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Background

B New Hadronic States

gﬁ o . 100F o Hybrid Glueball Tetraquark
3 3 eof S
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- & 207 gty
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Max(mtJhy) (GeVic?)
X(3872) Z¢(3900) . ——
[Belle], PRL(2003). [BES I11], PRL (2013) ‘ | €cq19:>

® X ( 6 9 00 ) [L HC b] ’ PRL (2020) : 250 LHCD proton-proton collision —+ Data
L, =9 @/s=7,8and 13 TeV — Total fit
200 Structure significance > 5 & s ?r(‘tff:::i)ld i

My [X(6900)] = 6905 £ 11+ 7 MeVic? T Thweshold BW2

Taw[X(6900)] = 80 + 19 + 33 MeV/c? g3 ops
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B Theoretical Works for QQQQ mass spectra

€ Models and tools

e QCDsumrules W.cChenet.al, (2017); Z.G. Wang (2020); R.M. Albuquerque and S. Narison (2020) ......

e Lattice QCD C. Hughes et. al., (2017)

e Potential Models Y. lwasaki (1975); K.T. Chao (1981); Richard J. L_ond, et. al. (2004);
J. Wu, et. al.,(2018); Y. Bai et. al., (2016); M. Karliner, et. al. (2017);
V.R. Debastiani (2019); M.S. Liu et. al., (2019) ......

€ Questions

> X(6900) is fully charmed tetraquark (cccc)? (JP¢? Mass?)
» There exist bound states below corresponding threshold?
® cccc System
* Exist bound states below [ /W] /W L. Heller, et. al., (1985); Z.G. Wang (2020);...

* Do not exist bound states below J /W] /1 J. Ader, et. al., (1982); W. Chen, et. AL, (2019)...
® bbbb System

° Exist bound states below npny, v 5 et a1, (2016) W Chen, et al, (2019)...

* Do not exist bound states below nyny ¢ Hughes, et. al., (2017);

IINE033/08/26 0 15" international workshop on Heavy Quarkonium 417



B QQQQ System studies in QCD sum rules - LO

® Moment QCD sum rules

® Laplace QCD sum rules

My (GeV)

My (GeV)

0+ case A

6.44 +£0.11

18.38 £ 0.11

0"+ case B

6.87 £ 0.10

18.50 £ 0.10

0+t case C

6.52 £0.11

18.44 + 0.10

My (GeV)
urr(0++) 5.99 4+ 0.08
ceec(177) | 6.05+0.08
ceec(27) | 6.09+0.08
BobH(07 ) | 18.84 £ 0.09
bbbb(1+-) | 18.84 = 0.09
bbbb(2++) | 18.85 = 0.09
ceec(177) | 6.114+0.08
bbbb(1~) | 18.89 4+ 0.09

0+t case D

6.96 = 0.11

18.59 £ 0.11

Jre Currents my (GeV) my, (GeV)
0t Jy 6.44 +0.15 18.45+0.15
J> 6.59 +£0.17 18.59 + 0.17
J3 6.47 £0.16 18.49 +0.16
Jy 6.46 +0.16 18.46 +0.14
Js 6.82+0.18 19.64 + 0.14
0" Jy 6.84 £0.18 18.77+0.18
J3 6.85+0.18 18.79 + 0.18
0~ Jy 6.84 +0.18 18.77 + 0.18
| R J’{'P 6.40 +0.19 18.33+0.17
J’;# 6.34 £0.19 18.32 + 0.18
1" T 6.37+£0.18 18.32+0.17
J’;# 6.51 £0.15 18.54 + 0.15
1-* J’{f# 6.84 £0.18 18.80+0.18
J’;ﬂ 6.88 £0.18 18.83 £ 0.18
1 Uy 6.84 +£0.18 18.77+0.18
13, 6.83 +0.18 18.77 + 0.16
AN Ji 6.51 £0.15 18.53+0.15
Jay 6.37 +0.19 18.32+0.17
W. Chen, et. al., 2019

Zhi-Gang Wang, 2018

JEC T M (GeV)|[T]
07t | 5.99+0.08
17~ | 6.05+0.08
277 | 6.09+0.08
177 | 6.11+0.08

Zhi-Gang Wang, 2020

Bo-Cheng Yang et. al., 2020

0%+ case 1 6.44%912
0** case?2 6.45501¢
0% case3 6.461013
0** case 4 647012

Jian-Rong Zhang, 2020
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B QQQQ System study in QCD sum rules - NLO

i . - EtT.C.Y. Wang, et. al., PRD(2019
 NLO corrections are non-negligible { ce J (2019)

Q900: R.H. WU, et. al., CPC(2021)
« NLO corrections with QQQQ System

Only factorized diagrams!

D

C

H H
c .a
— R.M. Albuquerque and S. Narison, (2020)
Cl LO CGG — LO
My [MeV]
0™ Molecule
U 6029 + 198 19259 + 88
C c JId W, T | 6376 +£367 19430 + 145
XqlXql 6494+ 66 19770 = 137
X 40X g0 6675 £98 19653 + 131
HH H
0** Tetraquark
< < Eq.25
¢ ¢ S,S, 6411 +83 19217 + 120
_ AA, 6450 =75 19872 + 156
C; —NLO V,V, 6462 + 175 19489 + 79
PP, 6795 £268 19754 £ 79
. Eq.26
Lack of complete NLO corrections to C, ! A, 6471467 19717+ 118
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QCD sum rules

» Correlation function:
n(p?) = ij d*xe'P* (Q| 7,(x)T,"(0) |Q) T = (QiIQ)(Q;I:Q))

» Kallén — Lehmann representation
S p(S) p(s) = Zi/li 6(5 - Miz) + pcont(s) 9(5 - Sh)
2y —
H(p ) — JO ds s — p2 e = Ay 6(5'— MHZ) + Peont (S) 6‘(5 — Sp)

Higher resonances and continuum spectrum

Ground state
» The mass of ground state ) (OPE, )

J, dsIm[C,(s)] se s/ 4+ fsoo dsIm[C;.(s)] se s/ (GG)| Lo
MI?I — th th

Jy,, ds Im[C(s)] e™*/""" + f:; dsIm[C;(s)] e /" (GG) :

« Calculation of Loop Integrals
(1). To reduce all loop integrals to a linear combination of master integrals (I;):

[=Y;a;1; [REDUZE] A vonManteuffel, etal, (2012)

) i ) ) A. V. Kotikov, (1991); Z.Bern,etal, (1993);
(2. To calculate master integrals: Differential equation (DE) . remiddi, et al, (1997); T. Gehrmann, et al, (2000)

[AMFlow] : a package to calculate loop integrals systematically and efficiently.
arXiv:2201.11669[hep-ph]
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J;, dsIm[Cy(s)] s e/ + fs(:, ds Im[Cge(s)] s e /" (GG)
J,,, dsIm[C4(s)] e™5/""" + f:: ds Im[C;;(s)] e=5/" " (GG)

Mf =

> Borel Windows

« the validity of OPE

o _ To constrain the range of s, and M2
* the ground-state contribution dominance — g : B

(called Borel windows)

fS:O ds Im[C,(s)] e~S/Ms

fs(zl ds Im[Cge(s)] e~S/M3(GG)
fso; ds Im[C, (s)] e=S/M&

f:; ds Im[C(s)] e=5/M5

< 30% Tcont = < 30%

TG =

> Borel Platform

The point where the parameter dependence of M, is weakest within Borel windows

oM, \> [OM,\°
R SYCIA SR
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Fully Heavy Tetraguarks Mass Spectra

PC _ n++
/=0 ", v
— — "y, Yur>)
® Meson-Meson type Operators Im-m = (Q:[10)(Q;120Q)) (I, ) = (1,1)
(iy>, iv>)
® Diquark- Antidiquark type Operators —(n.T 2 5T (@™, 0
JIpi-pi = (Q;" C I Q))(Q; € Q; )
® Diagonalizable operators —
Jdpia = T.Im-_m
Reducing renormalization scale u dependence
6 0 0 0 0o )
(<6 -2 -12 -12 0 . o (0 o o )
b 6 10 12 o Diagonalization sl 0 X
1
slo 0o 26 6 ! 0 0 0 -14v3aT 0
1
00 6 26 = L0 o0 o\ M0 0 0 0 -1-v24])
KU 0 -40 40 -7 11 1 0 The anomalous
The anomalous 0o o0 | 1 0 dimension matrix of Jp;,
dimension matrix of Jy_y T = L
00 -%5% W 2 %a
0 0 75 ~wr 2tvn/
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cccc Mass Spectra

B The Borel Platform Curves - cccc

Dia
Js.a

— — LO-[MB?=3 GeV?] — NLO-[MB*=4 GeV*|

— — LO-[S0=48 GeV?] — NLO-[S0=55 GeV?]
?.nl 7.0

//
‘ M } l.q‘g X
ey “'*'H't‘t"i'ﬂ:i:ui‘
i)

= O
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A a‘;'i*:*:itﬁtt:t:f* , "*:i:i:t:i:f: X

sy :‘!‘i‘;‘!‘t‘t‘liq.:i:"i A
i Y

QOB +i*i‘i*:‘*“‘:'*“‘:i'i W

myf GeV

6.0F

AN
O AU R AR KU
5 *;".‘;!'HiftTw‘-‘*‘a‘aﬁ:ﬁfi!'t't"';‘-.*

2.0 2.5

- Lq-[hm‘:a GeV?] — NLO-[MB*=1.75 GeV¥]

* OS 7.5 "'\ 7.5 ,I"L

% [

.\
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> JP¢ = 0** Diagonalized Operators- CCCC

4 LO VS NLO

]Dla
Dia
S,2

Dia
S,3

Dia
S,4

]Dla

6.1875:9%
6.1915:97
5.931997
6.0210:92

6.331012

7.81101%
6.95%0-19
6.35X015

6.567919 * Below or above n.n., J/Wl/?

—0.12

7.721013

NLO corrections are significant.

« My = My°| > 0.5 Gev

s TN ¢ 7 Vs 08

Dia
S,1

Dia
S,2

Dia
S,3

Dia
S,4

]Dla

7361097
7.31%50195
7.06%397
7.16100%

7441312

6.6010.09 The scheme(quark mass) dependence
012 is reduced observably.

6.5813:98
6.4713:98
6.49%3:97 .

6.6270-93

MES 0 = MRSt > 1 Gev

MMS NLO _ MﬁS'NL°| ~0.5 GeV

|m£’l_S — mCOS|~O.3 GeV
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B The renormalization scale u dependence- cccc

8.5;
8.0
=75

£65 .
6.0
5.5

_____
------
------------------

LO . NLO

Dia
Js2

0.8

6.6;
6.4

6.0
QL
058"
X
£56
5.4/
52!
5.0

1.0

12 1.4
k (p=k Mpg)

..... LO — NLO

1.6

The NLO contributions significantly
improve u dependence of

Dia
S,3

6.2 ——\\\

0.8

1.0

1.2

1.4
k (u=k Mg)

1.6

18 20

hadron mass my

..... LO __ NLO Dia
S,4
65 . — .
S~ -
[}
O60 -
X
E - -~
ss, T

~aa
el P
~ -

08 10 12 14 16 18 20
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cccc Mass Spectra

]W, NLO
Dia
m JDla < JDIa > JDIa e JDIa Q JDIa X JDua &) JDIa I JDIa
1 0 _ @ JDxa © JDIa o JDIa i JDIa ¥ JDla e JDla ® J_ll?lza _
1 AU A o2 |
95 dw JDra _
] . JDla |
9 - -
85 = ‘ f . =
> © -
O g8 B © A
(2} [ T
@75 X ¥ -
e A
= 1 > L | A .
7 - ® 4 £ -
] ‘
6.5 1 Y =
-’ x E
S L I T T T TrTITTTTNTYTY e
55 I | I I I I I |
0++ 0—- o-+ 1 G o 2 1 +- 1 - 1 -+ 2++

€ May not exist bound states below /W] /.

L 2 ]D“"1 with JP¢ = 0** may be assigned to be

X(6900) .

]D’a with JP¢ = 2+*may also be a candidate for

the X(6900) .

L 2 ]D‘a and ]D‘a may explain the broad structure

] X(6900)

Jhpdhy
ncnc

op on Heavy Quarkonium

(6.2~6.8 GeV)

250 LHCb proton—proton collision —+ Data
L, =9f"'@fs=7,8and 13 TeV — Total fit
— X(6900)

Structure significance > 5 o
= Threshold BW1

= Threshold BW2
EZ3 pps

= NRSPS

w— DPS+NRSPS

My [X(6900)] = 6905 + 11 + 7 MeV/e?
1 Tawl[X(6900)] = 80 * 19 + 33 MeVic?

150

Weighted candidates / (28 MeV/c?)

100
50§
8200 7000 8000 9000
M .51, MeV/c?)
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bbbb Mass Spectra

B The Borel Platform Curves - bbbb

Dia
Jsa | -

NLO contributions
improve the
quality of Borel

platform evidently

18.5k

X777
éﬁﬁ@%ﬁ;”
R
AR

A,
o

v,
'O*Q.Q

OOOGAAN
OO OO0
R

XX EXKAX
OO0
4&?&&&ﬁﬁﬁﬁﬁ&&&&&ﬁﬁﬁﬂﬁt!ﬁﬁﬁﬁd&h
10 15 20
MB2/GeV?

- — LO-[S0=408 GeV®] — NLO-[S0=366 GeV?]
]

A

-

- u

A

2 4 6 8 10
MB2 GeV?

19.4¢
19.2
19.0¢
18.8¢

myl GeV

18.6}
18.41
18.2f

20.0F

18.5

— — LO-[MB2=19 GeV?] — NLO-[MB?=9.5 GeV?]
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> JP¢ = 0** Diagonalized Operators - bbbb

- ws [ T e o vs Nwo

Dia
S,1
Dia
S,2
Dia
S,3
Dia
S, 4
Dia
S,5

18.51+917
18.51+217
18.50+018
18.50+9:17

18.51%317

+0.05
19.0120710 NLO corrections are significant.
18.9713:9¢
oLt . |MYO — MEP|~ 0.5 Gev

18.9615:9%

* NLO results are above n,n,
18.9713:9¢

+0.08 _

18.952014 & MS VS 05

The scheme(quark mass) dependence

* 0 NLD(0S) s reduced,

Dia
S,1
Dia
S,2
Dia
S,3
Dia
S,4
]Dia
S,5

19.68199¢
19.67199%
19.6479:92
19.611997

19.661-%8

0.0 T I

18.98f0_2573 . |Mgs,Lo _ M,?,S’ L0| ~1 GeV
18.98%997 S NLO o O5NLO
18.98+097 [ - |~ 0.1Gev

. —0.36
18.9879:97

+2ij & Problem

18.987 ¢ Bad Perturbative Convergence
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B bbbb Mass Spectra

mUSF U DU xR e R X JR e JR m U
20 ® 2 ® B OUT + B XK WU oe S @ The perturbative convergence is bad in
A 2 A 02
J28 - —
| o 5o - bbbb system.
19.5 - ¢ * Coulomb divergence
iy S X e . - —
3 I 3 k1 * More nonrelativistic than cccc
@ 197 | 5 A lyas)yas . .
= T i . USYAS) @ The errors are still large (before resumming
""""" R 118 1
near-threshold divergence).
18.5 - i =
€ Current results should be treated cautiously
T ¥ T & T L2 T & T L) T % T * T
0++ 0— 0-+ 1 ++ 1 +- 1 o 1-+ 2++
C . —_
Dia n 2,
Is,3 3 §
S S
H H H 2
" o
6 9 - 00 02 04 06 08
. aS b h v ) h h v
Coulomb divergence: — o |y em?
v = s
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Summary

€ NLO corrections and operator mixing are important and non-negligibel

- Large corrections to hadron masses M,  (|M}° — M}P| > 0.5 GeV).

« Improving the quality of the Borel platform evidently. (bbbb system)

* Reducing the renormalization scale u dependence.

. MS, LO 0S, Lo
* Reducing the scheme dependence. |MH — My | >1GeV
|M,1;45' NLO _ MgS,NLO| ~0.5 GeV

€ Cccc Mass Spectra

* May not exist bound states below [ /Y] /y

+ ]2 and ]2 with JP¢ = 0** may explain the broad structure

» J28 with JP¢ = 0** and JR} with JP¢ = 2** may be candidates of the X(6900) .

& bbbb Mass Spectra ThaHkS '

« Bad perturbative convergence and large errors . (near-threshold divergence resummation?)

There may not exist bound states below n,n, (Based on current results without resummation ).
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