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Introduction

Hardon size

* Quarks and gluons not isolated in nature. . |
— Formation of colorless bound states: “Hadrons” 0.5 — — =L
— 1-fm scale size of hadrons? i P L
04 |-
* Hadron spectroscopy provides a F. —’—W‘% Fole P,
141 < - /Q, 7 P 8{,"% Qodj
opportunities to study QCD in the non- " e Ry~ A
perturbative region o T
— Extensive and precise spectroscopy combined i agel? T
. . . . 0.1 o
with a thorough theoretical analysis, will add __asymptotic
. ~ freedom
substantially to our knowledge of QCD 0 ! ! !
. 0.001 0.01 0.1 1
* Complex exotic hadrons can reveal new or 1/Q GeV-

hidden aspects of the dynamics of strong

interactions
Higgs mechanism | Qcb dynamics
— Predicted in quark model %%
a |
— Recent results show strong evidence — e Mass = 168x10% g
. . Mass =1.78x1026
for their existence 1% ’ ~ 99% of proton mass
~ 1% of proton mass
(~ 10 MeV) (~ 928 MeV)
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Different types of hadrons
to be explored

Baryons are red-blue-

Mesons are color-
‘ green triplets anticolor pairs “
- 4

N=usd n=ud

Other possible combinations of quarks and gluons : exotic states!!!

Pentaquark H di-Baryon Glueball
5=+1 . Tightly bound I \ Color-singlet multi- §
Baryon ‘ 6 quark state gluon bound state
Molecule
Tetraquark . q¢ -gluon hybrid
Tightly bound loosely bound / mesons
diquark & ot ./ \'\‘
anti-diquark dndmEson ‘
“molecule” A
Xiao-Rui LYU
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Main contributors worldwide

 ete™ collider
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Discoveries of many new had
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Light hadrons
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Light hadron spectroscopy

BESIII, LHCb, Belle (Il ...

h
/¥, D,B, ... . hs
<o s
= N hn
Quarkonia @—@  |]] > \
Hybrids eA@® |9] g> |
_|_
Glueballs &  [29)
_|_
Multi- qz (72> hbea(?nluex, Compass, ... h
quarks + e he
: X hfn—l
hn
htarget hrecoil
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BESIT A glueball-like state X(2370)

PRL 132.181901 (2024)
o —__
X(2370) firstly seen in J /Y -y m™n
= 500F ®) X@2370) " 1 ]/ radiative decays are -
oot :
8 400 gluon-rich processes
S 300F "
2 200f :
1002— - J/y>yn' T 180 g, = 82,6869 ] 1805"'('5)" T g, = seaeis2
o S : % 160 L o :
0%14 16 18 20 22 24 26 2.8 S 140 I Background
M, (GeV/c?) @120 T
2 100 ws
S 80 co b
 Partial wave analysis | /Y — yKsKn' 8 o E
in 10B J /1 decays 2 | i ] . ,
* X(2370) - KsK¢n' significance larger T 1I\'II(ZK;(g:V1/c':g)6 e
than 14 o

y2n,, = 59.30/53 ]

500
* mass 2395 + 11%3$ MeV/c? D e
e width 188t%§t;§4 MeV g5’?.300 —
* spin-parity is determined to be 0~ 3200 |
 candidate for lightest pseudoscalar Emo__,_,_m, ]
glueball predicted by LQCD OO e L e R 7 >2 0.6 1
M, (GeV/c?) COSO iy gy
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BGS]]I Observation of new decay modes of X(2370)

* More J /1Y radiative decays to X(2370) are investigated

9000 T T IRARRRAS RRRN R i0? ‘WWE i E 18000F T T T ™
aoooE J/\y—>ngK2n° 3 ‘00:_ L J /1 — yOnOy 3 16000 J/\v—>77t°7t°n-§
(\é 7000 e © L Growop E 1’11000:— 3
> _— E L o E |
8 6000 data 3 2 sl S oo0o 8|2m:— E
E © 2 6000 A 10000 4
2 5000 = 6] § - b= E E|
e = N 6o~ w G 8oooE E
S 4000 E = L 2000 'q:: 6000F- E
12} = b E E|
c 3000 E ? 4 @ a000f- 4
) 2000 3 s f 20005 E
E 20| Eorall v vonivapen can o L3
1000 E F 06 08 1 1.2 14 16 18 2 22
o 1 1 1 1 1 1 1 1 M
12 1.4 16 1.8 2 éZ 24 26 28 3 0

on (GEV/C?)

K 26

2]

n

2.6

4 : 24 5
400, 1 Mo o, (GeV/c?)

ay(980) signal region
|m o, — 0.98| < 0.05 GeV

* X(2370) observed in the gluon-rich J/{ radiative decays |
« JPC determined to be 0~
« Mass and production rate consistent with LQCD | Consistent with
- Decay modes X(2370) - 0~ glueball

n'mm, KK, KK, KK, nn®n?, ad(980)n? observed,
in analog to

Xiao-Rui LYU ICHEP2024, Prague
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BGSHI _ BESIII

4 I N(2570) " @ ((221:"%‘2)
© X(2370) X(2500)
s ) EX(2120) N(2300) xzzeze o X . 0’X(2356) (2000

: BEE e 1,(1855AD, 1817)"° x’};ggo‘)w

L 20.1 2 2011 4 20.1 6 20.1 8 20IQO 20.22 2024
Date of arXiv submission
. _ . + °
Observation of n,(1855)(1~ ) Observation of ayg(1817)™ in
. . + +..0
with exotic quantum number D5 - KsK™m

PRL129, 192002 (2022)

PRL129, 182001 (2022)
PRD106, 072012 (2022)

400 T— T T T g]\ L _* 0
= { (@ y/dof= 157 2 | C b
S s0of- o = ok KK (892)"
= — = VL K*K (1410)°
= 200 = 1 (n,(1855)) 8 [ a,(980)*r
Q «==s PWA fit projection (exclude n‘) et b =
qc) - IR — PWA fit projection (baseline fit) : 50 - s a0(1817) Tto
T = [
o =
0455 2 @25 3 = [ e B
M’ )(GeV/c?) 1 12 14 1.6 1.8
) M KK (GeV/c?)
PWA of ] /1y — ynn' in 10B ] /1 events f
Must be exotic state! A new ag isospin triplet!

Hybrid? Molecule? Tetraquark?
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BGSHI _ BESIII

9 N(2570) " @ ((22%‘2)
© X(2370) X(2500)
= EX(zm) e X262, drsp) %% X(2000)

2 ks

[ eX(1870) @X(1840) ”1(1855)‘!0(1817)1"’ xi;;g%t))o
L 20.1 2 2011 4 20.1 6 2011 8 20IQO 20é2 2024
Date of arXiv submission
[J “a [J + — a
Observation of X(2356) - AAine"e™ —» nAA New strangeonium in J /1) — ¢nmr°

PRD 107, 112001

(2023) arXiv:2311.0704

g e ] T . _
% 100; N — ;1'(;:1 fit 1 % 300 __lenbm = 1.31 -
el PHSP > ]
8 e n sidebands s [ i
§ oo : S  200f .
3 | N [ ]
§ 40~ E - ]
" 2l b1 ] & 100[ ]
i | Reg y 1 T M } Lﬁ
0 we. | | | Ticcd 1 I b it &
22242628 3 32343638 4 42 T P s ;. W
M, (GeV/c?) _ 053 2 2.5 3
* (lear enhancement is seen near the AA M, (GeV/c?)
mass threshold combining 31 datasets PWA ﬁtoto the isospin violating process J /i
e Simultaneous 1D fit to the AA mass 2 ¢nn_in 10Bj/pevents
spectra assuming a 17~ state: . Observations:

« hy(1900)(1%7):

h,(2P) strangeonium state? i
: |+ X(2000) (177 ): e
hexaquark? baryonium? . ¢(3S) or ¢(3D) strangeonium state?

Xiao-Rui LYU ICHEP2024, Prague 19
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SOl Rediscovery of Y(2175)/¢(2170)

* A strangeonium(-like) state: Y-particle with strange quark
ete”™ — K*(892)°K?

o(ete™ = K*(892)TK™)

v’ $f1,(980) resonance with FSI

1 I
2.4 2.6

» Theorists explain ¢(2170) as JHEP 01, 180(2024) RUKT(892)) = = (e = K (892)0K0)
v sSg hybrid 55- - (a) e o] (8) foesm {
v' 23D, or 33S, s§ ) B 2 ol
v’ tetraquark 2 ool g k
v’ Molecular state AA | oot IIH | | l’
1 I Cob o
+I: ofnaion - 't ‘ |'“
\6/ 3

v’ Three body system ¢KK L T e
s (GeV) R<0.2: much less than 1?

)
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BESIT  Xp)/X(18??) from Jhy radiative decays

J/y->y'mt " PRL117, 042002 (2016) PRL129, 042001 (2022)
o T T T T Y T i .-? II _
S 500 (b) ] > 20} (a) |
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g 200} B ¥
2 100 E B e
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0 o
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Are they the same state? It is crucial to understand their connections.
Xiao-Rui LYU ICHEP2024, Prague 14



BESIL  Anomolous lineshape of X(1840) in (XX}
] / II) — Y3 (Tl'+71'_) PRL132, 151901 ()

300I_ l I B A I LI I LI L l LI LI l T I 1
- BESIT
G 250 M = 2+4270) Mevie?
I 14 10B J /3 events are analyzed:
2 y00f| T= (83 +14+11) MeV/c? it )
o [|>760 = 50x more than the previous BESIII work
= 150 — / =
E | PRDSS, 091502 (2013) % - . e
w 100 — ] A15000 — = B fit result b
E = E =l b r ; :ta:zsu" Fl tt (a) b INEEEIE X (1840)+X(1880) ( )
50 :— 225M % o X(1840) a % 10000 - e ﬁgggg; COhCrent 2B
. e ]Ib-{l L] '| '|. |' -| [ = 10000 L "':" I"O‘;:I"::I:‘Z::md zm E i o :2:?5:&2?;::2
e 17 18 19 2 2.1 2 [ o dworaen p S st
M(3(w*r)) (GeV/c?) % 5000l ) g S0 ! :
[ B N () B ” e
a o f e o f i il
]/ll!%y]é!oo‘r[ T[ IHIIIHvazumplllllwuuw‘ 0_ l p l emmmenn il I_""",'i'..‘.; ........ l ......... 0— I I / : :
S T T T —+-Data ] 0F t 4 *
07‘2000:—::: | _iifgféf:«wmi gi!,n'ﬁu%“*m’n ,-w‘wr:i,é ;,*u“’%“ gh HT +f+ A T T?T T‘ ?T * 1t Ht +%T
T W = B N o *+ / X
2 ol \g”\.,h | - Seckgroun E 16 17 18 19 2 2
O [l J ] M(6r) (GeV/c?) M(6n) (GeV/c )
PRL 117, 042002 (2016)
s
“F ] Parameters Solution I Solution II
it i Mx 1810y (MeV/c?) 1832.5 £3.1+25
N S, I x (1840)(MeV) 80.7 5.2+ 7.7 ‘
X (1835) Bx (1840)(x107°) 1.194+0.30 £ 0.15 2.07 £ 0.50 £+ 0.36
Mass (MeV/c?) 1825.3 £2.41173 Mx (1880) (MeV/c?) 1882.1 £ 1.7+ 0.7
Width (MeV/c?) 245.2 +13.114¢ I'x (1880) (MeV_)5 30.7+5.5+2.4
X (1870) Bx(lggo)(x 107°) 0.29+0.20+£0.09 1.194+0.31 +0.18
Mass (MeV/c?) 1870.2 +£2.2123
Width (MeV/c?) 13.0+6.173%
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Counts / 2.0 MeV/c?

Pull

Counts / 2.0 MeV/c?

Pull

Hyperons from charmed baryon decays

Belle, PRL 130, 151903 (2023)

10 INK threshold -
[ I
5 | |
- A > AntnthT
I 5 I
& : . . HOM '.}’n"'»l‘r -
2t | L
of ++;+*H / W ,,} 1,? HJWH{H%H i
1.35 14 1 45 1.5 1.55
M,_.,BreitlWigner [GeV/c?]
x10° |
i I
6 B 1
o !
s
i 1
2 SN ]
3 B e
2r ﬁ i *
o il iy m H* *Wf i
RIS UL W [
1.35 1.4 145 15 1.55
M, Breit-Wigner [GeV/c?]

Enhancement around 1.43 GeV
%(1430) or NK threshold cusp?

Xiao-Rui LYU

BELLE, PRD108, L031104 (2023)

d

M)
o

-
o

Efficiency-Corrected Events / 1MeV/c?

1.55 16 1650 1.7

M(pK) [GeV/c?]
An threshold cusp

enhanced due to A(1670)
LHCb, PRD108, 012023 (2023)
[5) L
O I
S st
S
g of
S
e 4
s 4
SN

2' 2

025 3 35 4 45

m2(pK")[GeV?]

ICHEP2024, Prague

Events / (0.033 GeV/c?)

Events / (0.020 GeV/c?)

20

10

400

200 |

i

0

0-

(=]

16 1.
M, (GeVic?)

Many X contributions

BESIIL, arXiv:2407.12270
Af - Apm*

— Aa,(980)"

— X(1385)
2(1380)'n

— A(1670)m*

| Total interference

T3 14 15 16 17
M, . (GeV/c?)
Evidence for £(1380)"

1G



Heavy mesons
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Overpopulated charmonium spectrum

Charmonium-like [cc] spectrum;,, F.k Gu arXiv:1511.01589, arXiv:1812.10947

10(4700) Charmonium spectrum
S X(4685
Y660 2016 2021| X (4630) [1-*
2007 —202‘1 '
Y(4660
3D Y20(4500) . ( )
4500 . 2016 Z,(4430)
= T y4a15) —F 2008 Ache
58‘1‘)}“ = W(4360) N 3p . X350
007", e - 010 T (L — ”
2015 442605 —2011 X *2014 2021 Z(4430)
¥(4230) ——= Ye1 (4274 2D 2D 2008 Re0(4240)  Z(4220) .
2D baT60) Yo d140) X@160) Zgo00" . [0 i 0 B AR AELELD
I 2009 _iF 201880 5 )\ oo Y(4390)
—5- e 2008 xcosoy R Y053y PE B X(4350)_y(4360)
4000~ o T T T T T T T T T p TTTTTTToTmTm e 740209014 e i
2P 2P 2P 2007 X3940) “ 2014 o= | DD ccocccesosconcspoosesissssesscssanssrassosaeszsssasemszsmaaszass
s DD =2 s o) T 2020 ! X(4274)
g _____________________________l—_\YU'Us ________________ X A‘U-L__z_dfg _______ 22(4250)
e b rw@860) 2003 —— §3(3842) 005 Y(4220)
¢ ‘ G771 2017 $20823) ‘5579 Z(4200)
s I e E 2013  TCCT . ﬂﬂ 38)
( ———
7.(2S)
ver(1P | e JrCT Dst ..................................................................
_hQP) Yo (1P) — X (3915) 0t 0t or 2+ Z‘ 4050
3500 X(3940,4160)  7° D*D* seessseezsrszzzzzzziziiiziiiiiiissssssssnnnsns e (4020
— X (4350) 0t 7+
Yco(IP) Vs 1* 1 D.D X
R 1 0
X(4020,4055)F 1+ o X(gg?g}
X (4050, 4250)* 1 DD' e e S EEEe=s x(3872r;;;;;:;;;:;;::;;;;;;:;;::Zc(.s..g.oo)
Ju Godfrey-Isgur quark model
discovered before 2003
3000 _zg(1S) discovered after 2003
0°(0™*) 07(17) 07(1*) 0*(0*) 0°(1**) 0%(2*) 07(27) 07°(37) 27 1=1 1=1/2

Overpopulated observed new charmonium-like states, i.e. “XYZ":

* Most of them are close to the mass thresholds of charmed meson pairs

e Some are not accommodated as conventional meson
==> candidate of exotic hadron states

« More efforts are needed to pin down their nature
Xiao-Rui LYU ICHEP2024, Prague 19



* x.1(3872) nature is still uncertain, although

many studies are performed since 2003
« Whatis it? y.1(2P)? loosely D°D?* bound’\
state? or their mixture?

N

* Radiative decays provide crucial
discrimination on its nature
B — B i g
R <4 Data LHCb S [ 4 Data LHCb
= 100 B B* - x (3872)K" ofb! 4 2 1 B B*- xa(3872)K* 9fb!
= [ B- ¢(28)K*X 2 0O B-x
S 80 __  Combinatorial = 0.8} X1 (3872)K*
—. Total S~ [ -~ Combinatorial
Z 60 2 06l s
:.:_é s 7“ 60, :fi 0.6,: Total N
< 40+ o [
= / E
2 20 4 % S 02}
O 0' / AN ’::" t-p'ir,',-.- * . \'f: D e I -
375 3.84 3.93 402 97 38 3.9 4 FY
(28 [GeV/c?| MyApy [GeV/c?
B = Dxa(387250(29)y
Yy = 1'\
Xc1(3872) = JAby

Xiao-Rui LYU

=1.67+0.21 £0.12 = 0.04
Strong indication of a sizeable charmonium or tetraquark

compact component of the y.1(3872)!
RF7: 2021 Update on Hadron Spectroscopy

4
/

U.fmd\i Observation of y.4(3872) — yy(25)

arXiv:2406.17006

| B "'kHCb Preliminary
(naive) DD*
/
/
PR [——— s TR e
pure cC e
o
o
[
©
L]
L
o
- i
e compact CCQQ
e
—{
e
ak experiment
boed
hr exp. average
0 - 4 6

E. S. Swanson

Y. Dong et al.

D. P. Rathaud and A. K. Rai
R. F. Lebed and S. R. Martinez

B. Grinstein, L. Maiani and A. D. Polosa

T. Barnes and S. Godfrey

T. Barnes, S. Godfrey and S. Swanson

B.-Q. Li and K. T. Chao

Y. Dong et al

A. M. Badalian et al.

J. Ferretti, G. Galata and E. Santopinto

A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker
W. J. Deng et al.

F. Giacosa, M. Piotrowska and S. Goito

S. Takeuchi, M. Takizawa and K. Shimizu
E. Cincioglu et al.

D. A.-S. Molnar, R. F. Luiz and R. Higa
F.-K. Guo et al.

B. Grinstein, L. Maiani and A. D. Polosa

BaBar 2008
Belle 2011
LHCb/Runl 2014
BESIII 2020
LHCb/Runl 2024
LHCb/Run2 2024
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BeSIT
i Y(4790)
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2012 2014 2016 2018 2020 2022 2024
PRD106, 072001 (2022) Date of arXiv submission
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—+- XYZ data
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= »
= 70 " g—3~87‘3 PRD 104, 052012 (2021)
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o Y (4500)7 'z 0;_ A b e T
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L —— g F A a .
005: F ‘ 0.1-_+_ + + - 0.1 4 o
0o & 5 E + i i |
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0.003% 2.20 2.05 2.3 P30 435 440 445 450 60 4.65 470 475 4.80
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Y(42XX Y(43XX 4415), Y4500 Y(46XX), Y(47XX
9 9 9
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BES]]I Observations of three heavy Y(4500),
Y (4710) and Y(4790) states

CPC 46, 111002 (2022) ete” > KtK~J/y PRLI31, 151903 2023) e+e~ — D** D'~
PRL‘_1’31,§1_19'02(2023‘) 22) $ This work — Fit resul P

S [ --Y(@4230) ~--Y(4500) - Y(4710) S e ]

i3] o S e :

S ®hy230) YHES0D) s

8 4l 1: le i

e : Y (4710) fbn‘% — BWF ¢ dat_

o i g & — IBWF  —fttedline gy

B 2F 108 5 . [][]| A contnue e . B e

w [ I‘ 43 44 4.5 4.6 4.7 48 49

2 O:l " ME SO R 3L 4 4 EuGev) 4

o) G TN T N T T R I 4415

42 44 46 48 Y(4230) Y(4415) Y(4790)
/s (GeV) 6.10

PEOI;BO’ P21 @029 ete” DD m*  PRL132,161901 2024) e*e” — wy,

8 0oF — " Y (4500) ~+ XYZ data = Y

E 0005‘ Crc?n‘tm.lum Y(466mscan data g [

5 F o O g 5 20f Y(4500)?

£ oof - 20 (4500)°

l a00f % [

g’ 200f O st +$ 10:

O ®

4.2 4.3 4.4 45E(G4e6v) 4.7 4.8 4.9 5 44 \1_4((63 V) 48
- — S e
Are they [cCsS] states?
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BESII Cross sections of charmed hadron pairs

= arXiv:2403.14998 | / \ PRL131, 191901 (2023)
(=3 ! = T
= 600F ® * BESII ] s / ete” — AYA:
=) s
= s00fF ," CLEO-¢ | I L \ #BESII; 20?3
T a0of | © Belle 3 400 N . igeEg:I 018
‘o 300F BaBar - % : > AcAe L Threshold
© E s . R,
200 - il | ete” - D;-D; - I 5 i
LR R VS | - 200 Wifo#ee s
{1 A TR AT by e s L E I - / <}» ‘% ‘%} +
4 42 a4 46 48 | i <}» +
E.,, (GeV) | oL
l_)jD__ arXiv:2402.03829 | "6 Gev)
g | s | -y ®  BESIII arXiv: 2407.07651
CRl: mat A I 0 ~Belle PRD 100, 111103(R) (2019) W Belle PRD101, 091101(R) (2020) —
B ete-pb | | -7, =T \*\e S DD, (2573)"
140% E I e’ é —>D+Dsl(2536)‘ i f 1 ¢ 52
% 200{H . —i I ?gmo ‘ | % . k \‘ ‘- ‘
0% - j I | T . -'l ! ._TH_ T " . ('.""L.'.'a '.‘ﬂ-..‘".‘ * ks ‘+.-+l_.+ !
o N s IR
] l . \
] N \ /
E I ~ * W e
ot o — ot 9 | ¢ Mind: Tension of cross sections near threshold
s (GeV) .
| between direct (BESIII) and ISR(Belle) methods

Rich /Y resonances in the final | « BESIII negates the Y (4630) reported by Belle
states of the charmed hadron pairs.
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ILlIJHd‘?] New X(3960)[ccs5] state in D} D

PRD 108, 034012 (2023)

Amplitude analysis of B¥ — DS D; K™ based on LHCb RUN1+2 data S WD ()

* Near threshold structure X (3960): 120, JP¢ = 0t
* X,(4140) accounts for the dip around 4.14 GeV

50 L B L R | S ank J J ' J T i > o ! ’ I I h
r 1 =30 1 =3k 3
z | + Data Ol ] &%F LHCH ]
= 40k Total fit 25 E 1 =k 9 fb~ E
St —— X(3960) S 1 S2F ]
=zt Xo(4140) 1 Z_F 1 I ¢ ]
= 30F —— (4260) 1 =% ] =oF .
2 ---- 1(4660) 1 £..¢ 1 &t :
~ ob \&L 0 Nonresonant D} D; | 15F ] > 15 - :
: 10f 1 0f * ;
10F . ; ]

0 4.6 48 o 2.6 2.8 3.0 32 34 W YT 30 32 34
m(D; D;) [GeV] m(DK*) [GeV] m(D; K+) [GeV]

Components ~ JF¢ Mass (MeV) Width (MeV)  Fit fraction (%)  Significance (o)

ir X (3960) 0T 3956 £ 5+10 43+13+8 204+ T7.71 1950 12.6 (14.6) : .
odi40) O T B A6 a6 G Ir T 674730 3R (1) dIP AL 414 GeV
1(4260) 17~ 4230 (fixed) 55 (fixed) 3.6+04+32 3.2 (3.6) via interference
1(4660) 17— 4633 (fixed) 64 (fixed) 2.240.2+0.8 3.0 (3.2)
NR S-wave — — 46.1 +13.2 +11.3 - 1 (3.4)
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% Three new charmonium(-like) states

in B+ — l)>]<i D+K+ decays arXiv: 24060316 ‘\

« Simultaneous fit to B* — D** D" K*and D*~ D*K™ to relate the C-parities of
the charmonium(-like) states R > D**D~ and R - D* " D*:

C-even: c/l (D*+D )— CAR(D*‘D+) C odd c/l (D*+D )— —c/l (D*‘D+)

< T ' T T 13—~ F T T
= i 1]
S j00F + Fit w1thout h (4000) xc1(4010) h (4300) LHOb 9 gg) ]
= i + *— n+pr+ = i ]
= | BT - D*" DK 1= |
»n B 1T xm B
4;_7‘; 50r i % 50r
=} 1= |
ER. 15 |
st NSRS, S L ; G 158 L ’
O O st T e e - BT RA . . . O O 2 iy o Y »- e g BT
4.0 4.2 4.4 4.6 4.8 4.0 4.2 4.4 4.6 4.8
M(D*~ D7) [GeV] M(D** D7) [GeV]
4 Data ——  72(3930) (3945)  —— 1(4040) Ti:0(2870)° T2 (2900)°
—— Total fit - EFF .+ NN 72,(4000) I %1(4010) 2277 h(4300) wwevee NRpor
Background gy NRp== s NRy-+ s NRoess  seosser Reference fit
1
This work Known states [6] cc prediction [34] i e different D*i D$ mass E
n(3945) JFC =0+ X (3940) [9,10] JPe =27 n.(35) JF¢=0"F .o . . I
Mo = 3945t +3T [ = 130 T92 +101 mo = 3942 + 9 To=37+2 mo = 4064 Ty =80 ! distributions due to interference '
—b.(4000) JPC =1+ T,+(4020)° (35] JPC =7"- h(2P) JPC=1" | oftwo C-parities :
mo = 400017438 To =184 *37 Imo = 40255139 £31 Ty =23.0£6.0+£1.0{mo = 3956 To=87 ! !
—(4010), JPC = 1++ xa(P) J*¢=17" 1o At Jeast three charmonium(-like):
mo = 4012.5 135131 Ty = 62.7 100 *08 mo=3953 To=165 1 !
e (4300) TP = 1+~ nep) JPe—1— 1 states are observed for the first |
— _ ! . . . 1
= 43073755101 To="58T35"% mo=4318 To=75 1 time which are candidates for
Xc(4274) [36] JFPC =1+ Xa(3P) JFC =1+ | I
—420444%  Ty=5345+5 |my=4317 To=39 ' N.(2P), ¥.1(2P)and h.(3P) |
1
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BOMGECR Zcs [ccus) states

BESIII PRL 126, 102001 (2021)

* Charged Zcs states are observed at BESIII and 3
035F Vs=4.681GeV -53 4
LHCb: Z.,(3985), Z.,(4000), Z.5(4220) 230;— ()
: : : 25 |
[t 1s natural to search for the neutral isospin Sook | L l ]l 4
<4 E ||
partners LHCb, PRL127, 082001 (2021) % 13 § ]
‘< N L D L A E L A A L >§
E 700 LHCb 7 W 5¢
= 600F : 0
S 4 405 41 415
8 4o0f RM(K") (GeV/c?)
S a0 ete™ - KQ(DyD** + D:~DY)
S 200 ~ BESIII, PRL 129 , 112003 (2022)
100F 40 \5 = 4.628 GeV 40F \\ {5=4.641 Gev
ok (@) : E (b :
30 30f
20f 20f
10f 10f
All Z,,(1%) 25+ 5+11 2 AN t -
Z.+(4000) 15 (16) 4003+6+ % 131+15+26 94+21+34 3 W oassiGe 1OF 4 T5=4.682Gev
Zes(4220) 5.9 (8.4) 4216+ 2478 2335279  10+£470 S 22 + 50:_ e 5
o . Tmimezo 200:— PN I a
Mass (MeV/c*) Width (MeV) ;‘Z (o BTGV b A
Z:5(3985)" 39922+ 1.7+1.6 7.7755+4.3 ol f f }o|oop @
Zcs(3985)" 3985.2F30 £ 1.7 13. 8+ > 4.9 op 11 4| sob #
?.95 ,li__;:i)ﬁS 4J.1 4.15 4.2 ?.95 4-‘465_4_‘1-415 4.2

RM(K‘S’)(GeV/cZ)
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(488 Z2/T 51 (4000)° in B

PRL131, 131901(2023)

& 700E +pata LHCb
§ 600 g— = Total fit

500 - -+ Background
400E - =AllK and X 4
300 = Ty(4220)
200 _ NT},,(4000)

100

B - J/ oK™

bbb b b b s

Candidates / (10 MeV

=t
AN

B° - J /YK

Candidates / (10 MeV)

My [GeV]

» Simultaneous fits to B - J/Y¢K¢ and Bt — J/PppK™*, assuming isospin symmetry
for all the intermediate states, except for the charged and neutral T, ;5 (4000) states.

« Consistent with being isospin partners: Am = —12%15+$ MeV/c?

« Significance is. 4.00 without isospin symmetry for T.z5; (4000)°, while 5.40 with
1sospin symmetry constrains

T s ey | i

T,z51(4000)° — J /YK 1+ 3991112+9, 105+22+17 7.9 + 25339
Z% [Toz5,(4000)* - J/pK*+ 17 4003 £ 674, 1314+ 15426 94+21+34
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LI!C]Q New Z2. [ccd5s] exotics

in BT - 1[)(25)K+1t+1t

7D amplltude analys1s of ~30k signals of B™ — 3 °%F /.
YK m* P ome Rl
 The data cannot be described by conventional ‘:;00032%

strange and charmonium resonances only §°°15§
* An amplitude model with 53 components is 8o

0.005F

developed comprising 6 known K* —» K*tntn™

states, 5 known neutral charmonium(-like) hadrons, Zoossf LHCb9

_ fo/ Vp=16

4 known charged exotic hadrons and 3 new exotic £ "
states T g5 — Y(2S)Ktmr™ 02t

baseline

=
o
=
wn

Candidates (normalised)

Resonance JP mg [MeV] o [MeV] Sign. [o] 0.01;

Xc0(4475) ot 4475+ 7 +12 231419432 > 20 (19) 0.005E A
Xe1(4650) 1+ 4653+14+27 227426422 15 (13) ’ Y &6
Xe0(4710) ot 4710+ 4 %5 64+ 9 +10 14 (10) . m(t/)(2$)1t+7t ) [GeV]
ne1(4800) 1= 47854374119 4574934157 17 (12) BoossE 'Ll;clbglﬂ;_; |

T . (4055)% b 4054 (fixed) 45 (fixed) 8 (7) g 0_03;— 2] Vip= 11

Tez1(4200)F 1T 4257411417 308420432 > 20 (> 20) S0.025

Toz1(4430) 1+ 44684211480 251442482 15 (8) 5 002

Tezzs1(4600)° 1t 4578410418 133428469 15 (12) §0-015;

Tezs1(4900)° 1T 4925422447 2554554127 12 (8) E 001 s e
TS, (52000° 1~ 52254864181 2264764374 10 (8) i et

Tezz1(4000)™ 1T 4003 (fixed) 131 (fixed) > 20 (14) 4.4 4.6
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LAC 1‘9 Observation of a doubly charged tetraquark

T:<0(2900)* [cSud] and its neutral partner

*_ 0 [~<c27 PRL131, 041902(2023)
TCS 0 (2900) [csud] PRD108, 012017(2023)

* First simultaneous amplitude analysis of Bt - D™ D{n* & B® - D°D¥n~ with
RUN 1+2 9 fb-1 data

> > '
g gso— i + Data
« Dgm mass spectra well 5 5 Bkt
described by adding i T D; (2460) D;
p + g g | Dy (2600) D}
J =0T (>7.50) kS LR D; 2750) D;
D/ (2760) D}
TC%O (2900)>9 0 2r D(3000) D,
A R ] . . it - D*(2010)- D}
0= 22 Taar e 28 30° B2 94 s W v Ea T T 1 T9(2900) D
M(D; n~) GeV MD; x )GCV —— D S-wave D
Mass (GeV) Width (GeV) JP
T:0(2900)° & T;,(2900)*" 2908+ 0.011 4+ 0.020 0.136 + 0.023 £ 0.020 0*
X(2900)/T:,,(2870) 2.866 + 0.007 + 0.002  0.057 + 0.012 + 0.004 0*
X1(2900)/T:,(2900) 2.904 + 0.005 + 0.001  0.110 + 0.011 + 0.004 1-
T ¢50(2900) v.s. X((2900) * no isospin relation: [csud] v.s. [csud]

v Similar mass, but width and flavor | U;spin relation: [csud] V.S, [cdus]
* T¢50(2900) mass and width larger

than X4(2900)
Xiao-Rui LYU ICHEP2024, Prague 272
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Study on fully heavy tetraquark state

* Existence of T, o,3.q, States (Q; = ¢ or b) is expected by many QCD models

“ Tpppp Was searched for at LHCb and CMS, but not observed
[LHCb, JHEP 10, 086 (2018); CMS, PLB808, 135578(2020)]
% T..z states predicted to have M € [5.8,7.4] GeV/c, away from known
guarkonia and quarkonium-like exotic states

¢ LHCb observation of the first fully charmed tetraquark state X(6900) [cccc] in
J/Y+] /1 final states

[LHCDb, Sci. Bull. 23, 1983 (2020)]

7000 8 7000

000 9000 8000 9000
M 5, MeV/c?] M, ., [MeV/c?]
v" Model I: Based on no-interference fit (worse fitting quality)
M[X(6900)] = 6905 + 11(stat) + 7(syst) MeV/c?
['[X(6900)] = 80 + 19(stat) + 33(syst) MeV/c?
v" Model II: Based on the simple model with interference (better fitting quality)
M[X(6900)] = 6886 + 11(stat) + 11(syst) MeV/c?
['[X(6900)] = 168 + 33(stat) + 69(syst) MeV/c?
consistent with predicted T,z states
Xiao-Rui LYU ICHEP2024, Prague




Observations of fully charmed tetraquark

state X(6600) [cccc]

CMS, PRL 132, 111901 (2024)

I1351b"(13TeV

180 T
D. S0 cms E cms 3

160 : 0. 40’ . E o A = .
g 140 1 ! 4.10 ig\:}a _El\th E ;— 8 1[8)3\}? —E\;VZ —g W/O lnter. BW, BW, BW,
o 120 (g ~BW, Background 3 [ o BWy Background i -
& 1005 E -~ Interfering BWs 3 m (MeV) 6552+ 10+ 12 b‘)"} 9+4 72870 4%S
g BO"JP 1 MeV) 1242433 1222% 418 9579+ 19
S 60N - —
5 ol P L) N 4 w/ inter. BW, sz BW,

.22 : I - W/O lnter. —E ,"‘-‘ ! “'~..-_ vvvvv m (hicv) %‘8 ‘x ”’ 6847_;:_‘;? 7[ u Lh : .'l
Eg 2 " (MeV) 440+230+] ll() 191 +66+25 g7+4 .u
T &W*“ W Ayt E***# wﬂwmm ﬂ”*#’&”ﬁ*#br}ﬂ#ﬁ#ﬁs 2 M

65 8.5 9 65 85 9
’"w uy [GeV] mJ,V W [GeV]

_____________________________________________________________________________________________________________________

 ATLAS and CMS both confirm the X(6900) state in / /1+] /1 final states
.« CMS observe a new structure X(6600) and find an evidence of the X(7100)
i« LHCb, ATLAS and CMS all see a broad enhancement at the low mass region !

F 0o o] LA N DAL DL IR Ly e I I IS EULEUSE

E ATLAS o Sig. + Bkg. E ATLAS — Sig. + Bkg. Dl _j}‘,'w A\1(XjC| A .\1()(’(:' B
300F '$=13TeV, 140" — Background T s=13Tev, 140" — gw, 4+ Big. + nt.

[ di-J/y ---- Bkg. w/o Feed-down T di-J/y ---- Bkg. wlo Feed-down 1 +0.08 . 0.03
200:— - Sig. wio Int. I -~ Sig. w/o Int. _: my 641 - = 0 08 00 6 6q :t 002 002

>
3. Fiauh - et I 0.59 + 0351022  0.44 +0.0570%
2 LN i m 6.63 4 0.05+008
8 O : , : I 035£0.11'0)
-100F - ] +0.01 : ’
. m; 6.86 + 0.03091 6.91 +0.01 £ 0.01
200f ATLAS, PRL 131 151902 (2024) ) E r 0.11 + 0.08 0.0 0.15 + 0.03 + 0.01
SEETTTTTIE TR RS T 68 7T 78 8 85 9 o
m,, [GeV] m,, [GeV]
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D

¥s>1 Searches for T ..z In other

LRSS 5o/
double charmonia
« ATLAS finds evidence of enhancement around 6.9 GeV in [ /yY+1(2S) final states

50F 7] sof T
:‘V‘FTL"S ., —Sg+Bg ] [ ATLAS . —sSigs+Bg ] ATLAS, PRL 131, 151902 (2024)
- s=13TeV, 140 fb —— Background 1 [ Vs=13TeV, 140fb" — Background ]
S 40[v+v(@s) -~ Signal 1> 40 L Jhy+y(2S) ~ signal ]
2 r —+—Data o L —4— Data ]
§ o: 1o of > 1 J/w+w(2S) Model a Model j
> UL 1o L ]
5 | 12 1 J[ 1 m 7.22 4 0.03+0! 6.96 & 0.05 = 0.03
& | 18 %% 15 0.09 & 0.0619% 051+ 017291}
L 4 W
1of 7 } (© 1 tof } (d) -
0 0
7 7.5 8 8.5 9 7 7.5 8 8.5 9
m,, [GeV] m,, [GeV]

* Belle finds evidence of threshold enhancement in 7.4/ /1 final states
Belle, JHEP 08 2023, 121 (2023)

12
|

_ ,EInclusive H _ ofExclusiv
% 25 * /3 of )
= ﬂ l = L 30
8 l g of
% | + ‘T { % 4:_ L ad ]
o o E L‘
‘i L 2—— g l ll
M I 1 0' (Y P | 81

" PR IS S 'Y PR Y Pt P PR Y
. 7 75 8 6 6.5 7 75
Mrecoi(Y o) (GeV/C?) Mn J/y) (GeV/c?)

Xiao-Rui LYU ICHEP2024, Prague 21



Heavy baryons
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LHCD

New excited Q) states

LHCb, PRL118, 182001 (2017)

W * Five ;0 states have been observed at LHCb
L Cb .
: L * Hint of another broad structures at 3.2 GeV
[ Prompt prod.
a ‘ and 3.3 GeV
o WL A New study of prompt £ K~ based on a
100/ 4 full LHCb dataset
E. °°°°°° 203000 = Z'K ~—3— Data
g 3000 3100 3200 330 mmeses 2.3050)" = Z'K e v == Combinatorial background
mEZK)[MeV] sesses 2(3065) — Z'K s Totall fit
T eesses 2.03090)° - Z'K B 03185 — Z0K
Besides the previous 5 states, two new states 20119 - EK _— 2.3327) - ZK
10’
0.(3185)° and Q,(3327)° are observed. o uf T
[} [ LHCb
S 12F 5.7 fb! 0
Resonance m (MeV) I' MeV) v 0'_ (b) j
Q.(3000)° 3000.44 + 0.07 383+£023 [
Q,(3050)° 3050.18 + 0.04 067+017 2 °f
Q.(3065)° 3065.63 + 0.06 379+£020 2 6 (i
Q,(3090)° 3090.16 + 0.11 8.48 + 0.44 & 4l 24 2 I
Q.(3119)° 3118.98 4+ 0.12 060+063 O : . PRL131, 131902 (2023) -
*Q.(3185)° 3185.1 + 1.7 50 &7 2 ii:0.(3185)0 0.(3327)0]
* Q. (3327)° 3327.1+1.2 20+5 0 L D

.'3 100 3200 3300 3400 3500
m(ZK") [MeV]
Xiao-Rui LYU ICHEP2024, Prague 22
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% Observation of new excited Z; states

— [ o —~ L o] ~
%, is reconstructed via £, - Z.m and E.37 FINGIS, RO 2E)
T ™ o ) 7 B e s ey
: i F LHCb ] : LHCb 3
o OF @ —+ Data 9 o) 1 ® ~+ Data (9 7} 3 eof © —+ Data (0 8- 3
3 sof M = 6100 - 5 &G 0 F 26087 > 5, o 1 F B =6095) > = () ]
= E o 1 w0k T 1 s50F Zy Zy (& 3
E; wf Combinatorial 1 F Combinatorial 3 3 Combinatorial
g _E 1
§ 30: ] 30:_
] r ] -
5 20E 1 ok
10f -
E 1 10
0 3
%

QO-value (MeV) Q-value (MeV) Q-value (MeV)

* Observes two new E, states 5,(6087)° and 5, (6095)° in Zpntm™
* Confirms the £5,(6100)~ observed by CMS

State Observable Value (MeV) P cms i CM%,FRL126'252003 (2.021.) E
: 20:_ o Ep 2 JIE, 5 > YA E i Pata =, — JyK :

=, (6100)" Q 23.6+0.11 +0.02 . LR >66 | . *F K |
r 0.94 £+ 0.30 £+ 0.08 ! E 151 * (s:ig“z' o % 15: - Comb. bkg. i

my 6099.74 £0.11 £0.02+0.6(%;) ' § [ e } i !

- R 3 1of i

&, (6087)° Qo 16.20 + 0.20 + 0.06 3 2 5
r 243 £0.51 +£0.10 A ° 8 !

mg 6087.24 £0.20 £0.06 + 0.5(E0) | oo T e

. 0 ! M(E; 7 ) - M(Z;) - 2mZ2S [MeV] M(E; 7 ) - M(E5) - 2mFPe [MeV] :
B, (6095) Qo 2432 £0.15 £0.03 i £,(6100)" — EET[-'-TL'_ i
r 0.50 £ 0.33 +0.11 | |

mg 6095.36 & 0.15 £ 0.03 + 0.5(&9) ! M =6100.3 £ 0.2+ 0.1 + 0.6 MeV :

[' < 1.9 MeV at 95% CL
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LI:ICI‘Q Observation of the hidden-charm strange

pentaquark [ccuds]
PRL131, 031901(2023)
* narrow structure in /YA in B~ — J/WYAp, with 9 {b-! e .
LHCD data T e e W
B~ \;CC
« P_:,(4338)% = J /A observed with significance Vs A
larger than 100 ﬁ-\(c?d
e JP = % preferred and close to £} D~ threshold .
> 0.8 MeV above £ D
> 2.9 MeV above £2D° _ S
> 180F LHCb —Data .
= 160f 9 b " Beeline it
Mp = 4338.2 £ 0.7 £ 0.4 MeV Q 140F + NRU/ P)
8 120F 3
I'p, =70%+£12113MeV glgg'- ;
= — ]
S eof
. . 40F AID; :
First heavy pentaquark with strangeness! 20p ¢ | %"

97 425 43 435
m(J/y A) [GeV]
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 LHCDb found evidence for [ccuds]
pentaquark candidate with strangeness:

P+ (4459)° in £ - ]J/YAK™ decays, near

—x0
threshold of 22D :

| m(P,es(4459)°) = 4458.8 + 2.9747 MeV |

| [(P.g(4459)°) = 17.3 + 65739 MeV_ |

Evidence for Y(1S,2S) - P_;(4459)°X

Yield/(6 MeV)

Sci.Bull. 66, 1278(2021)

°f LHCb 36 S ]
L eeases l-n \\:@lhm:l Py al
ol m,..>22GeV s
P.,(4459)° 1
: + o~
FT + T+
a4 a4 a5

My [GeV]

* Belle reports evidence for P :5(4459)° — J /1A in inclusive

Y (1S, 2S) decays

Combine Y(1S) and Y(2S) data

1.13 ‘ e : —
5 . "a, =" I ata elle
— Total fi
Y(15) — Sianal it
B - Sideband fit
- - - no-P simulation :
= . eband [ I

Lo} - - -
CRREL

e

Sl . s :prel

I

g
W
)

Eﬁries/m MeV/c?

L]
[}
Al
o~
(e
vav“
+— .
- S
e

P [+T P i m l L T -

M, (GeV/c?) M(AJ/y) (GeV/c?)

Xiao-Rui LYU ICHEP2024, Prague

Local significance is 4.00

mass: 4469.6 + 4.1 + 4.1 MeV
width: 17.3 + 9.2 + 6.3 MeV

consistent with LHCb results

Add Gaussian constraint on mass
and width

M= e G2 a3 4+ a5 6 47 P significance is 3.30 including

systematics.



Summary

* Two years of exciting period of finding new hadrons (mainly) from
BESIII and LHCb, among which most of them are candidates of
exotic hadrons

* Light hadrons: high statistics data is crucial to identify exotic feature of
different known states and find new particles

— a glueball-like state X(2370)
— emerging strangenium(-like) states
— distorted lineshape at thresholds of pp, NK and An
* Heavy hadrons:
— Dbetter understanding of the X(3872) via its radiative decays
— 8 new neutral charmonium(-like) states: [cC] or [ccqq]
— 7 new tetraquark states: [ccus]; [cSud]; [c5ud]
— 1 new pentaquark state with strangeness: [ccud s]

— 2 new () states and 2 new =), states

More results based on higher statistics data can be expected regarding to the
upcoming 3xL upgraded BEPCII-U, ongoing LHC RUN3 and Belle II.
Xiao-Rui LYU ICHEP2024, Prague 27



Thank you!

I |
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Backup
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The Y states

et H 2 YISR
Y states: charmonium-like states with JP¢=1--;
Ecm Mwa»  QObserved in direct e+e- annihilation or initial
E' " “
- Hadrons state radiation (ISR).
arXiv:1211.6271 and CHARM 2012
80 .?erj-.(.yl.sf). —>7r+7rJ/1/; .a,t BaBar _ e*e~(yisg) —> wtw(2S) at BaBar and Belle
mp 3% yasen vaes] | ve9-iver ] * While not seen yet in B decays
NQ 605— PRD 86, 051102(R) (2012) _f Z 16 . BABAI: ) =
> F % 1 112 events (520 fb') E
é 50; Y (4260) é . Dﬁf‘ue . E Bi—.(] N [\:I: 0 -I—.. J/U
g - I(t: :E 90
p 6 E % 80 :
s 4 ’U ¥ ~ %70 3
& i 60 3
i i ‘,_.l.l e WiT By 350 E
0 3.8‘ ‘ Allt - ‘4.2‘ A I4.4‘ , ‘4.6‘ ‘ .4.8 5u I5.2I ‘ I5.4‘ ! 2 H e i 57 *Dl;-‘ 5:? 2 E."J‘_:'4O 4 ]( —5 _;
A GeVied) mYESET)(GeVie') g 30 <14 x10 .
020 [PRD 99,071102 (2019)] 3
* Improved knowledges from BESIII o ;
100 C
g o T Ll o
& 80F gy 5 80 - BaBar 3 2
= [ . < I -+ Belle = 100
S eof --Fitll Z 60 :%» Q s
B X q - = d -5
% 40_— 2_ 403 Vl‘i,.‘}k % 6 < 1.7x 10 .
. A & C \O'OO o 4 _;
Do Nl B e
- ® o A S A N a— :1'2 Py 44 75 46
0 L 1 | L 1 b . (GEV/C )
e 4 5 E‘gev) A A0 -20 :'Bﬂiblll PRD104 052012 (2021) Ma
BESIII, PRL118, 092001 (2017) UNESREE “3@(;_;;) w5 45 47

Xiao-Rui LYU ICHEP2024, Prague 40



BESII Open charm cross

« essential to fully understand the XYZ states
» Important input for coupled-channel analysis

&
|\|||l\|ll|l||||l|l|||

o(e*e” — hadrons)/o(ete” — utyu~)

N

~ P

28 [

p
>

w(3770)
iy

Rev. in Phys. 8 (2022) 100070

3/(4040) 3y(4160)
R

R
o

Xiao-Rui LYU

38

JHEP2022, 55 (2022)

(b)
%ﬂ» Hﬁ; 4 Belle
Xi % teesD D"
‘ 0
iﬁjiﬁﬁ¢¢§¢4’¢¢a¢¢¢%¢¢o%ww00000

PR .y
4.2 4.4

| E I L
4.6 4.8 5

G (nb)

Ecm (GeV)
(b)
% # 4 Belle
,]1, | +ee DD

f
1
%

3
| L
. I
4.2 4.4 4.6 4.8

4r
35F # (a)
a8 + # i +ete DD
_ 25F :
£ oF ¢ +e+e'—> D*D
° 15F ¢
E ) ¢
1 j . x thp A
0.5 - ."‘.- s 3 0,
0:“‘|“.|.».1..“|H‘.H‘|‘
41 42 43 44 45 46
Ecm. (GeV)
151
X a
(a)
o8k +ete DD
2 O.GE— * * +e+e'e D'D
o | W
= kL STY TYR O
0.2F i ¥
o: l | 1 | 1
4.1 4.2 4.3 4.4 4.6

E. . (GeV)

ICHEP2024, Prague

.8

1
4

5

E,om. (GeV)

Good agreement with existing measurements, with best precisions
Structure at 4.39 GeV in D*D*?

a1



Search for exotics in B~ - AT A K~

« AYAZ and A7 K~ systems are good places to search for exotics PRD 108, 012020 (2023)

* Near threshold enhancment of ¥(4630) — A} A; is observed at Belle.
However, the Breit-Wigner line shape 1s not supported by BESIII

EENTE
W |

M(A.K") [MeV]

Candidates/(3.0 MeV)

0 2800

||||||||||||||||||||

LHCb

£.(2923)°

LR o T rrrrIen

T L h =ggete iee
................................. § i Sl

Peh TR i ST, 4 0
2850 2900 2950
M(AYK) [MeV]

T
fmmwwww é
jz ;## ; |*++H+HH|H+#+*++ +

M(A.A}) [MeV]

No obvious structures are seen in
A A7 and A7 K™ systems

Xiao-Rui LYU

ICHEP2024, Prague

Belle: PRL101, 172001 (2008)
BESIII: PRL120,132001(2018)

+++ +
L TR
. S;:nmetr;.6154, 5(2%722) 4'7\/% (GeV)
‘é@MMWWWM&S§WMWWQWM¢

vetoing 2.90 GeV < M(AfK™) < 2.97 GeV
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LHCD

Studyon B™ - DD K™

PRD 108, 034012 (2023)
PRL131, 071901 (2023)

+ 0.027 £ 0.034

* Relative measurement of branching fractions :
B(B* - DI D;K™)
B(B+ —» D*D-K+)

=0.525 £+ 0.033

Bt > D{D;K*

QT 1 7
> o0f ' ' S 3 % I LHCb
= OF 3 % 700f LHCb 3 & , 6
= 80F = E o [ 1 Data 3 el 9 fb
T E ERRA — Fit 1 o 10 = 5
~ E 3 - F _ 3 +
£ 3 Hs0F  F\  B-D'DK* E n
g EIE 9 AR B Y mgoms | 1% of = 4
=3 32 i F . . B
2 4o 3 300 i T - i—l-'- " 3
S ERN ) = 8
20F 3 3 E C " u 2
100 E C
10 A / 3 C
N G 2 S E 0 P L e rtep, U ':- E— 1
5200 5250 5300 5350 5250 5300 . 5350 r - 0
m(DiD;K") [MeV] m(D*D™K*) [MeV] o
1 | " " L | 1

1618 20 2
e . m(D:D; ) [GeV?]
* DJ Dg near-threshold enhancement is seen
Bt - D*D"K*
LHCb
(b)]

* Similar to the Y0 2(3930) observed in
B* - D*D™K™*?
PRL125, 242001 (2020)

mX(D*D") [GeV?/c*]
S
[

Resonance Mass (GeV/c?) Width (MeV) ; it ]
70(3930)  3.9238 £0.0015+£0.0004  17.4+51+08 °F :>
Z2(3930) 3.9268 + 0.0024 + 0.0008  342+6.6+1.1  uf . /
6 8 10 12
-7+ 27 4
Xiao-Rui LYU ICHEP2024, Prague mXD"K") [GeV'/c'] 42



%[3] Amplitude analysis of BT - J/YpK™

s WithRun1B* — J/Y¢pK*data, LHCb performed 1t amplitude fit and
observed the X(4140), X(4274), X(4500) and X(4700) =» [ccs5S] tetraquark?

PRL127, 082001 (2021)

m LHCb RUN 1+2: 24K signals, about 6x larger than RUN 1

—— Total fit
Background
K0 7]
ET
K1
K2
K2
X(4630)
X(4500)
X(4700)

X NR
X(4140)
X4274) =
X(4685)
X(4150)
Z.(4000)
Zlcs(4220)

- K *

—

Xiao-Rui LYU

3 700
>
S 600
~ 500
2]
Q
5 400
=t
3 300
<
O 200
100
0

Candidates / (10 MeV)
N W -IS W [ ~
(e]

(e
o
TTTTTT

o o <o
[ -
TT{TITT[TTTI 1Ty

(o]
(=]
TTTTTTT]TT

—

o
o O
TTTT

9 fb!

LHCb 7

New states:

Contribution Significance [x ] M, [MeV] [y [MeV] FF (%]
X (27)  Syst. included(Stat.)
ch (4000)r X(4685) > 156 | X (4150) 4.8 (8.7) 4146 £ 18 £33 135428+ 20405198 |
X(17)
ZCS (4220)’ X(4630) > 50 [ x(4630) 5.5 (5.7) 4626+167 18 174+2711%  26+0512 |
X(4]_50) <50 All X (0F) 20£5713
X (4500) 20 (20) 44744343 TT+671 56407124
ZCS(4OOO) & X(4685) 1+ X (4700) 17 (18) 4694 £ 4115 87+ 8+16 89+1.2+49
NR /0 4.8 (5.7) 28+87+10
+ - All X (1) 26+£3%8
ZCS(4220) canbe 1™ orl X (4140) 13 (16) 4118+ 11+ 162421 +2 17:|:3f(11;8
. X (4274) 18 (18) 4294 £4+3 534+545 2840598
Conﬁrmed states: | X (4685) 15 (15) 4684 + 7 t{ﬁi 12)(5 + is tgf 7.2+ 1.; tg;é
X(4140), X(4274), A TR
Z.s(4000) 15 (16) 4003+6F 4 131+£15+£26 94+21+34
X(45 OO), X(4700) Z,5(4220) 5.9 (8.4 DIGEDTET R T 10+4+19

ICHEP2024, Prague
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Open flavor tetraquark

PRD 102, 112003 (2020) Bt > DD K*
--------------- w(3770) -» D* D

s 7,(3930) - DD
-------- %,(3930) - D" D
———— y(4040) - D* D
— . — - y(4160) - D* D
w(4415) > D* D
X ,(2900) - D'K*
- X,(2900) - D'K*
-------- Nonresonant

* DO claimed evidence for the X(5568) in
decaying to B,mt™, interpreted as tetraquai
state [bsud], but not seen in other
experiments

* Observation of the open flavor
tetraquark states X,(2900) and
X1(2900)[csud] in Bt > D*D"K*

« The D.(2317)" (DI ") state was

Candidates / (17.3 MeV/c?)

- D~
observed in 2003. YL@
* Itis argued to contain some tetraquark ‘“(m\<;:\;
component in several theoretical by

descriptions, whose I = 1 partners can /i/é” 4 D

b u -~

exist in the DI m* final states. B .. F —
. \ g e i
 Cheng & Hou: It would be astonishing if a © Dy @ S
doubly charged resonance 1s found. Fig. 2. Diagrams for @) B — DB{,{ &) B* — D= B¥

(B— DDyy), (¢c) B— n~ Dz, n~ D, (d) B— DDy.

[PLB 566, 193 (2003)]
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LHCh Confirmation of open charm

=y
§ 5 5
> | * T%0(2870)° and
=50F 50 :S 0
g N T+51(2900)" are confirmed
LRt e 115 [ 98 L o D in a different decay channel
MR e e ' ' " JD-K+3)'2[GC ] Bt - D*+Tg§
S0 e T 1S e T ] . :
21 B* > D DKt + t b2 W™ prspepkr ] ¢ No obvious structure in
=l e 154 | D*:K* and DYK™ mass
= . 15 T spectra
& o i e lh 18 oLt - - R W i
2.6 2.8 3.0 3.2 34 2.6 2.8 3.0 3.2 34
M(D*~K*) [GeV] M(D**K*) [GeV]
Property This work Previous work
T, (2870)° mass [MeV] 2914 + 11 + 15 2866 + 7
= (2870)° width [MeV] 128 + 22 + 23 57 + 13
' 1(2900)° mass [MeV] 2887 + 8 £ 6 2904+ 5
Tz, (2900)° width [MeV] 92 4 16 + 16 110 4 12

B(Bt — T%y(2870)°D™+)  (4.5753 108 £0.4) x 1075 (1.2£0.5) x 107°
B(B* — T%,(2900)°D™+)  (3.8F071174+0.3) x 107° (6.7+2.3) x 1075
ol 0 p(*)
B(B" —Te(2870) D ") 1.17 £ 0.31 + 0.48 0.18 £ 0.05

S

B(B*t—Tz.,(2900)0D*)+)

Xiao-Rui LYU ICHEP2024, Prague AG



U&’m‘?{i New charmonium-like states in
+ s+ -+ pr+
B™ - D"~ D"K™ decays

@
2024

@
2023

@
2024

2020

Bt - D*(DTK*
arXiv:2406.03156

BT - D*~ DSJ’ ot
No obvious exotics

D KT
B* - D** DTK* topology similar to B* - D~ DTK ™ decays
About 1700 signals About 1700 signals

W]
(el
(=}

o L B ™ T L LA & Frrrr i S S EERas Eas

Lt ' ! . : N | I ; '

= 150 - ! ! H signal i r 1 | B signal ]

% [ LHCbG fb i i B background % - LIij Gib ! B background -

= | B> | : +  data ; =150 B' > | l +  dat .

© D*+D_K+ : : © D*_D+K+ : : ata

b 1

S 100 ! L Ng=T79£30 . < | | Ny=869+31 .

g i H Neomp=60%5 6100 ! : Noomp=54+5 .

= | | 3 | : -

el B 1 1 | ..8 1 1

. ; ; (b) 5 sof : . BT > D" D*K"
B* -» D** D K* ; S : |

Xiao-Rui LYU

5225 5250 5275 5300

5325
Mprr(B*) [MeV/c?]

5350 5375

(e}

5225 5250

ICHEP2024, Prague

5275

5300

5325
Mprr(B*) [MeV/c?]

5350 5375
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ﬁ’ﬁ% Pentaquark states at LHCb

* Observation of [ccuud] pentaquarks: P.-(4312)", P.-(4440)*, P,s(4457)*
—0 —*0
in A — J/ypK~ decays; near thresholds of FD , 27D , J? not determined

6102)1L002ee ‘c2l1dd

(S1L02)100220 ‘SI114d

X 5 - -+ ~ —— = S
4800 4250 4300 4350 4400 4450 4500 4550 4600
my,, [GeV] My MeV]

« Evidence for [ccuds] pentaquark

candidate with strangeness:
P.:5(4459)% in B — J/WAK™ decays, near

» Evidence of [ccuud] pentaquark:
P.-(4337)* in B - ]/ypp decays

—x0
—0 —0 =0
+ cy : threshold of Z/D

S\ L IZC DI T é D- T T T T % C
3 60| 3 60f 10 s sE l . 12
= I = I N = "t LHCb 3.16 . 1 w
= 2 a0} @ o E: T T e Fit without P,, | &
3 | 2 | Q S 1oL m,,.>22GeV e —

o | Q I ° n AK ol «
3 201 S 20f X & P.(4459)° | &
I - 1 S &~ .
8 (il== . 8 ok =1 =2 sit 1™
= 41 42 43 | 44 © 41 42 43 44 [ ~
m(I/y p)[GeV] 1 p m(J/y p)[GeV] O o T e s K
t i = N
XCO( )p \R)j 0 : FT Ft T TF %
i 1 L L " N | |

44 445 45 —
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Q(B Evidence of new excited charmed baryon A’

BELLE

e Study on B? — X, (2455)%**rp with Belle data arXiv: 2200.08822
 Combined fit to £, (2455)%*+ % mass spectra

« F —— Dan A, states
2 ; ( -------- ;:::aI: ii;und 10
(\’I\ 80 T —e— Data g 30:_ Zc(2435)° sideband [ HY Cheng A(3005) 2P
Q L (a) —— Total Fit p _ 9l
= SRR A || WESEEESEEEEE Background 20 [ e -9
®» 60r B sideband & : & Ac(2910) 2P £ Ae(2940) 2P
= i v H < A.(2860) 1D Ne(2880) 1D
Q 40 " 28 5 82 o4 S 7 e
&, M (346515 (GEV/CY) B L Au509) 1P Ao(2625) 1P
- I Data
C - F otal Fit
q) 20 - (C) -------- ;acnground 5 [
Lﬁ [ L L ¥.(2455)"" sideband [ Ns(2287) 1S
0-""""""""" 8’20 TS 32" 1/2* 312" 512"
2.8 3 3.2 351 *qc'; ﬂ + JP
M;. (2455, (GEV/C) o
0 2j8 é 3j2 3j4
My pass) (GEV/C?)
State Mass (MeV /c?) Width (MeV)
A.(2880)* 2881.63 + 0.24 GG a good candidate for
4,(2940)* 2939.6+13 2078 A (l_ 2 p)
: : c ,
(AC(2910)+ (this analysis)  2913.8 + 5.6 + 3.8 51.8 + 20.0 + 18.8 J :
[arXiv:2207.03022]

significance with 4.2 ¢ after considering possible A.(2880) and A.(2940) contributions
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