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Introduction

Particle zoo vl = Quark model; Particle zoo v2?

Exprimental measurements required to determine the nature
of particles & calibrate LQCD
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Candidates / (1 MeV/c2)
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Introduction

[PRL 108 (2012) 152001]
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D:,(2317)* €57

* Observed in m(D}m?) by Babar in 2003, nature still unclear
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[Sci. Bull. 70 (2025) 1432]

Study of D¢,(2460)™ - Dm m™
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[arXiv:2608.10826]

— Significantly different Dalitz-plot,

D.,(2460)* & D.(2536)*
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[arXiv:2604.21257]
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A candidate of Dy (ZPl('))

[R.-H. Ni et al., arXiv:2605.17832]

- [ ] GI : : :
- DS ® Quenched " g 3 !
| X U hed i o X 3288 :
‘ o X:3271 ‘
= 8 3240 s 8 .
| = : X % 37
e 373 . 3165 L 3154 X°
R ; ; 3128 3125 .
L3089 ‘g R : : AN
L g n % x 3039 ; : :Dy(3040)"
X 3004 :
: : © 2972 : : : AN\
- % : : : : EDS,(2933)*
2864
: : : : : : ‘ : : Experience
1 1 1 1 1 1 1 1 1 1 1

31s, 3%s, 2°p,2P,2P, 2°P, 2°D, 2D, 2D,2°D, 1°F, 1F,; 1F, 1°F,

“Masses significantly shifted down by the coupled-channel effects"

9



[arXiv:2609.25178]
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* Production

B. family

[C-H. Chang, et al., PRD 71 (2005) 074012]
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*[I. P. Gouz, et al., Phys. Atom. Nucl. 67 (2004) 1559]
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B (28)*

Mixture (?) by ATLAS, then both states by CMS & LHCb,
using Bf - J/ym™
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B.(1P)*

I(PP1)1) 1CPo)1)  ICP1)1)  |(CP2)1)

* Observed by LHCb w/ calorimeter photon __c cuns cta, pio 71 005 072002
R = O-Bc(lP)Jf/O-Béf = 0.20 + 0.03 + 0.03 9.12 3.29 7.38 20.4
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* 4
Be

* Using Bf - J/Yu*v,X, converted y
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Charmed baryon mass (GeV)
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Ne: U 'Ha 6 m(E,(2939)°) = 2938.55 + 0.21 + 0.17 + 0.14 MeV, I(E,(2939)°) = 10.2 + 0.8 + 1.1 MeV,
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Charmed baryon mass (GeV)

2. spectrum (dde)
e Mostly unexplored. 2.(2800)°, mass by Belle and Babar?

(a) Charmed baryons [PRL 94 (2005) 122002] [PRD 78 (2008) 112003]
— % 2500 - ¥ o f - ©
— |os E i AT 00 e N a0k N o
— S 2000 " LN mﬂw AT +
E— E i i l+ o'i|+|+||+|\+ t o‘l|| |||\|Jr
- =il 1500 - . . ) 04 06
s 0.6 1000 |-
+ > r
3/2 3/2— Q
| € 500
- 32 o 8 L F -
) 2 0 T T S S e L T 25 26 27 28 29 30 31 32 33 34
gL - 0.4 0.6 0.8 0.4 0.6 0.8 0.4 0.6 0.8 my . (GeVIc)
S . 2 M(Afm) — M(AY), GeV/c?
3 §F - b 0
g , m(2.(2800)") = 2846 £ 8 £ 10 MeV
S Ko - State Yield /103 AM, MeV/c2 ', MeV ( C( ")
i & 0.79+1.03 3.2+2.1 18 422 |:|'> 0y — +4
S %(2800)° 22475370750 515.4737767 61735133 m(Z:(2800)) = 280227 MeV
; + — 0.2
o 12 >.(2800)* 1.54F105+1.40 505 445.8+124 o +3T+52
++ +0.8240.71 +3.4+2.8 +18+412
2.(2800) 2.81%760 049 514.57371 T4y 7513701
wt L 0.0
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2. spectrum (dde)

First amplitude analysis of B~ — A pm™ in a subregion. Two
solutions found w/ two new states X (2900)O z (3200)O

: 1035;: %x: LLHCb9ﬂJ :IT):m : ?::'(5)2_ BT M i % - =
— F Ik zesor {0 ©O350F 1 8 500 LHCb9 b i
LN o (5 700 % zaso) ] a0l '?}ﬂ“ 1 = m,. 525 GeVie
(@) F 8 g;:gg n h reno? ] Sasol wﬁw ] Saoop r,,A",,>4zo5 i .
L0 003 e | .‘. - (j?:% g ganof 5 1 %]
© L < L J ’Hb —Background  _] < - J 7 o, - =i L
: 10 3 T IO N -~ o , '
O C g g 25 3 35 2 4 45 S 0
(.\.l C @] m,. [GCV/CZ] My 4. [GeV/c?)
> : ‘
>é 5 .. l10l - .1I5l - .20 ! %:ﬁ: LHCb 9 fb' T?i::m:u : %400_ E %600__ ]
T, m. [GeV¥cY T » Saoof | oot 1 Dok H+ : ! s 1 Ssoop M e e
BT e T | =] x : 3 ;Eg%;(’ : 3250 [ “t\a N 5400 I ‘ d%gm m:’;40 GeV/c? -
Parameter Group A Group B ;;400__ L s ] ézoo— ‘ ] 2300 ]
M 5, (2800)° [GeV/c?] 2.819 4+ 0.006 £+ 0.002 2.848 + 0.004 £ 0.006 %300:_ M’;{ h +§8iﬁ; 5 %150 - e A %200- i
FEC(ngo)O[GeV] 0.033 £ 0.007 £ 0.008 0.099 + 0.007 + 0.021 sfx: : i ] S lgg: m ] S ool i
M5, (2900)° [GeV/c?] 2.908 £ 0.005 £ 0.009 2.914 4+ 0.003 £ 0.008 ok v e 0 - E e "“;}““ ok w :
"5, 2000y [GeV] 0.17540.008 £ 0.023  0.092 4 0.006 4 0.023 m,. [GeV/c?] By [GEVIEY =,y LGN
2 .
M 5, (3200)0 [GeV/c? 3.186 £ 0.006 £ 0.014 3.190 4 0.005 £ 0.011 Zc (2800)0 by Babar resolved into two states
Fgc(g,goo)o[GeV] 0.133 + 0.018 £ 0.027 0.100 £ 0.015 £ 0.032

X.(2800)° from group-A consistent with the state by Belle
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Doubly charmed baryon (ccq)

Mass [e.g. S. Fleck, J.M. Richard, Prog. Theor. Phys. 82 (1989) 760] @)
—M(=..):3.5-3.7 GeV; M(2}.): +0.1-0.2 GeV
Production at LHC [cH. changetal, PrRD 73 (2006) 094022] 5~
—0(Z,.) =40 nb @ 13 TeV

Lifetime [e.s., vv. Kiselev et al., PRD 60 (1999) 014007]
—-T(E2) > (%) > 1(EL

Decays (g, F-s. vuetal, cpc 42 (2018) 051001] s d
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E* @ SELEX (cd)

. -4 + [PRL 89 (2002) 112001]
« SELEX claimed 5. » ATK ™ (6.30)

— 8 F (c)
— M:3519+1 MeV s [
— 7: <33 fs @90%CL 807
- 90% AT =t XN
O prod: 20% A¢ from “~CC  [PLB 628 (2005) 18] w2 -
~ 4 + —_ L pD*K 1
® :1 ﬁ D K 2 4} peakmass: 4-bin Poisson Prob 1, |
CcC p §3.5- 3516 MeV <64x10* 0 - 3.42 | 3.47 3.52 3.57 3.62
8 sf 11§ ¢r12 i Wrong-sign (b)
. 25t L 8
Not confirmed by | S, |
1.5 Q 0
FOCUS, Babar, Belle, bl B |
?!. ’3:48 3:5 ". .4 3.‘56 3.I58 lﬁ 8 -
& LHCb "
0

32 33 34 35 36 37 38 39 4.0

M (AKT") [GeV/c?] .



[PRL 119 (2017) 112001]

=~
~CcC

observation

« ATK n*m™ identified as the most promising channel
[F-S. Yu et al., CPC 42 (2018) 051001]

* First observation, in 2016 (>120) & Run 1 (>70)

A )
VY cc
DCV)Q =~ . RO

Candidates per 5 MeV/c?
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140 F
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I 1 o i |

e e T
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[\
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(=)
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N
]
T

N
[a]
T T

(o))
]
TTTTT

\]
o O
TTT

PV
Weakly decay!

— T r 1 . T 1 i
— LHCb 13 TeV -
C t/o,>5 3
— —+Data -
L —Total

E o Signal
L --.Background + =

3600 3700
m,, (E55) [MeV/c?]

Candidates per 5 MeV/c?

70

60
50

40
30

20

10

(ccu)
K- 7wt
S d
c B u
i C cl|
++ YA
Sce dﬁ
U Tt
T T T T T T T T T T ]
- LHCb 8 TeV E
—+ Data _;
— Total E
F ...Signal .
~ ---Background
II‘!' E
IR '
K ;1 113+21 4
ELo . | M R
3500 3600 3700

m., (Ze) [MeV/c?]

M(E}+) = 3621.40 + 0.72 + 0.27 + 0.14 (AF) MeV
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[PRL 121 (2018) 052002]

« Measured wrt A) — A} 3, T(._,++) = 256+%‘2L + 14 fs

<

[\®)
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I

o
o

0.05 }

0] S—

Arbitrary scale

e

O

T T l T
«_¢_ i
+_,,_ :

_+_
—

.......................... -+-+~¢-‘¢' .f

' LHCb A

H(_L

#AO

ﬁ* -

'*' V-V- _ _y

0.5

Input to theoretical predictions, e.g.,

_ T(‘-'cc

— T(Qcc

1 | l 5 | 2
Decay time [ps]

~ 45 fs

Acceptance (arbitrary scale)

"‘C?Cf

2 9 9D
4>-ulox

o © o © ©
Nb)

OZ_.

T lifetime

—~++

h—l

5 LHCb 51mu]at10n

1|+1|1|||

ot g

1 1.5 2
Decay time [ps]

107

s 2
Decay time [ps]

[H.-Y. Cheng, Y-L. Shi, PRD 98 (2018) 113005]
[L. Dulibic et al., JHEP 07 (2023) 061]

which are used in the searches for Z7. and 2.

~ 160 fs
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[CPC 44 (2020) 022001]

Relative to A,
* Accompanying cc dominates in trigger

o (E5)
(A7)

B(&

in4d <pr<15GeV,2 <y <45

o+t
=cc

E1F production

S AYK mtrt) = (2.22 £ 0.27 + 0.29)x 1074

& o0

g 00000

SELEX 20% /1+ from HCC?

90

o - T = & .
§ (2 TOS LHCb E § 140 - (b) exTIS LHCb —:
2 80E 4 Data + 3 2 120 -+ Data =
70 = — Total = - — Total 4
© b i _5 C 100 - Signal
-~ T F Background ][ + + “. ; C Background +
5_3 o Jl" 1 l“ g 80 F- + + .
s 9 THJ{ I f S 60 4 :
2 30 'g .
< 20 < 40 T + + o ~
O . 116423 © WE 210+29
0 | T T U G N - R U L T
3500 3600 3700 05500 3600 3700

m(AK wtm*) [MeV/c?]

m(A K-+ +) [MeV/c?]
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[PRL 137 (2026) 021902]

Efficiency increased by a factor of 4, compared with
Run 2, thanks to the removal of the hardware trigger

"‘CC

in 2024

Ad T(Hp) ~ 1.5 ps
T+t &

* Mass consistent with Run 2, M(5}") = 3621.74 + 0.10 MeV
c.f.,, 3621.55 + 0.23 + 0.30 MeV

L LHCb

g]'\ ]
Q p
~ [ i
> [ (5=13.6TeV — Data ]
S 200 o — gg;llmfit ]
Tt s AR -
g 1500 F Eee 7 AKmar 4} Background
- [
f B
ks [
= 1000 -
3
500
i 8712+1 60
C .
3550 3600 3650 3700

m__(Ze) [MeV/c?]

Candidates / (5 MeV/c?)

[JHEP 02 (2020) 049]

LHCb

ES—=AK it

-} Data

— Total

- - - Signal ]
-'-- Background ]

5 gk

-------

159864 -

| L L L
3500

L L ANY L
3600 3700
m, (5" [MeV/c?]
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[PRL 137 (2026) 021902]

M(=E}) =3619.97 + 0.83 + 0.267139
(ucc) M (:++) —

@3000 | | T l: T T T
e - LHCb : +RS
> B \/— 13.6 TeV -+ -WS
Q B g -1
s [ P +“‘*gmm g
2000 i e E —
P u
8 -
< |
3
5 B
S 1000 -
@) B
| 1 I 1 1 I 1 1 1 1 I 1 Ii 1 1 I 1 1 L 1
3500 3550 3600 3650

370(
i E2) MeV/?]

=T
=% in 2024
First new particle observed w/ the upgraded LHCb detector

— Efficiency increased by a factor of 2.5, compared w/ Run 2

Candidates / (4 MeV/ cz)

—1.77 £ 0. 84+025+%‘§8

4 _
OOO LHCb —+ Data .
I s=13.6 TeV — Total fit .

" 691! - - Signal i

3000 - =, AKat Background ]
2000 = -
1000 .
[ 915+120 i
I N I N

3500 3550 3600 3650
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Mg Eie) IMeV/c?]

3700

Candidates / (4 MeV/ ¢?)

—_
W
(=
[=]

—_
(=]
S
(=]

A 7(Hp) =~ 1.5 ps

MeV QED wins the competition with QCD!

L A LA L A B R A L R R
- LHCb
- s=13TeV - Data
- 5.6 — Total fit
- _ - - - Signal
| S AK T L Background —
5001 -
304180
ST, (SR . P I
3500 3550 3600 3650 3700
M Z5) [MeV/C?]
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[arXiv:2609.21921]

07

First observation using .an+, w/ 22 > pK K rnt

- 1n 2024

— Efficiency increased by a factor of 8, compared w/ Run 2!

M(0Q}) =3725.94 1.0 + 0.2 + 0.4 () + 0.6 (ext) MeV
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[JHEP 09 (2025) 157]
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X(6900) (cc0
* X(6900) observed by LHCb, ATLAS and CMS; X(6600) by CMS

[Sci. Bull. 65 (2020) 1983] [PRL 131 (2023) 151902] [PRL 132 (2024) 111901]
135 fb” (13 TeV)
~ 220 -—— > 400 T T T T T T > 180 . r ; . 138 A
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X(6900) family

[ ESta b | iS h i n g W/ m O re d ata & d ecay CMS 135 fo' (13 TeV) + 180 fb™' (13.6 TeV) F:MS 135 fb' (13 TeV) + 180 b~ (13.6 TeV)

——— Jhp Jhp Interference Model o5
---------- 2**(spin-1 diquarks) —115 t Data - X(8900)
. S| 0**(spin-0 diquarks) S 2 [ % — Fullmodel -+ X(7100)
55 o2 = Py & ‘
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Candidates / 0.05 GeV

]PC

2%* favoured, assuming the three states

ﬂa :l ,,"” 1
share the same quantum numbers 2.8 .. 7 . , 1_.@_59
[Nature 648 (2025) 58] .

CMS 135 fb' (13 TeV) CMS 135 fb' (13 TeV) CMS 135 fb' (13 TeV)
350 r F
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Structure in m(Y (15)¢) (bh)?

* Observed by CMS, w/ mass 10512.60 + 0.21 (stat) + 0.20 (syst) + 0.11 (My)MeV
c.f. M(xp1(3P)) = 10513.42 + 0.41 (stat) + 0.18 (syst) MeV

— consistent w/ x31(3P). No clear signal of x,,(3P), exotic contribution?
[CMS-PAS-BPH-25-009]

o [PRL 121 (2018) 092002]
S CMS Preliminary 140 fb™' (13.0 TeV) CMS Preliminary 140 o™ (13.0 TeV)
> +. - L
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* Observed by BES-Ill in J /Y — yr*m™n' in 2011, confirmed by

X(2370), a glueball candidate

BES-IIl with more data & in J /Y — )/KI?T}'

e JPC determined to be 0~ with J /Y - yKJKn' in 2024

500

Events/(0.02GeV/c?)

100}

[PRL 106 (2011) 072002]

300}
200

- BesI

400

%3

| | I |

M, (GeV/c?)

[PRL 132 (2024) 181901]
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N ¢+ Data -
- —— MC projection -
C [l Background

..... Non-resonant
..... X(2370)
X(1835)

X(2800) m

2 22 24 2.6 ézé' 3
MKgKgn' (GeV/c?)
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)

Events / (0.005 GeV/c?

X(2370), new decay modes

e KIKIm®, m%7%n,a,(980)7° observed by BES-III
e M = 2359t%2 MeV, ' = 170i§f§ MeV  [chin. phys. €50 (2026) 101001]

2000 RESTT - 3 E 3
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: . NQ : ay(980) signal region . Nu -}
1600} 15 ool { Data 13 2000 .
14005 L Ty - CQ'? \ — Fit result . é
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1200_ . lé S | TORNEEE Polynomial+Exponential ] § 15008 e g g
1000E __ gy result = 400 1 S - ata el N
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X(2370), a flavor-singlet

* Non-observation of X(2370) - K*(892)K

[arXiv:2607.20366]
Lightest 0~ Glueball as Dominant Constituent of X (2370)

BESIII Collaboration*

With 10 billion J/1 events collected at BESIII, the decay of X(2370) — K*(892)°K° + c.c. is
searched for via the J/v — yK2K2n° process. No evidence of this decay mode is found, with
B[J/¢¥ — vX(2370)] x B[X(2370) — K*(892)°K° + c.c. - K2K3m°] < 2.7 x 107° at the 90%

confidence level. The suppression of the K *(892) K mode indicates the X (2370) as a flavor-singlet
state. It is the first flavor-singlet light hadron observed above 1 GeV/c?. All BESIII measurements
on the X (2370) are summarized. A dominant component of the lightest 0~ glueball is essential

for a natural and complete explanation of the properties of the X (2370) — the mass, spin-parity,

high production rate in J/1) radiative decays, decay pattern similarities to that of 7., flavor-singlet

property, narrow partial decay width, and suppression of radiative decays to w and ¢, since these

properties are all consistent with the features of the lightest 0~ glueball while other interpretations

at present are disfavored. This supports that the lightest 0~ glueball is the dominant constituent
of the X (2370).
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Summary

Great progess on the spectroscopy in the past years, leading to
a more complete & consistent picture

—D?,(2317)%, D41(2460)*, D¢1(2536)%, D5, (2933)*: c5 + DWK?
— B:,(5700)", beauty counterpart of DSQ (2317)+

11.5

® bb
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