u) are the QCD spec-
tral densities.



AN B MEY T, K ~HGE, 2R
— IEFHEY T P, R IV T TF, IWEur.Phys.J.
C78 (2018) 14; Eur.Phys.J. C79 (2019) 184,

/ds/ du pQCD /ds/ du [/ d'pH(SSU)],
A2 A2 - A2 A2 (s — p (u — q A2 s’ —p

(32)

the A% denotes the thresholds (mp + m¢)?.
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